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Abstract 
 

Natural products, including endophytic fungi, have received increased interest 

over the past decade for their therapeutic potential. Endophytes are fungi (or bacteria) 

which live in the intercellular spaces of plant tissues, for all or part of their lifecycle.  

The endophyte-plant relationship is symbiotic and it is believed that endophytic fungi 

live mutualistically with the host plant with no apparent symptoms. The asymptomatic 

nature of these fungi demonstrates enormous diversity and abundance, with nearly 

30,000 land plant species in symbiosis with a multitude of species of endophytes. The 

ability of these microorganisms to colonize host plants in extreme, specialized 

environments has seen the development of complex relationships forming between 

endophyte and host. This subsequently increases the fitness of both plant and endophyte 

by the adaptive evolution of specialised survival mechanisms. It is suggested that these 

fungal endophytes offer a potentially enormous source of novel bioactive compounds 

that could be useful in medicine and other diverse applications, including industry and 

environment.  

In this work, the antibacterial, anticancer and enzyme activities of endophytic 

fungi from two Australian native plants Eremophila longifolia and E. maculata were 

investgiated. The rationale behind this search for new bioactive compounds and 

effective enzymes was based on the result of accumulated knowledge collected by 

indigenous Australians about the potentially medicinal properties of these two 

Australian native plants. In addition, the use of plants which are well-adapted to the 

harsh, dry climate of the Australian desert increased the likelihood of finding novel 

compounds. Following screening for bioactive compounds, investigation of the 

particular enzymes secreted by selected endophytic fungi was carried out to better 

understand how they survive in their natural habitat; furthermore, new enzymes with 

potential for industrial applications can be revealed. 

Twenty-six fungal strains were isolated from Eremophila longifolia and E. 

maculata. These were identified and screened for the production of antibacterial 

compounds against four different bacteria including Escherichia coli, Salmonella 

typhimurium, Staphylococcus aureus and Bacillus cereus using disk diffusion assays. 

EM-4 (Preussia sp.) showed the broadest range of antibacterial activity against all 

bacteria; however, EL-11 (Leptosphaerulina sp.) and EL-13 exhibited the highest 
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antibacterial activities against Bacillus cereus with minimum inhibitory concentrations 

of 1.6 and 0.01 µg/ml, respectively.  

Fungal extracts were also screened against two human cancer cell lines (T-cell 

acute lymphoblastic leukemia MOLT-4 and PreB697 cells), at concentrations ranging 

from 250.00–0.11 μg/mL. The endophytes that demonstrated potent cytotoxicity 

(>70%) were further screened against adherent lung cancer (A549) and a primary 

foreskin fibroblast cell lines. The prominent metabolites potentially contributing to the 

cytotoxicity were investigated by means of HPLC and comparing samples against toxic 

metabolites previously identified from related endophytes: Alternariol (AOH) and 

Alternariol methyl-ether (AME). The toxic endophytes EM-6, EM-7, EM-9 (all 

Alternaria sp.) and EL-14 (Preussia minima) showed 50% inhibition of proliferation 

(EC50) at concentrations < 103 μg/mL, with EM-6 demonstrating the greatest 

cytotoxicity. EM-6, EM-7 and EM-9 all contained AME and AOH metabolites at 

varying concentrations; however, EM-6 and EL-14 showed additional unidentified 

peaks which may represent novel cytotoxic compounds. These data emphasise the 

importance of endophytic fungi as novel anti-cancer agents.  

Moreover, these endophytes were screened for enzyme activities using agar plate 

assays; over two-thirds of the isolates from Eremophila longifolia secreted amylase and 

over one-thirds proteases, while many isolates from E. maculata produced xylanase. 

The enzyme activities of seven isolates were characterised using liquid cultures. Three 

samples with the highest activities were comprehensively characterised by liquid 

enzyme assays and zymography. Their activities were compared with standard amylase, 

protease and xylanase producers, including Aspergillus oryzae (ATCC 10124), 

Fusarium oxysporum (FRR 3414) and Aspergillus niger (ATCC 10577), respectively.  

Three isolates, EL-14 (Preussia minima), EL-17 (Alternaria alternate) and EM-4 

(Preussia sp.), were high secretors of protein and displayed the broadest selected 

enzyme activities under different conditions. The amylase(s) from EL-14 Preussia 

minima sustained activity at cool temperatures and alkaline conditions. The protease(s) 

from EL-17 Alternaria alternata displayed optimal activities under neutral to alkaline 

conditions. The xylanase(s) from EM-4 Preussia sp. revealed versatility at lower 

temperatures under neutral to alkaline conditions. Some of the enzymes hold potential 

for application in the production of detergents, dairy and ethanol-based biofuels.  
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Finally, the α-amylase produced by EL-14 was purified to homogeneity through 

fractional acetone precipitation and Sephadex G-200 gel filtration, followed by DEAE-

Sepharose ion exchange chromatography and electroelution. The purified α-amylase 

showed a molecular mass of 70 kDa which was confirmed by zymography. 

Temperature and pH optima were 25°C and pH 9, respectively. The enzyme was 

activated and stabilized mainly by the metal ions manganese and calcium. Enzyme 

activity was also studied using different carbon and nitrogen sources. It was observed 

that enzyme activity was highest (138 U/mg) with starch as the carbon source and L-

asparagine as the nitrogen source. Bioreactor studies proved that enzyme activity 

remained stable in a larger cultivation volume, which is relevant to potential scale-up of 

enzyme production. Following in-gel digestion of the purified protein by trypsin, a 9-

mer peptide was sequenced and analysed by LC-ESI-MS/MS. The partial amino acid 

sequence of the purified enzyme presented similarity to α-amylase from Magnaporthe 

oryzae. In the secretome analysis of the endophytic fungus, a complex array of enzymes 

integral to plant biomass degradation was identified, including enzymes that could be of 

value to industry in the future. 

These results confirm the value of endophytes from Australian native plants as 

novel sources of bioactive compounds for industrial, environmental and medicinal 

applications. Further investigation is warranted to determine the structures and 

properties of these bioactive compounds. 
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Chapter 1 

 

 

Introduction 
 

The threat posed by diseases such as cancers and infections is ever-increasing. 

Challenges to public health and well-being include the development of drug-resistant 

microbes and life threatening viruses. The problems caused by loss of biodiversity and 

the degradation of natural resources as a result of toxic organic insecticides and 

industrial effluent. Therefore, there is a general need for new and useful bioactive 

compounds, which are highly effective, possess low toxicity and have minor 

environmental impact. Traditionally, such compounds (commonly referred to as ‘natural 

products’) have come from the natural environment, such as microorganisms, plants and 

invertebrates. However, a recent trend has been to screen libraries of synthetic 

chemicals for bioactivity. Although this approach has brought some success, the general 

consensus is that outcomes have been generally disappointing. Therefore, interest is 

once again turning to natural products for the discovery of new drugs and chemical 

compounds. Without doubt, natural products have been the single most productive 

source for the development of new drugs, particularly anti-cancer and anti-infective 

agents. While plants have been a great source of valuable bioactive compounds, 

attention has recently turned to endophytes which are microorganisms (fungi and 

bacteria) living in the intercellular spaces of plant tissues without causing any obvious 

harm. They are recognised as potential sources of novel secondary metabolites with 

potential application in medicine, agriculture and industry (Bacon and White 2000, 

Molina et al. 2012, Zaferanloo et al. 2012). It is noteworthy that each of the 

approximately 300,000 plant species which exist on our planet is host to one or more 

endophytes (Strobel and Daisy 2003). In addition, it is estimated that there may be as 
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many as 1 million different fungal species, of which only a handful have been studied in 

detail (Ganley et al. 2004). Endophytes synthesise an enormous range of bioactive 

compounds (Owen and Hundley 2004, Higginbotham et al. 2013), thus there is a great 

opportunity to find new natural products from interesting endophytic microorganisms 

among the myriad of plants in different niches and ecosystems.  

This chapter will describe the rationale and methods used to discover bioactive 

natural products from endophytic microorganisms. In addition, these bioactive 

compounds will be described according to their various biological applications, in 

particular their medicinal and industrial potentials. 

 

1.1 Endophytes 

The term “endophyte” (Gr. Endon, within; phyte, plant) was first described by 

De Bary (De Bary 1866) and the first reports describing these microbes date back to the 

nineteenth and early twentieth centuries (Freeman 1904). One inclusive definition of 

endophytes is: “microbes that colonize living, internal tissues of plants, without causing 

any immediate negative effect” (Bacon and White 2000). Endophytes have been 

associated with plants for more than 400 million years (Krings et al. 2007) and play an 

important role in natural ecosystems by promoting plant growth (Lyons et al. 1990, Lu 

et al. 2000, Wu et al. 2010). It seems that plants infected by endophytes are often 

healthier than endophyte-free ones (Waller et al. 2005). This effect is perhaps partly due 

to the endophytic production of phytohormones (e.g. indole-3-acetic acid (IAA)), 

cytokines and other substances, such as vitamins, and partly to the fact that endophytes 

can increase the plant’s absorption of nutritional elements such as nitrogen (Lyons et al. 

1990, Reis et al. 2000, Loiret at al. 2004, Sandhiya et al. 2005) and phosphorus (Gasoni 

and Stegman de Gurfinkel 1997, Malinowski et al. 1999, Guo et al. 2000b) as well as 

regulate nutritional qualities such as the carbon-nitrogen ratio (Raps and Vidal 1998).  

Endophytes are also able to enhance the ability of their host plant to resist 

disease (Clay et al. 1989) and microbial infections (Bacilio-Jimenez et al. 2001, Reiter 

et al. 2002, Waller et al. 2005), increase the ecophysiology of host plants and enable the 

plant to counter biotic and abiotic stresses, such as drought (Arechavaleta et al. 1989, 

Latch 1993, Bonnet et al. 2000). They can protect their host plants against pathogens 

(Danielsen and Jensen 1999, Narisawa et al. 2002, Campanile et al. 2007), fungal 
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parasitism (Samuels et al. 2000), affect the production of  antimicrobial secondary 

metabolites, such as alkaloidal mycotoxins and antibiotics (Schulz et al. 1999, Stinson 

et al. 2003, Corrado and Rodrigues 2004, Kim et al. 2004, Kunkel et al. 2004, 

Atmosukarto et al. 2005, Li et al. 2005), and induce systematic resistance (Song et al. 

2005, Vu et al. 2006). Other beneficial features have also been seen in infected plants, 

including resistance to insect pests (Breen 1994) and herbivores (Siegel and Bush 1997, 

Schardl and Phillips 1997, Mandyam and Jumpponen 2005), increased competitiveness 

(Hill et al. 1991) and enhanced tolerance to stressful factors such as metal 

contamination (Malinowski and Belesky 2000, Monnet et al. 2001, Lodewyckx et al. 

2002), low pH (Lewis 2004) and high salinity (Waller et al. 2005). 

The length of the symptomless endophytic phase is characterised by some key 

characters, with importance employed upon the endophyte’s reproduction cycle and 

mode transmission of the symbiont (Saikkonen et al. 2004). Endophytic fungi can 

spread by two ways of transmission (Fig. 1.1); horizontally, by sexual or asexual spores 

or vertically, where systemic fungus spreads from plant to offspring by the production 

of host seeds (Schardl et al. 2004). These two separate reproductive pathways affect the 

co-habitation of endophytes and dictate the endophyte’s selection for the host plant 

species (Tenguria et al. 2011).  

 
 

 

 

 

 

 

 

 

 

(a) 

(b) 

Figure 1.1: (a) Life cycles of systemic grass endophytes and (b) benefits to the 
partners. (Was taken from Saikkonen et al. 2004) 
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The development of complex relationships between endophyte and host has 

been affected by the ability of these microorganisms to colonize host plants in extreme 

and particular environments (Santiago et al. 2012). This consequently increases the 

fitness of both plant and endophyte by the adaptive evolutions of specialised survival 

mechanisms (Tejesvi et al. 2007a). The complex interaction between endophyte and 

host as a result of these protective mechanisms (Tejesvi et al. 2007a), influences 

chemical changes by improving the production of endophytic secondary metabolites in 

response to a pathogenic invasion, such as the secretion of anti-vertebrate alkaloids 

lolitrem B and ergovaline (Schardl et al. 2004). It is this collaboration between fungus 

and plant that contributes to the diverse genetic nature of the microorganisms and the 

production of complex bioactive metabolites (Santiago et al. 2012). 

 

1.1.1 Host-Endophyte interactions 

The horizontally transmitted endophytic fungi have complex interactions with 

their host plant (Santiago et al. 2012), revealing a tight variety of symbiont expression 

ranging between pathogenic and mutualistic associations with the host (Aly et al. 2011). 

This expression is directed by a range of factors including environmental pressures as 

well as variable genetic expression of the host plant (Suryanarayanan et al. 2009) 

accordingly causing alterations in metabolic profiles of both endophyte and host 

(Suryanarayanan et al. 2009).  

This complicated communication system, relying on genetic cross-talk, delivers 

advantageous growth conditions for both the plant host and symbiont (Aly et al. 2011). 

Incrased expression of particular genes in the fungal endophyte may control protection 

mechanisms of the plant in response to abiotic or biotic stress (Bailey et al. 2006), 

leading to increase production of secondary metabolites, and therefore provide 

increased evolutionary fitness to both plant and endophyte (Suryanarayanan et al. 2009). 

This increased fitness resulting from the endophyte’s ability to adapt to environmental 

pressures may be induced by the endophyte’s ability to combine plant DNA into its own 

genome (Aly et al. 2011). It is believed that this adaptability and genetic flexibility 

demonstrated by endophytic fungi (Strobel et al. 2004) facilitates secondary metabolite 

production and thus introduces vast chemical diversity, which is of particular relevance 
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to industrial, environmental and pharmaceutical applications of endophyte-derived 

compounds. 

 

1.2 Rationale for studying endophytes as potential sources of new medicinal 

compounds 

The discovery of novel and potentially useful compounds from natural products 

has been a main focus of research over the past century. Improvements in drug 

discovery have modernized healthcare in developed countries, however with huge costs 

attributed to high-throughput screening and combinational chemistry, developing 

countries still depend on the natural products for medicinal treatments (Wachtel-Galor 

and Benzie 2011). The importance is evidenced by the global distribution of natural 

products within current drug production, with 30% of all drugs sold worldwide 

containing at least one active ingredient isolated from natural products. Moreover, of 

particularly increasing importance, 61% of all drugs under current development 

originate from natural sources (Ramasamy et al. 2010).  

This clearly represents their pharmacological importance and demonstrates the 

ability of natural products to provide a rich wealth of biological and chemical diversity, 

with such properties first utilised over 200 years ago (Wachtel-Galor and Benzie 2011). 

With the current drop in the discovery rate of active novel chemical entities (Cragg and 

Newman 2005), the need to bioprospect previously un-explored regions, which offer a 

rich biodiversity of plant species growing in challenging conditions, is becoming 

essential. This subsequently presents a greater opportunity to maximise the discovery of 

novel biotopes. Microorganisms have been a productive source of novel, essentially 

diverse biotopes, demonstrating huge chemical sources (Santiago et al. 2012) for not 

only deriving some of the most essential pharmaceutical products currently available 

(Schwartsmann et al. 2002), but also in discovering new compounds with anti-cancer, 

antibiotic and anti-fungal properties (Hazalin et al. 2012). 

Endophytes are a vast source of biodiversity with largely undiscovered bioactive 

compounds that are a readily renewable, reproducible and inexhaustible supply of novel 

structures having pharmaceutical potential (Staniek et al. 2008). In the past century, 

only about 100,000 fungal species, including endophytic fungi, have been studied 

(Hawksworth and Rossman 1987); however, it is estimated that there may be at least 1 
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million species of endophytic fungi alone (Dreyfuss and Chapela 1994). Endophytes are 

detected in a wide variety of plant tissue types, such as seeds and ovules (Siegel et al. 

1987), fruits (Schena et al. 2003), stems (Gutierrez-Zamora and Martinez-Romero. 

2001), roots (Germida et al. 1998), leaves (Smith et al. 1996), tubers (Sturz et al. 1998), 

buds (Ragazzi et al. 1999), xylem (Hoff et al. 2004), rachis (Rodriguez and Samuels 

1999) and bark (Raviraja 2005). It is widely accepted that there are few plants without 

endophytes, including some shrubs and trees (Gennaro et al. 2003). Several studies have 

shown the presence of endophytes in host species belonging to all plants, from mosses 

and ferns to monocotyledons. These data show that bacteria and fungi are the most 

common endophytic microorganisms (Petrini 1986, 1991).  

Evidence of plant-associated microorganisms detected in the fossilized tissues of 

stems and leaves indicated that endophyte-host associations may have evolved from the 

time that higher plants first appeared on the earth (Taylor and Taylor 2000, Andrzej 

2002). Research about the origin and evolution of endophytes has suggested that some 

phytopathogens are related to endophytes and have an endophytic origin (Carroll 1988). 

In certain environments, some microbes appear to actively enter plant tissues through 

invading openings or wounds, as well as proactively using hydrolytic enzymes. Some 

bacterial endophytes are believed to originate from the rhizosphere microbiot (Misko 

and Germida 2002), through penetrating and colonising root tissue as an access point to 

the xylem (Sturz and Nowak 2000). Results showed that the endophytes enhanced the 

diversity and size of the rhizospheric microbial populations (Yang et al. 2013) and they 

confirmed the symbiotic relations between the endophytic microbial and their host plant 

(Dai et al. 2003). 

During the long co-evaluation of endophytes and their plants, endophytic 

microorganisms have adapted themselves to their special microenvironments by genetic 

variation through the uptake of some plant DNA into their own genomes (Germaine et 

al. 2004). As a direct result, this could have led to the ability of certain endophytes to 

synthesise some phytochemicals originally associated with the host plant (Stierle et al. 

1993). Just as plant secondary metabolites have been developed into medicinces, the 

same secondary metabolites isolated from endophytes may ultimately have medical 

applications (Strobel 2003).  

The scope for the discovery of novel compounds is great with a comprehensive 

study showing that 51% of biologically active substances isolated from endophytic 
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fungi were previously unknown (Schutz 2001). In a coevolutionary context, endophytic 

microbes improve the resistance of the host plants by producing bioactive secondary 

metabolites (Strobel 2003). The evolved relationships between endophytes and their 

host plants involve multi-species interactions which are affected by stochastic events, 

such as abiotic and biotic challenges (Saikkonen et al. 2004). The results of some 

research suggested endophytic colonisation involved an activation process governed by 

genetic determinants from both partners (Dong et al. 2003). Results indicated that the 

host-endophyte relationship and the possibility of transferring genetic systems could 

have led to the evolution of biochemical pathways which resulted in the production of 

plant growth hormones, including auxins, abscisins, ethylene, gibberellins and kinetinsis 

(Goodman et al. 1986). Furthermore, independent evolution of the endophytes may 

have allowed them to better adapt to a particular host as well as protect the host plant 

from pathogens, insects and grazing animals and enhance their resistance to 

unfavourable challenges. Eventually, different types of relationships may have formed, 

resulting in symbiosis or mutualism and ultimately to host specificity (Fisher and 

Petriniet 1993, Gao et al. 2005). 

Overall, the rationale for investigating endophytic microbes as potential sources 

of new medicinals is related to the fact that they are a relatively unexplored area of 

biochemical diversity. In particular, the protection provided by endophytes to the host 

plant by diverse antimicrobial compounds increases the attractiveness of such 

compounds in medical applications. In addition, because toxicity to higher organisms is 

a concern of any prospective drug, natural products isolated from endophytes may be an 

appealing alternative, since these compounds are produced within a eukaryotic system 

with no apparent harm. Therefore, the host plant itself has naturally served as a selection 

system for microbes producing bioactive compounds with reduced toxicity toward 

higher organisms. 

 

1.3 Rationale for plant selection 

Particular microbial metabolites are characteristic of certain biotopes, both at the 

environmental and organismal levels. Consequently, it appears that the study of novel 

secondary metabolites should be based on organisms that inhabit unique biotopes. Thus, 

it is important to understand the methods and rationale that provide the best 
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opportunities to isolate novel bioactive compounds from an enormous selection of 

available plant species. Plants growing in areas of great biodiversity, e.g. tropical 

rainforests with the greatest levels of biodiversity globally, have the greatest prospect 

for endophytes with novel metabolites. Similarly, plants growing in unique habitats, 

especially those with an unusual biology and possessing novel strategies for survival 

(e.g. the mangrove forest ecosystem in the tidal shallows of the sea border), are 

considered especially important for the investigation of unusual endophytic species 

(Kumaresan and Suryanarayanan 2001). A specific example is the aquatic plant, 

Rhyncholacis penicillata, which exists beside a river sytem in Southwest Venezuela in 

which the harsh aquatic environment is one surrounded by debris, tumbling rocks and 

pebbles. Such circumstances should provide opportunity for pathogenic oomycetes to 

attack the plant. Investigation of the endophytes of R. penicillata led to the isolation of a 

potent antifungal bacterium, identified as Serratia marcescens, able to produce oocydin 

A (Fig. 1.2), a novel anti-oomycetous compound that obviously protects the host plant 

from the water moulds (Strobel et al. 1999a).  

Plants asymptomatically infected with phytopathogens have a greater likelihood 

of having resident endophytes which produce antimicrobial natural products, as 

exemplified by an endophyte reported to have antimicrobial activity against the plant 

pathogen Colletotrichum musae (Tuntiwachwuttikul et al. 2008). Plants that have an 

ethnobotanical history and have been used by indigenous people as traditional 

medicines are also good candidates for finding novel bioactive endophytes. The 

antibacterial endophytic fungus from traditional Chinese medicine, Celastrus angulatus 

(Ji et al. 2005), and the novel endophytic Streptomyces isolated from an Australian 

medicinal plant, snakevine (Kennadia nigriscans), which produces a wide-spectrum 

novel peptide antibiotic called munumbicins (Castillo et al. 2002), are two relevant 

examples. Finally, endemic plants which have an unusual longevity or occupied a 

certain ancient land mass such as Gondwanaland (Strobel and Daisy 2003) are also 

considered good options for the discovery of novel endophytes. An example is the 

isolation of the antituberculosis compound, chaetoglobosin B, from the leaves of 

Maytenus hookeri which is only distributed in areas of Yunnan, China (Ni et al. 2008).   
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Figure 1.2: Oocydin A. 

 

Since the recognition that medicinal plants are a repository of endophytes with 

novel compounds of pharmaceutical importance (Strobel et al. 2004, Wiyakrutta et al. 

2004, Kumar and Hyde 2004, Tejesvi et al. 2007a, Selvanathan et al. 2011, Tenguria 

and Khan 2011, Tong et al. 2011), many studies have focused on such plant species 

(Raviraja et al. 2006, Huang et al. 2008b, Tejesvi et al. 2008, Lin et al. 2010, Huang et 

al. 2007a, Lv et al. 2010). Indeed, a recent comparison of the origins of endophytes in 

screening studies of antimicrobial activity confirmed that medicinal plants were 

frequently used as the source hosts (Fig. 1.3) (Yu et al. 2010b, Ellsworth et al. 2013). 

 

 

 

 

 

 

 

Figure 1.3: Proportion of biologically active compounds with antimicrobial activity isolated from 

different endophytic host sources shows the importance of medicinal plants as the host. 

 

In some cases, endophytes produce the same rare and important bioactive 

compounds as their host plants. However, using endophytes as the sources of such 

compounds reduces the need to harvest slow-growing and rare plants, thus preserving 
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the world’s ever-diminishing biodiversity. In addition, a microbial source of a valued 

natural product may be easier and more economical to produce, effectively reducing its 

market price. 

 

1.4 Isolation of endophytes   

It is important to introduce a specific protocol for the isolation of endophytes 

from a given plant, especially as 90-99% of microorganisms are not readily cultivated 

(Amann et al. 1995). The method frequently utilized to detect and quantify endophytes 

involves isolation from surface-sterilised host plant tissue (Zhang et al. 2006). Surface 

sterilisation of plant material is usually performed by treatment with a strong oxidant or 

general disinfectant for a period, followed by a sterile rinse. Effective oxidants are 3% 

H₂O₂ and 2% KMnO₄ (Bills et al. 2004), while household bleach (NaOCl), usually 

diluted in water to concentrations of 2-10%, is the most commonly used surface 

sterilant. In addition, the efficacy of surface sterilisation can be increased by combining 

the sterilant with a wetting agent. Ethanol (70-95%) is the most commonly used wetting 

agent (Schulz et al. 1993), although surfactants such as Tween 80 are also used as 

wetting agents to increase surface sterilisation of the host plant (Bills et al. 2004). In 

order to isolate endophytes from plant seeds, rubbing the seeds vigorously between the 

hands is needed to remove contaminants associated with the dry glumes and then 

rinsing the seeds for 15-20 minutes with a bleach solution (Bills et al. 2004). 

Endophytes are generally isolated after cutting plant material into segments (3-5 mm 

long) followed immediately by treatment with bleach. Alternatively, the plant organ is 

surface-treated with 70% ethanol and then dried under a laminar flow flood (Reis et al. 

2000, Strobel 2003). Then, a sterile knife blade is used to remove the outer tissues from 

the samples and the inner tissues are carefully placed on water agar plates. After several 

days of incubation, hyphal tips of fungi are removed and transferred to Potato Dextrose 

Agar (PDA) plates. Endophytic bacteria are less common and one of the reasons may be 

the difficulty in their isolation. They live in intercellular spaces instead of intracellular 

spaces and this may be the reason for their low recovery rate (Zhang et al. 2006). The 

isolation of endophytic bacteria is often accomplished by placing plant tissue on Luria-

Bertani agar plates (Hallmann et al. 1997). 
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1.5 Identification of endophytes 

Morphological examination of endophytic fungi is performed by scrutinising the 

culture, the mechanism of spore production and the characteristics of the spores. Each 

of isolated fungal strains is separately incubated on PDA, Cornmeal Agar (CMA), 

Carrot Agar (CA) and Potato Carrot Agar (PCA) to achieve a pure culture and optimum 

conditions for sporulation (Reis et al. 2000). Furthermore, endophytic fungi that neither 

grow nor sporulate in culture can only be identified by molecular methods. Thus, 

endophytes are often detected using a combination of morphological and molecular 

methods (Raps and Vidal 1998, Malinowski and Belesky 1999). The molecular 

detection is based on comparison of ribosomal DNA (rDNA) of individual endophytes 

with the GenBank sequence database using the NCBI BLAST program. For newly 

discovered endophytic fungi, morphology-based detection is confirmed by 18S rDNA 

sequence comparison or internal transcribed spacer regions (ITS1 and ITS4) and 5.8 

rDNA sequence examination (White et al. 1990). Bacterial endophytes are detected by 

16S rRNA-based techniques, however, several molecular methods are combined to 

detect novel endophytic isolates (Scott 2001, Loiret et al. 2004, Bhore et al. 2013). 

 

1.6 Bioactivity of endophytic compounds according to chemical class 

Numerous bioactive natural products isolated from endophytes have been 

reported in recent years and these compounds can be classified into diverse chemical 

classes, including aliphatic compounds, alkaloids, flavonoids, isocoumarin derivatives, 

peptides, phenols, phenylpropanoids and lignans, quinines, steroids and terpenoids 

(Zhang et al. 2006, Yu et al. 2010b). Specific examples are described below and are 

summarised in Table 1.1. 

 

1.6.1 Aliphatic compounds     

Antimicrobial aliphatic compounds (Fig. 1.4) are frequently detected in cultures 

of endophytes. Chaetomugilin A (1) and D (2) are two aliphatic compounds with 

antifungal activities which were isolated from an endophytic fungus Chaetomium 

globosum collected from Ginkgo biloba (Qin et al. 2009). Other examples of these types 
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of compounds with antifungal activities, cytosporone B (3) and C (4), were isolated 

from a mangrove fungal endophyte, Phomopsis sp. (Huang et al. 2008a). Wang and 

colleagues have found brefeldin A (5) synthesized by an endophytic Cladosporium sp. 

residing in Quercus variabilis with antimicrobial potential (Wang et al. 2007). 

 

 

 

 

  

 

 

 

 

 

Figure 1.4: Aliphatic compounds 

 

1.6.2 Alkaloids 

Alkaloids (Fig. 1.5) are one of the common secondary metabolites in endophytes 

and many are pharmacologically active (Iwassa et al. 2001, Rackova et al. 2004). Two 

antibacterial alkaloid compounds, Chaetoglobosins A (6) and C (7), were isolated from 

an endophytic C. globosum originating from the leaves of G. biloba (Qin et al. 2009). 

Pyrrocidines A (8) and B (9), two newly reported antibiotics, were isolated from the 

endophyte Acremonium zeae in maize and show significant antifungal activities 

(Wicklow et al. 2005). A recently described antibacterial alkaloid, phomoenamide (10), 

is synthesized by an endophytic fungus Phomopsis sp. in Garcinia dulcis and exhibits a 

minimum inhibitory concentration (MIC) of 6.25 µg/ml against Mycobacterium 

tuberculosis (Rukachaisirikul et al. 2008). Two endophytic bacteria, Pseudomonas sp. 

and Enterobacter sp., which were isolated from a suspension culture of Pinellia ternate 

protocorm-like bodies (PLBs) produced alkaloid compounds. One of the highest natural 
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sources of alkaloids, including purines and pyridines, is Pinellia ternate (Liu et al. 

2010b). Purine alkaloids, like guanosin and inosine, have been shown to exhibit anti-

tumour and anti-viral activities (Kinahan et al. 1981). Pyridine alkaloids, such as 

trigonelline, are also used in the treatment of diabetes mellitus and liver injury (Sur et 

al. 2001, Zia et al. 2002).  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5: Alkaloids 

 

1.6.3 Flavonoids 

Antimicrobial flavonoids (Fig. 1.6) were isolated from the endophytic fungus 

Nodulisporium sp. from Juniperus cedre (Dai et al. 2006a). These compounds can be 

used as lead molecules whose activities can be increased by manipulation through 

synthetic chemistry.  
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Figure 1.6: Flavonoids 

 

1.6.4 Isocoumarin derivatives 

Three metabolites (Fig. 1.7) of this type have been isolated from endophytic 

sources. These compounds were separated from endophytic Geotrichum sp. which 

exists in Crassocephalum crepidiodes and biological assays showed their antimalarial, 

antituberculous and antifungal activities (Kongsaeree et al. 2003). 

 

 

Figure 1.7: Isocoumarin derivatives 

 

1.6.5 Peptides             

Antimicrobial activities are displayed by many endophytic peptides (Fig. 1.8). 

Leuesnostatin A (17), synthetised by Acremonium sp. in Taxus baccata, exhibited 

antimicrobial activities against Pythium ultimum (Strobel et al. 1997). A novel 

lipopeptide, cryptocandin (18), isolated from the endophyte Cryptosporiopsis quercine 

from Tripterigium wiflordii, a medicinal plant native to Eurasia, showed excellent 
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antifungal activities against some important human fungal pathogens including Candida 

albicans and Trichophyton spp. (Strobel et al. 1999b). Cryptocandin and its related 

compounds are considered useful against a number of fungi causing diseases of skin and 

nails. A group of endophytic peptides, echinocandins (A, B, C and D) (19-22), isolated 

from Cryptosporiopsis sp. and Pezicula sp. in Pinus sylvestris and Fagus sylvatica, 

respectively, were shown to be antimicrobial (Noble et al. 1991). Two antibacterial 

peptides, cyclo (Pro-Thr) (23) and cyclo (Pro-Tyr) (24), were produced by the 

endophytic fungus Penicillium sp.0935030 isolated from the mangrove plant 

Acrostichum aureurm (Cui et al. 2008). 

 

 

 

 

Figure 1.8: Peptides 

 

1.6.6 Phenols and phenolic acids 

Phenol and phenolic acids (Fig. 1.9) are often synthetised from endophytic 

secondary metabolites in a variety of host plants. Many novel phenol and phenolic acids 

with antibacterial activities have been identified in recent studies, showing that these 
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groups of endophytic compounds will be a great potential to find new and effective 

antibiotics.  

Pestalachloride A (25) and B (26) are two new antibiotics isolated from the 

endophyte Pestalotiopsis adusta which exhibited significant antifungal activity against 

plant pathogens (Li et al. 2008a). A group of antibacterial phenolic acids (27-29) were 

isolated from the culture broth of an endophytic Phoma sp. from the Guinea plant, 

Saurauia scaberrinae (Hoffman et al. 2008). Orsellinic acid and three novel 

esersglobosumone were synthetised by an endophytic Chaetomium globosum in 

Ephedra fasciulat, of which globosumone A (30) showed moderate inhibitory activity 

of cell proliferation of lung cancer, breast cancer, CNS glioma and pancreatic carcinoma 

(Bashyal et al. 2005).  

 

 

Figure 1.9: Phenols and phenolic acids 

 

1.6.7 Phenylpropanoids and lignans      

Guignardic acid (Fig. 1.0), isolated from Guignardia sp., an endophyte of 

Spondias mombin with antibacterial activities, produced the oxidative deamination 
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compounds dimethylpyruvic acid and phenylpyruvic acid (Rodrigues-Heerklotz et al. 

2001).  

 

 

Figure 1.10: Phenylpropanoids and lignans 

 

1.6.8 Quinones 

Quinones (Fig. 1.11) are another group of secondary metabolites isolated from 

endophytes with antimicrobial activities. 3-O-methylalaternin (32) and altersolanol A 

(33) were isolated from the endophyte Ampelomyces sp. from the medicinal plant 

Urospermum picroides. These compounds showed antimicrobial activity against the 

Gram-positive bacteria, Staphylococcus aureus, S. epidermidis and Enterococcus 

faecalis. The antibacterial activity of altersolanol A is not due to its cytotoxic activity, 

but rather that the compound acts as an electron acceptor in the bacterial membrane and 

inhibits bacterial growth (Haraguchi et al. 1992, Aly et al. 2008). Three new spiroketals 

(34-36) were isolated from the endophytic fungus Edenia gomezpompae which 

displayed significant inhibition against phytopathogens (Macías-Rubalcava et al. 2008). 
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Figure 1.11: Quinones 

 

1.6.9 Steroids        

Steroid compounds (Fig. 1.12) are another class of endophytic chemical 

compounds. Ergosterol (37) and 5α, 8α-epidioxyergosterol (38) were isolated from the 

culture extract of the endophytic fungus Nodulisporium sp. isolated from Juniperus 

cedre on Gomera Island (Dai et al. 2006a). Four antibacterial steroid compounds (39-

42) were produced from Colletotrichum sp. isolated from Artemisia annua and these 

compounds elicited fungistatic activities towards plant pathogens (Lu et al. 2000). 

However, most steroid compounds isolated from endophytes have showed moderate 

antimicrobial activities, so it is unlikely that effective drugs or pesticides will be found 

from this group of endophytic compounds. 

 

 

 

 



19 
 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

Figure 1.12: Steroids 

 

1.6.10 Terpenoids 

Sesquiterpenes, diterpenoids and triterpenoids are the major terpenoids (Fig. 

1.13) isolated from endophyes (Yu et al. 2010b). Guanancastepene A (43), 

guanacastepene (44), periconicin A (45) and periconicin B (46) were four novel 

diterpenoid antibacterials isolated from endophytes (Brady et al. 2000, 2001, Kim et al. 

2004). Five sesquiterpenes (47-51) were produced by fractionation from the endophyte 
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Phomopis cassiae found in Cassia spectabilis and found to be active against 

Cladosporium cladosporioides and C. sphaerospermum (Silva et al. 2006). 

 

  

 

Figure 1.13: Terpenoids 

 

1.6.11 Other endophytic compounds 

Two new cyclohexanone derivaties (52, 53), separated from the endophytic 

fungus, Pestalotiopsis fici, showed significant antifungal activities against Aspergillus 

fumigatus (Liu et al. 2009). Sordaricin (54), produced by the endophytic fungus Xylaria 

sp. isolated from the leaves of Garcinia dulcis, showed moderate activity against a 

board range of fungal pathogens (Pongcharoen et al. 2008). The antifungal trichodermin 

(55), characterized from Trichoderma harzianum isolated from Llex cornuta Lindl, 

showed a significantly protective effect against early blight on tomato and damping-off 
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on cucumber (Chen et al. 2007).  Four lactones, sequoiamonascins A-D (56-59) (which 

contain a novel carbon skeleton), were produced by the fungal endophyte Aspergillus 

parasiticus and have been shown to have moderate activities against cancer cell lines, 

including MCF7 (breast), NCI-H460 (lung) and SF-268 (CNS) (Stierle et al. 2003) (Fig. 

1.14).  

 

 

Figure 1.14. Other endophytic compounds 
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Table 2.1 Bioactive compounds produced by endophytic fungi 

Types of 

endophytic 

compounds 

Entophyte Host plant Bioactivity Ref. 

Aliphatic 

compounds 

Chaetomium 

globosum 

Ginkgo biloba Antifungal Qin et al. 2009 

 Cladosporium sp. Quercus 

variabilis 

Antifungal Wang et al. 2007 

 Fungal endophytes Chinese herbs Antimicrobial Mousa and 

Raizada 2013 

 Phomopsis sp. Excoecaria 

agallocha 

Antifungal Huang et al. 

2008a 

Alkaloids Acremonium zeae Maize Antifungal Wicklow et al. 

2005 

 Acremonium zeae Maize Antibacterial Wicklow and 

poling  2009 

 Penicillium citrinum Ceratonia 

siliqua 

cytotoxicity El-Neketi et al. 

2013 

 Phomopsis sp. Garcinia dulcis Antibacterial Rukachaisirikul 

et al. 2008 

Flavonoids Nodulisporium sp. Juniperus cedre Antifungal, 

Antibacterial 

Dai et al. 2006a 

Peptides Cryptosporiopsis 

sp., Pezicula sp.  

Pinus sylvestris 

and Fagus 

sylvatica 

Antifungal , 

antibacterial  

Noble et al. 1991  
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Table 1.1 Bioactive compounds produced by endophytic fungi 

Types of 

endophytic 

compounds 

Entophyte Host plant Bioactivity Ref. 

 Cryptosporiopsis 

quercine 

Tripterigium 

wiflordii 

Antifungal Strobel et al. 

1999b 

 Fusarium 

tricinctum 

Rhododendron 

tomentosum 

Antimicrobial Tejesvi et al. 

2013 

 Penicillium sp. Acrostichum 

aureurm 

Antifungal, 

Antibacterial 

Cui et al. 2008 

 Culophyllum sp.               Pullularia sp.                           Antiprotozoal, 

Antiviral 

Isaka et al. 

2007 

Phenols Alternaria sp. Sonneratia alba Antibacterial Kjer et al. 

2009 

 Neotyphodium 

coenophialum 

Lolium 

arundinaceum 

Antifungal Pańka et al. 

2013 

 Penicillium sp. Cerbera 

manghas 

Antibacterial Han et al. 

2008 

Quinones Ampelomyces sp. Urospermum 

picroides 

Antibacterial Aly  et al. 

2008 

 Dendryphion 

nanum 

Ficus religiosa Antidiabetic, Anti 

inflammatory 

Mishra et al. 

2013 

 Edenia 

gomezpompae 

Callicarpa 

acuminata 

Antifungal Macías- 

Rubalcava et 

al. 2008 

 Penicillum 

chrysogenum 

Unidentified Antiviral Singh et al. 

2003 
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Table 1.1 Bioactive compounds produced by endophytic fungi 
Types of endophytic 

compounds 

Entophyte Host plant Bioactivity Ref. 

Steroids Colletotrichum 

sp. 

Artemisia annua Antifungal Lu et al. 2000 

 Phomopsis sp Aconitum 

carmichaeli 

Antifungal Wu et al. 

2013 

Terpenoids Phomopiscassiae Cassia 

spectabilis 

Antifungal Silva et al. 

2006 

 Periconia sp. Taxus cuspidate Antibacterial Kim et al. 

2004 

 Fungal 

endophytes 

Not mention Antimicrobial de Souza et 

al. 2011 

 

 

1.7 Endophytic natural products as drugs and novel drug leads 

More than 20 drugs derived from natural products were approved onto the 

worldwide market in 2002-2005 and around 140 have undergone different stages of 

clinical development in all major therapeutic areas (Butler 2005, Lam 2007). It seems 

impossible to estimate the impact of endophytic natural products on the drug discovery 

process, although functional metabolites of endophytic origin have considerable 

potential to impact in the pharmaceutical arena (Tan and Zou 2001, Strobel 2003, 

Strobel and Daisy 2003, Strobel et al. 2004, Gunatilaka 2006, Higginbotham et al. 

2013). The biological activities of the endophytic fungus depend on the natural 

compounds that they produce in the host plant.  The secondary metabolites are usually 

alkaloids, steroids, terpenoids, isocoumarin derivatives, quinones, phenylpropanoids 

and lignans, phenols and phenolics, aliphatic compounds, lactones and others (Zhang et 

al. 2006). Endophyte research has yielded potential drug lead compounds with 

antibacterial, antiviral, antioxidant, insulin mimetic, anti-neurodegenerative and 

immunosuppressant properties. Microbial endophytes possessing natural substances 
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were observed to kill a broad array of pathogenic microbes ranging from bacteria to 

protozoans (Strobel and Daisy 2003).  

Moreover, while being implicated in livestock neurotoxicosis, some endophyte-

produced bioactive compounds show insecticidal activity. A very elegant hypothesis has 

been suggested that the endophyte-host relationship is postulated to be a “balanced 

antagonism” (Fig. 1.15).  

 

 

 

Figure 1.15: Antagonistic relationships between host plant, endophyte and pathogen. Endophytes 
have established an asymptomatic colonisation and may help the host plant to fight against 
symptomatic (pathogenic) microbes. Adapted from Schulz and Boyle (2005).  

 

It is clear that the future success of the pharmaceutical industry depends on the 

combination of complementary technologies such as natural product discovery (Demain 

and Zhang 2005), metabolic engineering (Tyo et al. 2007), combinatorial biosynthesis 

and combinatorial chemistry (Floss 2006). Examples of metabolites identified from 

endophytes as biological factories of functional metabolites are described below and 

summerised in Tbale 1.2. 
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1.7.1 Endophytic products as antibiotics 

Antibiotics, recognised as low-molecular-wight organic natural compounds 

produced by microorganisms that are active at low concentrations against other 

microorganisms (Demain 1981), are the most common bioactive secondary metabolites 

isolated from endophytes. Natural products from endophytic microbes have been shown 

to inhibit a board variety of harmful disease-causing agents including, but not limited to, 

bacteria, fungi, viruses and protozoans that are pathogens of humans, animals and 

plants.  

The search for new and alternative antibacterial compounds, particularly those 

with novel modes of action, is especially important given the extent of resistance to 

many of the presently available drugs. Natural products, including those produced by 

endophytes, are considered a good source of alternative antibiotics (Christina et al. 

2013). Guanacastepene (Fig. 1.16), a novel diterpenoid isolated from an endophytic 

fungus living in Daphnopsis americana (found growing in the Guanacaste province of 

Costa Rica), proved to be a potential new class of antibacterial agents. It showed 

activity against methicillin-resistant Staphylococcus aureus and vancomycin-resistant 

Enterococcus faecium (Singh et al. 2000). Fungal endophytes isolated from members of 

the family Euphorbiaceae (which includes some medicinal plants) have been found to 

produce antibacterial compounds which were active against a variety of tested bacteria, 

such as S. aureus and Bacillus subtilis (Dai et al. 2006b).  

 

 

 

 

 

 

Figure 1.16: Guanacastepene 

 

Finding new antimycotics is becoming more urgent given the rise in fungal 

infections amongst immunocompromised people. Phomol (Fig. 1.17.A), a novel 

antibiotic, was synthetised from fermentations of an endophytic Phomopsis species 

CHH

O

O

OAc
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isolated from the Argentinian medicinal plant Erythrina crista-galli. This compound 

also exhibited antiinflammatory, neuroleptic, antibacterial and weak cytotoxic activities 

(Weber at al. 2004). A highly functionalised cyclohexenone epoxide, Jesterone (Fig. 

1.17.B), was separated from an endophytic Pestalotiopsis jesteri found in Fragraea 

bodenii (Li and Strobel 2001). Ambuic acid (Fig. 1.17.C), a quinone epoxide 

compound, was extracted from Pestalotiopsis spp. and Monochaetia sp. living in 

Torreya taxifolia. Both these compounds displayed potent antifungal activity (Li and 

Strobel 2001). 
 

 

 

 

Figure 1.17: Antimycotics isolated from endophytes 

 

Parasitic protozoan species belonging to the genera Trypanosoma and 

Leishmania are the causes of several diseases in tropical areas of the world, so there is 

an urgent need for effective and affordable new drugs against these pathogens. 

Altenusin (Fig. 1.18), a biphenyl isolated from an endophytic Alternaria sp. 

(UFMGCB55) living in the plant Trixis vauthieri DC, was shown to procduce 

trypanocidal compounds which inhibit trypanothione reductase (TR). This enzyme is 

involved in the protection of parasitic protozoan species against oxidative stress and is 

considered to be a validated drug target. Altenusin is the first compound in its class to 

have TR inhibitory activity, opening new perspectives for the design of more effective 

derivatives that could serve as drug leads for new chemotherapeutic agents to treat 

trypanosomiasis and leishmaniasis (Cota et al. 2008).  
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Figure 1.18: Altenusin 

 

It was demonstrated by Hazalin et al. (2009) that about 8% of the isolated 

endophytic fungi isolated from Malaysian plant samples possessed antibacterial 

properties.  Additionally, a study performed by Lv et al. (2010) into the antibacterial 

activities of fungal endophytes isolated from an Alpine Plant demonstrated that 24.5% 

of fungal strains exhibited antibacterial action against at least one bacterial strain.  

Discovering novel antibacterial compounds may be important in the development of 

new agents to combat the rise of bacterial resistance to some commonly used drugs 

(Strobel et al. 2004, Yu et al. 2010).  Novel antibacterial and antifungal compounds may 

also have an important role to play in the fight against many human diseases that are 

caused as a result of a compromised immune system (Strobel and Daisy 2003).  

Furthermore, there may be significant applications in agriculture, where such remedies 

could be utilised in conjunction with or in place of conventional bactericides, 

insecticides and fungicides, thus limiting the need to use environmentally harmful 

agrochemicals (Strobel et al. 2004). 

 

1.7.2 Volatile antiobitics 

Muscodor is a novel fungus which produces extremely bioactive volatile organic 

compounds (VOC’s). The original endophytic fungus, Muscodor albus, originated from 

the host plant Cinnamomum zeylanicum and produced a mixture of VOC’s that were 

lethal to a broad range of plant and human pathogenic fungi and bacteria as well as 

nematodes and certain insects. Analysis of the mixture of VOC’s showed that it 

consisted of various alcohols, acids, esters, ketones and lipids. Muscodor species have 

O
O OH

O CH3CH3
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been sugessted to be a prospective agent for mycofumigation, agriculture, medicine and 

industry (Strobel et al. 2001, Strobel 2011, Ting et al. 2010). 

 

1.7.3 Anticancer agents from endophytes  

Cancer is the second major cause of death around the world after cardiovascular 

diseases (Firáková et al. 2007, Miller et al. 2012, Chandra et al. 2012). It was estimated 

by Strobel et al. (2004) that over 50% of current anti-cancer drugs approved by the FDA 

have been obtained or derived from natural products.  The importance of bioprospecting 

is further highlighted by the success of the anti-cancer drug, Paclitaxel, which occurs in 

a natural form in the endophytic fungi of yew plants (Strobel and Daisy 2003). 

Paclitaxcel (Taxol) (Fig. 1.19) is the most striking example because of its potent 

anticancer activity. After the discovery of this compound in the 1960s and the 

elucidation of its structure, it was approved by the FDA in 1992. This diterpenoid 

natural product has become a blockbuster drug with commercial sales of over US$3 

billion in 2004 (Croteau 2005). Initially it was obtained from the inner bark of Taxus 

brevifolia, a rare and slow-growing tree.  

The ecological problem resulting from the endangerment of this plant and the 

increase demand for the drug prompted the search for alternative paclitaxel-producing 

microorganisms among the endophytic fungi of Taxus species. Endophytic Taxomyces 

andreanae was the answer to this search and during the 1990s several reports of 

different Taxol-producing endopytes were released (Stierle et al. 1993, Strobel at al. 

1996, Noh et al. 1999, Zhou and Ping 2001). A recent example is the endophytic fungus 

isolated from Taxus chinensis var. mairei which proved to have strong toxicity to liver 

cancer cells 7402 and lung cancer cells A549 (Guo et al. 2008a). 

 

 

 

 

 

Figure 1.19: Paclitaxel (Taxol) 
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Taxol and its synthetic derivatives (paclitaxel) represent one of the first anti-

cancer agents from fungal endophytes to reach and subsequently demonstrate efficacy 

in clinical trials (Strobel et al. 2004) The diterpenoid taxol was primarily isolated from 

endophytic fungi residing in the bark, roots and branches of western yew, Taxus 

brevifolia (Zhou et al. 2010), with continued research further identifying more than 20 

different genera of taxol-producing endophytic fungi, including Taxomyces sp. and a 

range of Alternaria species (Zhou et al. 2010). Preliminary screening of the tetracyclic 

diterpeniod, Taxol, confirmed broad spectrum in vivo cytotoxicity against p-388,p-1534 

and 1-1210 murine leukemia, the Walker 256 carcinosarcoma and sarcoma 180 (Tejesvi 

et al. 2007a).  

Although Taxol demonstrated its potent ability as an anti-cancer agent, 

formulation difficulties and low availability attributed to a long development period. 

Taxol entered phase 1 clinical trials in 1983, 23 years after discovery, earning FDA 

approval for the treatment of ovarian cancer in 1992. Taxol acts an anti-miotic drug, 

promoting polymerization of tubulin causing assemblage of stable microtubules and 

protects it from disassembly (Kingston 1993). This leaves the chromosomes unable to 

form metaphase spindle arrangements and subsequently blocks the progression of 

mitosis (Bharadwaj and Yu 2004), subsequently triggering apoptosis and preventing 

proliferation.   

The alkaloids, a group of naturally occurring chemical compounds, are also 

readily found within endophytic fungi, including such genera as Chalara, Phoma and 

Hpoxylon, which are examples of the synthesisers responsible for producing a specific 

type of alkaloid, the cytochalasins (Tenguria et al. 2011). These fungal metabolites have 

demonstrated anti-tumour activity, by the ability to interact and successively attach to 

actin filaments within a cell. This interaction blocks the functionality of actin and 

therefore inhibits a range of cellular processes (Haidle and Myers 2004), regaining 

control over cellular dysfunctions driven by tumourogenisis, inducing apoptotic 

pathways for cellular death (Tobias and Hochhauser 2010). These cytochalasins are an 

abundant source of potential anti-cancer therapeutics with new compounds continually 

being identified, including cytochalasin H, J and epoxycytochalsins, all reportedly 

isolated from Tripterygium wilfordii (Tenguria et al. 2011).  

The diversity and abundance of alkaloids has continually provided novel 

mechanisms for the treatment of a range of different cancers, with another clinically 
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important drug, camptothecin, stemming from endophytic origin. This cytotoxic 

heterocyclic aromatic alkaloid, derived from the inner bark of Camptotheca acuminata 

(Tenguria et al. 2011), act as a DNA topoisomerase poison. Similarily to Taxol, the 

unmodified camptothecin suffered formulation issues within the clinic however 

chemical modifications to the structure, forming modified drug Exatecan, increased 

drug solubility, facilitating progression to clinical trials (Tenguria et al. 2011).  

The endophyte Stemphylium botryosum from Chenopodium album produced 

curvularin and dehydrocurvularin as well as altersolanol A which are a cytotoxic. All 

compounds were further tested for protein kinase inhibitory activity. Compound 3 

(altersolanol A) was the most potent inhibitor (Aly et al. 2010). Reports showed 

alkaloids isolated from endophytic fungi to be novel anticancer agents. Three novel 

cytochalasins (Fig. 1.20), produced from an endophyte Rhinocladiella sp. living in a 

medicinal plant, Tripterygium wilfordii which is in traditional medicine used as a 

treatment for arthritis and other autoimmune, exhibited antitumor activity (Wagenaar et 

al. 2000).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.20: Cytochalasins 
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An aryltetralin lignan, podophyllotoxin (Fig. 1.21), produced by the fungal 

endophyte Phialocephala fortinii from rhizomes of the plant Podophyllum peltatum, 

showed potent antioxidant, anticancer and radioprotective activities (Puri et al. 2006). 
 

 

 

 

 

 

  

 

 

Figure 1.21: Podophyllotoxin 

 

Camptothecin (Fig. 1.22) and its derivatives exhibited strong antineoplastic 

activity and are used in China for the treatment of skin diseases. An endophytic fungus, 

which belongs to the family Phycomycetes and exists in host plant Nothapodytes 

foetida, has been shown to produce camptothecin. The biological activity of this 

compound was tested in cytotoxicity assays using human cell cancer cell lines and high 

activities were observed (Puri et al. 2005). 

 

 

 

 

 

 

Figure 1.22: Camptothecin 

 

1.7.4 Antiviral compounds from endophytes 

Another appealing use of endophytic products is the inhibition of viruses (Kaul 

et al. 2012). Two novel tridepside human cytomegalovirus (hCMV) protease inhibitors, 
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cytonic acids A and B, isolated from the endophyte Cytonaema sp. (which inhabits the 

internal tissues of Querus sp.) showed antiviral activity (Guo et al. 2000a). Further 

studies of the microbiota characteristic of oak trees resulted in the isolation of a 

potentially valuable endophytic fungal compound from the leaves of Quercus coccifera, 

hinnuliquinone (Fig. 1.23), which was shown to be a potent inhibitor of HIV-1 protease 

(Singh et al. 2004).  

 

 

 

 

 

 

Figure 1.23: Hinnuliquinone. 

 

1.7.5 Products from endophytes as antioxidants 

Reactive oxygen species such as free radicals play an important role in the 

pathogenesis of many diseases, including cancer and several neurodegenerative diseases 

such as Alzheimer’s Disease and Parkinson’s Disease (Bertrman 2000, Rottkamp et al. 

2000), so there is much research to find new antioxidant compounds as natural 

antioxidants are preferred to synthetic ones (Abdalla and Roozen 1999, Sadrati et al. 

2013). Two isobenzofuranone compounds, pestacin and isopestacin (Fig. 1.24), with 

structural similarity to the flavonoids (an established group of free-radical-scavengers), 

exceed the antioxidant capacity of trolox (a vitamin E derivative) by at least one order 

of magnitude, as measured by the total oxyradical scavenging capacity (TOSC) assay. 

These new potent antioxidants were isolated from culture fluids of the endophyte 

Pestalotiopsis microspora from the combretaceaous plant, Terminalia morobensis, 

inhabiting the Sepik River drainage of Papua New Guinea (Strobel et al. 2002, Strobel 

2002, Harper et al. 2003).  
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Figure 1.24: Pestacin A and Isopestacin B. 

 

1.7.6 Antidiabetic and neuroregenerate agents from endophytes 

A nonpeptide metabolite was isolated from an endophytic fungus, 

Pseudomassaria sp. (collected from an African rainforest near to Kinshasa in the 

Democratic Republic of the Congo), and was shown to be a “biofactory” of an insulin 

mimetic which, unlike insulin, was not destroyed in the digestive tract. This endophytic 

compound, L-783,281 (Fig. 1.25), prompted quite a revolutionary notion in the therapy 

of diabetes, namely an orally administered activator of the human insulin receptor 

(Zhang et al. 1999). Moreover, this intriguing endophytic compound was reportedly 

able to stimulate the Trk family of tyrosine kinase receptors, culminating in 

neuroregenerative effects, including neuronal survival and neurite outgrowth by the 

activation of multiple signalling cascades (Wilkie et al. 2001). Although the cytotoxicity 

of the compound seems to prohibit its direct therapeutic application, it is a prototype for 

small molecule insulin and neurotrophin mimetics and may help in the development of 

pharmaceutically significant compounds for the treatment of diabetes and 

neurodegenerative disorders (Mishra et al. 2013). 

 

 

 

 

 

Figure 1.25: L-783,281. 
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1.7.7 Immunosuppressive compounds from endophytes 

Immunosuppressive drugs are used today to prevent allograft rejection in 

transplant patients and in the future they could be used to treat autoimmune diseases 

such as rheumatoid arthritis and insulin-dependent diabetes (Stobel and Daisy 2003, 

Tenguria et al. 2011). Subglutinol A (Fig. 1.26) and B were isolated from the 

endophytic fungus Fusarium subglutinans, found in Tripterygium wilfordii, and showed 

substantial immunosuppressive activity while causing none of the detrimental cytotoxic 

effects characteristic of cyclosporine A, which was isolated from Tolypocladium 

inflatum (Borel and Kis 1991, Lee et al. 1995). Novel endophytic compounds with 

biological activity as well as novel structures without specific biological activities are 

listed in Table 1.2 (Zaferanloo et al. 2012). 

 

 

 

 

 

 

 

 

Figure 1.26: Subglutinol A. 
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Table 1.2 New Natural Products from Endophytic Fungi 

Biological 

Activity 

Fungus Plant Host 

(Country) 

Natural Product Ref. 

Antialgal Ascochyta sp. Meliotus 

dentatus 

(Germany) 

(4S)-(+)-ascochin  Krohn et al. 

2007 

 Blennoria sp. Carpobrotus 

edulis (Spain) 

blennolides A and B 

blennolides C-G 

Zhang et al. 

2008 

 Microsphaeropsis 

sp. 

Larix decidua 

(Denmark) 

palmarumycin M1 

microsphaerospsin A 

Dai et al. 

2007 

Antialgacidal Phoma species 

(Strain no. 8889) 

Salsola 

oppostifolia 

Epoxydines A and B Qin et al. 

2010 

Antibacterial Pullularia sp. Culophyllum 

sp. 

pullularin A Isaka et al. 

2007 

Streptomyces sp.  Datura 

stramonium L. 

Hyoscyamine and 

scopolamine 

Nimal et al. 

2012 

 Chalara sp. Artemisia 

vulgaris 

(Germany) 

isofusidienol A-D  Losgen et 

al. 2008 

 Phoma species Salsola 

oppostifolia 

Epoxydines A and B Qin et al.  

2010 

 Sordariomycete sp. Eucommia 

ulmoides 

Oliver (China) 

Chlorogenic acids Chen et al. 

2010 

 Xylaria sp. Torreya jackii 

(China) 

xylarenones A and B , 

xylarenic acid  

Hu et al. 

2008 

 Fusarium sp. PSU-

ES73 

Thalassia 

hemprichii 

Not identified Supaphon 

et al. 2013 
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Table 1.2 New Natural Products from Endophytic Fungi 

Biological 

Activity 

Fungus Plant Host 

(Country) 

Natural Product Ref. 

Antibiotic Ampelomyces sp. Urospermum 

picroides 

3-O-Methylalaternin, 

altersolanol A  

Aly et al. 2008 

 Verticillium sp. Rehmannia 

glutinosa 

Massariphenone, 

ergosterol peroxide   

 You et al. 

2009 

Anticancer Alternaria sp. Sonneratia alba Polyketides, 

alternariol 

Proksch et al. 

2010 

 Sordariomycete 

sp. 

Eucommia 

ulmoides Oliver 

(China) 

Chlorogenic acids Chen et al. 

2010 

 Colletotrichum 

gloeosporioïdes 

Justicia 

gendarussa 

Taxol 

 

Gangadevi and 

Muthumary  

2008 

Antifungal Blennoria sp. Carpobrotus 

edulis (Spain) 

blennolides A and B 

blennolides C-G 

Zhang et al. 

2008 

 Colletotrichum 

dematium 

Pteromischum 

sp. (Costa Rica) 

colutellin A  Ren et al. 2008 

 Cylindrocarpon 

obtusisporum 

Trewia nudiflora Brefeldin A and  its 

analogues  

Yu et al. 2010a 

 Pestalotiopsis 

adusta 

Not identified 

(China) 

pestalachlorides A and 

B 

Li et al. 2008a 

 Pestalotiopsis 

foedans 

Not identified 

(China) 

pestafolide A , 

pestaphthalides A and 

B   

Ding et al. 

2008 

 Phomopsis sp. Azadirachta 

indica (China) 

8α-

acetoxymultiplolide A  

Wu et al. 2008 

 Phoma species 

(Strain no. 8889) 

Salsola 

oppostifolia 

epoxydines A and B Qin et al. 2010 

 Sordariomycete 

sp. 

Eucommia 

ulmoides 

chlorogenic acids Chen et al. 

2010 
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Table 1.2 New Natural Products from Endophytic Fungi 

Biological 

Activity 

Fungus Plant Host 

(Country) 

Natural Product Ref. 

Antifungal Phomopsis sp. Azadirachta 

indica (China) 

8α-acetoxymultiplolide A  Wu et al. 

2008 

 Phoma species 

(Strain no. 8889) 

Salsola 

oppostifolia 

epoxydines A and B Qin et al. 

2010 

 Sordariomycete 

sp. 

Eucommia 

ulmoides Oliver 

(China) 

chlorogenic acids Chen et al. 

2010 

Antimalarial Pullularia sp.  Culophyllum sp.  pullularin A Isaka et al. 

2007 

Exserohilum 

rostratum 

Stemona sp. 

(Thailand) 

11-hydroxymonocerin Sappapan et 

al. 2008 

Xylaria sp. Sandoricum 

koetjape 

(Thailand) 

2-chloro-5-methoxy-3-

methylcyclohexa-2,5-

diene-1,4-dione (42), 

xylariaquinone 

Tansuwan et 

al. 2008 

Antioxidant Aspergillus niger Colpomenia 

sinuosa (brown 

alga) (China) 

nigerasperone A and B 

nigerasperone C   

Zhang et al. 

2007 

 Chaetomium sp. Nerium oleander 

(China) 

phenolic compounds Huang et al. 

2007b 

 Streptomyces 

sp. Loyola UGC 

Datura 

stramonium L. 

phenolic contents Nimal et al. 

2013 
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Table 1.2 New Natural Products from Endophytic Fungi 

Biological 

Activity 

Fungus Plant Host 

(Country) 

Natural Product Ref. 

Antiviral Paraconiothyrium 

brasiliense 

Acer truncatum 

(China) 

brasilamides A-D Liu et al. 

2010a 

 Pestalotiopsis fici 

Pullularia sp. 

Not identified 

(China) 

Culophyllum sp. 

(Thailand) 

chloropupukeananin  

pullularin A 

Liu et al. 

2008 

Isaka et 

al. 2007 

 Pestalotiopsis theae Not identified 

(China) 

pestalotheol C   Li et al. 

2008b 

Cytotoxic Eupenicillium sp. Glochidian 

ferdinandi 

(Australia) 

trichodermamide C  Davis et 

al. 2008 

 Fusarium sp. Not identified fusaristatins A and B  Shiono et 

al. 2007 

 Guignardia sp. Kandelia kandel 

(China) 

methoxyvermistatin  Xia et al. 

2007 

 Hypoxylon 

truncatum 

Artemisia annua 

(China) 

daldinone C and D  Gu et al. 

2007 

 Phomopsis sp. Not identified 

(China) 

phomopsin A  Tao et al. 

2008 

 Phomopsis sp. Not identified 

(China) 

phomopsin A  Tao et al. 

2008 

 Penicillium sp. Aegiceras 

corniculatum 

(China) 

penicillenols A1 and 

B1  

Lin et al. 

2008 
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Table 1.2 New Natural Products from Endophytic Fungi 

Biological Activity Fungus Plant Host 

(Country) 

Natural Product Ref. 

Cytotoxic Phomopsis sp. Not identified 

(China) 

phomopsin A  Tao et al. 

2008 

 Penicillium sp. Aegiceras 

corniculatum 

(China) 

penicillenols A1 

and B1  

Lin et al. 

2008 

 Stemphylium 

globuliferum 

Mentha pulegium 

(Morocca) 

alterporriol G & H Debbab et 

al. 2009 

 Xylaria sp. Torreya jackii 

(China) 

xylarenones A 

and B, xylarenic 

acid  

Hu et al. 

2008 

 Not identified Kandelia kandel 

(China) 

1962A  Huang et 

al. 2007c 

 Penicillium sp. Quercus variabilis  penicidones A-C Ge et al. 

2008 

Immunosuppressive Colletotrichum 

dematium 

Pteromischum sp. 

(Costa Rica) 

colutellin A  Ren et al. 

2008 

 

 

1.7.8 Applications of fungal endophytes enzymes in biotechnology 

As fungi are heterotrophic and are not able to create their own food as plants do, 

producing enzymes is necessary to their survival. Secretion of enzymes enables the 

breakdown of complex substances in the environment to simple molecoules that can be 

used by the cell to obtain nutritional needs. Fungi are able to produce broad ranges of 

enzymes in response to the available substrates and different fungal strains produce 

different enzymes which are suited to the environmental conditions (Webster and 

Weber 2007). Enzymes are biological catalysts which are very essential in an industrial 
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setting. Many industrial products such as detergents, washing liquids and foods have 

enzymes incorporated into their formulations.  

Microbes are the preferred source of enzymes in industrial applications because 

of their rapid growth and low production cost, compared to enzymes from plants and 

animals and fungi exhibit a wider variety of enzymes than bacteria (Laxman et al. 

2005). Furthermore, fungi are normally GRAS (generally regarded as safe) strains and 

they produce extracellular enzymes, which are easier to be recovered from fermentation 

broths (Wu et al. 2006). Many industries such as dairy, leather, beer, wine, food and 

paper industries need enzymes in their end-product and manufacturing steps. The 

majority of enzymes are used in industry are hydrolyses and are listed in Table 1.3. 

 

Table 1.3 Some of the industrial uses of fungal enzymes (modified from Rao et al. 1998; Kashyap et 

al. 2001; Kirk et al. 2002; Prema 2006; Rodríguez Couto and Toca Herrera 2006; Satynanarayana 

et al. 2006; Aguilar et al. 2007; Dhawan and Kaur 2007, Pogori et al. 2007). 

Enzyme  Industry  Application  Fungal sources  

Amylase  

 

Baking  

Beverage  

Detergent  

Pulp and 

paper  

Textile  

Bread softness and volume  

Starch removal from pectin  

Starch stain removal Starch-coating, 

deinking  

 

Aspergillus niger  

Humicola grisea  

Mucor rouxianus  

Penicillium oxalicum  

Thermomyces 

lanuginosus 

Catalase  Dairy  

Textile  

Sterilisation, cheese  

Bleach termination  

Aspergillus niger  

Penicillium  

β-

glucosidase 

Beverage  

Biofuels  

Confectionary 

Debittering of citrus juices  

Cellulose/ cellobiose hydrolysis  

Natural food colours and flavours 

Aspergillus niger  

Trichoderma atroviride  

Talaromyces emersonii 

Cellulase  Biofuels  

Detergent  

Pulp and 

Paper  

Textile  

Cellulose hydrolysis  

Cleaning, colour clarification  

De-inking, fibre modification  

Denim finishing, softening  

Aspergillus niger  

Humicola insolens  

Penicillium 

funiculosum  

Trichoderma reesei 
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Table 1.3 Some of the industrial uses of fungal enzymes (modified from Rao et al. 1998; Kashyap et 

al. 2001; Kirk et al. 2002; Prema 2006; Rodríguez Couto and Toca Herrera 2006; Satynanarayana 

et al. 2006; Aguilar et al. 2007; Dhawan and Kaur 2007, Pogori et al. 2007). 

Enzyme  Industry  Application  Fungal sources  

Laccase  Beverage  

Pulp and paper  

Textile  

Waste  

Juice clarification  

Enzymatic bleaching  

Denim bleaching  

Degradation of xenobiotics 

Coriolus versicolor  

Phlebia radiate  

Trametes  

Pleurotus ostreatus  

Lipase  Baking  

Dairy  

Detergent  

Fats and Oils  

Leather  

Pulp and paper 

Dough stability, conditioning  

Cheese flavour  

Lipid stain removal  

Transesterification  

Depickling  

Pitch and contaminant control 

Aspergillus  

Geotrichum  

Mucor  

Penicillium  

Rhizopus 

Mannanase  Animal feed  

Beverage  

Detergent  

Pulp and paper 

Nutritional improvement  

Hydrolysis of coffee extract  

Mannan gum stain removal  

Enzymatic bleaching  

Aspergillus  

Agaricus  

Trichoderma  

Sclerotium  

Protease  Baking  

Dairy  

Detergents  

Leather  

Pulp and paper 

Biscuits, cookies  

Milk clotting, infant formulas  

Protein stain removal  

Unhairing, bating  

Biofilm removal 

Aspergillus  

Mucor  

Penicillium  

Rhizopus  

Tritirachium 

Tannase  Animal feed  

Beverage  

Chemical  

Waste  

Nutritional improvement  

Instant tea  

Fruit juice clarification, debittering  

Production of gallic acid  

Tannery effluent treatment  

Aspergillus niger  

Fusarium. solani  

Penicillium chrysogenum  

Rhizopus oryzae  

Trichoderma viride  

Xylanase  Animal feed  

Beverage  

Pulp and paper  

Improvement of digestibility  

Fruit juice clarification  

Enzymatic bleaching  

Aspergillus niger  

Fusarium oxysporum  

Schizophyllum commune  

Talaromyces emersonii  

Trichoderma reesei  
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Endophytes produce many enzymes to metabolise nutrients from the 

environment in order to grow and colonize host plant tissues and to survive in the plant-

endophyte relationship. They are viewed as a good source of enzymes to address the 

numerous uses and rising demands of industry. Microbial endophytes naturally produce 

a number of hydrolytic enzymes in order to degrade the cell wall (Firakova et al. 2007, 

Bischoff et al. 2009) such as the endophytic fungus Acremonium typhinum of the grass 

Poa ampla produces a novel endoprotease during symbiotic infection (Lindstrom et al. 

1993). Thus, these microorganisms have also been investigated for their enzymatic 

properties, in particular those that may have useful industrial applications (Borges et al. 

2009, Souza and Magalhaes 2010). Table 1.4 lists the enzyme activities described in 

endophytes thus far.  

 
Table 1.4 Enzymes Produced by Endophytic Fungi 

Enzyme  Endophyte Plant Reference 

Amylase Cladosporium 

cladosporioides 

Adhatoda vasica 

 

Amirita et al. 2012 

 Melanconium 

apiocarpum 

Alnus viridis Guo et al. 2008b 

Acetylesteras Colletotrichum sp Abelmoschus esculentus Grünig et al. 2008 

β-galactosidase  Colletotrichum sp Abelmoschus esculentus Grünig et al. 2008 

β-1,6-glucanase Epichloe festucae Poa ampla Wang et al. 2006 

  Neotyphodium lolii Poa ampla 

Cellulase Pestalotiopsis sp. Manglietia garrettii Moy et al. 2002 

 Phoma sp. Garcinia cowa  

 Xylaria sp. Trichilla connaroides  

 Colletotrichum sp. Cinnamomum iners 

Camellia sinensis 

 

 Mycelia sterilia Trichilla connaroides  

 Melanconium 

apapiocarpum 

Alnus viridis Guo et al. 2008b 

 Penicillium sp. - Syed et al. 2013 
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Table 1.4 Enzymes Produced by Endophytic Fungi 

Enzyme Endophyte Plant Reference 

Chitinase Neotyphodium sp Poa ampla Saranpuetti et al. 2006 

Laccases Melanconium apiocarpum Alnus viridis Guo et al. 2008b 

 Monotospora sp Cynodon dactylon Weihua and 

Hongzhang 2008 

 Mycelia sterilia YY-5 Rhus chinensis Mill. Lumyong et al. 2002 

 Curvularia brachyspora Adhatoda vasica Amirita et al. 2012 

Lipase Cercospora kikuchii Tithonia diversifolia Nogueira et al. 2008 

Mannanase Colletotrichum sp. Cinnamomum iners         

Camellia sinensis 

Moy et al. 2002 

 Mycelia sterilia YY-5 Trichilla connaroides  

 Leptosphaeria sp. Magnolia liliifera Promputtha et al. 

2010 

 Pestalotiopsis sp. Manglietia garrettii Moy et al. 2002 

 Phoma sp. Garcinia cowa  

 Xylaria sp. Trichilla connaroides  

Proteinase Colletotrichum sp. Cinnamomum iners         

Camellia sinensis 

Moy et al. 2002 

 Phoma sp. Garcinia cowa  

 Xylaria sp. Trichilla connaroides  

 Aspergillus sp. Alpinia calcarata 

Roscoe 

Sunitha et al. 2013 

Xylanase Colletotrichum sp. Cinnamomum iners         

Camellia sinensis 

Moy et al. 2002 

 Phomopsis sp. Garcinia cowa                    

Trichilla connaroides 

Cinnamomum iners 

 

 Mycelia sterilia YY-5 Trichilla connaroides  

 Xylaria sp. Trichilla connaroides  

 Aspergillus niger spoiled books in Brazil Robl et al. 2013 
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1.7.8.1 Prospecting for new enzymes 

The ever growing demand for new and more productive sources of industrial 

enzymes is ongoing. Industrial enzymes are commonly sourced from microorganisms 

have been used by humans since ancient times for the production of cheese, bread, beer 

and alcohol. Improvements of large-scale fermentation processes have facilitate the 

production and purification of enzymes at an industrial level. Through hundreds of 

millions of years of natural selection, fungi in a range of different environments have 

evolved enzymes to suit their surroundings, from hot, humid compost piles of rotting 

plant material in the tropics (Maheshwaki et al. 2000) to the cold stark Antarctic soil 

(Ruisi et al. 2007). Therefore, fungi display a great metabolic flexibility which enables 

their natural survival in their ecological niche could be considered as attractive 

organisms for production of particular enzymes of interest that could be valuable to 

industry. Indeed, it is estimated that fungal endophytes may actually be metabolically 

more active than fungi from other sources.  

Though the quest to find novel products from endophytes may have begun to 

identify their use in medicine, their potential is not limited to the medicinal field. The 

industrial use of endophytes for enzyme production and the role of their secondary 

metabolites in plant defence systems have been researched (Schulz et al. 2002, 

Suryanarayanan et al. 2009). Microbial enzymes are an attractive alternative to chemical 

catalysts due to their ability to function over a broad range of temperature and pH 

conditions, making them useful in different applications, with low environmental 

impact and high substrate specificity. Microbial enzymes presently account for 

approximately 90% of all enzymes used in industry. In addition, at least 75% of all 

industrial enzymes have hydrolytic activity, being used for the degradation of different 

natural substances (Godfrey and west 1996, Souza and Magalhaes 2010). Worldwide 

industrial enzymes sales (Fig. 1.27) amount to over $US 2 billion per year (McAuliffe 

et al. 2007, Morgan et al. 2009). 
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Figure 1.27: Worldwide industrial enzyme usage (McAuliffe et al. 2007) 

Industrial enzymes often need to perform at temperatures higher or lower than 

ambient, depending on the requirements of the particular process in which they are 

involved (Peterson et al. 2009a), so there is a demand for microbial enzymes which 

work in a board range of temperature and pH conditions.  

For example, the manufacture of detergents for washing in cold water utilizes 

enzymes that are active at a low temperature and high pH; enzymes for pulp and paper 

and textiles requires enzymes that are active at a high temperature and high pH; dairy 

and other food production processes often require enzymes to function at a low 

temperature and low pH (Lange 2004). Optimum temperature and pH used in different 

industrial applications are summarised in Fig. 1.28. 

 

Figure 1.28: New technologies and applications often require enzymes that can perform at non-

ambient conditions (Lange 2004) 
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Among the vast industrial applications, detergents have the greatest proportion 

with 34% with the second being dairy-related uses (Fig. 1.29). The search for new 

enzymes with natural characteristics that suit industrial processes is an ongoing area of 

research, motivated by the desire to increase productivity and supply for emerging 

technologies. Universities and small companies with leads based on environmental 

screening projects could support large biotechnology companies to discover new 

productive sources of enzymes useful in high-demand industrial applications, such as 

detergent and dairy (Laird et al. 2006). Moreover, fungi do not naturally produce 

enzymes at sufficiently high levels for commercial purposes. Therefore, strain 

improvement programs are undertaken. 

 

 

Figure 1.29: Applications of microbial enzymes (Morgan et al. 2009) 

 

Accordingly, environmental screening programs are used to seek enzymes from 

various environments to increase the secretion of target enzymes to levels that are 

economically maintainable and express these enzymes in highly secreting production 

hosts (Teter and Cherry 2005). Some examples of fungal screening projects and the 

enzymes discovered are listed in Table 1.5. 
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Table 1.5 Enzyme screening projects for fungi from environmental sources (2000 to 2010). 

Screening site Enzyme Fungal species found 

with high enzyme activity 

Reference 

Agricultural and 

industrial waste  

Xylanase  Aspergillus, Fusarium, Penicillium 

and Trichoderma sp.  

Abdel-Sater and  El-

Said 2001  

Rotting wood  Pectinase  Gloeophyllum striatum  

Pycnoporus sanguineus  

Schizophyllum commune 

Xavier-Santos et al. 

2004  

Forest  

(Tunisia)  

Ligninases  Trametes trogii, Stereum annosum  

Phlebia sp., Polyporus sp.  

Oxyporus latemarginatus  

Dhouib et al. 2005  

Mixed forests  

(Portugal)  

Ligninases  Ganoderma applanatum  

Trametes versicolor  

Bjerkandera adusta  

Matos et al. 2007  

Tannery effluent  Tannase  Aspergillus niger,  A. flavus  

Trichoderma sp., Penicillium sp., 

Fusarium sp.  

Murugan et al. 

2007  

Marine corals and 

sponges  

Protease  Beauveria brongniartii  

Acremonium fusidioides  

Kamat et al. 2008  

Wooden hut 

(Antarctica)  

Cellulase  Cladosporium oxysporum  

Geomyces sp.  

Duncan et al. 2008  

Fruit and wood 

(Brazil)  

Lipase  Botryosphaeria sp.  Messias et al. 2009  

Root knot nematodes  Chitinase  

Protease  

Paecilomyces lilacinus  

Pochonia chlamydosporia  

Wei et al. 2009  

Lake water and 

sediments (India)  

Amylase  Aspergillus flavus  Sasi et al. 2010  
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1.7.9 Biological control agents from endophytes 

Bioactive compounds produced by endophytes are seen as attractive and 

environmentally-friendly alternatives to toxic organic insecticides and poisonous gases 

currently used in biological control (Guo et al. 2008a). Endophytes have been widely 

reported to produce antibiotics which can be used instead as alternatives to toxic organic 

compounds. Moreover, endophytes have also been shown to have other bioactivities 

that may be useful in biological control and environmental applications. A novel 

application of endophytic microbes has been explored in the field of phytoremediation 

to metabolise compounds associated with chemical waste. Certain endophytes act as 

phytoremediators by degrading compounds which are environmental hazards 

(Lodewychx et al. 2001, Firáková et al. 2007). A endophytic bacterium, 

Methylobacterium populum, was shown to degrade 2,4,6-trinitrotoluene (TNT), 

hexahydro-1,3,5-trinitro-1,3,5-triazine (HMX) and hexahydro-1,3,5-trinitro-1,3,5-

trizaine (RDX) (Siciliano et al. 2001, Van Aken et al. 2004). An engineered endophyte, 

VM1330, had been shown to increase plant tolerance to toluene and to decrease the 

transpiration of toluene to the atmosphere (Newman and Reynolds 2005). A novel 

endophyte Ceratobasidum stevensii from host plant Bischofia polycarpa which was able 

to degrade phenanthrene is another promising use of endophytes in bioremediation (Dai 

et al. 2010). 

In addition, endophytic compounds have been shown to be useful as 

bioinsecticides. Some endophytic Neotyphodium produced four groups of alkaloids. Of 

these, the ergot alkaloids and tremorgenic lolitrems, such as Peramine (Fig. 1.30), cause 

neurotoxic effect on grazing or granivorous vertebrates (Bacon et al. 1986). Other anti-

insect endophytic compounds of this group protect perennial ryegrass from Listronotus 

bonariensis, which is a highly destructive insect pest in New Zealand (Tanaka et al. 

2005) while lolines are potent insecticidal and anti-aphid agents which do not show any 

mammalian toxicoses (Wilkinson et al. 2000).  

 

 

 

 

   Figure 1.30: Peramine 
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Thus, these endophytic alkaloids are the most promising candidates with 

application in the agricultural arena. Nodulisporic acids (novel indole diterpenes) were 

isolated for the first time from endophytic Nodulisporium sp. living in the plant Bontia 

daphnides and these exhibited potent insecticidal activities against the larvae of the 

blowfly (Demain 2000). Benzofuran is another insect toxin found in an unidentified 

endophytic fungus from Gaultheria procumbens which shows toxicity to the larvae of 

spruce budworm (Findlay et al. 1997). Naphthalene has been isolated from the 

endophytic Muscodor vitigenus, which inhabits Paullina paullinioides, and showed 

promising results as an insect deterrent (Daisy et al. 2002a,b). The basidiomycete 

fungus Crinipellis perniciosa is a disease of cacao and has proven difficult to control. In 

order to evaluate the potential of endophytes as biological control agents of this 

phytopathogen, the endophytic fungal community of cacao was studied and found to 

contain a group of endophytes which were able to control C. perniciosa (Rubini et al. 

2005). 

 

1.7.10 Enzyme inhibitors from endophytes as sources of useful drugs 

The use of enzymes as drugs has some advantages based on features that 

separate enzymes from all other types of drugs. First, they tend to bind and act on their 

targets with great affinity and specificity. Second, their catalytic property enables the 

conversion of multiple target molecules to the desired products (Vellard 2003). Poly 

endopeptidases (PEPs) are proline-specific proteases which are actively involved in 

neurological disorders such as Alzheimer’s disease, amnesia, depression and 

schizophrenia. Thus, inhibitors of PEP could play an important role in the treatment of 

these diseases. An endophytic fungus, F0274 (classified as a Fusarium sp.), with 

potential PEP inhibitory activity was isolated from yam flower in the Padawan area, 

Kuching, Sarawak (Ng et al. 2010). Asparaginase produced by the endophyte 

Colletotrichum sp., from medicinal plants in Thailand, showed cancer-inhibitory and 

cytoxicity properties which were devoid of glutaminase activity (Theantana et al. 2009). 

Twenty percent of the world’s population suffer from cardiovascular diseases 

and stress-related condtions like hypertension or high blood pressure are known to be 

high risk factors for this disease (Yeolekar and Shete 2002). Antihypertensive or 

angiotensin I-converting enzyme (ACE) inhibition is considered an effective treatment 
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for hypertension (Ghiadoni et al. 2003). Synthetic ACE inhibitors, including captopril, 

cause some side effects, such as coughing, allergic reactions, taste disturbances and skin 

rashes. Thus, research to find safer and innovative ACE inhibitors is important to 

control hypertension. Since cardiovascular disease is a major concern for public health, 

the synthesis of new antihypertensive compounds derived from endophytes could be 

effective alternative drugs for treatment. In this context, Pestalotiopsis microspora 

isolated from some medicinal Indian plants has been shown to exhibit ACE inhibitory 

activity (Tejesvi et al. 2008). 

While the compounds described below were not isolated from endophytes, these 

microorganisms are also known to exist as endophytes. Therefore, it is possible that 

further research may reveal true endophytes that produce similar enzymes. 

Clavulanic acid, a potent β-lactamase inhibiotor with low antibiotic activity, was 

isolated from Streptomyces clavuligerus, and is used with various β-lactam antibiotics, 

such as penicillins and cephalosporins, in combination therapy against penicillin-

resistant bacterial infections (Brown 1986, Sousa et al. 2009). Desferal with a high level 

of metal-binding activity produced by Streptomyces proved to be a solution for iron-

overload diseases (hemochromatosis) and aluminium overload in kidney dialysis 

patients (Winkelmann 1986, Marinelli 2009). Acarbose produced by Actinoplanes sp. is 

a pseudotetrasaccharide used as an inhibitor of intestinal α-glucosidase in type I and 

type II diabetes and hyperlipoproteinemia (Truscheit et al. 1981, Marinelli 2009). 

Lipstatin, which is produced by Streptomyces toxytricini, is used as a treatment for 

obesity and diabetes by interfering with gastrointestinal absorption of fat (Weibel et al. 

1987, Singh and Pelaez 2008).  

 

1.7.11 Other exciting applications of endophytes 

Apart from their use in medical, agricultural and industrial settings, other 

promising uses of endophytes and their metabolites have been suggested. The volatile 

hydrocarbons which are major constituents of diesel fuel were found to be produced by 

some endophytes and thus generated interest in the application of endophytes as a 

source of biofuels. Thus, the production of ‘Mycodiesel’ by endophytes is an exciting 

potential application (Stadler and Schulz 2009). An endophytic fungus, Gliocladium 

roseum (NRRL 50072), was isolated from Eucryphia cordifolia (ulmo) and produced a 
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series of volatile hydrocarbons and mycodiesel hydrocarbon derivatives (Strobel et al. 

2008). 

There is a philosophy in Traditinal Chinese Medicine (TCM) of “using poison 

against poison”. The mycotoxins (toxins produced by moulds) are often fatal for human 

and animals (ergotism). Ergot alkaloids, which are produced by non-endophyte 

Claviceps species (Demain and Zhang 2005), have been biosynthetised by an endophyte 

of perennial ryegrass (Wang et al. 2004). It is amazing that these poisonous ergot 

alkaloids can now used for angina pectoris, hypertonia, migraine headache, cerebral 

circulatory disorder, uterine contraction, hypertension, serotonin-related disturbances, 

inhibition of prolactin release in agaloactorrhea, reduction in bleeding after childbirth, 

and for prevention of implantation in early pregnancy (Bentley 1997). 

 Recently, endophytes have been recognized as useful for studying biomimetic 

systems. The capacity for endophytes to produce the same componds as humans and 

other mammals (in addition to unique endophytic metabolites) shows that endophytes 

can be potentially useful in biotransformation applications. Thus, large quantities of the 

major and minor metabolites can be produced with lower cost, greater efficiency and in 

less time than those produced by experimental animals, mammalian enzyme systems, or 

in cell culture (Pupo et al. 2008, Pimentel et al. 2010). 

 

1.8 Aims of this study 

Endophytes produce a broad range of valuable secondary metabolites. Some of 

these metabolites have novel biological activities. Thus, endophytes are demonstrated to 

be a rich and reliable source of biologically active compounds with potential benefits in 

medicinal, industrial and agricultural applications. Often, bioactive natural products that 

are thought to be produced by plants are actually generated by endophytes which have 

colonized the plant. In these cases, the cultivation of the endophytes is preferred over 

cultivation of the plants, as the former exhibit lower generation times and, thus, higher 

growth rates.  

On the other hand, the development of techniques such as combinatorial 

chemistry and equipment such as peptide synthesizers gives rise to exciting 

opportunities and expectations for the synthesis of biological active compounds (Strobel 

et al. 2004). However, the desired breakthroughs from unfocused combinatorial 

chemistry and the production of novel medical drugs has not yet been achieved (Li and 
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Vederas 2009) and while screening libraries of synthetic chemicals for bioactivity has 

brought some success, the general consensus is that outcomes have been generally 

disappointing. 

Currently, only a handful of plant species colonised by endophytes have been 

studied. This means that only a small fraction of endophytes has been explored for 

production of bioactive compounds. Additionally, as most endophyte research has been 

conducted on cultivated species, the diversity of studied endophytes has been further 

restricted by limitations in the ability to cultivate endophytes in the laboratory. This 

means that a vast, largly untapped, resource for bioactive compounds exists among 

endophytes, which will be exploited as more and more plant species are studied, and 

new cultivation techniques are developed. Therefore, a broad aim of this work is to 

further understand a little-explored new endophytic fungi community and search for 

bioactive compounds. Specifically, the work will seek new enzymes that could be of 

interest for development for industrial applications. In order to achieve these goals, the 

specific aims of each part of the work are as follows: 

 

1- Isolation and Identification of fungal endophytes from the Australian native 

plants, Eremophilia longifolia and Eremophila maculate, by morphological and 

molecular analysis (Chapter 2). 

2- Screening of antibacterial and selected enzyme acitivies by agar plate assays in 

order to determine the antibacterial properties and the types of enzymes secreted 

by the fungi and to identify isolates that secrete enzymes of potential interest for 

industrial applications. Investigation of anticancer acitivites of this collection of 

endophytic fungi in collaboration with Newcastle University (UK) (Chapter 3). 

3- Optimization of selected endophytic fungi with the greatest enzyme activities 

with respect to temperature, pH and different sources of carbon and nitrogen. 

Statistical analysis was used to determine the significant factors affecting 

between optimal enzyme production of the selected endophytic fungi and 

comparisons to standard fungi (Chapter 4). 

4- Detailed characterisation of the enzymes secreted by a selected fungal isolate 

from Eremophilia longifolia using liquid cultures, protein purification, scale-up 

bioreactor studies, enzyme assays and zymogramy. These studies aimed to 

reveal enzymes with temperature or pH profiles that may have potential for 
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utilisation under specific industrial conditions. Identification of selected 

enzymes and proteins in the secretome of the fungal isolate was undertaken 

using 1D and 2D gel electrophoresis, zymography and mass spectrometry to 

achieve a greater understanding of the collection of enzymes secreted by 

endophytic fungi (Chapter 5). 
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Chapter 2  

 

 

Isolation and Identification of fungal endophytes from 
Australian native plants 
 

2.1 Introduction: Endophytes 

Endophytes are becoming increasingly recognised as sources of novel secondary 

metabolites with potential application in medicine, agriculture and industry. However, 

their vast numbers alone makes screening all of them impossible. Equally, there is 

limited information about endophytes from Australian native plants or the bioactive 

metabolites produced by these microorganisms. For these reasons, a focused approach 

for host plant selection is preferred and the enthanomedicial approach is a suitable 

starting point. 

 

2.1.1 Endophytes from Australian native plants  

Indigenous Australians have accumulated knowledge about the potentially 

medicinal properties of Australian native plants for centuries.  Although much of this 

knowledge was lost during European colonisation, an increasing number of studies are 

proving that many of the plants used by the Aboriginal people do, in fact, produce 

potentially useful bioactive compounds (Pennachio et al. 2004). The potential 

association of endophytes which show the medicinal effects of the host plant is an 

interesting field of study. Plants that have been exploited by humans as traditional 

medicines are useful targets for research, such as the traditional Chinese medicinal 

plants (Yu et al. 2010c). Similar successful research has been done and a novel wide 
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spectrum antibiotic designated Munumbicin has been discovered from the endophytes 

of Kennedia nigriscans which is used as a medicinal plant by the Australian aborigines 

(Castillo et al. 2002).  

Plants belonging to the genus Eremophila grow throughout Australia and, as 

such, are well known to indigenous Australians.  Furthermore, there is evidence that this 

plant species was medically and culturally important, with particular Eremophila 

species serving specific roles for the Aboriginal people (Richmond and Ghisalberti 

1994). E. longifolia (snakevine) has been used in the form of a medicinal paste to treat 

cold and bruises by Australian aboriginal communities (Clarke 1988). E. longifolia is 

widely distributed across Australia as it is a desert-loving shrub and is also called 

Native Plum Tree or Weeping Emu Bush (Cribb and Cribb 1981).   

E. maculata was classified as a poison by early European settlers; however, 

some Aborigines used this plant for treating colds and headaches.  Pennacchio et al. 

(2004) demonstrated that E. maculata possesses antibacterial properties against 

Staphylococcus aureus, Streptococcus pyogenes and Bacillus cereus.  However, 

notably, this study did not investigate specific active ingredients of the plant. 

Additionally, E. maculata is endemic to Australia and is well adapted for the harsh, dry 

climate of the Australian desert.  Conversely, the plant may also survive in mild frost 

conditions (ANPSA 2011).  Together with this unusual adapted physiology and its 

strong ethnobotanical use by native Australians, E. longifolia and E. maculata will be 

prime candidates for isolating and examining endophytic fungi in this study (Fig 2.1). 
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Figure 2.1: E. longifolia, matched to dry climates, has also been successfully cultured in warm, 

temperate areas. It should be grown in an open, sunny position with good drainage. The species is 

accepting of at least moderate cold and, once established, tolerates extended dry periods. E. 

maculata is widely cultivated in many areas and, although best suited to dry climates, can be 

successfully grown in more humid areas. The species prefers soils which are alkaline to mildly 

acidic and well drained. Full sun is preferred and, once established, the plant tolerates extended dry 

periods. It is also tolerant of at least moderate cold. (Adapted from anpsa.org.au) 

 

2.1.2 Types of endophytes based on ecological functions 

There are several classes of fungal endophytes based upon phylogenetic history, 

taxonomy, plant hosts and ecological functions (Rodriguez et al. 2008). The 

clavicipitaceous (C-endophytes) and nonclaviciptaceous (NC-endophytes) belong to 

Class 1 and Class 2, respectively, which are harboured by nonvascular plants.  Class 1 

has received more attention since this class encompasses some grasses that are of 

agricultural interest.  These endophytes are generally vertically transmitted via seed 

infections, and notably the host plant will possess one dominant endophytic fungus 

(Rodriguez et al. 2009, Higgins et al. 2011).  The Class 2 endophytes have been much 

less studied and their ecological roles are poorly understood. Nevertheless, some 

commonalities between endophytes of this group include: ability to grow in tissues 

located below and above the ground, low diversity within host plant, passed on via 

vertical transmission and often found in plants occupying a high-stress environment 
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(Rodriguez et al. 2009). Class 3 endophytes are located in tissues of the plant above the 

ground only and appear as localised infections within the tissue. However, these 

endophytes have exhibited benefits or costs on the host plant that are environment-

specific.  Furthermore, a high number of endophyte populations seem to be capable of 

sharing the same host, which the plant passes on via horizontal transfer (Higgins et al. 

2011). Finally, Class 4 endophytic fungi include those endophytes restricted to the 

roots.  These are the least studied group of fungal endophytes and their role within the 

host plant is still unknown.  However, they do occupy hosts that inhabit diverse 

environments, so it is reasonable to assume that their biological and ecological roles are 

important to their host (Rodriguez et al. 2009).  

 

2.1.3 Isolation and identification of endophytic fungi  

The isolation of fungi from an environmental source can be processed in 

different ways, which can be chosen by the environment concerned and the aim of the 

study. Fungi can be isolated from different parts of plant as endophytes (Section 1.4) or 

collected as microscopic spores in soil and other materials for growth in the laboratory. 

Identification can be achieved by morphology (Section 2.3.1) and molecular means 

(Section 2.3.2). 

 

2.1.3.1 Morphological identification of endophytic fungi belong to Ascomycota   

The phylum Ascomycota, with over 32,000 described species, is the largest, 

most biologically and morphologically diverse group in the kingdom of fungi (Webster 

and Weber 2007). The significant morphological character of the phylum Ascomycota 

is the production of four to eight sexual spores in a microscopic sac-like cell named 

an ascus (Fig 2.2).  
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Figure 2.2: Sexual spores found in asci (Was taken from Webster and Weber, 2007) 

 

Therefore, they are described as “sac fungi”. Most ascomycetes have their asci 

in macroscopic fruiting bodies called “ascocarps”. Hyphae have many septa and 

sexually produced spores (ascospores) are contained in a characteristic sac, the ascus, 

which differs in structural appearance between species (Fig. 2.3). 

 

Figure 2.3: Morphological characteristics of three kinds of ascocarps: A. perithecium. B: 

cleistothecium. C: apothecium (Was taken from Webster and Weber 2007). 

 

Many of the Ascomycota species, such as Penicillium, Aspergillus and 

Trichoderma, are mostly in an asexual state as “anamorphs” and hardly produce 

ascospores or asci. The morphological identification of these species is dependent on the 

placement and structure of their asexual fruiting bodies, the conidiophores (Gupta 2004, 

Fig. 2.4). 
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Figure 2.4: Morphological characteristics of the conidiophores. A: Aspergillus sp.; B: Penicillium 

sp.; C: Trichoderma sp. (Was taken from Alexopoulos et al. 1996). 
 

The asexual spores called conidia are usually formed on the tips of modified 

hyphae in simple chains or clusters. Before sexual reproduction, compatible haploid 

mating-type hyphae (+ and -) fuse to form a dikaryotic hypha. Ascomycetes have a 

more limited dikaryotic stage that eventually provides growth to an ascocarp and 

sexual ascospores (sexually produced spores). The Ascomycota life cycle is 

summarized in Fig 2.5. 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5: An Ascomycota life cycle (Was taken from Alexopoulos et al. 1996) 

 

Classification and identification of fungi by morphological techniques is not 

always a confirmatory process. A single fungal species can be different in morphology, 

depending on the growth medium, temperature, pH and moisture availability. Different 
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species can also reveal very similar characteristics under certain conditions. 

Morphological features play an important role for making initial identifications that are 

then supported by molecular methods which provide more reliable identification of 

fungi (Rodriguez et al. 2004). 
 

2.1.3.2 Molecular identification techniques 

PCR and direct sequencing can be used to great advantage in phylogenetic 

studies.  There are several benefits to this method: i) crude preparations of DNA can be 

used; ii) small amounts of DNA are sufficient; iii) double-stranded DNA can be 

sequenced; iv) automated DNA sequencing instruments can be employed (White et al. 

1990). 

 

2.1.4 DNA extraction 

In order to carry out molecular genetic analysis of endophytic fungi, their DNA 

has to be prepared, i.e. the DNA needs to be extracted and purified from the fungal 

cells. Different protocols have been developed for isolating DNA from pure cultures for 

many fungal species that optimise yield, time, cost or purity. Polysaccharides and 

glycoprotein compounds in the cell wall of many species present the most problems 

during DNA extraction from filamentous fungi. These problems have been overcome by 

the use of the cationic detergent cetyltrimethyl ammonium bromide (CTAB) and β-

mercaptoethanol (Talbot 2001). Genomic DNA can be subjected to a number of 

identification techniques, including  Restriction Fragment Length Polymorphism, 

Random Amplified Polymorphic DNA, 18S sequencing and Internal Transcribed 

Spacer (ITS) sequencing (Section 2.3.2.3). 
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2.1.5 Organisation and evolution of rDNA 

Ribosomes are assemblies within cells that direct protein production by 

translating messenger RNA. They contain of a small (SSU) and a large (LSU) subunit. 

The small subunit contains the 18S rRNA and approximately 33 proteins. The large 

subunit contains three types of rRNA (5S, 5.8S, and 25-28S) and approximately 49 

proteins. The rRNAs of eukaryotes are encoded by highly conserved genes which are 

typically present in the nuclear genome in several hundred, tandemly repeated copies 

(Wool et al. 1995). Each gene is separated from the next by a nontranscribed region 

known as the intergenic spacer (IGS) region. The SSU, LSU and 5.8S rRNAs are 

transcribed as a single primary transcript which is then cut during processing in the 

nucleus into the three final molecules. The three genes are separated by two internal 

transcribed spacers (ITS 1 and ITS 2) which contain signals for processing the primary 

transcript (Hillis and Dixon 1991; Nilsson et al. 2008). Transcription of the 5S rRNA 

gene is separate from the three other genes. (Schmidt 2006, Ciardo et al. 2010).  

Notably, the nuclear small-subunit ribosomal DNA has evolved relatively 

slowly and can be utilised to study distantly-related organisms. The ITS regions of the 

nuclear rRNA repeat units evolve faster and these sequences can be used to compare 

species of the same genus and for identification purposes (Martin and Rygiewicz, 

2005). 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6: Organisation of ribosomal RNA genes (rDNA) of fungi. The genes present in up to 

several hundred copies. Each repeat unit (typically from 8-12 kb each) has coding regions for one 

major transcript (containing the primary rRNAs for a single ribosome), interrupted by one or two 

intergenic spacer (IGS) regions depending on the presence of the 5S rRNA gene. (Adopted from 

Martin and Rygiewicz 2005) 
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2.1.6 rDNA analysis as a tool for identification 

As explained above, the ITS regions of rDNA have been particularly useful for 

the molecular identification of fungi due to its evolutionary rate. The high sequence 

conservation of the bordering SSU and LSU rRNA genes make them ideal targets for 

DNA primer sites to amplify the complete ITS region (including the 5.8S rRNA) by 

PCR. Due to the high conservation, such primers will amplify the target DNA from 

many species, thus making them "universal". White et al. (1990) designed such 

universal PCR primers (ITS1 to ITS4) for the fungal ITS region (Fig. 2.7, Table 2.1). 
 

 

 

 

 

 

 

 

 

Figure 2.7: Positions of primers commonly used for amplification of the fungal ITS1-5.8S RNA-

ITS2 region. Sequences and references for primers are given in Table 1. (Martin and Rygiewicz 

2005) 

 

 

Table 2.1 PCR primers for the amplification of the ITS1-5.8S RNA-ITS2 region in fungi. 

Primer Sequence(5' to 3') Remark Reference¹ 

ITS1 TCCGTAGGTGAACCTGCGG Broad range specificity (fungi, plants, 

protists, animals) 

1 

ITS2 GCTGCGTTCTTCATCGATGC Broad range specificity (fungi, plants, 

protists, animals) 

1 

ITS3 GCATCGATGAAGAACGCAGC Broad range specificity (fungi, plants, 

protists, animals) 

1 
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Table 2.1 PCR primers for the amplification of the ITS1-5.8S RNA-ITS2 region in fungi. 

Primer Sequence(5' to 3') Remark Reference¹ 

ITS4 TCCTCCGCTTATTGATATGC Broad range specificity (fungi, 

plants, protists, animals) 

1 

ITS1-F CTTGGTCATTTAGAGGAAGTAA Specific to fungi 2 

ITS4-B CAGGAGACTTGTACACGGTCCAG Specific to basidiomycetes 2 

NSA3 AAACTCTGTCGTGCTGGGGATA Specific to Dikaryomycota (primary 

forward primer) 

3 

NLC2 GAGCTGCATTCCCAAACAACTC Specific to Dikaryomycota (primary 

reverse primer) 

3 

NSI1 GATTGAATGGCTTAGTGAGG Specific to Dikaryomycota 

(secondary forward primer) 

3 

NLB4 GGATTCTCACCCTCTATGAC Specific to Dikaryomycota 

(secondary reverse primer) 

3 

¹1: White et al. 1990, 2: Gardes and Bruns 1993, 3: Martin and Rygiewicz 2005 

 

 

Martin and Rygiewicz (2005) developed another primer set which specifically 

amplifies all Dikaryomycota sequences (ascomycetes and basidiomycetes). They 

introduced this set for use in a two-step PCR (nested PCR) of Dikaryomycota ITS 

sequences; primers NSA3/NLC2 serve as outer primers and NSI1/NLB4 as inner nested 

primers (Fig. 2.7, Table 2.1). 

 

2.1.7 DNA sequence databases 

After amplification and confirming the presence of DNA in an agarose gel, the 

PCR products need to be analysed. The most detailed and specific information is found 

by sequencing. The ITS region (400 to 900 bp) can be compared to other available 

sequences to identify the sample in question. The NCBI GenBank 

(http://www.ncbi.nlm.nih.gov/) or the EMBL Nucleotide Sequence Database 

(http://www.ebi.ac.uk/embl/) are public databases for all kinds of nucleotide (and 

protein) sequences and provide the highest number of entries for comparison. To find 

the closet matching sequences, the Basic Local Alignment Search Tool (BLAST) 

(Altschul et al. 1990) is normally used.  
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This chapter describes the isolation and identification of endophytic fungi from 

the Australian native plants E. longifolia and E. maculata. Seventeen fungal strains 

were isolated from the leaves of E. longifolia and nine strains from E. maculata were 

identified by morphological analysis and sequencing of the ITS regions of the ribosomal 

DNA. Most isolates were found to belong to the Ascomycota.   

 

2.2 Methods and materials 

2.2.1 Isolation of endophytic fungi from Australian native plants 

Frozen leaves of E. longifolia and fresh plant material of E. maculata were 

obtained from Canopus Corporation (Byrock, NSW, Australia) and a native plant 

nursery in Horsham (Victoria, Australia), respectively. These materials were used for 

isolation of endophytes, as described by Strobel and Daisy (2003). Leaves of E. 

longifolia were screened for their endophytic populations by carrying out surface 

sterilisation with 70 % ethanol in a laminar flow hood to prevent interference of non-

target organisms. Using a sterile scalpel blade, outer tissues were removed from the 

samples and the inner tissue fragments were carefully excised and placed on water agar 

plates. The plates were incubated for several days at 25 °C until fungal mycelia were 

observed, followed by removal of hyphal tips, transfer to potato dextrose agar (PDA 

containing antibiotics) and incubation at 25 °C. Surface sterilised and un-dissected 

tissues were also placed onto water agar plates to ensure that sterilisation procedures 

had been effective. Colonial growth of endophytes was observed after 5–7 days and 

subculturing was performed several times to produce pure fungal cultures. Identification 

was carried out by standard morphological techniques (fungal slide culture and 

microscopy and scanning electron microscopy (SEM)) (Castillo et al. 2005) and 

confirmed by direct sequencing of fungal ITS regions (Peterson et al. 2009). 
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2.2.2 Morphological analysis using scanning electron microscopy (SEM) for initial 

identification  

Fungal mycelia structures on agar plates (PDA) were examined by stereo and 

light microscopy, followed by more detailed analysis by SEM. The samples were then 

processed based on modified procedures described by Castillo et al. (2005). The surface 

morphologies of the mycelium was observed using a field emission scanning electron 

microscope (FeSEM - SUPRA 40VP, Carl Zeiss GmbH, Jena, Germany) at fixed 

voltage of 3kV. The samples were then critical-point dried and attached to metallic 

substrata using conductive double-sided adhesive tape. Samples were sputter coated 

with gold using a JEOL NeoCoater (model MP-19020NCTR) prior to imaging at 100X, 

1,000 X and 10,000 X magnifications.  

 

2.2.3 Extraction of fungal DNA 

Fresh mycelia were removed from PDA plates after 5 days of growth at 25 °C. 

For each isolate, two small squares of fungal mycelia was placed into a microcentrifuge 

tube and mixed gently with 750 μl Lysis Solution. Genomic DNA of the mycelium was 

isolated using the ZR Fungal/Bacterial DNA kit (Zymo Research Corp, USA.) in 

accordance with manufacturer’s protocol (Appendix 2.1). The quantity and quality of 

the DNA extracted was confirmed by electrophoresis in 1 % (w/v) agarose gels 

(Appendix 2.2) and an estimate of the relative size and quality of DNA was made 

according to the clarity of bands. 

 

2.2.4 Amplification and direct sequencing of fungal ITS regions using PCR 

The ITS1, 5.8S and ITS2 regions of the fungal DNA were amplified by PCR 

using the BioMix Red PCR kit (Bioline, Alexandria, Australia). The sequences of the 

primers used for PCR amplification of the ITS regions are shown in Fig. 2.8, along with 

the location of the primers on nuclear ribosomal DNA. The reaction mixture consisted 

of 10 µmol of each primer ITS1 (5´-TCC GAT GGT GAA CCT GCG G-3´) and ITS4 

(5´-TCC TCC GCT TAT TGA TAT GC-3´) (Peterson et al. 2009), 25 µl of Biomix 
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Red, approximately 100 ng of genomic DNA and ddH2O to make up the volume to 50 

µl. PCR was carried out in a MyCycler  thermal cycler (Bio-Rad, Hercules, USA) with 

1 cycle (94 °C for 5 min) for initial denaturation, 35 cycles (94 °C for 45 s; 54 °C for 45 

s; 72 °C for 1 min) for extension and annealing, and 1 cycle (72 °C for 10 min) for final 

extension of the amplified DNA. 

 

 
 

 

 

 

 

 

 

 

Figure 2.8: The ITS1 and ITS4 primers amplify the ITS regions. These primers were designed by 

White et al. (1990) and are specific to fungal species.  The ITS regions are highly variable and can 

be used to identify the fungal species. This diagram was modified from White et al. (1990). 

 

2.2.5 Molecular analysis and identification of the endophytic fungi 

 

The PCR products were analysed in 1 % (w/v) agarose gels, and purified using 

the Wizard SV Gel and PCR Clean-Up System kit (Promega, Madison, USA) in 

accordance with manufacturer’s protocol (Appendix 2.3). The DNA samples were 

prepared according to the sequencing guidelines (Appendix 2.4) and sequenced by the 

Australian Genome Research Facility (http://www.agrf.org.au). The sequence data 

were analyzed using the BLASTN software available at the National Center of 

Biotechnology Information (NCBI) web site (http://www.ncbi.nlm.nih.gov/ 

blast/Blast.cgi) to determine the identity of the endophytes (Table 1).  All 26 sequences 

have been submitted to the GeneBank database and they assigned accession numbers. 

The DNA sequences were subsequently aligned using CLUSTALW 

(http://www.ebi.ac.uk/clustalw/), using the blosum matrix.  The CLUSTALW output 

could then be converted for use in MEGA version 5 (Tamura et al. 2011).  A 

http://www.agrf.org.au/
http://www.ncbi.nlm.nih.gov/
http://www.ebi.ac.uk/clustalw/
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phylogenetic tree was inferred from the imported sequences using the Neighbor-Joining 

method with a p-distance substitution matrix; bootstrapping was performed 1000 times.  

The phylogenetic tree was used to determine the genetic relatedness of fungal isolates. 

 

2.3 Results 

2.3.1 Isolation and collection of the endophytic fungi 

Most of the fungi that become visible on agar plate from plant samples during 

the incubation time were transferred to the PDA plates containing antibiotics for 

continued growth and examination. Sub-culturing onto new PDA plates was performed 

until pure cultures were obtained. It was observed that some fungi originally isolated as 

mixed cultures did not persist following sub-culture. This could have been due to a 

symbiotic relationship between the original mixed isolates. It was also observed that 

some isolates did not survive during prolonged incubation (several weeks) on PDA 

agar, suggesting an inability of the fungal strain to survive on nutrients provided in the 

PDA medium. Finally, seventeen isolates of endophytic fungi were obtained from the 

leaves of E. longifolia and nine from E. maculata (Fig 2.9). 
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Figure 2.9a: Stereomicroscope images (x 10) of a selection of endophytic fungal (EL-1 to EL-17) 

species from E. longifolia. 

 

 

Figure 2.9b: Stereomicroscope images (x 10) of a selection of endophytic fungal (EM-1 to EM-9) 
species from E. maculata. 
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It is recognised that the techniques employed in this study to isolate endophytic 

fungi would not have recovered all the fungal species and some could be considered 

“unculturable” under laboratory conditions.  However, the use of a different cultivation 

medium (such as malt extract agar) may have led to the recovery of different fungi. In 

parallel, complete identification of the endophytic species may have been achieved by 

ITS sequencing of DNA extracted directly from the plant but this was not attempted in 

this work as the aim was to study culturable endophytic fungi and characterise their 

bioactive properties and enzyme activities. 

 

2.3.2 Identification of fungi by morphology 

Initial Identification was performed based on the shape, structure and colour of 

colonies, conidiophores, conidia and/or sexual fruiting bodies and spores. Some 

examples of identifying morphological features of the fungi seen under scanning 

electron microscopy (SEM) are shown in Fig. 2.10. 



71 
 

A 
B 

C 

 

 

 

 

 

 

Tables 2.2 contain a summary of the morphological features and corresponding 

identifications of fungi isolated from E. longifolia and E. maculata (Bell 2005).  
  

Figure 2.10: Using scanning electron microscopy (SEM) for selected endophytic fungi including 

EL-14, EL-17 and EM-4 with 100X and 1K X and 10K X magnification. Stereo and light 

microscope images showing morphological features used for the identification of endophytic fungi 

in Table 3.2, for example: A: conidia of Cladsporium (EL-6), B: conidia of Stemphylium (EM-2), 

C: conidia of Alternaria (EL-17). 
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Table 2.2.1 Morphological identification of endophytic fungi isolated from E. longifolia  

Sample Genus Diagnostic morphological features 

EL-1 Phoma black aerial mycelia, flask shaped ostiolate pycnidia 

containing one-celled colourless conidia 

EL-2 Leptosphaerulina thick black mycelia, turning white below with age 

EL-3 Stemphylium  

olivaceous-greyish, darkly pigmented, terminal, 

multicellular conidia (dictyoconidia) are formed on a 

distinctive conidiophore with a darker terminal swelling 

EL-4 Nigrospora initially white then grey mycelia/ conidia are black, 

unicellular, flattened horizontally 

EL-5 Leptosphaerulina  thick black/grey mycelia, turning white below with age 

EL-6 Cladosporium olivaceous-brown mycelia, often becoming powdery due to 

the production of abundant conidia 

EL-7 Fungal sp. no fruiting bodies, black mycelia embedded agar 

EL-8 Phoma  as above 

EL-9 Phoma  as above 

EL-10 Fusarium  white cottony aerial mycelia, white on top, becomes pink 

beneath, lunate multi-septate hyaline macroconidia, 

ellipsoid microconidia 

EL-11 Leptosphaerulina  thick grey mycelia, turning white with age 

EL-12 Alternaria greyish white colony, blastocatenate of multicelled conidia 

EL-13 Fungal 

endophyte 

grey granular colony, ellipsoid conidia, one septum 

EL-14 Preussia  ascospores, with three or more septa, non-ostiolate 

perithecia 

EL-15 Alternaria  olivaceous white colony, blastocatenate of multicelled 

conidia 

EL-16 Fungal 

endophyte 

greyish white colony, single ovoid conidia, spherical dark 

grey cleistothecia 

EL-17 Alternaria  greyish white colony, branched acropetal chains and 

multicelled, obclavate to obpyriform conidia with short 

conical beaks 
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Table 2.2.2 Morphological identification of endophytic fungi isolated from E. maculate.  

Sample Genus Diagnostic morphological features 

EM-1 Phoma  black aerial mycelia, flask shaped ostiolate pycnidia 

containing one-celled colourless conidia 

EM-2 Stemphylium  olivaceous-greyish, darkly pigmented, terminal, 

multicellular conidia (dictyoconidia) are formed on a 

distinctive conidiophore with a darker terminal swelling 

EM-3 Stemphylium  as above 

EM-4 Preussia 

(Sporomiella) 

ascospores, with three or more septa, non-ostiolate 

perithecia 

EM-5 chaetomium thick white tufty mycelia, turning yellow below with age 

EM-6 Alternaria  olivaceous white colony, blastocatenate of multicelled 

conidia 

EM-7 Alternaria greyish white colony, blastocatenate of multicelled conidia 

EM-8 Alternaria  greyish white colony, blastocatenate of multicelled conidia 

EM-9 Alternaria  greyish white colony, blastocatenate of multicelled conidia 

 

2.3.3 Identification of fungi by ITS sequencing 

High DNA yields were achieved from relatively soft hyphae and fruiting bodies 

of endophytic fungi grown on PDA plates. The size of the PCR products resulting 

amplification of the ITS regions (ITS 1 and ITS 4) of the fungi varied between the 

fungal isolates, ranging from approximately 500 to 700 base pairs. Some of the PCR 

products visualised by gel electrophoresis (Fig. 2.11) were obtained from isolates that 

were later identified as different genera belonging to the Ascomycota.  
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Figure 2.11: Agarose gel electrophoresis of PCR products following the amplification of the ITS 
regions of rDNA of a selection of endophytic fungi. 5µl of DNA was loaded per lane. Lane M- Gene 
Ruler. The PCR products ranged from approximately 500 to 700 base pairs as expected.  

 

Sequencing of the PCR products from the ITS regions resulted in the 

determination of DNA sequences that covered 5.8S rDNA, ITS regions 1 and 2. The 

chromatograms displaying the sequencing data were examined in BioEdit (Fig 2.12, 

Hall 1999) for the consensus sequences.  Alignment of the forward and reverse 

sequences was performed to obtain a consensus sequence.  The DNA sequences were 

edited at those sections where sequences were judged to be unreliable.  These new 

truncated sequences were used for all subsequent analyses (Fig 2.13). 
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Figure 2.12: DNA sequence chromatogram of the ITS regions and adjacent rDNA of endophytic 
fungus EL-2 from E. longifolia with accession number of AY278318. 
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Figure 2.13: Sequence alignment of the ITS sequences and adjacent rDNA regions of endophytic 

fungus EL-2 from E. longifolia with accession number of AY278318, shown as “Query” to that of 

the sequence bearing greatest similarity in the NCBI database (Leptosphaerulina species AY278318 

shown as “Sbjct”). Discrepancies between the sequences are indicated in red, suggesting that the 

fungus was of the same genus but of a different species to that of the database entry (White et al. 

1990). 

 

The BLASTN sequences were considered to match the fungal isolates against 

the NCBI database. The identifications obtain from the sequence similarity in the 

database (Zaferanloo et al. 2013, Table 2.3) were supported with those made by 

morphological analyses (Table 2.2.1 and Table 2.2.2). All the fungal isolates obtained 
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from E. longifolia and E. maculata had matches in the NCBI database with at least 95% 

identity (E = 0).  The species of endophytes that could not be identified by morphology 

were recognized for most of the isolates. The ITS sequences were placed in GenBank 

(www.ncbi.nlm.nih.gov/ genbank/) and accession numbers were assigned for EL 

samples (JQ316434-JQ316450; Table 1, Publication 1) and for EM samples (JX262252-

JX262260). The majority of the fungi isolated from these two Australian native plants 

were identified as species from the phylum Ascomycota (Table 2.1, Publication 1). The 

exceptions were three isolates (EL-7, EL-13 and EL-16) which identified as 

“unclassified fungi” (Table 2.1).  
 

Table 2.3: Identification of endophytic fungi based on the closest match of ITS sequences in the 

NCBI database¹ 

  

Sample 

BLAST result 

Size of 

sequence 

(bp) 

Genus GenBank 

Accession 

number 

Percent 

Identity 

EL-1 545 Phoma GQ352491 98 

EL-2 537 Leptosphaerulina AY278318 99 

EL-3 456 Stemphylium EF104168 100 

EL-4 483 Nigrospora FJ785429 99 

EL-5 538 Leptosphaerulina AY831558 99 

EL-6 648 Cladosporium GU214631 100 

EL-7 540 Unclassified fungus EU816402 96 

EL-8 542 Phoma AB470824 99 

EL-9 493 Phoma AY210335 98 

EL-10 514 Fusarium DQ993637 100 

EL-11 618 Leptosphaerulina EF694653 99 

EL-12 570 Alternaria GQ302684 99 

EL-13 574 Unclassified fungus EF419981 97 

EL-14 474 Preussia DQ468035 95 

EL-15 607 Alternaria GU187964 100 

EL-16 544 Unclassified fungus EF420002 97 

EL-17 506 Alternaria FJ375168 100 

EM-1 545 Phoma GQ352491 98 
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Table 2.3: Identification of endophytic fungi based on the closest match of ITS sequences in the 

NCBI database¹ 

  

Sample 

BLAST result 

Size of 

sequence 

(bp) 

Genus GenBank 

Accession 

number 

Percent 

Identity 

EM-2 554 Stemphylium EF104156 100 

EM-3 500 Stemphylium EF076750 100 

EM-4 482 Preussia HQ130664 99 

EM-5 519 Chaetomium GU934507 99 

EM-6 524 Alternaria HQ914864 99 

EM-7 522 Alternaria HQ914865 100 

EM-8 522 Alternaria HQ914850 99 

EM-9 519 Alternaria HQ914865 99 

¹Sequences have been submitted to the GenBank database and assigned the accession numbers 

JQ316434– JQ316450 for EL samples and JX262252-JX262260 for EM samples. 
 

The results revealed the abundance of ascomycetous species in the collection of 

endophytic fungi isolated from E. longifolia and E. maculate. This is consistent with 

previous research on Ascomycota, in which many ascomycetes grow as endophytes in 

symptomless associations with plants (Webster and Weber 2007, Table 2.4).  

 

Table 2.4 Classification of endophytic fungi based on their identification using ITS sequences 

Sample Genus Family Class Division 

EL-1 Phoma Pleosporaceae Dothideomycetes Ascomycota 

EL-2 Leptosphaerulina Didymellaceae Dothideomycetes Ascomycota 

EL-3 Stemphylium Pleosporaceae Dothideomycetes Ascomycota 

EL-4 Nigrospora Trichosphaeriaceae Sordariomycetes Ascomycota 

EL-5 Leptosphaerulina Pleosporaceae Dothideomycetes Ascomycota 

EL-6 Cladosporium Davidiellaceae Dothideomycetes Ascomycota 

EL-7 NA Unclassified fungi Unclassified fungi Unclassified 

EL-8 Phoma Pleosporaceae Dothideomycetes Ascomycota 

EL-9 Phoma Pleosporaceae Dothideomycetes Ascomycota 

EL-10 Fusarium Nectriaceae Sordariomycetes Ascomycota 
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Table 2.4 Classification of endophytic fungi based on their identification using ITS sequences 

Sample Genus Family Class Division 

EL-11 Leptosphaerulina Didymellaceae Dothideomycetes Ascomycota 

EL-12 Alternaria Pleosporaceae Dothideomycetes Ascomycota 

EL-13 NA Unclassified fungi Unclassified fungi Unclassified 

EL-14 Preussia Sporormiaceae Dothideomycetes Ascomycota 

EL-15 Alternaria Pleosporaceae Dothideomycetes Ascomycota 

EL-16 NA Unclassified fungi Unclassified fungi Unclassified 

EL-17 Alternaria Pleosporaceae Dothideomycetes Ascomycota 

EM-1 Phoma Pleosporaceae Dothideomycetes Ascomycota 

EM-2 Stemphylium Pleosporaceae Dothideomycetes Ascomycota 

EM-3 Stemphylium Pleosporaceae Dothideomycetes Ascomycota 

EM-4 Preussia  Sporormiaceae Dothideomycetes Ascomycota 

EM-5 Chaetomium Chaetomiaceae Sordariomycetes Ascomycota 

EM-6 Alternaria Pleosporaceae Dothideomycetes Ascomycota 

EM-7 Alternaria Pleosporaceae Dothideomycetes Ascomycota 

EM-8 Alternaria Pleosporaceae Dothideomycetes Ascomycota 

EM-9 Alternaria Pleosporaceae Dothideomycetes Ascomycota 

 

 

2.3.4 Comparison of the ITS regions of the fungal isolates 

To reveal evolutionary relationships between isolates, DNA sequences were 

aligned using CLUSTALW (http:// www.ebi.ac.uk/clustalw/). The phylogenetic 

relationships of the isolates were evaluated using neighbour-joining analysis in MEGA 

version 5 (Tamura et al. 2011) with a bootstrap value obtained from 1000 replicates. 

Evolutionary distances were computed using the Kimura 2-parameter method (Kimura 

1980). Phylogenetic trees can be observed in Fig 2.14. A bootstrap score of 1000 with 

values of greater than 50% indicated that the sequences shared significant homology.  

Since the DNA sequences displayed significant similarities, it was suspected that the 

fungal isolates were evolutionarily close relatives and so phylogenetic analysis was 

performed using DNA rather than deduced protein sequences. The sequences varied 
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 EL-2 Leptosphaerulina americana

 EL-5 Leptosphaerulina trifolii

 EL-1 Phoma moricola

 EL-8 Phoma herbarum

 EL-13 Unclassified fungus

 EL-16 Unclassified fungus

 EL-9 Phoma sp.

 EL-3 Stemphylium sp.

 EL-12 Alternaria sp.

 EL-15 Alternaria sp.

 EL-17 Alternaria alternata

 EL-11 Leptosphaerulina sp.

 EL-14 Preussia minima

 EL-6 Cladosporium sp.

 EL-7 Unclassified fungus

 EL-10 Fusarium sp.

 EL-4 Nigrospora sp.

 EM-7 Alternaria sp.

 EM-9 Alternaria sp.

 EM-6 Alternaria sp.

 EM-8 Alternaria sp.

 EM-2 Stemphylium sp.

 EM-3 Stemphylium sp.

 EM-1 Phoma sp.

 EM-4 Preussia sp.

 EM-5 Chaetomium sp.

mainly in the ITS1 and ITS2 regions and a high degree of sequence similarity was 

apparent in the more highly conserved contiguous regions of 18S, 5.8S and 28S rDNA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.14a: The ITS regions of fungal endophytes isolated from E. longifolia were used to 

construct a phylogenetic tree. The Neighbour-Joining method was used to infer phylogeny using 

MEGA version 5; p-distance and a bootstrapping score of 1000 with values of greater than 50 % 

were employed parameters. (Tamura et al. 2011) 

 

 

 

 

 

 

 

 

Figure 2.14b: The ITS regions of fungal endophytes isolated from E. maculata were used to 

construct a phylogenetic tree under the same conditions as above. 
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 EL-15 Alternaria sp.

 EL-12 Alternaria sp.

 EL-17 Alternaria alternata

 EM-6 Alternaria sp.

 EM-9 Alternaria sp.

 EM-7 Alternaria sp.

 EM-8 Alternaria sp.

 EM-3 Stemphylium sp.

 EM-2 Stemphylium sp.

 EL-3 Stemphylium sp.

 EL-16 Unclassified fungus

 EL-13 Unclassified fungus

 EL-5 Leptosphaerulina trifolii

 EL-2 Leptosphaerulina americana

 EL-9 Phoma sp.

 EL-8 Phoma herbarum

 EM-1 Phoma sp.

 EL-1 Phoma moricola

 EL-11 Leptosphaerulina sp.

 EM-4 Preussia sp.

 EL-14 Preussia minima

 EL-6 Cladosporium sp.

 EM-5 Chaetomium sp.

 EL-7 Unclassified fungus

 EL-4 Nigrospora sp.

 EL-10 Fusarium sp.

Figure 2.14c: The ITS regions of fungal endophytes isolated from both plants, E. logifolia and E. 

maculata, were used to construct a phylogenetic tree under the same conditions as above. 
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2.4 Discussion 

Evolution is a basic biological process of all living species. Evolutionary 

changes result in successful adaptation to changing habitats through the generation and 

inheritance of natural mutations at the gene or chromosome level. With respect to fungi, 

these changes may lead to the rapid appearance of a wide range of new species that 

might require new nomenclature in fungal taxonomy. In addition, inadequate taxonomy 

might be due to the mistakes in identification of isolates such as too few characters and 

an inadequate number of isolates (Samson 1991, Guarro et al. 1999). Hence, fungal 

taxonomy should be dynamic and progressive discipline. 

There are many methods used to classify the fungi based on morphological (Samson 

1991, Guarro et al. 1999, Taralova et al. 2011), molecular (Bridge 1985, Samson 1991), 

or metabolite characteristics (Frisvad et al. 2008) or combinations of morphological, 

physiological and molecular markers (Lopez and Jensen 2002, Grimm et al. 2005, 

Moore et al. 2005). The most common are morphological methods based on fungal 

appearance using two different concepts of fungal species. The phenotypic concept is 

based on the morphological characteristics while the polythetic concept is an approach 

that combines several characters (Guarro et al. 1999). However, these methods have 

problems, such as those seen with pathogenic fungi where they appear as vegetative 

cells during an infection; thus only the shape and pigmentation of hyphal elements or 

other nonspecific structures such as the presence or absence of septa are observed.  

Another problem is the variability of shapes and sizes of different fungal organs 

that lead to errors in classification of fungi based on the observation of growing 

colonies (e.g. colour and physical appearance) as well as microscopic morphological 

structures (Lopez and Jensen 2002, Grimm et al. 2005, Moore et al. 2005). Hence, there 

are many biochemical and physiological methods have been used as the alternative 

approaches to identify fungi. These methods have some problems in that they are 

labourious, time-consuming, sensitive to growth conditions and gene expression. These 

problems can lead to the inadequate taxonomy and require the use of new techniques 

like DNA-based methods for confirmation (Bridge 1985; Samson 1991). The use of bio-

molecular technologies (e.g. MALDI-TOF mass spectrometry and RAPD PCR) in 

fungal identification may obviate the problems of biochemical and physiological 

methods. These methods are based on the differences in DNA (e.g. nucleotide sequence 

and % G+C) among species and strains (Samson 1991). The advantage of these 
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methods is the insensitivity of DNA sequences to short-term environmental change 

which play important role in strain identification.   It is clear that each method has 

advantages and disadvantages hence there is no general method used for every fungus.  

In this chapter, the identities of several fungal endophyte isolates were obtained 

by sequencing of the ITS regions.  All the samples obtained from E. logifolia and E. 

maculata were identified by a database search in GenBank with a match of at least 95% 

(E=0) (Table 3.3). Fourteen isolates from E. longifolia were identified as belonging to 

eight different genera, including Alternaria, Cladosporium, Fusarium, 

Leptosphaerulina, Nigrospora, Phoma, Preussia and Stemphylium. Nine isolates from 

E. maculata were identified as Alternaria, Chaetomium, Phoma, Preussia 

(Sporormiella) and Stemphylium. These species have previously been identified as 

being endophytic to several plants (Ma´rquez et al. 2011). However, only endophytic 

Phoma isolates have previously been investigated for their extracellular enzyme 

production (Borges et al. 2009). 

Twenty two of the isolates had matches with a percentage identity of at least 98 

% with fungal species listed in the GenBank. Three isolates belonged to unclassified 

fungi which, with the exception of EL-7, were annotated as endophytes. EL-7 was most 

closely related to a fungal species, STRK1, which is known as a soil inhabitant rather 

than an endophyte. Given that endophytes are known to colonise their host plant 

through uptake from the soil through the roots (Hurek and Hurek 1998), it is likely that 

STRK1-like fungi are indeed endophytic in E. longifolia.  For the EM samples, isolate 

EM-1 was identified as a coelomycete, Phoma sp., which have previously been isolated 

and reported as fungal endophytes, with a high abundance in the roots and surrounding 

soil (Huang et al. 2009; Rodriguez et al. 2009).  The isolates EM-3 and EM-4 are both 

suspected to belong to Stemphylium sp.  Although this endophyte is not commonly cited 

in literature, a recent study has demonstrated its ability to produce exopolysaccharide 

(Banerjee et al. 2009).  EM-5 and EL-15 were identified as Sporormiella and Preussia 

sp., respectively.  Both these fungi are reported as known fungal endophytes (Kruys and 

Wedin 2009). It has been noted that identification based on searching for matches in 

GenBank relies on previous sequencing results deposited in the database to be accurate 

and taxonomic groups identified correctly (Bellemain et al. 2010).  Furthermore, the 

non-coding ITS regions are subject to rapid evolutionary mutations, which create 
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additional difficulties in obtaining sequence matches and performing accurate sequence 

alignments (Huang et al. 2009). 

It is recommended that molecular identification should be supported using 

traditional morphological identification techniques (Huang et al. 2009).  Moreover, 

utilising a range of different primers to amplify the ITS regions and analysing these 

alongside each other to generate a consensus would allow for more accurate reporting 

(Bellemain et al. 2010).  Nevertheless, the high percentage of identity observed in this 

study provides confidence that the reported identifications, at least at the genus level, 

are correct.   However, it was noticed that isolates EM-3 and EM-4 shared significant 

similarity (Figure 2), even though they appeared distinct by morphological  inspection; 

these should be investigated further to determine if the fungi are the same species, and 

possibly the same isolate, or if they are two subtly different species occupying the same 

niche.  An additional recommendation would include employing a variety of culture 

methods in the initial isolation of endophytes to determine if other fungal isolates can be 

obtained.  It is possible that some slow growing endophytes were not cultured and 

consequently did not undergo identification (Huang et al. 2009).  It is also noted that 

some fungi, such as the Class 2 endophytes, may not be cultivable on culture media at 

all since it is likely that vertical transmission requires an obligate host-symbiont 

relationship; the use of environmental PCR is recommended for the identification of 

these fungi (Aly et al. 2011). 
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Chapter 3 
 

 

Screening of antibacterial, enzyme activities and 
anticancer activities 
 

3.1 Introduction: Investigating endophytes for new bioactive compounds 

Endophytic fungi that reside within intercellular epidermal layers of plant tissue 

(Fig. 3.1) are being ever more recognized as an ecological collection of microorganisms 

that may provide sources for new secondary metabolites with useful biological 

activities. It is therefore surprising that they have not been subjected to intensive 

screening programs, thus the majority of species largely remain undiscovered, as 

described in Section 1.1 and 1.2 (Tejesvi et al. 2007b, Lu et al. 2012).  
 

 
Figure 3.1: Endophyte growths in a grass plant. ). Upper left: A cross section of leaf shows hyphae 

(h) of the endophytic fungi between host cells. Also reveal a chloroplast (ch) and vacuoles (v). 

Bottom left: fungal growth in the true stem and leaf primordia. The fungal hyphae are presented 

darkly stained Right: the endophyte as it appears in a leaf epidermal peel, stained for hyphae, 

which are arranged mainly along the longitudinal axis of plant cells. (Was taken from Schardl et al. 

2004) 



86 
 

3.1.1 Investigation of enzyme activity 

Fungal strains isolated from an ecological source are screened (Section 1.7.8) for 

their enzyme activities and rapid selection of potential candidates can be achieved by 

means of agar plate assays. Once a smaller group of the most promising fungal strains is 

established, more extensive enzyme purification, optimization and characterisation can 

be carried out using liquid cultures, enzyme assays and zymograms, as detailed in the 

following chapters. 

 

3.1.1.1 Screening enzyme activity by agar plate assay  

This technique involves inoculating a fungal strain onto an agar plate which 

contains the substrate for the target enzyme of interest (Hankin and Anagnostakis 1975). 

The fungus must secrete the target enzyme to break down the substrate into small 

molecules that it can absorb and use for nutrition and growth. Detecting enzyme 

excretion and activity is typically accomplished by observing a halo around the fungal 

colony, representing the degradation of the substrate. Direct visualisation of substrate 

may not be possible for some enzymes and additional procedures, such as Congo Red 

staining to reveal xylanase and endoglucanase activities (Teather and Wood 1982), are 

required. The diameter of the halo is representative of the amount of enzyme activity 

and, in combination with the colony size, can be used to select for the best candidates 

(Bradner et al. 1999) by calculating the index of “relative enzyme activity” (REA) 

(Bradner 2003, Fig. 3.2). 

This was simplified by the equation (D² – d²)/ d², in which D and d were the 

diameter of the halo and colony respectively Eq. (3.1). 

 

 

 

 

 

 

Relative Enzyme Activity =
D2−d2

d2
  (3.1) 
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Modifying the incubation temperature or the pH of the agar medium can readily 

determine the range of conditions under which the enzymes are active. When the aim of 

a research project is to seek particular enzyme properties, such as those desirable for a 

defined industrial application, agar plate selection can be carried out at, or close to, the 

temperature and pH conditions in which the enzyme would be required to perform. For 

large-scale projects, computer-based imaging softwares are being used increasingly to 

improve efficiency and throughput of the agar plate screening process (Hughes et al. 

2006). 

 

3.1.2 Investigation of antibacterial activity 

When isolating fungi from an environmental source, it is common to obtain a 

vast number of different species and strains that could be potential candidates of 

antibacterial activity. Rapid screening of the isolates can be achieved by means of a disc 

diffusion assay. Once a smaller group of the most promising fungal strains is 

established then further experiments can be carried out to establish the minimum 

  

  D 

   d 

Fungal colony 

Area of enzyme 
activity 

         Relative Enzyme Activity =
D2−d2

d2
 

Figure 3.2: The method used to calculate relative enzyme activity (REA) of the fungal isolates. 
The relative activity was calculated by dividing the area of the halo around the colony (the 
area of the clearing zone minus the area of the colony) by the area of the colony.  
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inhibitory concentration (MIC), i.e. the lowest concentration of an antimicrobial agent 

that will inhibit the visible growth of the target microorganism. 

 

3.1.3 Exploration of endophyte for anticancer activity 

The chemical and biological diversity associated with endophytic fungi has 

potential applications to a wide range of clinical therapeutics, producing an array of 

secondary metabolites, with diverse structural (Schulz et al. 2002). Endophytic fungi 

provide a wealth of diversity, which provides opportunities to utilise these abundant 

sources of bioactive metabolites, in the quest to produce a greater range of therapeutic 

drugs for applications to not only cancer, but also to other diseases. The communication 

and genetic cross talk mechanisms illustrated between the host plant and endophyte, 

particularly in plants inhabiting extreme or specialised environments, are crucial to the 

production of novel secondary metabolites. This information can provide a leaded- 

directed approach, in which successful identification of novel biotopes from specific 

habitats can provide greater knowledge to further screen, in an efficacious manner, these 

relatively unknown micro-organisms, in the hope to further enrich and improve the 

availability of therapeutic treatments (Tenguria et al. 2011). 

However the uses of novel secondary metabolite producing endophytes for 

therapeutic treatments are not without their draw backs, with supply issues needing to 

be addressed in order to exhaustively screen the entophyte’s clinical capabilities and 

subsequently supply the large volumes of the agents required to formulate clinical trials. 

Both taxol and camptothecin are produced in small quantities within the host 

plant in their natural environment, and both consequently endured delays before, during 

and after clinical trials due to the inability to naturally synthesis the quantities of 

endophyte required, coupled with the fact that the extraction methods used were 

relatively inefficient (Zhou et al. 2010). Endophytes have demonstrated their ability to 

produce a multitude of chemically and biologically diverse secondary metabolites, 

subsequently gaining increased scientific attention regarding the endophytes therapeutic 

abilities. By prioritising the screening of endophytes over the use of synthetic chemistry 

and other artificial screening processes, will in turn provide greater information on 

endophytic behaviours, and thus provide a greater understanding in to the mechanisms 

which trigger the production of valuable metabolites. This allows for the utilisation of 

http://en.wikipedia.org/wiki/Concentration
http://en.wikipedia.org/wiki/Antimicrobial
http://en.wikipedia.org/wiki/Cell_growth
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these mechanistic processes to increase the production of novel compounds and provide 

an increase in therapeutic treatment production. 

The potential of endophytic fungi to produce powerful bioactive compounds is 

great, as signified by their growth on such an unusual substrate and environment, and 

warranted further investigation through this work. In this study, the foliar fungal 

endophyte population of the Australian native medicinal plants, Eremophila longifolia 

and E. maculata, were examined and assessed for their potential as a source of enzymes 

of industrial interest and screened for major plant macromolecule degrading enzymes as 

well as their antibacterial and anticancer activities. The concept of a relationship 

between the medicinal properties of E. longifolia and E. maculata and the metabolic 

products of their endophytes provides the rationale for selection of these plants in 

medicinal, environmental and industrial applications.  

 

3.2 Methods and materials 

3.2.1. Screening for enzyme activity on solid media using endophytic fungi 

All fungal isolates were individually inoculated on 2 % (w/v) agar (Difco Bacto) 

plates containing one of the following substrates (supplied by Sigma-Aldrich): soluble 

starch (1% w/v) for amylases, lignin (0.25% w/v) to detect ligninases activity 

(ligninolytic phenol-oxidases), Avicel cellulose (0.5% w/v, Fluka)  for 

cellobiohydrolases, commercial skim milk powder (1% w/v) for proteases and brich 

xylan (0.5 %w/v) for xylanases. All plates also contained minimal medium salts: 

KH2PO4 (1.5% w/v), (NH4)2SO4 (0.5% w/v), MgSO4.7H2O (0.06% w/v) and 

CaCl2.2H2O (0.06% w/v). Lignin plates were also supplemented with 0.5% (w/v) of 

ammonium tartrate. To prevent excessive colony growth, 0.01% (w/v) of Triton X-100 

was added (Peterson et al. 2009a). Each fungal isolate was transferred to test plates 

containing the substrates for the detection of the target enzyme class. This process was 

replicated three times for each isolate at each incubation temperature (9oC, 25oC, 37oC 

and 50oC) and pH (3.5, 5.5, 7 and 9).  

Enzyme activity was detected by the presence of the clearing zone around the 

fungal colony, indicating the degradation of the substrate as the result of the production 

of enzyme (Peterson et al. 2009a). Halo zones in starch plates were detected by staining 

with iodine. Lignin plates were visualized by flooding the plates with equal parts of 1% 
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(w/v) aqueous solutions of FeCl3 and K3[Fe/(CN)6], mixed immediately before use. If 

required, protease plates were flooded with 10 % (w/v) tannic acid but zones were 

generally very clear and needed no additional stains for assessment. Xylanase and 

cellulase activities were visualised by staining the plates with Congo Red 1% (w/v) for 

5 min followed by distaining with 1M NaCl for 15 min. The activity was assessed on 

day 5-7 depending on the temperature, pH and enzyme. The relative enzyme activity 

was determined (Brander 2003, Peterson et al. 2009a). 

 

3.2.2 Screening for antibacterial activity 

3.2.2.1 Preparation of Samples 

All fungal isolates were grown in Potato Dextrose Broth (PDB) and then filtered 

by membrane filtration through a 0.22 µm filter (Millipore) under vacuum to separate 

mycelium from broth (Xu et al. 2008a).  Each sterilized broth was frozen in autoclaved 

round-bottom flask for freeze-drying.  The weight of the lyophilized extract was 

measured by first weighing the empty round-bottom flask before adding the filtrate and 

again after freeze-drying. The weight of the freeze-dried compound was calculated by 

the difference between the two weights and recorded. After freeze-drying, the 

lyophilized powder was mixed in sterile water to the same concentration for all samples, 

kept at 4 °C and used to determine antibacterial activity. 

 

3.2.2.2 Detection of Antibacterial activity 

An overnight bacterial broth of Escherichia coli (150 µL almost with 

concentration of 7.5 × 108 cells/mL bacteria) was added to molten nutrient agar using 

the pour-plate method. This was repeated for Salmonella enterica Serovar 

Typhimurium, Staphylococcus aureus and Bacillus cereus. After the plates had set, 4 

holes were bored into the agar (using an 8 mm borer), and 3 holes were filled with 

approximately 120 µL of the fungal extract.  The fourth hole contained approximately 

10 µL of 1% Betadine which acted as a positive control.  These were left to incubate at 

37oC for 4 days.  A clear zone because there was no bacterial growth surrounding the 

well, indicated a positive result for antibacterial properties. 
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3.2.2.3 Determination of minimal inhibitory concentration (MIC) 

Those extracts which exhibited positive results were selected to determine the 

minimal inhibitory concentration (MIC) for that particular bacterium.  A round-bottom 

well microtitre plate was used and 100 µL of PDB was added to 12 wells.  Undiluted 

fungal extract (100 µL) was added to the first well and mixed thoroughly.  This was 

then serially diluted 1:2 by removing 100 µL of the broth and mixing it in the next well 

so that each subsequent well had a concentration which was half that of the preceding 

well.  Bacterial cultures were prepared by visually comparing them to a 0.5 McFarland 

Standard.  The diluted bacterial culture (10 µL) was used to inoculate each well.  The 

plate was incubated at 37oC for 18 hours.  A growth control well contained PDB with 

bacterial inoculum but no fungal extract and a sterility control well contained only PDB. 

This method of determining MIC was based on that reported by Wiegand et al. (2008). 

 

3.2.3 Screening for anticancer activity 

The following experiments were performed in collaboration with Dr Sally 

Coulthard and her team from Newcastle University (UK) whose research interests 

include the utilisation of micro-organisms and natural products for potential therapeutic 

treatments. Dr Coulthard’s laboratory was provided with twenty six endophyte samples 

(prepared as described in 3.2.2.1) and these were screened for anti-cancer activity. The 

specific aims were to:  

1. Identify any endophytes that were cytotoxic against the two leukemic 

suspension cancer cell lines (PreB697 and MOLT-4) and an adherent lung cancer 

cell line (A549), using EC50 values as a direct comparator.  

2. Elucidate the metabolites which mediated cytotoxic effects  

3. Further screen isolated metabolites to deduce cytotoxicity, again using EC50 

values as a direct comparator. 

Cell culture cytotoxicity assays, preparation of endophyte samples for drug sensitivity 

assays, MTS cell proliferation assays, UV-HPLC and appropriate statistical analysis 

were undertaken by Dr Coulthard’s team..  
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3.3 Results 

3.3.1 Screening of fungi for enzyme activity by agar plate assay 

The 26 fungal isolates from E. longifolia and E. maculata were screened for 

their enzyme activity using agar plates containing substrates for specific target enzymes 

(amylase, cellobiohydrolase, protease, xylanase and ligninase). This process was 

replicated three times (Fig. 3.3) for each isolate at each incubation temperature (9ºC, 

25ºC, 37ºC and 50ºC) and pH (3.5, 5.5, 7 and 9). 

 

 
Figure 3.3: Screening of amylase activity using agar plates containing starch and visualised with 

iodine. Test was repeated three times under different temperature and pH conditions.  

 

3.3.1.1 Detection of enzyme activity on solid media 

The enzyme activities of the fungi were measured on the basis of halo 

development around the fungal colonies, representing degradation of the substrate that 

was included in the agar medium (Zaferanloo et al. 2013).  

Visualisation of a clear zone representing endoglucanase, such as xylanase, 

activity required staining with Congo Red (Fig. 3.4a). Congo Red is a secondary diazo 

dye derived from benzidine that forms complexes with cellulose and hemicellulose but 

does not bind once the polysaccharides have been hydrolysed (Teather and Wood 

1982). Detection of enzymes able to degrade the glucose units joined by glycosidic 

bonds such as starch was carried out using agar plates containing 1 % (w/v) starch. The 
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iodine/starch complex produces an intense blue colour and clearing indicates starch 

degradation (Fig. 3.4b).  

Protease activity of the fungi was identified using skim milk powder as substrate 

in the agar plates. The halos representing enzyme activity around the fungal colonies 

were visible, but they were not clearly separate. Therefore, to increase the clarity of the 

zone of hydrolysis, tannic acid was used to flood the plates (Fig. 3.4c). The tannins form 

insoluble complexes with the unhydrolysed skim milk protein, sharply increasing the 

colour intensity and contrast to areas of protein hydrolysis (Saran et al. 2007).  

Visualisation of clear zones indicating ligninase, which is able to degrade the 

phenolic units of lignin, was carried out using agar plates containing 0.25 % (w/v) 

lignin. These were subsequently stained with ferric chloride (FeCl3) and potassium 

ferricyanide (K3[Fe(CN)6]) (Zaferanloo et al. 2013). The phenolic units of lignin formed 

complexes with the iron (III) ions and were detected by the formation of a Prussian Blue 

complex with the potassium ferricyanide reagent (Mole and Waterman 1994), which 

appeared green in the lignin-infused agar medium. Oxidation of the phenolic units 

prevented the formation of the Prussian Blue complex and resulted in the formation of 

yellow to light brown halos (Fig. 3.4d).  

Any enzyme able to degrade the phenolic units of lignin could be detected using 

this test, including lignin peroxidase, manganese peroxidase, laccase (enzymes able to 

degrade phenolic and non-phenolic lignin units) and mild oxidants such as GMC 

oxidoreductases (enzymes only capable of oxidation or modification of phenolic lignin 

units). 
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Screening for enzyme activity on media containing a specific substrate was 

observed by the clear zone around endophytic fungi and revealed amylase, protease, 

xylanase and ligninase activities among the total twenty six endophytic fungi isolated 

from E. longifolia and E. maculata (Fig. 3.4a- 3.4d). None of the isolates were able to 

degrade crystalline cellulose. Over two-thirds of the isolates from E. longifolia showed 

amylase activity at 25 °C. Around one-third exhibited protease activity. Maximum 

enzyme activity for amylase occurred at higher temperature and pH, however some 

isolates exhibited activity in lower pH and maximum protease activity was exhibited in 

lower temperature and higher pH. About one-third of isolates from E. maculata 

demonstrated xylanase and ligninase activities. Isolates including El-14 with the 

broadest ranges of amylase activity, El-17 with a wide range of protease activity in 

(a) (b) 

(d) (c) 

Figure 3.4: a) Endophyte EM-4 exhibiting xylanase activity on xylan agar plate 
(incubated at 25 °C for 5 days) after staining with Congo Red. b) Endophyte EL-15 
exhibiting amylase activity on starch agar plate (incubated at 25 °C for 5 days) after 
staining with iodine. c) Endophyte EL-17 exhibiting protease activity on agar plate 
supplemented with skim milk powder (incubated at 25 °C for 7 days). d) Endophyte 
EM-8 exhibiting ligninase activity on agar plate added with subsequently stained with 
ferric chloride (FeCl3) and potassium ferricyanide (K3 [Fe (CN) 6]) (incubated at 25 °C 
for 7 days). Note the clear zone or brown colour around the fungal colonies.  
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different temperatures and highest activity in alkaline condition and EM-4 with highest 

xylanase activity specially at pH 7 might be a good prospects for further study and 

application to industry based on their optimised production. Many of isolates produced 

amylase and protease activity over a broad range of temperature and pH (Table 3.1).  

 

Table 3.1 Number of fungal isolates from E. longifolia and maculate that produced halos on agar 

plates test containing substrate for each target enzyme. Incubation was 5-7 days depending on 

substrate, temperature and pH.  

  Number of isolates with enzyme activity 

Target enzyme  9 °C 25 °C 37 °C 50 °C pH 3.5 pH 5.5 pH 7 pH 9 

Amylase  5 10 8 12 6 10 7 4 

Protease  3 6 5 2 0 6 11 5 

Ligninase  0 2 2 2 0 2 2 2 

Cellobiohydrolase  0 0 0 0 0 0 0 0 

Xylanase  0 3 3 3 0 3 3 3 

 

 

3.3.1.2 Relative Enzyme Activity (REA) 

An index of relative activity was used to provide a broad measure of the enzyme 

production of the isolates as described in section 3.1.1 (Bradner et al. 1999). The effects 

of temperature and pH variations on the enzyme production of individual endophytes 

are presented in Fig. 3.5a and 3.5b. Protease production was dominant at the lower end 

of the temperature and higher end of the pH scale demonstrating the potential of these 

enzymes to be used in industrial applications (Fig. 3.5c and 3.5d).  
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Figure 3.5: a) Effect of temperature on amylase activity of endophytes. Experiments were 

performed at pH 5.5. Error bars were included to indicate the standard deviations above and below 

the mean REA. Error bars indicate one standard deviation from the mean across three replicate 

plate assays at each condition. The absence of a column on the graphs indicates that no enzyme 

activity was observed, either due to lack of halo formation or lack of growth of the fungal isolate at 

the indicated temperature or pH.   

 

 

Figure 3.5: b) Effect of pH on amylase activity of endophytes. Experiments were performed at 25 

°C. Error bars indicate one standard deviation from the mean across three replicate plate assays at 

each condition. The absence of a column on the graphs indicates that no enzyme activity was 

observed, either due to lack of halo formation or lack of growth of the fungal isolate at the 

indicated temperature or pH.   
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Figure 3.5: c) Effect of temperature on protease activity of endophytes. Experiments were 

performed at pH 5.5. Error bars indicate one standard deviation from the mean across three 

replicate plate assays at each condition. The absence of a column on the graphs indicates that no 

enzyme activity was observed, either due to lack of halo formation or lack of growth of the fungal 

isolate at the indicated temperature or pH.   

 

 

Figure 3.5: d) Effect of pH on protease activity of endophytes. Experiments were performed at 25 

°C. Error bars indicate one standard deviation from the mean across three replicate plate assays at 

each condition. The absence of a column on the graphs indicates that no enzyme activity was 

observed, either due to lack of halo formation or lack of growth of the fungal isolate at the 

indicated temperature or pH.   
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A broad range of enzyme activities was exhibited by most of the fungal isolates 

from E. longifolia, with at least 16 of the 26 isolates exhibiting amylase and protease 

activities. The results obtained from all 9 isolates from E. maculata are displayed in Fig. 

3.6a - 3.6c. Xylanase and ligninase activity (ligninolytic phenoloxidase) was exhibited 

by three of the isolates. Therefore, the basic premise that endophytic fungi would be 

good secretors of enzymes particularly those involved in the degradation of the 

particular substrate that exist in the environment of the original host, was realised. 

 

Figure 3.6: a) Effect of using different substrate agar plate and their relative enzyme activity of 
endophytes isolated from E. maculate. Experiments were performed at 25 °C and pH 5.5. 

 

 

Figure 3.6: b) Isolates that displayed positive results for ligninase activity were reinvestigated to 

observe the effect of different pH and temperature conditions on secretion of enzyme. 
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Figure 3.6: c) Isolates that displayed positive results for xylanase activity were reinvestigated to 

observe the effect of different pH and temperature conditions on secretion of enzyme.  

 

The relative enzyme activities of four top-performing fungi isolated from E. 

longifolia and E. maculata are displayed in Table 3.2. These were selected as candidates 

for further study in the following chapters. 

 

Table 3.2: summary of highest enzyme activities among endophytic fungi isolated from E. longifolia 

and E. maculata 

Endophytes isolated from: Amylase Protease Ligninase Xylanase 

E. longifolia 
++++ 

EL-14 

+++ 

EL-17 

- - 

E. maculata 
+ 

EM-2 

- ++ 

EM-1 

+++ 

EM-4 

+ indicates halo < 5 mm around well 

++ indicates halo 5-9 mm around well 

+++ indicates halo9-13 mm around well 

++++ indicates halo>13 mm around well 
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3.3.2 Screening of fungi for antibacterial activity by disc diffusion assay 

Fungal extracts (100 mg/mL) were tested against four different bacteria 

including Escherichia coli, Salmonella enterica serovar Typhimurium, Staphylococcus 

aureus and Bacillus cereus in order to determine those with antibacterial activities. 

Clear zones surrounding agar wells (Fig. 3.7a - 3.7b) indicated positive antibacterial 

activity of the respective endophytic fungi. The results of initial screening of all 

endophytic fungi (Table 3.3) showed that many have the ability to produce natural 

antibacterial compounds which may be the result of the interactions with the host plants 

in the context of protection against plant pathogens.  

 

 

 

 

 

 

 

  

 

  

Figure 3.7: a) Disk diffusion assay of EL-17 against Bacillus cereus. b) Disk diffusion 
assay of EL-17 against Staphylococcus aureus (Betadine used as control) 

(a) (b) 
Control  

Control  
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Table 3.3: Summary of screening the antibacterial activity of endophytic fungi isolated from E. 

longifolia and E. maculata. Fungal extracts were tested at 100 mg /mLagainst four different 

bacteria. 

Extract 

Identification 

Escherichia 

coli 

Bacillus 

cereus 

Staphylococcus 

aureus 

Salmonella 

enterica  

EL-1 - - - - 

EL-2 - - - - 

EL-3 - - + - 

EL-4 - - ++++ - 

EL-5 - - - - 

EL-6 - - - - 

EL-7 - - - - 

EL-8 - - - - 

EL-9 - - - - 

EL-10 - - - - 

EL-11 - +++++ - - 

EL-12 - - -  

EL-13 - +++++ - - 

EL-14 - - - - 

EL-15 - ++++ +++ - 

EL-16 - ++++ +++ - 

EL-17 - ++++ +++ - 

EM-1 - - - - 

EM-2 - - - - 

EM-3 - ++ ++ - 

EM-4 - +++ +++ +++ 

EM-5 - - - - 

EM-6 - +++ + - 

EM-7 - ++ - - 

EM-8 - ++++ ++ - 

EM-9 - ++++ + - 

NA plates had approx. 150 µL of bacterial culture added via the pour plate method. 

+ indicates halo < 2 mm around well  ++ indicates halo 2-3 mm around well 

+++ indicates halo3-4 mm around well  ++++ indicates halo4-5 mm around well 

+++++ indicates halo >4 mm around well 
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Only the isolates that returned positive results during antibacterial screening 

were used for determining MIC.  The data obtained for MIC tests are summarised in 

Table 3.4.   

 

Table 3.4: Summary of positive results with screening antibacterial properties  

Fungal isolate Genus Bacteria tested MIC (mg/mL) 

EL-3 Stemphylium S. aureus >100 

EL-4 Nigrospora S. aureus 0.49 

EL-11 Leptosphaerulina B. cereus 0.0016 

EL-13 Unclassified fungus B. cereus 0.00001 

EL-15 Alternaria B. cereus 0.05 

EL-15 Alternaria S. aureus 6.313 

EL-16 Unclassified fungus B. cereus 0.14 

EL-16 Unclassified fungus S. aureus 1.13 

EL-17 Alternaria B. cereus 0.64 

EL-17 Alternaria S. aureus 1.64 

EM-3 Stemphylium B. cereus 64.3 

EM-3 Stemphylium S. aureus 64.3 

EM-4 Sporormiella B. cereus 4.5 

EM-4 Sporormiella S. aureus 2.3 

EM-4 Sporormiella S. enterica 2.3 

EM-6 Alternaria B. cereus 2.4 

EM-6 Alternaria S. aureus >100 

EM-7 Alternaria B. cereus 46.5 

EM-8 Alternaria B. cereus 0.5 

EM-8 Alternaria S. aureus 32 

EM-9 Alternaria B. cereus 0.44 

EM-9 Alternaria S. aureus >100 

 

The lowest concentration that inhibited bacterial growth in a well as decided by 

unaided visual inspection was reported as the MIC (Wiegand et al. 2008).  Among all 

the fungal isolates, EL-13, EL-11, and EL-15 exhibited MIC values of <50 µg/ml 
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against B. cereus and can be considered for further study. Isolate EM-4 exhibited the 

broadest range of antibacterial action against three of the bacterial strains tested (B. 

cereus, S. aureus and S. enterica) and would be another interesting source to investigate 

further. 

 

3.3.3 Drug sensitivity of cytotoxic endophytes 

A total of 26 fungal isolates (17 isolates from E. longifolia and 9 isolates from E. 

maculata) were initially screened for cytotoxicity against two leukemic suspension cell 

lines: Precursor B 697 (PreB 697) cells and MOLT-4 T-lymphoblastoid cells (MOLT-

4). Of the 26 endophyte extracts, the samples displaying the greatest activity were 

selected for more detailed repeat experiments and further screening against adherent 

A549 lung cancer cell lines to assess cell line specificity.  

Samples from three Alternaria species, isolated from E. maculata (EM-6, EM-7 

and EM-9) and one Preussia species from E. longifolia (EL-14) showed the most potent 

cytotoxic activity, as assessed by >70% cell death of cancer cells at the highest 

concentrations used and, therefore, were selected for further investigation. All the 

results related to this part of the study were generated by Dr Sally Coulthard and her 

team and are summarised below.  

 

3.3.3.1 Drug sensitivity of cytotoxic endophytes 

EM-6 (Fig. 3.8 A) produced growth inhibition in all three cell lines, with EC50 

values of 46.0 μg/mL, 70.0 μg/mL, 162.0 μg/mL, for PreB, MOLT-4 and A549 

respectively. EM-7 (Fig. 3.8 B) showed greater cytotoxicity and growth inhibition, with 

EC50 values of 3.9 μg/mL PreB, 8.0 μg/mL MOLT-4, 29.7 A549 μg/mL. EM-9 (Fig. 3.8 

C) displayed modest cytotoxicity with EC50 values of 44.6 μg/mL for PreB, 46.4 

MOLT-4 and 156 μg/mL A549. Of the four endophyte extracts investigated in detail, 

EL-14 elicited the smallest cytotoxic effect but was further studied since the originating 

endophyte was not an Alternaria species. The EC50 values for EL-14 (Fig. 3.8 D) were 

as follows; 125.9 μg/mL for PreB and 575.0 μg/mL for Molt-4 however no EC50 value 

was reached for A549 cell line (Fig. 3.8). 
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Figure 3.8: Drug sensitivity curves of PreB 697, MOLT-4 T-lymphoblastoid and Lung cancer A549 

cell lines with A) EM-7; B) EM-6; C) EM-9; D) EL-14. Error Bars represent the standard error of 

mean (SEM) of triplicate results from 3 separate experiments. 

 

A 2-way analysis of variance (ANOVA), was utilized to illustrate that the 

cytotoxic effect of each endophyte was statistically different (p=<0.05) when acting on 

the same cell line, with further analysis of variance used to determine the difference in 

effect of a single endophyte sample on the three cell lines was again statistically 

significant (P=<0.05). 

 

3.3.3.2 HPLC of cytotoxic endophyte agents 

In an attempt to identify the metabolite components within the impure cytotoxic 

endophyte agents, high performance liquid chromatography (HPLC) with detection by 

UV at 254nm was utilised. The endophyte peaks were compared to the known 

endophytic metabolites Alternariol (AOH) and Alternariol methyl-ether (AME) used as 

standards with retention times of 11.2 and 13.9 minutes, respectively (Fig. 3.9). These 

two metabolites had already been shown to have cytotoxic potential against HT29 

human colon adenocarcinoma, human vulva carcinoma A431 and human breast 

adenocarcinoma MCF-7 cancer cell lines (Fehr et al. 2009). 
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Minutes 

A 

D 

C 

B 

All Alternaria species of cytotoxic endophytes (EM-6, EM-7, EM-9) displayed 

peaks corresponding in retention time to both AOH and AME peaks in varying 

concentrations, however these peaks were not represented in the Preuissa minima 

species, EL-14 endophytic agent. EM-6 also contained 3 additional unidentified peaks 

of interest; one of these additional peaks was present in the EL-14 chromatogram but 

was not represented in either EM-7 or EM-9. The EM-6 unidentified peaks were 

represented by peak 7 (retention time 9.1 minutes), peak 8 (Retention time 10.75 

minutes) and peak 11 (retention time 14.5 minutes) on the chromatogram. Peak 11 was 

also present in the EL-14 chromatogram with a similar retention time of 14.5 minutes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9: 4 UV-HPLC (200-600nm absorption range) analysis of endophyte samples, A) EM-6; B) 
EL-14 C) EM-7; D) EM-9 comparing peak formation against known metabolites Alternariol; 
retention time 11.2 minutes and Alternariol monomethyl ether; retention time 13.9minutes. Stars 
indicate peaks of interest for A) EM-6, EL-14 chromatogram. 
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To obtain evidence that the endophyte sample peaks with the same retention 

times as the two pure metabolites, were in fact Alternariol and Alternariol methyl-ether, 

the UV-visible absorbance spectra, obtained from the diode-array detector, of the AOH 

and AME standards (Fig. 3.10) were compared with spectra of the material eluted from 

the endophyte extracts at the same retention times. The UV-visible spectra of the peaks 

eluted from the endophyte extracts with retention times characteristic of AOH and 

AME, respectively, were very similar to those of the AOH and AME standards (Figures 

not shown). These data suggest that AOH and AME are present in the endophyte 

extracts EM-6, EM-7 and EM-9 due to the conservation of the both the Alternariol and 

Alternariol methyl-ether visible spectra within the extracts. 

 

   

 

 

 

 

 

Figure 3.10: Chemical structure of Alternariol monomethly ether (AME) and Alternariol (AOH), 
both identified via HPLC in samples EM-6, EM-7 and EM-9. Alternariol and Alternariol 
monomethyl ether have been shown to act as an inhibitor of the topoisomerase enzyme, 
preferentially affecting the 11 α isoform (Fehr et al. 2008), thus disrupting DNA replication. 

 

3.3.3.3 Drug sensitivity of identified metabolite standards 

Drug sensitivity assays with the identified AOH and AME were carried out to 

compare the cytotoxic effects of the two identified metabolites with the cytotoxic effect 

of the impure endophyte extracts, using EC50 values as direct comparators. AOH and 

AME were tested on the same 3 cell lines used within the endophyte sensitivity assays: 

PreB 697, MOLT-4 and A549 cell lines (Fig. 3.11). AOH demonstrated potent 

cytotoxicity against all 3 cell lines, with EC50 values of 1.6 μg/mL for PreB, 0.86 μg/mL 

for MOLT-4 and 2.69 μg/mL for A549 cell lines. AME however, elicited a weaker 



107 
 

cytotoxic effect with EC50 values of 2.2 μg/mL, 9.8 μg/mL and 11 μg/mL for PreB, 

MOLT-5 and A549 cell lines respectively. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11: Drug sensitivity curves of PreB 697, MOLT-4 T-lymphoblastoid and Lung cancer 
A549 cell lines with A) Alternariol, B) Alternariol methyl-ether. Error Bars represent the standard 
error of mean (SEM) of triplicate results from 3 separate experiments. 2-way ANOVA comparing 
drug effect on different cell line demonstrated statistical significance < 0.0001 in AOH and 0.0009 in 
AME. 

 

A 2-way analysis of variance was used to compare the cytotoxic effects of AME 

and AOH on the three cell lines. The analysis shows that AOH elicits a statistically 

significantly different cytotoxic effect (p=<0.05) when comparing MOLT-4 and A549 

cell lines, as well as a statistically significantly different response between PreB and 

A549 cell lines. However the sensitivity of the MOLT-4 and PreB cell lines were not 

significantly different (P=>0.05.) On analysis of the cellular sensitivity in response to 

AME, all cell lines demonstrated a statistically significant (P= <0.05) different response 

to metabolite agent. 

 



108 
 

3.3.3.4 Comparison of drug sensitivity of pure metabolite against levels of the 

metabolites within endophyte agents 

Since the HPLC data suggest that AOH and AME are present in the endophyte 

extracts EM-6, EM-7, and EM-9, the contribution of these compounds to the overall 

cytotoxicity of the extracts was assessed by re-plotting viability data for the MOLT4 

cell line against the concentration of AOH and AME present in the EM-6, EM-7 and 

EM-9 extracts. For these cells, AME had approximately one-tenth of the activity of 

AOH, so AME concentrations were converted to ‘AOH-equivalents’ so that viability 

assay data could be plotted against the concentration of ‘AOH and AOH equivalents’ in 

the original extracts (Fig. 3.12). This analysis showed that the level of cytotoxicity of 

the EM-6 extract was greater than expected from the concentration of AOH and AOH-

equivalents in the extract. The EC50 for the expected effect of AOH and AOH 

equivalents fell outside the 95% confidence range of the EM-6 extract. 

In contrast, the levels of cytotoxicity of the two other endophyte samples, EM-7 

and EM-9 were similar to those expected from the measured concentrations of AOH 

and AOH-equivalents within these extracts and were within the 95% confidence interval 

for cytotoxicity of these extracts. These results therefore suggest that the majority of the 

cytotoxic effects produced in MOLT4 cells by the EM-7 and EM-9 endophyte extracts 

can be accounted for by the presence of AOH and AME within these extracts. For EM-

6, cytotoxicity can be only partially accounted for by the presence of AOH and AME 

and therefore there must be other compounds within the EM-6 extract that are cytotoxic 

to MOLT-4 cells. 
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Figure 3.12: Drug sensitivity curves comparing the level of sensitivity of the pure AOH metabolite 
with the sensitivity relative to the levels of AOH and ‘AOH equivalents (AME) (abscissa) within the 
impure endophyte agents: EM-6, EM-7 and EM-9 against MOLT-4 cells. 

 

3.3.3.5 Fibroblast drug sensitivity 

The sensitivity of normal primary foreskin fibroblasts to the endophyte extracts 

was assessed to determine whether cytotoxicity is specific to tumour cells (Fig. 3.13). 
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The endophyte concentrations used to treat the fibroblast cells were identical to that 

used in the drug sensitivity assays against the three cancer cell lines. EM-6 was the only 

endophytic agent to elicit a cytotoxic response, eliciting growth inhibition of >70% 

compared to the control vehicle, with an EC50 of 60.0 μg/mL. EM-7, EM-9 and EL-14 

all failed to elicit significant cytotoxicity on the fibroblasts and therefore an EC50 

growth inhibition value could not be estimated. 

To investigate further the resistance of foreskin fibroblast cells, drug sensitivity 

assays were carried out using the AOH and AME metabolite standards. AOH displayed 

a moderate level of cytotoxicity, with an EC50 value of 1.2 μg/mL. However AME 

failed to elicit a level of 50% viability within the fibroblast cells. 

 

 
 

 

 

 

 

 

 

 

 

 

Figure 3.13: Drug sensitivity curves of Primary Foreskin Fibroblast normal cell line with A) EM-6, 
EM-7, EM-9; B) EL-15; C) AME; D) AOH. Error Bars represent the standard error of mean 
(SEM) of Duplicate results from 2 separate experiments. 

 

3.4 Discussion 

The sourcing of enzymes depends on criteria such as the availability of source, 

the cost of source material and the ease of recovery (Nirmal et al. 2011). Microbes are 

the preferred source of enzymes in industrial applications because of their rapid growth 

and low production cost compared to enzymes from plants and animals (Laxman et al. 

2005).  
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In the current study, screening of enzyme production, antibacterial and 

anticancer activities from a collection of endophytic fungi isolated from the Australian 

native plants, E. longifolia and E. maculata, are described.  These plants were selected 

as a source of endophytes as they have an established ethnobotanical history and are of 

great importance to the aboriginal people of Australia due to their medicinal properties 

(Richmond and Ghisalberti 1994).  

 

3.4.1 Enzyme activity 

Proteolytic enzymes used by the detergent, food and leather industries make up 

about 50 % of total enzyme sales, followed by carbohydrases such as amylases, 

cellulases and hemicellulases used in the food, pharmaceuticals, textile, detergent, pulp 

and paper and baking industries, for the manufacture of animal feed (McAuliffe et al. 

2007) and the production of biofuels (Sivaramakrishnan et al. 2006; Yeoman et al. 

2010). Furthermore, enzymes that are capable of breaking down complex carbohydrates 

such as xylan and lignin could have important consequences for bioremediation by 

aiding in the safe removal of oragnopollutants and environmental applications (Zhang et 

al. 2006, Peterson et al. 2009a). This information emphasizes the reason of choosing 

these five enzymes in this study.  

Enzyme activity was observed over a broad range of physical conditions which 

may be attributed to the host plants under investigation. The specific role of host-

endophyte interactions is not well-defined and the presence of endophytes in 

Eremophila may well be mainly as a predatory defence mechanism of the plant (Strobel 

et al. 2004, Zhang et al. 2006). The name Eremophila means ‘desert loving’ and this 

genus is found throughout Australia, predominantly in arid conditions. Its adaptability 

and tolerance to climatic conditions may reflect the enzyme production of its 

endophytes which are able to perform at a wide range of pH and temperature conditions. 

Tolerance to variance in physical conditions may be seen as an adaptive measure to 

variable climatic conditions. The isolates showing activity over the widest physical 

conditions were chosen for further analysis using crude extracellular enzyme extracts 

(Peterson et al. 2011a). The enzyme characteristics that have been necessary for the 

survival of the endophytic fungi in their ecological niche can also be valuable to 

industry. For example, the manufacture of pulp, paper and textiles requires enzymes that 
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are active at a high temperature and high pH; dairy and other food production processes 

often require enzymes to function at a low temperature and low pH; enzymes for 

inclusion in detergents for washing in cold water need to be active at a low temperature 

and high pH (Lange 2004).  

Isolates EL-14 (P. minima), EL-15 (Alternaria sp.) and EL-13 (unclassified 

fungus) showed maximum amylase activity over the range of temperatures and pH (Fig. 

3.5a and 3.5b). EL-14 was active across all temperatures and a broad range of pH, thus 

its enzymes have potential application in the confectionary industry and food or 

detergent industry where enzymatic breakdown of starch is required (Ghorbel et al. 

2009, Asoodeh et al. 2010). EL-13 showed the highest relative amylase enzyme 

activity. Its preference for higher temperatures and slightly acidic pH make it useful in 

the baking industry (Hmidet et al. 2009). EL-15 showed amylase production at the 

extremes of the temperature range. This was an interesting observation and suggests that 

these enzymes could be exploited in the textile and detergent industries (Ghorbel et al. 

2009, Hmidet et al. 2009) where enzymes are needed for catalytic action on stains at 

high and low temperatures, respectively.  

Proteases represent one of the three largest groups of industrial enzymes 

employed as detergents, in leather, food and pharmaceutical industries and in 

bioremediation processes (Najafi et al. 2005). Endophytes EL-3 (Stemphylium sp.), EL-

7 (unclassified fungus), EL- 8 (Phoma herbarum), EL-9 (Phoma sp.) and EL-17 

(Alternaria alternata) demonstrated highest protease production, tolerance to 

temperature and pH fluctuations and were the most promising of the fungi assayed (Fig. 

3.5c and 3.5d). In the production of protease from microbes, the secretory fungal 

proteases are favoured compared with those from bacteria as cell removal is less 

complicated during downstream processing (Shankar et al. 2011, Nirmal et al. 2011).  In 

addition, they offer many advantages due to their activity over a wide range of pH and 

broad substrate specificity (Rani et al. 2012) and can be used in different industrial 

applications such as the leather industry (Dayanandan et al. 2003, Devi et al. 2008, 

Murthy and Naidu 2010), cheese-making (Fazouane-Naimi et al. 2010, e Silva et al. 

2011) and milk-clotting (Benlounissi et al. 2012, Fazouane-Naimi et al. 2010). In 

addition, fungi exhibit a wider variety of proteases than bacteria. Furthermore, fungi are 

normally GRAS (generally regarded as safe) and they produce extracellular enzymes, 

which are easier to recover from fermentation broths (Wu et al. 2006). Much 
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importance is given to fungal enzymes in agriculture, industry and human health 

because of their stability at high temperature and extreme pH compared to the enzymes 

derived from plants and animals (Maria et al. 2005). However, the application of fungal 

proteases is not extensive compared with bacterial proteases due to their low reaction 

rate and heat tolerance (Rani et al. 2012, Nirmal et al. 2011). Therefore, further studies 

to exploit the new fungi as well as their characteristics need to be carried out.  

Many industries produce lignocellulosic wastes in vast quantities, including pulp 

and paper, agriculture and forestry.  Municipal solid waste and animal waste are also 

contributing factors.  However, much of the lignocellulosic waste can potentially be 

converted into useful commodities, particularly biofuels (Dashtban et al. 2009). 

Treatment of this waste commonly employs a combination of chemical and electrical 

energy, which generates toxic wastewater and other associated environmental pollutants 

(Singh et al. 2010, Chen et al. 2013).  It is suggested that many of these problems could 

be abated by utilising microorganisms that are capable of degrading or partially 

degrading much of this lignocellulosic waste (Dashtban et al. 2009).  Depending on the 

specific conditions employed by that industry, enzymes that are naturally active under 

those conditions would be favourable to those enzymes that are not.  For example, in the 

case of degrading lignocellulosic waste in the pulping industry, enzymes that are active 

at higher temperatures and alkaline conditions would be preferred (Peterson et al. 

2011a).  Although there are already examples of fungi and their enzymes being used in 

the pulping industry, there is a need to identify further sources of these enzymes that 

may provide increased suitability to industry conditions (Singh et al. 2010). 

Ligninases and xylanases are particularly useful in the pretreatment of wood 

chips; ligninases degrade the lignin component of wood, while xylanases are useful in 

breaking down hemicelluloses, thus increasing the accessibility of the cellulose 

components of waste materials.  In the pulping industry, this is termed ‘biopulping’ and 

has the advantages of reducing the amount of effluent toxicity produced by traditional 

treatment methods (Singh et al. 2010).  Many fungi secrete extracellular versions of 

these enzymes, which make them promising candidates in the pretreatment of 

lignocellulosic waste.  Therefore, Identifying fungi which exhibit high levels of activity 

for these enzymes maybe of interest to many industries; thermophilic enzymes may 

further be well-suited to the conditions experienced under industrial processes 

(Dashtban et al. 2009, Ko et al. 2011).  
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The preliminary screening for active enzymes on a range of substrate plates did 

not yield positive results for all isolates among the endophytic fungi samples isolated 

from E. maculata.  However, the production of xylanases and ligninases was notable for 

several isolates (Fig. 3.6a).  Since xylanase and ligninase have important uses in 

bioremediation and bioconversion of waste products in industry, it was decided to 

further study those isolates exhibiting activity for these enzymes under different pH and 

temperature conditions. 

Notably, EM-1 and EM-4, identified as Phoma and Sporormiella sp, displayed 

enzyme activity under variable conditions (Fig. 3.6b and 3.6b).  Interestingly, the 

Phoma sp isolate (EM-1) exhibited both xylanase and ligninase activity, which was 

observed at higher pH and at a range of temperatures.  The Preussia (Sporormiella sp) 

isolate exhibited only xylanase activity, but also showed some versatility, secreting 

active enzyme at the lower pH range and at higher temperatures. Both isolates display 

potential enzymatic properties for use in various industries.  The stability of xylanase at 

higher temperatures has promising applications in bleaching pretreament in the pulp 

industry, termed biobleaching (Ko et al. 2011).  It is further suggested that the use of 

thermophilic fungal species may reduce energy costs in other industries dealing with 

lignocellulosic waste (Dashtban et al. 2009).  However, the lower temperatures favoured 

by EM-1 (Phoma sp) may have applications for in situ bioremediation of soil and 

waterways or in detergents where lower temperatures are more commonly desired or 

experienced (Peterson et al. 2009a). 

However, screening for enzyme activity performed in this chapter provided a 

crude analysis only.  It would be advisable to further investigate all isolates on the 

various substrate plates under a range of pH and temperature conditions to determine 

the optimum conditions for each of these selected endophytic fungi with higher enzyme 

activity.  It is possible that the enzyme activity for some isolates was not observed due 

to unfavourable incubation conditions. Similarly, those isolates displaying positive 

results could be further examined over a broader pH and temperature range with 

different sources of carbon and nitrogen to determine more accurately the optimised 

conditions favoured for each isolate to secrete active enzyme (Peterson et al. 2011a). 

The method used to give a numerical value of relative enzyme activity (Peterson et al. 

2009a) provided an approximate estimate of activity only.  For those isolates exhibiting 

positive results, further investigations such as using liquid cultures, enzyme 
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characterisation by enzyme assays and zymogram gels is warranted (Peterson et al. 

2011a). A limitation of using substrate agar plates in order to determine enzyme activity 

is that it does not take into account the size of the fungal colony in relation to the 

amount of enzyme activity displayed. Therefore, fungal species that grow faster or more 

prolifically could be considered to have higher enzyme activity simply due to the higher 

secretion capacity that arises from the greater number of hyphae, not necessarily due to 

the specific activity of the enzyme itself. This is particularly an issue when comparing 

the enzyme activities of different species of fungi with different growth patterns, as was 

attempted in the work described here.  

Enzymes from endophytes of E. longifolia and E. maculata were active over a 

range of pH and temperature conditions, a property that may exploited in commercial 

applications. Thermostable amylase and protease have already been reported from 

endophytes inhabiting other plant sources (Stamford et al. 2001, Schulz et al. 2002) and 

Eremophila is seen as a new promising candidate for this area of study. The production 

of extracellular enzymes is a fundamental aspect of fungal biology as enzymes are 

needed to obtain nutrients, colonise plant tissues and survive in plant-microbe 

relationships. Several enzymes produced by soil fungi (proteases, lipases, amylases, 

cellulases, b-1,6glucanase rhamnogalcturonanlyase, laccase, xylanase, and mannanase) 

have been employed in various industries. These enzymes are also produced by 

endophytic fungi and have biochemical properties adapted to the fungi’s natural 

environment, thus distinguishing them from those produced by soil fungi (Borges et al. 

2009). Therefore, research in endophytes may lead to the identification of enzymes with 

novel or improved biotechnological applications. In particular, efforts to establish the 

optimal conditions for enzyme production by endophytic fungi have gained momentum 

in the last decade (Borges et al. 2009). Endophytic fungi have a great metabolic 

flexibility that facilitates their natural survival and also makes them attractive organisms 

for the production of particular enzymes of interest. The search for new enzymes with 

natural characteristics that suit industrial processes is an ongoing area of research 

besides the optimization of their fermentation to increase productivity and provide for 

developing technologies. Large biotechnology companies often rely on universities and 

small companies to provide leads based on environmental screening projects (Laird et 

al. 2006). Since fungi do not naturally produce enzymes at levels high enough for 

commercial purposes, fermentation improvement programs are undertaken to increase 
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the secretion of target enzymes to levels that are economically sustainable. 

Consequently, environmental screening programs are used to seek enzymes from 

various environments, with the view to express these enzymes in highly secreting 

production hosts (Teter and Cherry 2005). In summary, preliminary investigation of a 

collection of endophytic fungi isolated from Australian native plants indicates that they 

are promising sources of enzymes (Table 3.2) that may have applications in a wide 

range of industries. However, further study including purification and optimization of 

enzyme production needs to be performed to assess their suitability in the industrial 

environment. In addition, scale-up experiments will need to be carried out to establish 

whether the fungi will be suitable for industrial scale production of enzymes.  

 

3.4.2 Antibacterial activity 

Although bacteria and fungi have provided chemicals and compounds important 

in the manufacture of drugs and medicines (Suryanarayanan et al. 2009), limited 

knowledge currently exists regarding the potential medicinal value of Australian 

endophytic fungal species (Mapperson et al. 2014).  For this reason, a focused approach 

for host selection is preferred and the enthanomedicial approach for host selection is a 

great starting point. Various civilizations throughout the world have used, and continue 

to use, plants and their extracts to treat medical conditions (Demain and Sanchez 2009). 

Eremophilia has been used in the form of a medicinal paste to treat cold and bruises by 

the Australian aboriginal community (Clarke 1988). The potential association of its 

endophytes with the medicinal effects of the plants is an interesting field of study. 

Similar successful research has been performed and a novel wide-spectrum antibiotic, 

designated as Munumbicin, was discovered from the endophytes of Kennedia 

nigriscans which is also used as a medicinal plant by the Australian aborigines (Castillo 

et al. 2002). The success of Munumbicin provides encouragement for the research 

performed in this study. It is unsurprising, therefore, that endophytic fungi are being 

examined for potential novel and bioactive compounds. Indeed, it is estimated that 

fungal endophytes may actually be metabolically more active than their soil 

counterparts, precisely because the endophytes must produce a range of defences to 

protect themselves in planta (Suryanarayanan et al. 2009). 
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Endophytic fungi have already been identified as producing a vast array of 

natural bioactive compounds, including anti-oxidants, anti-inflammatory agents, insulin 

receptor activators, with further studies screening for antibiotics and anti-cancer 

chemicals (Suryanarayanan et al. 2009).   

Notably, the fungal isolates investigated in this study have only been evaluated 

for antibacterial properties on four bacterial species; the range of action should thus be 

extended to other clinically important bacterial species.  Some of these isolates 

including EL-15, EL-16, EL-17, EM-4 and particularly EL-4 showed promising 

activities against S. aureus (Table 3.3), and it would be interesting and of clinical 

importance to investigate these isolates were active against various strains of drug-

resistant S. aureus (Arivudainambi et al. 2011).  In addition, the inhibition of B. cereus 

by some isolates may be of interest to the food industry (Lawrence and Palombo 2009) 

as these fungi may have active ingredients that can be potentially used as anti-

sporulating agents (Table 3.3 and Table 3.4).   Furthermore, the bioactive ingredients of 

these fungi which confer the antibacterial properties should be identified and 

characterised since these may have additional medical or pharmaceutically important 

features (Strobel and Daisy 2003). Interestingly, EM-4 (Preussia) seemed to exhibit a 

broader range of antibacterial action, inhibiting growth of both gram-negative and gram-

positive bacteria, it would be a good candidate for the further study of antimicrobial 

activity.  

Determination of the MIC would help understand the minimum concentration 

required to show an antibacterial effect and would help in conservation of product and 

also avoid non-target specific toxicity (Andrews 2001).  It would also give an 

opportunity to understand its comparative commercial potential and viability as a 

product as compared to standard antibacterial agents. In summary, 13 endophytic fungi 

revealed antibacterial activity against various bacteria. Separation and identification of 

the active compound demonstrating the antibacterial activity would be a future avenue 

of research utilising techniques such as Thin Layer Chromatography (TLC), bio-

autography and column chromatography (Yu et al. 2010c).  

The results of this work described in this chapter and related to enzyme activity, 

were used to select fungal isolates for further enzyme optimization (Chapter 4) and 

characterisation in liquid cultures (Chapter 5). Overall, 26 endophytic fungi belonging 

to a range of different species were screened for enzyme and antibacterial and 



118 
 

anticancer activities. EL-14, EL-17 and EM-4 seem to be potential sources of different 

type of enzymes including amylase, protease and xylanase, respectively, which are in 

high demand in industrial and environmental applications, so more study is needed to 

determine the optimal conditions and suitable applications. This will be described in 

Chapter 4.  EL-4 showed promising activities against S. aureus and it would be of 

clinical importance to investigate activity against various strains of drug-resistant S. 

aureus. EL-11 and EL-13 may be of interest to the food industry because of their 

highest antibacterial activities against B. cereus which is a spore-forming food 

poisoning species.  

 

3.4.3 Anticancer activity 

Work by collaborators showed that EM-6, EM-7, EM-9 and EL-14 demonstrated 

varying levels of toxicity on a range of different cancer cell lines. The development of 

the experimental rationale allowed progression of research and provided promising 

results towards the application of endophytes to anti-cancer therapies. However, a few 

unanswered questions are crucial to the progression and identification of compounds 

produced by the most cytotoxic endophyte, EM-6. The presence of unidentified peaks 

within the chromatogram teamed with the fact the agent contained the lowest 

concentration levels of the two previously identified metabolites, Alternariol and 

Alternariol mono-methyl ether, suggest that another metabolite is contributing to the 

increased cytotoxicity and therefore identification of these peaks is necessary.  
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Chapter 4  
 

 

Optimization of the fermentation of three selected 
enzymes and scale-up production of amylase using a 
bioreactor system 
 

4.1 Introduction: Enzyme secretion by endophytic fungi 

Industrial enzymes are commonly sourced from microorganisms, including 

bacteria and fungi, and microbial enzymes which are produced by fermentation of 

microorganisms presently account for approximately 90% of all enzymes used in 

industry. In addition, at least 75% of all industrial enzymes have hydrolytic activity, 

being used for the degradation of different natural substances (Godfrey and west 1996, 

Souza and Magalhäes 2010). Hydrolytic enzymes are one of the most important groups 

of enzymes in an industrial setting and they are attractive in comparison to chemical 

catalysts due to their low environmental impact, high substrate specificity and their 

worldwide sales per year. In 2000, the global market for industrial enzymes was 

estimated at $2 billion and continues to increase by 5-10% annually (Nevalainen and 

Te’o 2003). In response to this demand, environmental screening is used to seek new 

enzymes to introduce to large-scale fermentation processes at an industrial level.  

One rationale for screening fungal endophytes as a potential source of these 

enzymes relates to the hypothesised mutualistic relationship between the endophyte and 

its host plant (Schulz et al. 2002, Sunitha et al. 2013).  Thus, identifying plants that 

inhabit unique and harsh environments may give refuge to endophytes that have 

evolved strategies to cope with these conditions. Of importance to industry, these fungal 

endophytes may produce extracellular enzymes that are heat stable and retain activity 

under high or low pH conditions (Beg et al. 2001). Eremophila longifolia and E. 
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maculata are endemic to Australia, and are well adapted for the harsh, dry climate of the 

Australian desert.  Conversely, the plants may also survive in mild frost conditions.  

Together with this unusual adapted physiology and their strong ethnobotanical use by 

native Australians, these plants become prime candidates for isolating endophytic fungi 

and screening their hydrolytic enzymes activities in this study. 

 

4.1.1 Amylase  

Amylases account for 30% of world enzyme production and are important 

industrial enzymes which are able to degrade starch by catalyzing the hydrolysis of 

glycosidic bonds between amylose and amylopectin moieties of the polysaccharide 

(Singh et al. 2011, Pengthamkeerati et al. 2012). Enzymatic hydrolysis offers many 

advantages for industrial production such as greater control and high specificity of 

reaction, better stability of generated products, lower energy requirements and the 

elimination of neutralization steps (Singh et al. 2011). These advantages, together with 

improved yields and favorable economics, make them available for a wide range of 

applications. 

There are three main types of amylase including α-amylase, β-amylase and γ-

amylase (Fig 4.1). The α-amylases are calcium metalloenzymes which are only active in 

the presence of calcium. They degrade long-chain carbohydrates at random sites along 

the starch chain to produce final products including maltotriose and maltose from 

amylose, or maltose, glucose and "limit dextrin" from  amylopectin. β-amylases only 

degrade the second  α-1,4  glycosidic  bonds of starch from the non-reducing end to 

form two maltoses at a time. β-amylases are not present in animal tissues. γ-amylases 

act at α(1-6) glycosidic bond and also cut the last α(1-4) glycosidic  bond at the non-

reducing end of amylose and amylopectin to form glucose. It cleaves effectively in 

acidic environments and has an optimum pH of 3 (Singh et al. 2011). Amylase can be 

obtained from microorganisms by submerged fermentation (SmF) and solid state 

fermentation (SSF) (Singh et al. 2011, Pengthamkeerati et al. 2012). SmF has 

advantages, such as the ease of sterilization and process control, but SSF offers some 

benefits compared with SmF such as higher  yields  in  a shorter  incubation  period,  

better  oxygen  circulation, resemblance to natural habitats for filamentous fungi, high 

volumetric productivity, relatively higher  concentration of products, less effluent 
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generation, requirement for simple fermentation equipment, less effects in downstream  

processing and low energy consumption (Nigam and  Singh 1995, Pandey et al. 2000a, 

Pandey et al. 2000b, Singh et al. 2011). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: Three main types of amylase (Was taken from Singh et al. 2011) 

 

Amylase can be collected from plants, animals and microorganisms. However, 

amylase production from microorganisms has advantages such as the economical bulk 
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production capacity and the ease of manipulation to obtain enzymes of desired 

characteristics (Singh et al. 2011). However, the industrial application of amylase is 

limited because of extreme conditions, especially with respect to pH and temperature.  

 

4.1.1.1 The applications of amylase 

Amylase offer many potential applications for commercial production in the 

food, textiles,  paper industries (Fogarty and Kelly 1979), bread  making (Cheetham 

1980), glucose and fructose syrups, detergents, fuel ethanol from starches (UpaDek and 

Kottwitz 1997), fruit juices (Wiseman 1980), alcoholic beverages (Macleod 1979), 

sweeteners  (Peppler and Periman 1978),  digestive  aids  and  spot removers for dry 

cleaning (Peppler and Periman 1978).  In addition, the α-amylases from bacteria can 

also be used in some other areas such as clinical and analytical chemistry (Pandey et al. 

2000b, Arican 2008). All of these diverse applications and their suitable standard fungi 

are listed in Table 4.1. 

 

Table 4.1: Uses of Amylase in various sectors of industry (modified from Kirk et al. 2002, 

Satynanarayana et al. 2006, Sivaramakrishnan et al. 2006). 

Amylase in industry Application Standard fungal sources 

Beverage industry Starch removal from pectin Humicola grisea  

Detergent industry remove starch stain Mucor rouxianus  

Paper industry Reduction of viscosity of starch/ Starch 

coating  

Penicillium oxalicum  

 

Pharmaceutical 

industry 

Used as a digestive aid 

 

Aspergillus oryzae  

 

Textile industry Warp sizing of textile fibres Thermomyces 

lanuginosus 

 

4.1.1.2 Optimum conditions of amylases used in industry  

In the production of enzyme from microbes, the secretory fungal enzymes are 

favoured compared with those from bacteria as cell removal is less complicated during 

downstream processing (Nirmal et al. 2011).   
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Physical and chemical parameters for each fermentation process must be 

optimized with regards to the feasibility of the process as well as any economic impacts 

(Francis et al. 2003, Souza and Magalhães 2010). Specifically for α-amylase production, 

the effects of various factors, including composition of the growth medium, pH, 

temperature, metal ions, and carbon and nitrogen sources have been explored in order to 

match a specific property such as thermostability, pH profile, pH stability, or Ca-

independency to a particular application. For example, α-amylases used in the starch 

industry must both be active and stable at a low pH, whereas in the in detergent 

industry, high pH values are required (Sajedi et al. 2005, Couto and Sanromán 2006). 

The physical and chemical properties of α-amylases from bacteria and fungi shown in 

Table 4.2a and 4.2b (Gupta et al. 2003, Souza and Magalhães 2010) indicate 

unexplored, alkaline microbial amylase with optimal lower temperature that can be 

utilized in the detergent industry, further strengthening our research involving amylase 

isolated from the endophytic fungus, Preussia. minima.   

Preussia contains seven different species (P.mediterranea, P. australis, P. 

africana, P. isabellae, P. similis, P. minima and P. intermedia); they have similar 

morphology (Arenal et al. 2007) and so far are not reported as sources of enzymes. 

Recently, Mapperson et al. (2014) described that limited knowledge exists regarding 

species diversity and antimicrobial activity of endophytic isolates of Preussia within 

Australia. They reported endophytic Preussia species that were identified through 

molecular analysis of the internal transcribed spacer region and their antibacterial 

activities. 

The current work is of particular significance because it represents the first time, 

to our knowledge, that the Preussia species has been explored for their amylase (EL-14) 

and xylanase (EM-4) activites. These fungi were isolated from two different species, E. 

longifolia and E. maculata (Chapter 2). EL-14 (P. minima) was selected for the 

secretome study and proteomic analysis (Chapter 5) because a broad range of amylase 

activities were displayed by the isolate in the agar plate assays (Chapter 3), liquid assays 

and zymograms (this chapter and Chapter 5).   
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Table 4.2a: Properties of bacterial α-amylases (Souza and Magalhães 2010) 

Microorganism Fermentation pH 

optimal/ 

stability 

Temperature 

optimal/ 

stability 

Molecular 

weight 

(kDa) 

Bacillus amyloliquefaciens SmF 7.0 33 °C - 

Chromohalobacter sp. TVSP 101 SSF 7.0 - 9.0 65 °C 72 

Caldimonas taiwanensis sp. nov.  7.0 55 °C - 

Halobacillus sp MA-2 SmF 7.5 - 8.5 50 °C - 

Haloarcula hispânica  6.5 50 °C 43.3 

Bacillus sp. PS-7 SSF 6.5 60 °C 71 

Bacillus subtilis SSF 7.0 37 °C - 

Bacillus subtilis DM-03 SSF 6.0–10.0 50 °C - 

Bacillus subtilis KCC103 SmF 6.5 37 °C - 

Bacillus sp. KCA102  71 57.5 °C - 

Bacillus sp. AS-1 SSF 6.5 50 °C - 

Bacillus caldolyticus DSM405 SmF 5.0-6.0 70 °C - 

Bacillus sp. Ferdowsicous  4.5 70 °C 53 

Halomonas meridiana SmF 7.0 37 °C - 

Rhodothermus marinus SmF 6.5 - 7 85 °C - 

Bacillus sp. KR-8104  4.0 - 6.0 70-75 °C 59 

Bacillus licheniformis GCBU-8 SmF 7.5 40 °C - 

Halobacillus sp MA-2 SmF 7.5 - 8.5 50 °C - 

Bacillus sp. I-3 SmF 7.0 70 °C - 

Bacillus sp. PN5 SmF 10 60 °C - 

Bacillus subtilis SSF 7.0 37 °C - 

Bacillus subtilis JS-2004 SmF 7.0 50 °C - 

Bacillus sp. IMD 435. SmF 6.0 65 °C - 

Bacillus subtilis SmF 7.0 135 °C - 

Halomonas meridiana SmF 7.0 37 °C - 

Bacillus dipsosauri DD1  6.1 60 °C 80 

 

  



125 
 

Table 4.2b: Properties of fungal α-amylases (Souza and Magalhães 2010) 

Microorganism Fermentation pH 

optimal/ 

stability 

Temperature 

optimal/ 

stability 

Molecular 

weight 

(kDa) 

Nocardiopsis sp.  5.0 70 °C - 

Geobacillus thermoleovorans  7.0 70 °C - 

Lactobacillus fermentum Ogi E1  5.0 30 °C  

Lactobacillus manihotivorans LMG 

18010T 

SmF 5.5 55 °C 135 

Thermomyces lanuginosus ATCC 

58160 

SSF 6.0 50 °C - 

Thermomyces lanuginosus ATCC 

200065 

 6.0 50 °C - 

Aspergillus niger SSF 5.5 70 °C - 

Aspergillus sp. AS-2 SSF 6.0 50 °C - 

Aspergillus niger UO-1 SmF 4.95 50 °C - 

Aspergillus niger ATCC 16404 SmF 5.0 / 6.0 30 °C - 

Aspergillus oryzae  5.0 –9.0 25-35 °C - 

Aspergillus oryzae CBS570.64 SSF 7.0 35 °C - 

Aspergillus oryzae NRRL 6270 SSF  30 °C - 

Aspergillus oryzae CBS 125-59 SSF 6.0 30 °C - 

Aspergillus fumigatus SmF 6.0 30 °C - 

Aspergillus kawachii  3.0 30 °C 108 

Cryptococcus flavus  5.5 50 °C 75 

Penicillium fellutanum SmF 6.5 30 °C - 

Pycnoporus sanguineus SmF 7.0 37 °C - 

Pycnoporus sanguineus SSF 5.0 37 °C - 

Mucor sp.  5.0 60 °C - 

Saccharomyces kluyveri YKM5  5.0 30 °C - 
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4.1.2 Protease 

Proteases are one the major enzymes utilised widely as detergents, in the leather, 

food and pharmaceutical industries and for bioremediation processes (Najafi et al. 

2005).  Indeed, proteases make up 60-65% of the world-wide enzyme market which 

signifies their importance to industry (Saran et al. 2007). They play important roles in 

the metabolism of organisms and can be collected from plants, e.g. papain extracted 

from papaya (Carica papaya, Caricaceae) (Konno et al. 2004, Rani et al. 2012), from 

animals, e.g. chymotrypsin extracted from pancreatic extract (Rocha et al. 2012, Rani et 

al. 2012) and from microbes, e.g. protease extracted from Fusarium sp. BLB (Ueda et 

al. 2007). Microorganisms represent an excellent source of intracellular and/or 

extracellular proteases (Gupta et al. 2002).   

Physiologically, extracellular proteases act as a catalyst in the hydrolysis of large 

proteins into smaller molecules for later absorption by the cell whilst intracellular 

proteases are important in regulating metabolism (Rao et al. 1998).   

Proteases can be categorized in the different ways. For example, on the basis of 

their capability to hydrolyze specific proteins (keratinase, elastase, collagenase, etc.), on 

the base of the pH range over which they are active (acid, neutral, or alkaline), or on the 

basis of their resemblance to well-characterized proteases such as pepsin, trypsin, 

chymotrypsin, or the mammalian cathepsins. The most standard classification scheme is 

based on the catalytic mechanism (North, 1982). Proteases are now classified into six 

broad groups including (Fig 4.2) serine proteases, threonine proteases, cysteine 

proteases, aspartate proteases glutamic proteases and metalloproteases (Rao et al. 1998, 

Barrett et al. 2003). According to the Nomenclature Committee of the International 

Union of Biochemistry and Molecular Biology, proteases can be categorized based on 

the requirement of critical amino acids for the catalytic function (e.g., serine protease) 

or the optimal pH for their activity (acidic, neutral, or alkaline protease) or the cleavage 

site (e.g., aminopeptidases, which cleave at the free N terminus of the polypeptide 

chain, or carboxypeptidases, which cleave at the C terminus of the polypeptide chain).  

Generally, proteases are produced by SSF and, SmF. In SSF, different substrates 

are used to solidify the medium, like wheat bran (Soares et al. 2010), rice bran 

(Sumantha et al. 2006), soybean cake (Rajmalwar and Dabholkar 2009), or combination 

of substrates like sunflower meal and wheat bran (Haq and Mukhtar 2004). In SmF, 

microorganism grows in liquid media supplemented with protein rich sources like 
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soybean meal (Mirzaei and Mirzaei 2010) and wheat bran (Soares et al. 2010). It is clear 

that the media play an important role in designing the experiments for specific research. 

The media can be optimal for microbial growth but may not be optimal for the 

production of secondary metabolites of interest. 

 

 

Figure 4.2: Five main types of protease (Was taken from Turk 2006) 
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4.1.2.1 The applications of proteases 

Fungal proteases have a wide range of pH (pH 4 to 11) and substrate specificity 

(Nirmal et al. 2011); hence, they offer many potential applications for a wide range of 

industries. For example, fungal alkaline proteases can be used to recover silver from 

waste X-rays films (Prema and Vandana 2012) and potentially be applied in the leather 

industry (Dayanandan et al. 2003, Kalpana Devi et al. 2008, Murthy and Naidu 2010). 

In addition, the fungal acid proteases with narrow pH and specificity of temperature are 

playing important roles in cheesmaking (e Silva et al. 2011, Fazouane-Naimi et al. 

2010) and in milk-clotting (Benlounissi et al. 2012, Fazouane-Naimi et al. 2010). 

Fungal neutral proteases with high peptidase activity have replaced other sources (plant, 

animal, and bacteria) and provide an important group of enzymes, widely used in food, 

beverage and pharmaceutical industries (e Silva et al. 2011). 

In addition, fungi exhibit a wider variety of proteases than bacteria, they offer 

many advantages due to their activity over a wide range of pH and broad substrate 

specificity (Rani et al. 2012). Furthermore, fungi are normally GRAS (generally 

regarded as safe) strains and they produce extracellular enzymes, which are easier to 

recover from fermentation broths (Wu et al. 2006). However, the application of fungal 

proteases (Table 4.3) is not great compared with bacterial proteases due to their low 

reaction rate (Rani et al. 2012, Nirmal et al. 2011). Therefore, further studies to 

characterize new fungal sources of proteases need to be carried out.  

 

Table 4.3 Uses of fungal proteases in various sectors of industry (Barata et al. 2002, Dayanandan et 

al. 2003, Nouani et al. 2011). 

Protease in industry Application Standard fungal sources 

Baking industry Biscuits, cookies  Aspergillus sp 

Dairy industry Milk clotting, infant formulas  Mucor sp 

Detergent industry Protein stain removal  Fusarium oxysporum  

Leather industry Unhairing, bating  Rhizopus sp 

Paper industry Biofilm removal Tritirachium album 
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4.1.2.2 Proteases extracted from endophytic fungus, Alternaria alternata 

The choice of enzyme sources depends on criteria such as the availability of 

source, the cost of source material and the ease of recovery (Nirmal et al. 2011). For 

example, producing proteases from plants requires the cultivation of substantial land, 

suitable climates for plant growth and additional processing time. With the production 

of animal proteases, policies involving the use of experimental animals must be 

followed (Rani et al. 2012). Thus, microbial proteases offer many advantages such as a 

readily available source and lower production costs. With respect to microbial 

proteases, the secretory fungal proteases are preferred compared with those from 

bacteria because of simple methods (e.g. filtration) to remove the mycelium from the 

culture media (Nirmal et al. 2011) and a wide range of pH and substrate specificity 

(Rani et al. 2012). In addition, according to Dunaevskii et al. (2006), fungal proteases 

play important roles in the survival of fungi because they can metabolize the 

macromolecules in the media into nutritional substrates which support fungal growth.  

The purification of proteases and the identification of their properties from the 

filamntous fungus, A. alternata, had been carried out previously (Patil and Shastri 1985, 

Dunaevsky et al. 1996, More et al. 2009). These results showed that the Alternaria 

alternata produced different types of proteases (e.g. alkaline protease, acid protease) 

when cultured on different media (e.g. solid media or submerged fermentation). Patil 

and Shastri (1985) isolated one neutral and two alkaline proteases from Alternaria 

alternata cultured on wheat bran Czapek Dox medium and Dunaevsky et al. (1996) 

used affinity chromatography combined with gel filtration to purify the extracellular 

protease Alternaria alternata and concluded that it was a  serine protease. More et al. 

(2009) reported that Alternaria alternata in submerged culture used different substrates 

and produced different quantities of protease. Using soybean seed powder as the carbon 

source gave the highest quantity of protease. 

In addition, the roles of inducing agents (e.g. fructose), various metal ions and 

inhibitors on the stability at higher temperatures and in alkaline pH have been assessed. 

For example, Patil and Shastri (1985) reported that fructose has a positive effect to the 

production of protease from Alternaria alternata and also affected to the characteristics 

of neutral and alkaline protease extracted from Alternaria alternata. The specific 

activity of proteases significantly increased from 119.2 U/mg to 545 U/mg in the 

absence and presence of fructose, respectively (Patil and Shastri 1985). 
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4.1.3 Xylanase 

Xylanases occupy about $200 million of the world-wide enzyme market because 

they are considered as important group of carbohydrolases (Katapodis et al. 2007). 

Enzymes that have the ability to break down complex carbohydrates such as xylan (Fig 

4.3) and lignin have great potential for bioremediation by assisting in the safe disposal 

of organo-pollutants (Polizeli et al. 2005, Zhang et al. 2006, Peterson et al. 2009a). 

Furthermore, the lignocellulosic wastes derived from agricultural practices and 

industrial processes offer potentially biodegradable material that can be converted into 

valuable products such as biofuels, chemicals and cheap energy sources for 

fermentation (Dashtban et al. 2009, Sakthiselvan et al. 2012).  

Xylanases are induced by pure xylan in Aspergillus ochraceus (Biswas et al. 

1990), Trichoderma viridae (Gomes et al. 1992), Rhizomucor pusillus (Hoq and 

Deckwer 1995) and also produced with cellulose by rotium rolfsii (Haltrich et al. 1994). 

Xylans are known as major components of hemicelluloses because they contribute to 

approximately 20-35% of the dry weight of plant cell walls. Xylans are degraded by 

xylanases which have great industrial potential because of their application in food 

processing and paper manufacture. Additionally, xylanases are employed to enhance the 

nutrient value of animal diets (Soliman et al. 2012) by supplementing feed to increase 

the effective digestibility of crude fat, crude protein, crude fibre and organic matter, and 

improve the adsorption of energy (Xu et al. 2008b). 

 

 
Figure 4.3: Structure of xylan and the sites of its attack by xylanolytic enzymes. The backbone of 

the substrate is composed of 1, 4- β-linked xylose residues. Ac., Acetyl group; α-araf., α-

arabinofuranose; α-4-O-Me-GlcUA, α-4-O-methylglucuronic acid; pcou., p-coumaric acid; fer., 

ferulic acid. (b) Hydrolysis of xylo-oligosaccharide by β-xylosidase (Adopted from Goldman 2009). 
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4.1.3.1 Classification of xylanases 

Due to the heterogeneity and complexity of xylan, there is an abundance of 

diverse xylanases with varying specificities, primary sequences and structures. 

Therefore, the classification of these enzymes by substrate specificity alone is not 

adequate (Collins et al. 2005).  

On the basis of the physicochemical properties of xylanases, Wong et al. (1988) 

classified them into two groups. These included those enzymes with a low molecular 

weight (<30 kDa) and basic pI, and those with a high molecular weight (>30 kDa) and 

acidic pI. However, there are several exceptions when using this classification (Matte 

and Forsberg 1992, Sunna and Antranikian 1997). Collins et al. (2005) reported that 

there are about 30% of presently identified xylanases, especially fungal xylanases, 

which cannot be classified by this system. Henrissat and colleagues introduced a more 

complicated classification system based on primary structure comparisons and 

sequences of the catalytic domains only (Henrissat et al. 1989, Henrissat and Coutinho 

2001). Based on this system, Henrissat et al. (1989) grouped xylanases into 6 families 

(A-F), which was updated to 77 families (1-77) in 1999 (Henrissat and Coutinho 2001). 

These families continued to increase when the glycosidase sequences were 

included (Collins et al. 2005).  Later, Coutinho and Henrissat (1999) reported that there 

are 96 glycoside hydrolase families, in which about one-third of them are polyspecific 

(e.g. have enzymes with diverse substrate specificities). This classification system 

indicates a relationship between the molecular mechanism of an enzyme and its primary 

structure; therefore, it can provide both structural and mechanistic features of enzyme 

(Collins et al. 2005).  

Enzymes which belong to a specific family will have similarities in their three-

dimensional structure (Henrissat and Coutinho 2001), molecular mechanism (Gebler et 

al. 1992), and even in the specificity of action on small, soluble, synthetic substrates 

(Claeyssens and Henrissat 1992). According to Bourne and Henrissat (2001), the 

families containing related three-dimensional structures resulting from divergent 

evolution should be grouped into higher hierarchical levels, known as clans. Collins et 

al. (2005) reported that there are 14 different clans (GH-A to GH-N), with most clans 

comprised of two to three families, apart from clan GH-A which includes 17 families.  
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4.1.3.2 Production of xylanases 

Xylanase can be produced from microbes by SmF or SSF. However, SmF 

normally requires high costs that prevent the industrial application of xylanases 

(Haltrich et al. 1996, Beg et al. 2000, Virupakshi et al. 2005). The advantages of SSF, 

such as higher productivity per reactor volume as well as the lower operation and capital 

costs, make it a more attractive method, especially for fungi (Purkarthofer et al. 1993, 

Pandey et al. 1999). In addition, the substrates for SSF can be lignocellulosic materials 

(e.g. wheat straw, wheat bran and corncob) instead of pure xylan, which is very 

expensive (Haltrich et al. 1996, Beg et al. 2000, Senthilkumar et al. 2005). However, 

there are several difficulties involved in measuring the growth parameters in SSF, such 

as cellular growth analysis and substrate consumption determination, which are caused 

by the heterogeneous nature of the substrate, primarily an agroindustrial by-product, 

that is structurally and nutritionally complex (Pandey et al. 1999, Bhargav et al. 2008, 

Hashemi et al. 2011). 

 

4.1.3.3 The applications of xylanase 

Fungal xylanase has an important function in breaking down the β-1,4 bond 

between xyloses residues and decreasing the viscosity of wheat. Different species of 

xylanase-producing fungi are already used in industry such as Fusarium oxysporum, 

Schizophyllum commune and Trichoderma reesei (Prema et al. 2006, Song et al. 2013). 

The properties of fungal xylanases relevant to industrial uses are listed in Table 4.4. 
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Table 4.4 Properties of fungal xylanases and their industrial applications 

Applications Microorganism pH 

optimal 

Temperature 

optimum (oC) 

References 

Animal feed Aspergillus niger 5.3 65 Polizeli et al. 

2005 

Qinnghe et al. 

2004 

 Trichoderma reesei 4.5 40 

 T. koningii 5.0 55 

 Pleurotus ostreatus 5.0 50  

beverage industry Fusarium oxysporum 5.0 50 Prema et al. 

2006 

Biofuel industry Schizophyllum 

commune 

5.0 50 Song et al. 

2013 

Manufacture of 

bread  

T. reesei 5.3-5.5 55 Polizeli et al. 

2005 

 T. koningii 5.0 55 

Food industry T. longibrachiatum 5.0-5.5 55-60 Polizeli et al. 

2005 

 Neurospora crassa 5.5 50 Abirami et al. 

2011 

Pharmaceutical and 

chemical industries 

A. niger 4.5 50 Polizeli et al. 

2005 

Pulp and paper 

industries 

Termomonospora 

fusca 

5.0 45-50 Polizeli et al. 

2005 

 T. reesei 4.5 50 

 N. crassa 5.5 50 Abirami et al. 

2011 

 Chaetomium 

thermophilum 

5-7 70 Katapodis et 

al. 2007 

 A. niger 7.5 60 Coral et al. 

2002 

 Thermomonospora sp. 7.0 70 George et al. 

2001 
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4.1.4 Liquid cultures 

Enzyme-producing isolates identified by agar plate assays are selected for liquid 

culture, most commonly in shake flasks. Liquid culturing allows the enzymes to be 

freely secreted into the aqueous medium, which can then be separated from mycelia by 

centrifugation following filtration with through a 0.22 µm filter (Millipore); the culture 

supernatant is then used for enzyme harvesting and analysis. The culture medium 

typically contains essential nutrients and substrates recognized to favour fungal growth 

and prompt the enzymes of interest in well-studied fungal species; for example, 

crystalline cellulose and/or lactose induce cellulolytic enzymes (Esterbauer et al. 1991). 

Some species do not grow well in aqueous conditions or become very viscous or clump 

into pellets, inhibiting enzyme secretion (Gibbs et al. 2000). Further enzyme analysis is 

difficult for these species and they are eliminated from further study. For those species 

that do grow in liquid culture, attempts can be made to modify the culture medium by 

manipulation of the nutrient contents, pH or aeration (eg. shaker speed) in order to 

increase enzyme yield. 

 

4.1.5 Liquid enzyme assays  

Enzyme activity present in the supernatant of a fungus grown in liquid culture 

can be assessed using liquid enzyme assays. In the assay process, the enzymes act on a 

substrate to induce quantitative changes in light absorbance (colorimetric assay) or 

fluorescence (fluorimetric assay) in the assay medium. Enzyme activity against 

substrates such as xylan and starch can be measured by the amount of reducing sugars 

released into the assay medium, represented by the colour produced upon interaction 

with the aromatic compound dinitrosalicyclic acid (DNS; Bailey et al. 1992). In 

addition, many synthetic substrates are commercially available, such as ethylidene-pNP-

G7 (www.sigma-aldrich.com), or included in kits, such as the Megazyme amylase assay 

(Ceralpha method, catalogue no K-CERA 08/05). These substrates contain p-

nitrophenyl compounds or fluorescing groups and show colour or fluorescence when 

cleaved (Sicard and Reymond 2006).  

QuantiCleaveTM Protease Assay Kit, 23263, (Thermo-Scientific, USA) with 

succinylated casein as substrate was used to assess protease activity.  The amount of 
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new amino (NH2) groups generated in the assay detected by 2, 4, 6-trinitrobenzene 

sulfonic acid (TNBSA) represent proteolytic activity based on the interaction between 

TNBSA and NH2 groups that can be detected at 340 - 450 nm (Hatakeyama et al. 1991, 

Tian et al. 2004).  

Each individual enzyme has an optimal temperature and pH under which it 

maintains the conformation necessary for maximal activity (Campbell 1996). The rise 

and fall of enzyme activity that occurs about this point is referred to as an enzyme’s 

activity profile (Fig 4.4). To a certain extent, an increase in temperature results in higher 

enzyme activity due to increased molecular movement and collision rates between 

substrate and enzyme. However, at higher temperatures the non-covalent interactions 

that stabilise the native structure of the enzyme are disrupted and the active site is no 

longer able to function correctly. Similarly, an enzyme will function most efficiently at 

a particular pH. As the pH changes from the optimum, the charges of amino acid 

residues at the active site are altered, the ability of substrate and enzyme to exchange 

hydrogen ions is reduced and the rate of enzyme activity is decreased.  

Liquid enzyme assays can be undertaken across a broad temperature and pH 

range to establish the activity profiles of enzymes. The enzyme activity profiles can then 

reveal unusual levels of temperature or pH tolerance in the enzymes that could be 

valuable for biotechnological applications.  

 

 

Figure 4.4: Examples of the rate of reaction from different enzyme profiles showing the influence of 

environmental conditions on enzyme activity: a) temperature profiles; (b) pH profiles (Campbell 

1996). The activity of a typical human enzyme (shown in black), the activity of enzymes isolated 

from some thermophilic bacteria (shown in green). 
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This Chapter describes studies conducted to determine the optimum fungal 

enzyme production environment. Different temperatures, pH carbon sources, nitrogen 

sources and mineral ions were assessed for their influence on production of particular 

enzymes from the selected endophytes. 

 

4.2 Materials and Methods 

Fungal isolates showing maximum halo zones on screening plates containing 

starch (EL-13, EL-14 and EL-15), skim milk (EL-7, EL-8 and EL-17) and xylan (EM-4) 

were chosen for further enzyme optimization. The same procedures were used for 

standard fungi Aspergillus oryzae (ATCC 10124) and A. niger (ATCC 10577) as 

controls for amylase, and Fusarium oxysporum (FRR 3414) and A. niger (ATCC 

10577) as controls for protease and xylanase, respectively. 

Different factors including pH, temperature, alternative sources of carbon in the 

media and diverse salts (CaCl₂, CoCl₂, MgCl₂, NaCl and MnCl₂) in the phosphate 

buffer for enzyme assays were considered to establish the best enzymes production 

conditions using appropriate liquid cultures. The lyophilized ferment broth was used to 

carry out Bradford assays. After extracellular protein was precipitated with 

TCA/acetone, the protein pellet was dissolved in a suitable buffer and enzyme assays of 

crude enzyme preparations were performed (in triplicate) to establish the optimum 

production conditions in the selected hydrolase-inducing media.  

 

4.2.1 Preparation of crude extracellular samples using liquid culture 

All selected isolates were inoculated into hydrolase-inducing media containing 

1.5 % w/v soybean flour, 1 % w/v lactose, 2 % w/v Avicel cellulose and minimal salts 

(KH2PO4 1.5 %, (NH4)2SO4 0.5 %, MgSO₄ 0.06 %, CaCl2 0.6 %, FeSO₄.7H2O 0.0005 

%, MnSO₄.H2O 0.00016 %, ZnSO₄.7H2O 0.00014 % and CoCl₂ 0.0002 %; pH 6.5 

(Penttilä et al. 1987, Peterson et al. 2011a) and incubated at 25 °C for 7 days. The media 

was then centrifuged at 10,000 g for 15 min to separate the mycelia from the broth and 

the broth filtered through a 0.22 µm filter (Millipore). The sterilized broth was then 

concentrated by freeze drying and used for further analysis.  



137 
 

A second hydrolase-inducing medium was used only for one of the endophytic 

isolates, EL-14 (Preussia minima), to assess the effect of media on amylase production. 

The isolate grown in this medium was designated as EL-14s and was used for further 

analysis. Endophyte suspension (5 ml) was prepared with 0.1 % Triton X-100 added to 

100 ml glucose-aspargine medium containing: glucose 2 %, L-asparagine 0.4 %, 

KH2PO4 0.3 %, K2HPO₄ 0.2 %, MgSO₄.7H2O 0.05 % and 0.1 % (v/v) of Vogel’s trace 

elements (Appendix 4.1) to 100 ml distilled water and pH was adjusted to 6. The culture 

was incubated for 4 days at 25 °C with shaking at 220 rpm (Nguyen et al. 2002). To 

initiate the production of enzyme, 5 ml of the culture grown in the above medium was 

introduced to 150 ml of inducing media containing; soluble starch 4 %, L-asparagine 

0.75 %, KH2PO₄ 0.3 %, K2HPO₄ 0.2 %, MgSO₄.7H2O 0.05 % and 0.1 % (v/v) of 

Vogel’s trace elements solution in 100 mM citrate buffer pH 5.0. The mixture was 

allowed to ferment for 5 days at 25 °C and crude extracellular extract prepared as 

described for the other endophytes (Nguyen et al. 2002). 

The first hydrolase-inducing medium with minor changes in carbon and 

nitrogen sources was used to prepare samples (S1-S8) from EM-4 (Preussia sp.). The 

detail information for chemical ingredients was present in the Table 4.5. 

 

Table 4.5 Chemical compound used to identify the activity of xylanase enzyme 

Samples 
S1 

(control) 
S2 S3 S4 S5 S6 S7 S8 

Temp 

(
o
C) 

25 

pH 5.5 

Carbon 

1.5% w/v Soybean flour; 2% w/v Avicel cellulose 

1%  

lactose 

1% 

starch 

1% 

maltose 

1% 

glucose 
NA NA NA NA 

Nitrogen NA NA NA NA 
1% 

peptone 

1% 

tryptophan 

1% 

yeast 

extract 

1% 

ammonium 

nitrate 

Minimal 

salts 

 

KH2PO4 1.5 %, (NH4)2SO4 0.5 %, MgSO₄ 0.06 %, CaCl2 0.6 %, FeSO₄.7H2O 0.0005 %, 

MnSO₄.H2O 0.00016 %, ZnSO₄.7H2O 0.00014 % and CoCl₂ 0.0002 % 
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4.2.2 Determination of Protein Content  

The total protein content in extracellular concentrated broths (crude enzyme 

samples) was determined by the assay described by Bradford (1976). Bovine Serum 

Albumin (BSA, 1mg/ml; Sigma) was used as a standard in various dilutions (0.1 to 2.0 

mg/ml) in order to cover the probable range of the unknown protein samples (Appendix 

4.2). The unknown protein samples and the dilution series of BSA were mixed with 

Coomassie Dye (0.06% coomassie blue G-250 dissolved in 2.2% HCl (0.6M) + 1:1 2% 

HCl) in a 1:1 ratio, incubated at room temperature for 10 minutes, and the absorbance 

was read at 595nm. In order to obtain readings in range of the standards, the samples 

were diluted 1:10, 1:20 and 1:50 with deionised water (DW). Blank samples contained 

media only. A standard curve was plotted using the absorbance readings of the BSA 

standard. Using this curve as a reference, and knowing the absorbance of the unknown 

samples, their concentration was determined by extrapolation from the Graph. 

 

4.2.3 Comparison of enzyme activity between selected endophyte samples and 

standard enzyme-producing fungi 

Crude extracellular samples of selected endophytic fungi and the standard 

amylase-producing fungus, Aspergillus oryzae (ATCC 10124), standard protease-

producing fungus, Furasium oxysporum (FRR 3414) and  xylanase-producing fungus, 

Aspergillus niger (ATCC 10577) were prepared under the same conditions using the 

hydrolase-inducing medium (Peterson et al. 2011a). Clear zone diameters (mm) on 

substrate plates at four different pH (3, 5, 7 and 9) at 25 °C and temperature conditions 

(9 °C, 25 °C, 37 °C and 50 °C) at pH 5.5 were measured (in triplicate) to compare 

selected enzyme activities of the endophytes with the standards (Peterson et al. 2009a).  

 

4.2.4 Enzyme assay 

4.2.4.1 Preparation of protein samples 

Proteins were precipitated by incubating the supernatant with 20% (w/v) 

tricholoacetic acid (TCA) for 14 hours at 4°C. Following centrifugation at 9,000 x g for 
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15 min at 4°C, the pellet was resuspended in 20 ml cold acetone and incubated on ice for 

30 min. Centrifugation was then repeated at 9,000 x g for 15 min at 4°C; the supernatant 

was removed, and the pellet was air dried prior to resuspension in solubilisation buffer. 

 

4.2.4.2 α-amylase assay using Megazyme amylase assay kit 

The Megazyme amylase assay method (Ceralpha method catalogue no K-CERA 

08/05) was used to determine the activity of α-amylase in the test samples EL-13 

(unclassified fungus), EL-14 (P. minima) grown in the first hydrolase-inducing media, 

EL-14s grow in the second hydrolase-inducing media (Nguyen et al. 2002) and EL-15 

(Alternaria sp.). Extraction buffer and Megazyme Ceralpha stopping reagent were made 

according to the manufacturer’s protocol. A Cary UV spectrophotometer was used for 

sample analysis which was standardized with p-nitrophenol phosphate (10µmol/ml) 

standard in 1 % tri-sodium phosphate solution. The assay was standardized using the 

malt sample provided in the kit and endophyte samples were assayed to determine their 

α-amylase activity. One CU (Ceralpha Unit) is defined by the manufacturer as the 

amount of enzyme, in the presence of excess a- glucosidase, required to release one 

micromole of p-nitrophenol from BPNPG7 (blocked p-nitrophenol maltoheptaoside) in 

1 min under the defined assay conditions (Fig 4.5). 

  

 

 

 

 

 

 

 

 

Figure 4.5: Principle of the Megazyme α-Amylase Assay (manufacturer's specifications) 
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4.2.4.3 α-amylase assay measuring reducing sugar 

To optimise the best conditions in the selected endophytic fungus EL-14s (P. 

minima) in the hydrolase-inducing medium (Nyugen et al. 2002) with respect to pH (3, 

5, 7,9 and 10), temperature (9 °C, 25 °C and 37 °C), alternative sources of carbon 

(maltose, cellulose and glucose), nitrogen (ammonium nitrate, yeast extract, peptone 

and tryptophan) in the media and diverse salts (CaCl₂, CoCl₂, MgCl₂, NaCl and MnCl₂) 

in the enzyme assay phosphate buffer for, amylase activity was determined by 

calculating the production of reducing sugar from starch using 3, 5-dinitrosalicylic acid 

(DNS) as described by Miller (1959). The reaction included 50µl of enzyme sample, 

50µl of 1.0% starch solution in 0.1 citrate-phosphate buffer, pH 5. After 20 min 

incubation at 37°C, the reaction was stopped by adding 100µl of DNS reagent. A blank 

for each sample contained all the solutions and inactivated (boiled) enzyme sample. One 

unit of amylase activity was defined as the amount of enzyme that produced 1 µmol of 

reducing sugar per minute (Appendix 4.3). The absorbance of different concentrations 

of maltose solution (0-500µg/ml) at 540, as the end product of amylase activity, was 

used to plot a standard curve.  

 

4.2.4.4 Protease assay  

Protease activity was determined using the QuantiCleaveTM Protease Assay Kit, 

23263, (Thermo-Scientific, USA) with succinylated casein as substrate, 50 mM borate 

buffer solution (pH 8.5) and trinitrobenzenesulfonic acid (TNBSA) (Fig 4.6). Fifty μl of 

each protease sample approximately 0.05-0.1 mg of total protein (diluted appropriately) 

and standard sample were mixed with 100 μl of casein solution. A blank for each 

unknown and standard sample was prepared containing buffer and protease sample 

without the succinylated casein solution.  After incubation for 20 mins at room 

temperature, 50μl of TNBSA was added to each well and incubated for a further 20 

mins incubation at room temperature.  A standard curve was constructed from a serial 

dilution of 0.5 mg/ml trypsin stock solution (Appendix 4.4). One unit of protease 

activity is defined as the amount of enzyme required to generate 1 μmol of new amino 

(NH2) groups per minute at 37 °C as detected by TNBSA (Hatakeyama et al. 1991, Tian 

et al. 2004). For each well, the change in absorbance at 450nm (∆A450) was calculated 
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by subtracting the A450 of the blank from the corresponding casein well. This 

absorbance value was generated as a result of the proteolytic activity of the enzyme. 

The absorbance of trypsin as a standard solution was used to plot a standard curve 

(∆450nm against logarithmic scale of protease standard concentration).  

 

 

Figure 4.6: Principle of the Quanticleave™ Protease Assay (manufacturer's specifications) 

 

4.2.5 Effect of carbon and nitrogen source on enzyme activities 

Based on concentration of proteins produced by selected endophytes, three 

different media were used for optimization of different sources of carbon and nitrogen 

and their effect on amylase, protease and xylanase production. The second hydrolase-

inducing medium (Nguyen et al. 2002) was used to define the optimum sources of 

carbon and nitrogen and increase the production of amylase in EL-14s (P. minima). 

Czapek Dox medium (More et al. 2009) was used to determine the optimum sources of 

carbon and nitrogen and increase the production of protease in EL-17 (A. alternata). 

The composition of the medium was (w/v): 0.25% NaN03, 0.1% KH2P04, 0.05% 

MgS04.7H2O, 0.05% KCl and 1 % (w/v) solution of each source of carbon (starch, 

glucose, sucrose, maltose and soybean) or nitrogen (tryptophan, yeast extract, casein, 

peptone and L-asparagine) was added to the medium.  
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The first hydrolase-inducing media containing 1.5 % w/v soybean flour, 1 % w/v 

lactose, 2 % w/v Avicel cellulose and minimal salts (Peterson et al. 2011a) was used to 

conclude the optimum sources of carbon (lactose, starch, maltose and glucose) and 

nitrogen(peptone, tryptophan, yeast extract and ammonium nitrate)  and increase the 

production of xylanase in EM-4 (Preussia sp.). The final media were sterilized at 115 

°C for 10 minutes. To study the effects of different carbon and nitrogen sources, 

temperature and pH, a factorial experiment based on a randomized complete design was 

designed in this study in three replications. The average of activities using different 

sources of carbon and nitrogen were compared by the Duncan multiple ranges test to 

determine the best media composition at optimum temperature and pH. 

 

4.2.6 Statistical Analyses 

Statistical analyses were carried out by analysis of variance (ANOVA) using the 

Statistical Analysis System (SAS) program version 9.0. A factorial experiment based on 

a randomized complete design in three replications was considered for each experiment 

individually. The Duncan’s Multiple Range Test (DMRT) was used to determine means 

that differed significantly. The effects of temperature, pH, type of fungus (selected 

endophytic fungus and standard) and different sources of carbon and nitrogen on 

selected enzymes activities were analyzed to indicate that the optimum activity was 

significant (Gouda and Elbahloul 2008). 

 

4.3 Results 

4.3.1 Amylase samples 

From preliminary studies of enzyme activity (Chapter 3), three fungal 

endophytes identified from 18S RNA sequencing as an unclassified fungus (EL-13), 

Preussia minima (EL-14) and Alternaria sp. (EL-15) were selected for further analysis 

(below) and characterization (Chapter 5). 
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4.3.1.1 Analysis of total protein for amylase samples 

An estimation of the total protein content of the extracellular extracts was made 

using the Bradford assay (Bradford 1976). EL-14 (Preussia minima) showed the highest 

protein content (7.2 mg/ml) compared to the other selected endophytes, EL-13 and EL-

15 (3.7 mg/ml and 1.44 mg/ml, respectively). EL-14s, Preussia minima grown in the 

second hydrolase-inducing medium (Nyugen et al. 2002), had the least total protein 

content (0.8 mg/ml) demonstrating the effect of media composition on total protein 

production (Fig 4.8).  

 

4.3.1.2 Determination of α-amylase activity of three selected endophytes in 

different media  

The Megazyme α-amylase kit was used to determine the α-amylase content in 

the test samples. Sample EL-14s (45 CU/ml) demonstrated the highest α-amylase 

activity followed by EL-14 (36 CU/ml), EL-13 (23 CU/ml) and EL-15 (14 CU/ml). 

These results are in agreement with the observations made from SDS-PAGE and 

zymography (see Chapter 5). Again, the effect of media on enzyme production was 

observed with EL-14s cultivated using the medium of Nyugen et al. (2002) showing the 

highest enzyme activity, even though this medium produced the lowest overall protein 

content (Fig 4.7).  
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Figure 4.7: Total protein and α-amylase activity of three selected endophytic fungi 
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Amylase production was also assessed by the plate-hole diffusion method using 

the concentrated broth. Samples (150 µl) with the same concentration of protein (0.5 

mg/ml) were added to holes in agar plates (Fig 4.8) containing screening media with 

starch substrate and incubated at 25 °C and pH 5.5 for 1 day. At the completion of the 

incubation period, the plates were observed for activity by addition of iodine and 

measuring the relative amylase activity confirmed by quantitative enzyme assay 

(Peterson et al. 2009a). 

 

 

Figure 4.8: Amylase activity of crude extracellular extracts on solid media containing starch at 25 

°C and pH 5.5 

 

4.3.1.3 Comparison of amylase activity between standard (Aspergillus oryzae) and 

selected endophyte (EL-14s) 

Amylase activity of crude sample (EL-14s) and crude standard (A. oryzae) on 

starch plates demonstrated that the endophytic fungus exhibited much higher amylase 

activity (using second hydrolase-inducing medium) in alkaline conditions and low 

temperature in comparison with A. oryzae (Fig. 4.9). Amylase activity under these 

conditions is desirable for the application of this enzyme in the detergent industry. 

Although the amylase activity of EL-14s in acidic conditions was not high, it was 

greater than the standard and may thus have applications in the dairy and food industries 

(Fig. 4.9). 
 

EL-15 

EL-14 
EL-13 



145 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

0

5

10

15

20

25

30

35

40

9°C 25°C 37°C 50°C

A
m

yl
as

e
 a

ct
iv

it
y 

(C
le

ar
 z

o
n

e
 m

m
) 

Temperature 

endophyte

Aspergillus
oryzae

0

5

10

15

20

25

30

35

40

9°C 25°C 37°C 50°C

A
m

yl
as

e
 a

ct
iv

it
y 

(C
le

ar
 z

o
n

e
 m

m
) 

Temperature 

endophyte

Aspergillus
oryzae

0

5

10

15

20

25

30

35

40

9°C 25°C 37°C 50°C

A
m

yl
as

e
 a

ct
iv

it
y 

(C
le

ar
 z

o
n

e
 m

m
) 

Temperature  

endophyte

Aspergillus
oryzae

0

5

10

15

20

25

30

35

40

9°C 25°C 37°C 50°C

A
m

yl
as

e
 a

ct
iv

it
y 

(C
le

ar
 z

o
n

e
 m

m
) 

Temperature 

endophyte

Aspergillus
oryzae

a 

d c 

b 

Figure 4.9: Comparison of amylase activity between crude extracellular enzyme from endophytic 
fungus (EL-14s) and standard (A. oryzae) at different temperatures at pH 3 (a), pH 5.(b), pH 7 (c) 
and pH 9 (d).  

 



146 
 

Statistical analysis showed that three factors including fungus type, pH and 

temperature and their interactions had significant effects on amylase activity. The 

significance of each factor was determined by F values and P values (Table 4.6). The 

model P value 0.0001 implied the model was significant and all the factors and their 

interaction with P values less than 0.01 was significant (a = 0.01). 

 

Table 4.6 Test of significant effect of three factors (standard/selected endophyte (EL-14s, Temp and 

pH) on amylase activity 

Source df Sum of Squares      Mean Square     F Value     P Value 

Model 31 5536.766183               178.605361                 327.38              <0.0001 

pH 3    4496.122583              1498.707528              2747.12               <0.0001 

Temp 3 188.620358                 62.873453                 115.25               <0.0001 

Fungus   1 74.906667                 74.906667                 137.30               <0.0001 

pH*Temp                                   9 198.154175                 22.017131                   40.36               <0.0001 

pH*Fungus                                  3 502.074833               167.358278                 306.77               <0.0001 

Temp*Fungus 3 31.350625                 10.450208                   19.16               <0.0001 

pH*Temp*Fungus                          9 45.536942                   5.059660                     9.27                <0.0001 

Error 64 34.915600                   0.545556      

Corrected Total                    95 5571.681783    

P values less than 0.01 are significant 

Probability P (>F) <0.0001; R-Square= 0.993 

 

4.3.1.4 Optimization of process parameters and effect of additional nutrients 

Different conditions, including pH (3, 5, 7,9 and 10), temperature (9 °C, 25 °C 

and 37 °C), alternative sources of carbon (maltose, cellulose and glucose) and nitrogen 

(ammonium nitrate, yeast extract, peptone and tryptophan) in the media and diverse 

salts (CaCl₂, CoCl₂, MgCl₂, NaCl and MnCl₂) in the enzyme assay phosphate buffer, 

were considered to establish the optimum amylase production conditions for EL-14 in 

the second hydrolase-inducing medium (Nyugen et al. 2002). 

 

 

 



147 
 

4.3.1.4.1 Effect of temperature on the specific activity of α-amylase activity isolated 

from EL-14s 

The optimum temperature for α-amylase was evaluated by measuring the 

specific activity at different temperatures (9, 25 and 37 °C) at pH 5.5. The enzyme 

presented a temperature optimum at 25 °C. The optimum value for α-amylase 

production was observed at 98 U/mg (Fig 4.10). Activity of α-amylase at low 

temperature was notable as well. This broad range of amylase activity might be useful 

for different industrial applications, especially as a detergent. 

 

4.3.1.4.2 Effect of pH on the specific activity of α-amylase isolated from EL-14s 

The effect of pH was also investigated. The enzyme was pre-incubated at the 

optimum temperature of 25 ºC and different pH (3, 5, 7, 9 and 10). The pH optimum 

was 9.0 with a specific activity of 138 U/ mg (Fig 4.10). α-amylases from most fungi 

are known to have pH optima in the acid to neutral range. This particular enzyme 

showed optimum activity in alkaline condition (similar to bacteria) and high activity in 

lower temperature (similar to other fungi). Thus, the optimum temperature and pH make 

this fungal enzyme exceptional. Enzyme assay was performed by using EL-14s (P. 

minima) in the second hydrolase-inducing medium (Nyugen et al. 2002) at different 

temperatures (9 °C, 25 °C and 37 °C, at pH 5.5) and pH (3, 5, 7, 9 and 10 at temperature 

25 °C). Results based on calculating the specific enzyme activity have been summarised 

in Figure 4.10.  
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Figure 4.10: A EL-14s (P. minima) was grown at different pH and crude enzymes were investigated 

to assess the effect of different pH on secretion of amylase and finding the best pH for amylase 

production. B EL-14s was grown at different temperatures and crude enzymes were to assess the 

best temperature for amylase production. C standards (A. oryzae and A. niger) were grown at the 

same conditions to compare their activity with P. minima. Means followed by the same letter within 

a column are not significantly different at P<0.01 according to the Duncan multiple range test. 

(Samples (EL-14s) growing in different temperature and different pH were analysis using Duncan 

test separately) 

 

4.3.1.4.3 Effect of using different sources of carbon and nitrogen on α-amylase 

production 

The effects of different nitrogen and carbon sources were studied at optimum 

conditions (Nyugen et al. 2002) and it was observed that inclusion of starch and L-

asparagine (control media) produced the highest specific activity (138 U/mg). 

Replacement with three different carbon (maltose, cellulose and glucose) and nitrogen 

sources (ammonium nitrate, yeast extract, peptone and tryptophan) did not increase 

production of amylase. Results based on measuring the specific enzyme activity have 

been summarised in Figure 4.11. Zymography was carried out (Chapter 5) for all of 

different samples including different carbon and nitrogen sources and results confirmed 

that highest specific activity was observed with using starch and L-asparagine as 

sources of carbon and nitrogen, respectively. 
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Figure 4.11: Effects of different carbon and nitrogen sources at optimum conditions (25 °C and pH 

9). P. minima was grown in different media based on hydrolase-inducing medium as control media 

(Nyugen et al. 2002) by replacing different carbon and nitrogen sources. The highest specific 

activity was achieved by using starch and L-asparagine in the original media. Means followed by 

the same letter within a column are not significantly different at p <0.01 according to the Duncan 

multiple range test. 

 

Statistical analysis showed that three factors including media (different sources 

of carbon and nitrogen), pH and temperature and their interactions had significant 

effects on amylase activity (Table 4.7). The average of activities using different sources 

of carbon and nitrogen were compared by the Duncan multiple range test and showed 

that starch as the carbon source and L-asparagine as nitrogen source produced the 

greatest amylase activity at 25 °C and pH 9 (Fig 4.10 and Fig 4.11).  
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Table 4.7 Test of significant effect of three factors (EL-14s growing in different conditions, Temp 

and pH) on amylase activity 

Source df Sum of Squares      Mean Square     F Value     P Value 

Model 127 103971.393a 818.672 3344.364              <0.0001 

pH 3    28635.049 9545.016 38992.408 <0.0001 

Temp 3 7229.945 2409.982 9845.032 <0.0001 

Sample   7 24030.581 3432.940 14023.926 <0.0001 

pH*Temp                                   9 8092.023 899.114 3672.975 <0.0001 

pH*Fungus                                  21 5643.513 268.739 1097.826 <0.0001 

Temp*Fungus 21 11290.784 537.656 2196.383 <0.0001 

pH*Temp*Fungus                          63 19049.497 302.373 1235.226 <0.0001 

Error 256 62.667 .245   

Corrected Total                    383 104034.060    

P values less than 0.01 are significant 

Probability P (>F) <0.0001; R-Square= 0.999 

 

 

4.3.1.4.4 Effects of salts on α-enzyme activity 

Enzyme assays were performed under two different conditions, the standard 

enzyme assay described previously (section 4.2.4.3) and assays performed with addition 

of different metal ions (Na+, Mg2+, Ca2+, Co2+, Mn2+) at 2.5 mM.  The chloride salts 

of these metal ions were used (CaCl₂, CoCl₂, MgCl₂, NaCl and MnCl₂). The amylase 

activity was measured at optimum pH and temperature. The relative activity of the 

enzyme was compared with the activity obtained using 0.1 M citrate-phosphate buffer. 

Results demonstrated that CaCl₂ and MnCl₂ increased the total amylase activity 

whereas MgCl₂ and NaCl inhibited the enzyme activity in comparison to the control 

(Fig. 4.12), confirming previous reports which indicated that amylases are mostly 

metalloenymes and require calcium and manganese ions for activity, structural integrity 

and stability (Sivaramakrishnan et al. 2006, Varalakshmi et al. 2009, Michelin et al. 

2010) Calcium enhances amylase activity by its interaction with negatively charged 

amino acid residues such as aspartic and glutamic acids (Sasi et al. 2010). Magnesium 

and sodium ions were found to inhibit amylase activity and similar observations were 

made by Varalakshmi et al. (2009) and Reyed et al. (2007).  
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Figure 4.12: The effect of metal ions on fungal amylase activity. The relative activities were 

measured at optimum of pH and temperature and enzyme activity without metal ions was taken as 

100%. 

 

4.3.2 Protease samples 

From preliminary studies (Chapter 2), three fungal endophytes identified from 

18S RNA sequencing as an unclassified fungus (EL-7), Phoma herbarum (EL-8) and 

Alternaria alternata (EL-17) were selected for further analysis (below) and 

characterization (Chapter 5). 

 

4.3.2.1 Analysis of total protein for protease samples 

The total extracellular proteins secreted by the three endophytic samples are 

presented in Figure 4.14. EL-7 (2.19 mg/ml) produced relatively greater amounts of 

proteins than EL-17 (2.04 mg/ml) in the concentrated crude extracellular extracts, whilst 

EL-8 secreted about half the total extracellular proteins (0.93 mg/ml) of the other two 

isolates.  
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4.3.2.2 Screening for protease activity on solid media  

Skim-milk agar plates (Fig 4.13) showed variation in the diameter of the 

proteolytic zones produced by EL-7, EL-8 and EL-17. EL-17 demonstrated the largest 

diameter (14 mm) of proteolysis compared to EL-8 and EL-7 with diameters of 10 mm 

and 11 mm, respectively.  

 

4.3.2.3 Determination of protease activity between three selected endophytes  

The observations of the skim-milk agar assay were confirmed by determination 

of the protease activity. One milligram of trypsin gives 40 N-α-benzoyl arginine ethyl 

ester (BAEE) units at 37 °C. Thus, the specific protease activities of EL-7, El-8 and El-

17 have been recorded as BAEE units per mg. The EL-17 supernatant (collected from 

endophyte grown at 30 °C and pH 6.5) contained the highest specific enzyme activity 

(50 BAEE units/mg with an enzyme concentration of 0.5 mg/ml) (Figure 4.14). 

 

 

EL-17 

EL-8 

EL-7 

 

Figure 4.13: The proteolytic activities of the three endophytes on a skim-milk agar plate at 25 °C 

and pH 5.5. 
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Figure 4.14: Comparison of total extracellular protein production and protease activity by the 

different fungal endophytes. 

 

4.3.2.4 Comparison of protease activity between standard (Fusarium oxysporum) 

and selected endophyte (EL-17) 

The crude sample from the endophyte with the highest protease activity (EL-17) 

and crude supernatant derived from the standard, Fusarium oxysporum, were tested on 

skim-milk plates. After staining with 10% tannic acid, it was observed that the 

endophyte exhibited greater protease activity (in hydrolase-inducing medium) at 37 °C 

and pH 7 in comparison to F. oxysporum (Fig. 4.15). The protease activity of EL-17 

was greatest at pH 7 at temperatures ranging from 9 °C to 50 °C. Protease activity under 

these conditions is desirable for the application of this enzyme in the dairy and food 

industries.  
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Figure 4.15: Protease activities of endophytic fungus (EL-17) and standard (F. oxysporum) at 

different temperature and pH conditions. 

 

Statistical analysis showed that three factors including fungus type, pH and 

temperature and their interactions had significant effects on protease activity. The 

significance of each factor was determined by F values and P values (Table 4.8). The 

model P value <0.0001 implied the model was significant and all the factors and their 

interactions with P values less than 0.01 were significant (α=0.01). 

 

Table 4.8 Test of significant effect of three factors (standard/selected endophyte (EL-17), Temp and 

pH) on protease activity 

Source df Sum of Squares      Mean Square     F Value     P Value 

Model 31 4127.798 133.155 1181.399             <0.0001 

pH 3    106.864 35.621 316.045 <0.0001 

Temp 3 3800.909 1266.970 11241.031 <0.0001 

Fungus  1 44.010 44.010 390.477 <0.0001 

pH*Temp                                   9 87.382 9.709 86.143 <0.0001 

pH*Fungus                                  3 47.685 15.895 141.025 <0.0001 

Temp*Fungus 3 10.051 3.350 29.724 <0.0001 

pH*Temp*Fungus                          9 30.898 3.433 30.460 <0.0001 

Error 64 7.213 .113   

Corrected Total                    95 

 

4135.011 

 

   

P values less than 0.01 are significant          

Probability P (>F) <0.0001; R-Square = 0.998 
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4.3.2.5 Quantitative Protease assay of EL-17 grown at different temperature and 

pH  

Specific protease activity produced by crude sample of EL-17 grown at 37 °C 

was 69.86 BAEE units/mg which was significantly (α=0.01) higher than F. oxysporum 

(53.62 BAEE units/mg) grown under the same conditions (Fig. 4.16). These results 

confirmed the optimum protease activity of this endophytic fungus in this medium 

condition is at pH 7 and 37 °C. However, the broad range of its protease activity might 

be useful for different industrial and medicinal applications. 

 

 

Figure 4.16: Comparison of specific protease activities between standards and endophytic fungus, 

EL-17, grown at different temperature and pH. Means followed by the same letter within a column 

are not significantly different at P<0.01 according to the Duncan multiple range test. Variable pH 

experiments were performed at 25 °C, while variable temperature experiments were performed at 

pH 5.5. 

 

4.3.2.6 Effect of carbon and nitrogen source on protease activity  

Statistical analysis showed that three factors including media (different sources 

of carbon and nitrogen), pH and temperature and their interactions had significant 

effects on protease activity. The average activities using different sources of carbon and 
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nitrogen were compared by the Duncan multiple range test and showed that soybean as 

the carbon source and tryptophan and yeast extract as nitrogen sources produced the 

greatest protease activity at 37 °C and pH 7 (Fig. 4.17).  

 

 

Figure 4.17: Effects of different carbon and nitrogen sources at optimum conditions (37 °C and pH 

7). Means followed by the same letter within a column are not significantly different at P<0.01 

according to the Duncan multiple range test. 

 

The significance of each factor was determined by F values and P values (Table 

4.9). The model P value <0.0001 implied the model was significant and all the factors 

and their interactions with P values less than 0.01 were significant (α = 0.01). 
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Table 4.9 Test of significant effect of three factors (pH, Temp and media) on protease activity 

produced by EL-17 

Source df Sum of Squares      Mean Square     F Value     P Value 

Model 119 22291.997a 187.328 159.428            <0.0001 

pH 2    1261.651 630.826 536.873 <0.0001 

Temp 3 8917.592 2972.531 2529.813 <0.0001 

Media   9 2197.067 244.119 207.760 <0.0001 

pH*Temp                                   6 3136.271 522.712 444.861 <0.0001 

pH*Media                                 18 1557.529 86.529 73.642 <0.0001 

Temp*Media 27 2399.617 88.875 75.638 <0.0001 

pH*Temp*Media                          54 2822.271 52.264 44.480 <0.0001 

Error 240 282.000 1.175   

Corrected Total                    359 22573.997    

P values less than 0.01 are significant 

Probability P (>F) <0.0001; R-Square = 0.988 

 

4.3.3 Xylanase sample 

From preliminary studies (Chapter 3), one fungal endophyte identified from 18S 

RNA sequencing as Preussia sp (EM-4), isolated from Eremophilia maculata, was 

selected for further analysis (below) and characterization (Chapter 5). The xylan agar 

plate (Fig 4.18) shows the xylanase zones produced by EM-4 with diameters of 19 mm. 

 

                         
Figure 4.18: Xylanase activity of crude extracellular extracts from EM-4 on solid media containing 

xylane at 25 °C and pH 5.5 
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4.3.3.1 Analysis of total protein for xylanase samples 

The total extracellular proteins secreted by samples of EM-4 grown under 

different conditions (Table 4.5) are presented in Figure 4.19. EM-4 (S2) (3.13 mg/ml) 

produced relatively greater amounts of proteins than other seven samples, whilst EM-4 

(S1) secreted about half the total extracellular proteins (1.61 mg/ml) than the other two 

isolates. These results confirmed earlier observations that the amount of total protein 

does not necessarily correlate with the highest enzyme activities. 

 

4.3.3.2 Comparison of xylanase activity between different samples of EM-4 on solid 

media 

Xylanase production was assessed by the plate-hole diffusion method using the 

concentrated broth of EM-4 grown in hydrolase-inducing liquid medium with different 

sources of carbon and nitrogen (Section 4.2.1). Samples (150 µl) with the same 

concentration of protein (0.5 mg/ml) were added to holes in agar plates (Fig 4.19) 

containing screening media with xylan substrate and incubated at 25 °C and pH 5.5 for 

1 day. At the completion of the incubation period the plates were observed for activity 

by staining the plates with congo red 1% (w/v) for 5 min followed by distaining with 

1M NaCl for 15 min (Peterson et al. 2009a). Confirmation of xylanase activity by 

zymography will be described in Chapter 5.  

Figure 4.19: Comparison of enzyme activities and total protein concentrations in different samples 

of EM-4 (S1-S8) using different sources of carbon and nitrogen at 25 °C and pH 5. 
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4.3.3.3 Comparison of xylanase activity between standard (Aspergillus niger) and 

EM-4 

Xylanase activity of crude samples from EM-4 and A. niger on xylan subtrate 

plates demonstrated that the endophytic fungus exhibited much higher xylanase activity 

in alkaline conditions and higher temperature in comparison with A. niger (Fig. 4.20). 

Xylanase activity of EM-4 was only observed at pH 5 and pH 7 over a broad 

temperature range (9 to 50 °C). In contrast, A. niger displayed a more restricted range of 

activity. The optimal conditions for xylanase activity were 37 °C and pH 5 for EM-4 and 

50 °C and pH 7 for A. niger. At pH 7, both A.niger and EM-4 displayed xylanase 

activity from 25 °C to 50 °C.  

 

Figure 4.20: Xylanase activities of EM-4 and Aspergillus niger (standard) under different pH and 

temperature conditions 

Statistical analysis confirmed that three factors including fungus type (standard 

and EM-4), pH and temperature and their interactions had significant effects on 

xylanase activity. The significance of each factor was determined by F values and P 

values (Table 4.10). The model P value <0.0001 implied the model was significant and 

all the factors and their interactions with P values less than 0.01 were significant 

(α=0.01). 
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Table 4.10 Test of significant effect of three factors (pH, Temp and standard/selected endophyte 

(EM-4)) on xylanase activity 

Source df Sum of Squares      Mean Square     F Value     P Value 

Model 31 19545.141 630.488 916.102             <0.0001 

pH 3    9955.763 3318.588 4821.922 <0.0001 

Temp 3 219.796 73.265 106.455 <0.0001 

Fungus   1 341.638 341.638 496.401 <0.0001 

pH*Temp                                   9 5371.313 596.813 867.171 <0.0001 

pH*Fungus                                3 2278.388 759.463 1103.502 <0.0001 

Temp*Fungus 3 288.821 96.274 139.886 <0.0001 

pH*Temp*Fungus                          9 1089.422 121.047 175.882 <0.0001 

Error 64 44.047 .688   

Corrected Total                    95 19589.187    

P values less than 0.01 are significant 

Probability P (>F) <0.0001; R-Square = 0.997 

 

4.3.3.4 Effect of carbon and nitrogen source on xylanase activity  

Statistical analysis showed that three factors including media (different sources 

of carbon and nitrogen), pH and temperature and their interactions had significant 

effects on xylanase activity. The average activities using different sources of carbon and 

nitrogen were compared by the Duncan multiple range test and showed that maltose and 

glucose as the carbon sources and tryptophan as nitrogen source produced the greatest 

xylanase activity at 37 °C and pH 5 (Fig. 4.21).  

 

Figure 4.21: Comparison of enzyme activities of different samples of EM-4 (S1-S8) grown under 

optimum conditions of 37 °C and pH 5. 
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These results also were confirmed by statistical analysis which used three factors 

including fungus type (standard and EM-4), pH and temperature and their interactions. 

The significance of each factor was determined by F values and P values (Table 4.11). 

 

Table 4.11 Test of significant effect of three factors (pH, Temp and media) on xylanase activity 
produced by EM-4 

Source df Sum of Squares      Mean Square     F Value     P Value 

Model 127 79280.372 624.255 1858.247 <0.0001 

Temp 3    636.758 212.253 631.822 <0.0001 

pH 3 70924.299 23641.433 70374.499 <0.0001 

Media   7 809.477 115.640 344.229 <0.0001 

pH*Temp                                   9 1280.190 142.243 423.422 <0.0001 

pH*Media                                21 1648.013 78.477 233.605 <0.0001 

Temp*Media 21 1000.555 47.645 141.828 <0.0001 

pH*Temp*Media                          63 2981.081 47.319 140.856 <0.0001 

Error 256 86.000 .336   

Corrected Total                    383 79366.372    

P values less than 0.01 are significant 

Probability P (>F) <0.0001; R-Square = 0.998 

 

4.3.3.5 Estimation of xylanase activity using best medium to grow EM-4(S3) 

affected at different temperature and pH  

 

The clear zone produced by xylanase activity formed by crude sample of EM-4 

(S3) grown at 37 °C was significantly higher than A. niger (α=0.01) grown under the 

optimum conditions (Fig 4.22). These results confirmed the optimum conditions for 

xylanase production by this endophytic fungus in this medium as pH 5.5 and 37 °C. 

However, the broad range of its xylanase activity might be useful for different industrial 

and medicinal applications. 
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Figure 4.22: Comparison of specific xylanase activities between Aspergillus niger and EM-4 (S3) 

grown at different temperatures and pH. Means followed by the same letter within a column are 

not significantly different at P<0.01 according to the Duncan multiple range test. Variable pH 

experiments were performed at 25 °C, while variable temperature experiments were performed at 

pH 5.5. A. niger was grown under its optimum conditions (50ºC and pH 7) with respect to xylanase 

production. 

 

4.4 Discussion 

The natural ability of fungi to secrete enzymes and their metabolic flexibility 

make them perfect for industrial applications. Fungi can be grown in simple, 

inexpensive liquid media and are suitable for genetic manipulation to improve enzyme 

production and stability. Furthermore, the enzymes that they secrete can be easily 

collected as the supernatant from the fungal mycelia and studied using biochemical and 

protein analysis techniques, without the need for cell lysis (Kavanagh 2005). Whereas 

small scale laboratory cultures provide an effective tool for characterising the enzyme 

activities of new fungal species or strains, large fermenter cultures of industrially 

established fungi have been used widely for the production of commercial enzymes. A 

considerable amount of time and labour is involved when enzyme characterisation is 

carried out by manual enzyme assays. Automation by robotics is becoming increasingly 

common for large-scale projects and greatly improves throughput. Furthermore, protein 

microarrays can now facilitate kinetic measurements of enzyme activity in real time 

using continuous fluorescence measurements, and enable the rapid determination of the 
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properties, substrate preference, inhibitors, activators and metabolic cofactors of the 

enzymes tested (Lue et al. 2005). The fungal species most widely used for industrial 

enzyme production are from the genera Trichoderma, Aspergillus and Penicillium 

(Aehle 2007). 

In the work described in Chapter 3, seven fungal isolates from E. longifolia and 

E. maculata were selected for further optimisation and characterization of their enzyme 

activities (Section 3.3.2). Most of the hydrolase activities of the fungal isolates that 

were presented in the agar plate assays were also displayed in liquid assays carried out 

the supernatants of the endophytic fungi grown in the hydrolase-inducing liquid media. 

But not all the time these results are expected. For example, Peterson and 

colleagues (Peterson et al. 2011a) reported the differences between plate assay results 

and liquid assay results for just one or two individual enzyme activities of fungal 

isolates from koala faces. They found mannanase activity was not displayed by 

Gelasinospora cratophora in the agar plate assay; however the isolate was ranked third 

in comparison to the other fungal isolates for mannanase activity in the liquid assays. 

They suggested that the mannanase activity of G. cratophora could not be induced by 

locust bean gum in the agar plate medium (Peterson et al. 2009a) but was induced by 

cellulose or other substrates (lactose, soybean flour) provided in the liquid hydrolase-

inducing medium (Peterson et al. 2011a). It is also possible that the mannanase activity 

displayed by G. cratophora could be produced by an endoglucanase, induced by 

cellulose but with mannan degrading abilities, as has been previously reported for 

endoglucanase II of T. reesei (Macarrón et al. 1996).  

In contrast, Doratomyces stemonitis revealed the highest amylase activity of all 

the koala fungal isolates using plate assays, but amylase activity was very low in most 

of the liquid amylase assays following growth in the hydrolase-inducing medium. This 

indicated that the D. stemonitis amylase was principally an inducible enzyme secreted in 

the presence of starch, a substrate that was included in the agar plate medium (Peterson 

et al. 2009a) but not in the hydrolase-inducing liquid medium (Peterson et al. 2011a).  

Peterson also suggested the inability of most of the fungi to grow in oxidase-

inducing liquid media in comparison with lignin agar plates was due to their oxidase 

activities alone being insufficient to access sufficient nutrition to sustain growth under 

liquid cultivation conditions. This is not unusual amongst ascomycetous fungi, as 

hydrolases naturally form the major part of their enzyme systems (Griffin 1994). All of 
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the selected fungi had secreted oxidases on solid media as revealed by the degradation 

of the phenolic units of lignin in the agar plate assays. It is possible that the ability to 

secrete oxidases simply may not have transferred well to cultivation in liquid media.  

Similar observations have been previously reported for numerous fungal strains 

(Rodríguez Couto and Sanromán 2005, Téllez-Jurado et al. 2006). Furthermore, many 

of the isolates presenting activity in the agar plate assay may have only secreted mild 

oxidants such as GMC (glucose/methanol/choline) oxidoreductases that can only 

oxidise the phenolic units of lignin but not fully degrade the lignin polymer. The mild 

oxidants may not have supported the fungi to access sufficient nutrition to continue 

growth in the oxidase-inducing liquid media. Still, it could play an important role in the 

survival of the fungi by increasing the access of secreted hydrolases to polysaccharides 

in the lignocellulosic biomass (Lopez et al. 2007).  

The secretion of amylases is substrate-induced in many fungi and low level 

amylase activity is reported in most species (Radford 2004).  Consequently, in our 

work, during the preparation of extracellular enzyme extracts, endophyte EL-14 was 

grown on two different media (Nguyen et al. 2002, Peterson et al. 2011a) and the result 

of amylase activity confirmed the effect of different inducing media on endophytic 

enzyme production. A noticeable difference was seen in the protein production with the 

medium of Peterson et al. (2011a) being more favourable in terms of quantity of 

extracellular enzymes which is ideal for investigation of the fungal secretome (Chapter 

5). However, the medium of Nguyen et al. (2002) was customised (having starch as the 

substrate in the medium) for production of amylase and this effect was observed in the 

amylase enzyme assay (Section 4.3.1.2) and electrophoretic analysis (Chapter 5). Based 

on the hydrolase activities observed for fungi in the agar plate assays and liquid enzyme 

assays, it could be concluded that the agar plate assay had generally provided a good 

screening tool for measuring hydrolase activities of the fungi grown in liquid media. 

The enzyme features that are essential for the survival of fungi in their 

ecological niche can be valuable to industry. Enzymes for inclusion in detergents for 

washing in cold water need to be active at a low temperature and high pH. In contrast, 

the manufacture of pulp, paper and textiles requires enzymes that are active at a high 

temperature, while dairy and other food production processes often require enzymes to 

function at a low temperature and low pH (Lange 2004). Isolating endophytic fungi 

from plants that inhabit unique and harsh environments increases the chances of finding 
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those species that produce extracellular enzymes which are heat stable and retain 

activity under high or low pH conditions (Beg et al. 2001).  

Of the endophytes investigated in this study, EL-14s was active across all 

temperatures under acidic pH, thus its enzymes have potential application in the 

detergent, confectionary industry and food industry. In contrast, EL-15 showed amylase 

production at the extremes of the temperature range and is suitable in the textile industry 

(Asoodeh et al. 2010). The comparison of amylase activities between endophyte EL-14s 

and standard (A. oryzae) (Fig 4.9) confirmed the potential for using endophyte enzymes 

in different industrial applications which need lower pH, high pH and low temperature, 

such as confectionary and food industries or detergent industries, respectively. Since 34 

% of the applications of microbial enzymes are as detergents and the second-most 

important application (14 %) is in the dairy industry (Morgan et al. 2009), EL-14s could 

be a new candidate for use in these industrial applications.  

To optimise enzyme production, assays were performed of P. minima (EL-14s) 

culture supernatants following incubation in the second hydrolase-inducing medium 

(Nyugen et al. 2002) at different temperatures and pH. The optimum temperature and 

pH based on specific enzyme activity were 25 °C and 9 (Fig 4.10), respectively; 

however, activity at low temperature was also notable.The optimum temperature and pH 

conditions of amylase production are likely to reflect the climatic conditions found in 

environments inhabited by the original host plant. Specific activity (138 U/mg) at pH 9 

was significantly remarkable (Table 4.6) in comparison with activities previously 

reported (Varalakshmi et al. 2009, Gupta et al. 2010, Sasi et al. 2010, Nwagu et al. 

2011, Pengthamkeerati et al. 2012).  

α-amylases from most fungi exhibits pH optima in the acid to neutral range; 

however, the enzyme from EM-14s appears to be exceptional with a pH optimum of 9. 

Amylase activity under these conditions of low optimum temperature and alkaline pH 

optimum would be desirable for the application of this enzyme in the detergent industry 

as an additive to remove starch-based stains (Lange 2004). The effect of metal ions on 

total amylase activity was studied with CaCl₂ and MnCl₂ increasing the total amylase 

activity in comparison to the control (Fig 4.12), confirming to previous reports which 

indicated that amylases are mostly metalloenymes and require calcium and manganese 

ions for activity, structural integrity and stability (Sivaramakrishnan et al. 2006, 

Varalashmi et al. 2009, Michelin et al. 2010). Calcium enhances amylase activity by its 
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interaction with negatively charged amino acid residues such as aspartic and glutamic 

acids (Sahnoun et al. 2012). Magnesium and sodium ions were found to inhibit amylase 

activity and similar observations were made by Varalakshmi et al. (2009) and Reyed 

(2007). The results obtained with MnCl₂ suggest that this salt may be a useful culture 

additive to increase enzyme production. 

The effects of different nitrogen and carbon sources suggested that inclusion of 

starch and L-asparagine (in the standard medium) produced significantly higher specific 

activity of 138 U/mg (Fig 4.11 and Table 4.7). Replacement with three different carbon 

(maltose, cellulose and glucose) and nitrogen (ammonium nitrate, yeast extract, peptone 

and tryptophan) sources did not increase production of amylase. This suggests that 

enzyme activity is linked to biomass production and starch has an important role in 

inducing amylase production. Many previous reports showed the same effect on enzyme 

activity by changing the conditions of fermentation (Varalakshmi et al. 2009, Gupta et 

al. 2010, Pengthamkeerati et al. 2012). Since fungi do not naturally produce enzymes at 

levels high enough for commercial purposes, fermentation is undertaken to increase the 

secretion of target enzymes to levels that are economically sustainable. Consequently, 

environmental screening programs are used to seek enzymes from various 

environments, with the view to express these enzymes in highly secreting production 

hosts (Teter and Cherry 2005).  

In this study, the protease activities of three fungal endophytes originally 

isolated from the leaves of E. longifolia were determined by enzyme assays (Section 

4.3.2.3). These endophytes were cultivated in a specific medium (Peterson et al. 2011a) 

designed to induce expression of hydrolysing enzymes, including proteases.  The use of 

skim-milk agar plates was found to be an easy and rapid technique to screen for 

proteases. This supports the work of Saran and co-workers (2007) who concluded that 

this method is of great benefit due to its simplicity, although it cannot be applied to 

quantitative studies. The highest protease activity was produced by an endophytic 

fungus identified as Alternaria alternata.  A. alternata is a plant pathogen commonly 

affecting many crops, such as grapevine, watermelon, and blueberries, in the field and 

during post-harvest storage. It also plays a role in biodeterioration, although not this is 

not as fast as Aspergillus niger (Musetti et al. 2007, Maheswari and Sankaralingam. 

2010, Greco et al. 2012). The fungus can be isolated from many sources such as wood 
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logs (Xiao et al. 2012), and different plants (Guo et al. 2004, Musetti et al. 2007, 

Maheswari and Sankaralingam 2010, de Siqueira et al. 2011). 

A. alternata can produce many secondary metabolites such as diketopiperazines 

(Musetti et al. 2007), extracellular enzymes (Xiao et al. 2012), and tenuazonic acid 

(Zhou and Qiang 2008, Logrieco et al. 2009). However, their characteristics depend on 

living conditions (e.g. pH and temperature), host-relationships (e.g. specific or non-

specific) or pathogenicity (Logrieco et al. 2009, Maheswari and Sankaralingam 2010). 

These features make A. alternata a potential source of industrial enzymes (Xiao et al. 

2012) or substrates for medicine (de Siqueira et al. 2011).  

Using the QuantiCleaveTM Protease Assay, A. alternata (EL-17) was found to be 

a good secretor of protease with its crude extracellular supernatant expressing 69.86 

BAEE units per mg at optimal conditions (Fig 4.16) which is comparable with trypsin 

(specific activity of 40.0 BAEE units per mg). Nonetheless, there is a limitation of the 

QuantiCleave Protease Assay in that only trypsin is used as a control protease and thus 

the protease activity is quantified in terms of trypsin (as a subclass of serine protease).  

However, catalytic proteases are classified as aspartic, cysteine, threonine, serine and 

metalloproteases (López-Otín and Bond 2008) and there is a possibility that different 

proteases belonging to each catalytic class are produced by A. alternata. One intriguing 

observation is that the protease activity of A. alternata EL-17 was greater than the other 

endophytes despite its lower overall protein content. A similar observation was made by 

Peterson and co-workers (2011a) in relation to the protease activity of Doratomyces 

stemonitis C8.   

Of the three endophytic fungi, A. alternata EL-17 was selected for further 

optimisation of enzyme production since it was found to be a very good secretor of 

protease.  The results presented in Fig 4.16 indicated that this endophyte can produce 

protease in a wide range of pH (3.0 to 9.0) and temperatures (9 °C to 50 °C). The pH 

range is wider than that of an A. alternata isolate described by More et al. (2009) which 

reported the  proteases activity in range pH 4 -7.5. In addition, protease production by 

A. alternata EL-17 at 50 °C showed that this enzyme can tolerate higher temperatures 

than the isolates described previously by More et al. (2009) and Dunaevsky et al. 

(1996). These results indicated that the optimum conditions for protease production of 

A. alternata EL-17 were 37 °C and pH 7 with soybean as substrate compared with the 

optimum conditions of 48 °C, pH 9.1 and casein as substrate described by Dunaevsky et 
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al. (1996) and 45 °C, pH 5.5 with soybean seed powder as substrate reported by More et 

al. (2009). Negi and Banerjee (2010) found that the optimum parameters were 35 °C 

and pH 5.5 for protease production from Aspergillus awamori nakazawa MTCC 6652 

incubated in Czapek-Dox medium for 96 hours. These variances in protease activity 

might be due to differences in substrates used for the fermentation as extracellular 

enzyme production can be influenced by the protein substrate and the composition of 

the medium (Vermelho et al. 1996).   

It is reported in other studies that Aspergillus niger I1 displayed protease activity 

at pH 3 (Siala et al. 2009). In contrast, the activity of A. alternata EL-17 was lowest at 

pH 3 (Fig 4.16). This result suggests that a variety of fermentation conditions are 

suitable for the production of proteases by this endophytic fungus. Figure 4.16 shows 

that the enzyme was very active at pH 7 while its activity decreased considerably with 

pH lower and higher than 7. Muthulakshmi and colleagues (2011) reported that the 

protease of Aspergillus flavus exhibited maximum activity at pH 7. In the present study, 

supplements to the basic Czapek-Dox medium were investigated for their effects on the 

protease production of A. alternata EL-17 (Fig 4.17).  

The results indicated that not all carbon and nitrogen sources had positive effects 

on protease production. It was observed that fungal growth was superior when the 

medium was supplemented with specific carbon and nitrogen sources, which reflected 

the reported levels of enzyme production. This also suggests that enzyme activity is 

linked to biomass production. In addition, it was previously seen that EL-17 is not a 

good secretor of amylases (Chapter 2), possibly explaining why starch was not a good 

carbon source. Many media have been used for protease production and media 

components as well as incubation conditions are different for different organisms. 

Sumantha et al. (2006) reported that various substrates had different effects on the 

protease production of Rhizopus microsporus NRRL 3671, with the nitrogen sources 

casein, peptone and yeast extract reducing protease activity and the carbon sources 

maltose and lactose increasing protease activity. Negi and Banerjee (2010) reported that 

various carbon and nitrogen supplements had different effects on the protease and 

amylase production of Aspergillus awamori nakazawa MTCC 6652. In addition, lactose 

and casein (Dunaevsky et al. 1996) were reported as inducers and stabilizers of protease 

production by A. alternata. In the present study, different sources of carbon and 

nitrogen showed significant effects either in protease production or enzyme activity. 
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The effects on protease activity of all variables investigated (i.e. temperature, pH, 

carbon source and nitrogen source) were all shown to be significant by statistical 

analysis as presented in Table 4.9. However, positive effects were only seen with 

specific factors that increased protease production such as temperature and pH, soybean 

as the carbon source and tryptophan or yeast extract as the nitrogen source.  Thus, these 

factors would be important parameters to consider for scale-up protease production.  

Xylanases are glycanase enzymes which catalyze the endohydrolysis of the 

linear polysaccharide beta-1, 4-xylan into xylose (Collins et al. 2005). They play 

important roles in production of xylose, a primary carbon source for cell metabolism, 

and in plant cell infection by plant pathogens and endophytes. They are produced from 

many sources such as bacteria, algae, fungi, protozoa, gastropods and anthropods (Prade 

1995, Rezende et al. 2002, Bakri et al. 2013), of which Aspergillus and Trichoderma are 

the main fungal sources (Vikarii et al. 1994). Given the large size of the primary 

substrate, xylanases are excreted into the extracellular environment (Collins et al. 2005). 

Hydrolase enzymes make up 75% of the industrial enzyme market and carbohydrolases 

such as cellulases, amylases and hemicellulases are the second largest group after 

proteases (Bhat 2000). 

It is believed that the activity of xylanases produce xylo-oligomers which may 

be transported into the cell where they are further degraded by β-xylosidases, or indeed 

by intracellular xylanases (Fontes et al. 2000, Teplitsky et al. 2000). 

Although xylanases are the major commercial hemicellulases, they represent 

only a small percentage of total enzyme sales, however this is expect to increase due to 

their potential applications (Collins et al. 2005). They offer a wide range of potential 

industrial uses in food (Bhat 2000 ), in feed (Mathlouthi et al. 2003), production of 

ethanol and xylitol (Ali et al. 2013), in recycling paper to make deinked pulp (Pala et al. 

2004), in brewing (Tikhomirov et al. 2003), in coffee extraction and in the preparation 

of soluble coffee (Wong 1988), in detergents (Kumar et al. 2004), in the protoplastation 

of plant cells (Kulkarni et al. 1999), in the production of pharmacologically active 

polysaccharides for use as antimicrobial agents (Christakopoulos et al. 2003) or 

antioxidants (Katapodis et al. 2003), in the production of alkyl glycosides for use as 

surfactants (Matsumura et al. 1999) and in the washing of precision devices and 

semiconductors (Imanaka et al. 1992). They can be used alone or in conjunction with 

http://en.wikipedia.org/wiki/Recycled_paper
http://en.wikipedia.org/wiki/Deinked_pulp
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other enzymes and, in particular, with other hydrolases, proteases, oxidases and 

isomerases (Collins et al. 2005).   

Currently, xylanases are mainly used in pulp and paper industries which requires 

high temperature (55-70 °C) and alkaline pH (Beg et al. 2001) for efficient bleaching. 

Thermo-alkaliphilic or even thermo-acidophilic xylanases can also be used for 

bioconversion processes where the enzymatic processes require many extreme 

treatments such as hot water, steam explosion, alkaline, solvent or acidic pretreatments 

(Mielenz 2001, Saha 2003). In addition, the alkaliphilic xylanases might be used for 

detergent applications where high pH are commonly used and thermostable xylanases 

are suitable for use in animal feed that required high temperatures for production of 

around 70-95 °C. For the latter application, the enzymes must also have high activity 

(approximately 40 °C and pH of about pH 4.8) in the conditions of the digestive tract 

(Campenhout et al. 2003).  

In this study, culture supernatants collected following incubation in the first 

hydrolase-inducing medium (Peterson et al. 2011a) of the selected endophytic Preussia 

sp. (EM-4) isolated from E. maculata was tested at different temperatures and pH. The 

experimental design involved a wide range of pH (3-9) and temperature (9 ºC-50 ºC). 

Consequently, the optimum conditions for xylanase activity were determined to 

be 37ºC and pH 5 compared with standard A. niger growing in the same conditions of 

50 ºC and 7 (Fig 4.21). Similar activities were reported for xylanases from A. niger the 

white-rot fungus, Pleurotus ostreatus (Qinnghe 2004). Furthermore, xylanase activity 

produced by A. niger described by Solima et al. (2012) showed the optima of 35 °C and 

pH 5.5, similar conditions to EM-4. The fact that the endophytic Preussia was stable in 

the range of pH 5 to 7 and also active at low temperature suggested it would be suitable 

for applications such as a detergent or in the food industry. Most reports have confirmed 

xylanase activity at high temperatures for different organisms (Shi et al. 2013, Giannesi 

et al. 2013). Optimal temperature and pH for xylanase production by Chaetomium 

themophilum were 70 oC and at pH range 5-7, respectively (Katapodis et al. 2007). 

Similar optima (80 oC and pH 6.5) were reported by Medicuti-Castro (1997) for a 

thermotolerant Aspergillus strain. 

Statistical analysis indicated a dramatic influence on xylanase production for the 

four carbon sources studied (Fig 4.22). In fact, maltose was found as most suitable 

carbon sources for maximum xylanase production compared to other carbon sources 
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(glucose, starch and lactose) at the same processing conditions. With respect to nitrogen 

sources, tryptophan and peptone were found to be the best organic nitrogen sources for 

xylanase production. Qinnghe (2004) found that mixtures of corn cob and wheat brand 

as carbon sources and peptone, beef extract and yeast extract as nitrogen sources were 

the most effective carbon and organic nitrogen sources for the production of xylanase 

from white-rot fungus Pleurotus ostreatus .  

In general, xylanase production was far more effective using organic nitrogen 

than inorganic nitrogen. This result parallels the results from studies of Pleurotus 

eryngii in liquid fermentation (Song et al. 2001). It could be possible that organic 

nitrogen contains a diverse range of amino acids and that these can be absorbed directly 

by mycelia, resulting in greater biomass and the production of more extracellular 

enzymes, including xylanase. Among the various inorganic and organic nitrogen 

sources tested, peptone was found to be the best in stimulating xylanase production by 

P. ostreatus. The optimal carbon and nitrogen sources for the production of xylanase 

from Chaetomium themophilum were 3% wheat straw and 0.7% sodium nitrate 

(Katapodis et al. 2007). Moreover, Solima (2012) showed that barley bran was the most 

effective carbon source used to produce xyalnase by A. niger without additive nitrogen 

sources. 

In summary, endophytes which can produce many types of bioactive secondary 

metabolites are of great interest (Joseph and Priya 2011, Zaferanloo et al. 2012). 

Between three selected samples, EL-14s (P. manima) produced the highest amylase 

activity at 25 °C and pH 9, respectively. The enzyme was activated and stabilized 

mainly by the metal ions manganese and calcium. It was observed that enzyme activity 

was highest (138 U/mg) with starch as the carbon source and L-asparagine as the 

nitrogen source. The amylase from this endophyte can be applied to the detergent 

industry where the fermentation conditions are suitable to the activation of amylase. 

EL-17 (A. alternata) was a good secretor of total protein and showed good 

protease activity in a wide range of pH (3 to 9). The broadest protease activity was 

observed at pH 7 with the enzyme showing activity between 9 °C and 50 °C. However, 

the optimum conditions for activity were 37 °C and pH 7 with an optimum specific 

activity value of 70 BAEE units/mg. Enzyme activity was also studied using different 

carbon and nitrogen sources which confirmed that tryptophan and yeast extract as 

nitrogen sources and soybean as the carbon source had significant effects on protease 
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activity. From these preliminary data, it can be suggested that the protease from EL-17 

can be applied to cheese making and in milk-clotting where the fermentation conditions 

are suitable to the activation of protease (Benlounissi et al. 2012, Fazouane-Naimi et al. 

2010) 

EM-4 (Preussia sp.) was known to be active in a broad range of temperature (9-

50 oC). However, optimal conditions for xylanase activity were 37 °C and pH 5. The 

optimum fermentation medium for xylanase activity contains maltose as a source of 

carbon and tryptophan as a source of nitrogen. This primary data suggested that the 

properties of xylanases produced by this endophyte can be applied in the process of 

enzyme-assisted animal feed and detergent industry.  
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Chapter 5 
 

 

Purification and characterization of hydrolytic enzymes 
and investigation of the secretome of selected endophytes 
 

5.1 Introduction: Endophytes as the sources of secondary metabolites and enzymes 

Endophytes inhabit a myriad of host plants ranging from herbaceous plants in 

the Artic, alpine and xeric regions to tropical and mesic forest habitats. The various 

species that they inhabit include ferns and mosses, hepatics, gymnosperms and 

angiosperms, estuarine plants and many other evergreen perennials (Tan et al. 2001). 

The endophytic population of a plant depends on factors such as climate, season and 

ecology. It also varies depending on the time of plant sample collection.  

The host-endophyte relationship is under evaluation though it is commonly 

accepted that microbes are transferred to the plants through soil, entering through open 

spaces in roots and becoming endophytic. It is while carrying out activities for survival 

such as host defence, mobility and migration that endophytes produce a range of 

secondary metabolites and enzymes (Zafernaloo et al. 2012). Such secondary 

metabolites and enzymes play important roles for many metabolic interactions between 

the fungi and their host plants which includes defence, cell signalling and regulation of 

their symbiotic relationship (Borges et al. 2009). These metabolic interactions favour 

the biosynthesis of many other bioactive natural products. Endophytes are considered as 

an outstanding source of various small molecules as the study of natural products from 

plants have shown that their endophytes produce a significant number of interesting 

novel and bioactive compounds. Some endophytes interact mutualistically with their 

hosts whereby they cause improved growth, induced resistance to pathogens, and biotic 

and abiotic stress tolerance in the host (Junker et al. 2012). The endophytes in turn 
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profit from the host plant by receiving organic nutrients, shelter and guaranteed 

transmission to the next host generation (Borges et al. 2009).  

Fungi constitute a major proportion of the endophytic population. As these 

endophytic fungi are unable to ingest or produce their food, they obtain their nutrition 

from the host plant. For this, they carry out extracellular metabolism of nutrients into an 

absorbable form by producing secondary metabolites and enzymes. This characteristic 

feature of the fungal lifestyle and their endophytic nature leads to the potential of these 

fungi to produce many hydrolysing enzymes to aid the digestion process (Zafernaloo et 

al. 2012). Endophytes have been previously proved to be novel source of various 

industrial enzymes such as amylase, protease, xylanase, ligninase, pectinases and 

cellulose. These enzymes have been studied extensively at the biochemical and genetic 

level due to their wide range of applications. They have been utilized as food and feed 

additives and also in the saccharification of plant biomass for the production of 

bioethanol (Oliveira and Graaff 2011). High quality enzymes are often sought after by 

the above-mentioned industries for cost-effective, efficient and environmentally friendly 

production processes which minimize the use of water, energy and raw materials. 

Enzymes, being biodegradable, offer a better option compared to synthetic chemicals 

(Laird et al. 2006). 

The secondary metabolites include diverse chemical compounds and hydrolytic 

enzymes which are produced by remarkable secretor fungi which have granted them a 

prominent role in biotechnology (Archer et al. 2008). Many of secondary metabolites 

show anti-microbial, anti-insecticidal and cytotoxic (anti-cancer) which could be used 

for treating and curing various human ailments. It is suggested that the hydrolytic 

enzymes secreted by fungi have developed to degrade the complex structure of plant 

cell wall (McCann et al. 2008). The most noticeable enzymes that are secreted in the 

process of plant cell wall decomposition are hemicellulases (e.g. xylanases), cellulases, 

pectinases, proteases and amylases which have wide biotechnological and industrial 

applications. The enzymes are being applied as food and feed additives and are used in 

the saccharification of plant biomass for the production of bioethanol (Shimokawa et al. 

2009). These microorganisms represent a potential source of novel natural products for 

medicinal, agricultural and industrial uses, such as antibiotics, anticancer agents, 

biological control agents, metabolic properties useful for bioremediation, production of 

ethanol-based biofuels and other bioactive compounds. Metabolites exploited in 
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pharmaceutical and environmental industries are widespread among endophytic fungi 

(Petrini et al. 1992, Russel et al. 2011, Zhao et al. 2013, de Almeida et al. 2013). 

Endophytes have therefore become a “hot topic” in metabolite and enzyme discovery 

due to their high biodiversity and predicted potential to produce novel compounds. One 

way to discover these diverse compounds is study their secretome.  

5.1.1 Fungal secretomes: extracellular insights into efficient substrate utilisation 

Endophytic fungi respond to their environment by regulating the secretion of 

enzymes and other proteins that have been developed to derive energy from the 

available substrates in the most effective way possible. The secretome, which is the 

complete set of secreted proteins, can provide information about the way the fungus 

cooperates with its host-plant and can also offer insight into effective enzyme 

combinations for various biotechnological applications (Kuhad and Singh 2007). 

Although secreted enzymes are an abundant and renewable resource to the microbial 

enzyme industry, an individual enzyme rarely acts alone, particularly in nature. Fungi 

typically secrete numerous enzymes simultaneously and, through a synergistic process, 

the enzymes may increase the impact of each other on the available substrates.  

A number of secretome studies of fungi have been undertaken in the last decade 

for different reasons. Some of the studies have focused on the interactions that fungal 

species have with their environment, such as their role in plant pathogenesis (Mueller et 

al. 2008). Other studies have been undertaken to discover the secreted proteins of fungi 

involved in cellulose or lignocellulose degradation to improve efficiency of enzyme 

combinations for production of ethanol from lignocellulose biomass (Bouws et al. 2008) 

or the symbiotic relationship between mychorrhizal fungi with plant roots (Nagendran 

et al. 2009).  

Most of the proteins characterized, though not sequenced yet, are of industrial 

importance such as amylases, proteases and cellulases (Polaina and MacCabe 2007). 

Though secretome analysis of Aspergillus, Trichoderma, Fusarium, Phanerochaete 

chrysosporium and Coprinopsis cinerea  has been reported (Bouws et al. 2008), many 

proteins are yet to be identified. Several proteins identified from those fungi include 

peptidolytic enzymes (alkaline protease, alanyl dipeptidyl peptidase), glycosidases (e.g., 

α-amylase, β-galactosidase) and oxidoreductases (e.g. catalase and xanthine 

dehydrogenase). Several other enzymes were identified from T. reesei including 
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glycosyl hydrolases, β-1, 4-endoglucanases, β-1, 4-exoglucanases, two xylanases, α-L-

arabinofuranosidase, an acetyl xylan esterase and a β-mannanase (Bouws et al. 2008). 

Proteomic analysis via gel electrophoresis and mass spectrometry plays a major role in 

the majority of the secretome studies (Table 5.1).  

Bioinformatic analysis of secreted proteins has been used to investigate the 

secretomes of unknown endophytic fungi by comparison with sequenced genomes 

(Ouyang et al. 2005, Nagendran et al. 2009) and to compare to experimental proteomic 

data (Vanden Wymelenberg et al. 2005, Vanden Wymelenberg et al. 2006, Tsang et al. 

2009). Transcriptome analysis by microarray and RT-PCR has been used to link gene 

predictions to expressed proteins (Vanden Wymelenberg et al. 2009, Vanden 

Wymelenberg et al. 2010). The secretomes of fungi without sequenced genomes have 

been investigated successfully using cross-species identification (Medina et al. 2004, 

Zorn et al. 2005, Marx et al. 2013).  

Table 5.1 Secretome studies of filamentous fungi (expanded from Bouws et al. 2008) 

Fungal species  Techniques  Carbon source  Reference  

Amanita 

bisporigera  

Genome based 

prediction  

-  Nagendran et al. 2009  

Aspergillus niger  Genome based 

prediction  

LC MS/MS  

Varied (eg. glucose, 

pectin, xylan)  

Tsang et al. 2009  

Ferreira de Oliveira et 

al. 2011 

Aspergillus oryzae  2DE  

MALDI-TOF/MS  

Wheat bran  Oda et al. 2006  

Alternaria 

brassicicola 

2DE  

MALDI-TOF/MS  

- Seok et al. 2005 

Aspergillus flavus  1DE, 2DE  

LC MS/MS,  

MALDI-TOF/MS  

Rutin  Medina et al. 2004  

Medina et al. 2005  

Coprinopsis cineria  Genome based 

prediction  

2DE, LC MS/MS  

Glucose, yeast extract, 

peptone  

Hoegger et al. 2007  

Fusarium 

graminearum  

1DE  

LC MS/MS  

13 different media  

(eg. xylan, pectin, corn 

stover)  

Paper et al. 2007  
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Table 5.1 Secretome studies of filamentous fungi (expanded from Bouws et al. 2008) 

Fungal species  Techniques  Carbon source  Reference  

P. chrysosporium  Genome based 

prediction  

1DE, LC MS/MS  

RT-PCR 

Crystalline cellulose  Vanden Wymelenberg 

et al. 2005  

P. chrysosporium  Genome based 

prediction  

1DE  

LC MS/MS  

Ligninolytic media (carbon 

or nitrogen limited)  

Vanden Wymelenberg 

et al. 2006  

P. chrysosporium  1DE, 2DE  

LC MS/MS  

Glucose, cellulose or 

woodchips  

 

Sato et al. 2007  

P. chrysosporium  Genome based 

prediction  

1DE, LC MS/MS, 

microarray  

Ligninolytic media   

(carbon or nitrogen 

limited)  

Vanden Wymelenberg 

et al. 2009  

P. chrysosporium  Genome based 

prediction  

1DE, LC MS/MS  

RT-PCR, 

microarray  

Ball-milled aspen  Vanden Wymelenberg 

et al. 2010  

Pleurotus sapidus  2DE  

MALDI-TOF/MS  

LC MS/MS  

Peanut shells,  

rape straw  

Zorn et al. 2005  

Postia placenta  Genome based 

prediction  

1DE, LC MS/MS  

RT-PCR, 

microarray  

Ball-milled aspen  Vanden Wymelenberg 

et al. 2010  

Trichoderma 

harzianum  

1DE, 2DE  

MALDI-TOF/MS  

LC MS/MS  

Chitin, fungal cell walls  Suárez et al. 2005  
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Table 5.1 Secretome studies of filamentous fungi (expanded from Bouws et al. 2008) 

Fungal species  Techniques  Carbon source  Reference  

T. reesei  

RUT-C30 and CL847  

2DE  

MALDI-TOF  

LC MS/MS  

Lactose  Herpoël-Gimbert et al. 

2008 

Jun et al. 2011  

T. reesei RUT-C30  2DE  

LC MS/MS  

Rice straw  Sun et al. 2008  

T. reesei RUT-C30  

 

1DE  

LC MS/MS  

Corn stover  Nagendran et al. 2009  

Ustilago maydis  Genome based 

prediction  

-  Mueller et al. 2008  

Doratomyces stemonitis 

C8 

2DE  

LC MS/MS 

Lactose- 

Cellulose 

Peterson et al. 2011b 

Phanerochaete 

chrysosporium  

2DE, MALDI-TOF/MS  

LC MS/MS  

Wood chips  Abbas et al. 2005  

 

Information about fungal secretomes can result in understanding of how fungi 

survive in their natural habitats and aid in the discovery of novel enzymes and enzyme 

combinations that could be of interest to industry.  

 

5.1.2 Gel electrophoresis 

One-dimensional gel electrophoresis (1DE) is a well-established procedure 

(Laemmli 1970) and can be used to separate proteins within a fungal supernatant 

according to their molecular weight (Fig. 5.1a). In two-dimensional gel electrophoresis 

(Fig. 5.1b), proteins are firstly separated according to their isoelectric point (i.e. the 

point at which they carry no net charge) and then further fixed according to their 

molecular weight, forming a two-dimensional visual “map” of a protein mix (Walker  

2005). Following electrophoresis, protein bands or spots from 1D or 2D gels can be 

removed and identified using mass spectrometry.  

 

 



179 
 

 

 

 

 

 

 

 

 

 

 

 

In case of working with enzyme as protein, zymography (Fig. 5.2) used to 

confirm the present of related activity. It is a method of enzyme analysis in which the 

proteins present in a sample are separated by gel electrophoresis, typically one 

dimensional (1D) electrophoresis. The process can be used to analyse a fungal 

supernatant to determine the approximate molecular weight and number of enzymes or 

enzyme isoforms it contains that are active against a particular substrate. To run a 

zymogram gel, the substrate for the target enzyme is incorporated into a polyacrylamide 

gel. Samples are prepared in a style that minimises protein denaturation to avoid loss of 

enzyme activity. Following separation of proteins in the sample by electrophoresis, the 

gel is placed into a renaturing buffer, which reactivates the enzymes, and then 

transferred to an appropriate incubation buffer. Digestion of the substrate in the gel 

occurs where proteins possessing the target enzyme activity are located, and is usually 

visualised by staining.  

 

 

 

Figure 5.1: Schematic demonstrating protein separation by a) 1D electrophoresis in which 
proteins are separated into bands according to their molecular weight (MW); and b) 2D 
electrophoresis in which proteins are further resolved across two dimensions, molecular weight 
(MW) and isoelectric point (pI). 
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5.1.3 Exploring a secretome: methods of protein analysis 

To detect proteins presented within a fungal secretome, supernatants from liquid 

cultures are typically analysed by gel electrophoresis and mass spectrometry 

summarised in Fig. 5.3. 

 

 

 

 

Figure 5.2: Schematic of the 1D zymography technique. a) Proteins in a sample are separated by 
their molecular weight (MW) by electrophoresis on a gel containing the substrate of the target 
enzyme; b) The protein gel is placed in a renaturation buffer to restore enzyme activity; c) The 
gel is incubated in a suitable buffer; d) The gel is stained and washed; e) Proteins with enzyme 
activity against the substrate are revealed as bands on the zymogram. 
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5.1.3.1 Mass spectrometry 

Mass spectrometry is now the most broadly established and utilised method of 

protein identification (Ahrens et al. 2010). Following gel electrophoresis, protein 

samples that are contained in a gel spot or band, are fragmented into smaller peptides 

using trypsin or another suitable proteases. The resulting fragments are then exposed to 

ionisation, most commonly Matrix Assisted Laser Desorption/Ionisation (MALDI) or 

Electrospray Ionisation (ESI). MALDI (Fig. 5.4a) involves application of the sample 

into a matrix material, which absorbs at the wavelength of a laser used to bombard the 

material. Electrospray ionisation of a protein sample (Fig. 5.4b) is usually carried out in 

conjunction with reversed phase nano-high performance liquid chromatography (nano-

HPLC). A solvent gradient of increasing organic content is applied and peptides are 

eluted in electrostatically charged precipitations according to their hydrophobicity 

(Steen and Mann 2004). Multiply charged ions are then sent into a vacuum chamber for 

mass analysis. 

 

 

Figure 5.3: The mass-spectrometry/proteomic experiment. A mixture of proteins is prepared from 
a biological source such as cell culture and the last step in protein purification is often SDS–
PAGE. The gel bands/spots that are achieved are excised into several slices, which are then in-gel 
digested. Many different enzymes and/or chemicals are available for this step. The generated 
peptide mixture is separated on- or off-line using single or multiple dimensions of peptide 
separation. Peptides are then ionized by electrospray ionization (depicted) or matrix-assisted laser 
desorption/ionization (MALDI) and can be analysed by various different mass spectrometers. 
Finally, the peptide-sequencing data that are obtained from the mass spectra are searched against 
protein databases using one of a number of database-searching programmes. Examples of the 
reagents or techniques that can be used at each step of this type of experiment are shown beneath 
each arrow. 2D: two-dimensional; FTICR: Fourier-transform ion cyclotron resonance; HPLC; 
high-performance liquid chromatography (Was taken from Steen and Mann 2004). 
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Figure 5.4: Ionisation methods used for protein analysis by mass spectrometry: a) Matrix Assisted 
Laser Desorption/Ionisation (MALDI); b) Electrospray Ionisation (ESI) (Was taken from Steen 
and Mann 2004). 

 

Mass analysers utilise either electric or magnetic fields to separate and identify 

ions according to their mass-to-charge ratio. The most commonly used mass analysers 

for protein analysis are time of flight (TOF), quadrupole and quadrupole-ion trap 

analysers. In a TOF analyser, ions are accelerated along a field-free tube. The time 

taken for the ions to reach the detector is measured and is proportional to their mass-to-

charge ratio (Graham et al. 2007). Quadrupole mass analysers process ions by passing 

them through a radio frequency quadrupole field containing four parallel cylindrical 

rods. At any one time, only the ions of one particular mass-to-charge ratio will reach the 

end of the analyser for detection, whilst others collide with the quadrupole rods (Aitken 

2005). Similarly, an ion trap uses an electric field that holds the ions and then sorts the 

ions by sequentially ejecting ions of a particular mass-to-charge ratio to be detected. 
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Following ion detection and mass analysis, a mass spectrum is generated, 

resulting in a peptide mass fingerprint (PMF) of the protein. The most abundant peptide 

ions from ESI or MALDI can then be further fragmented by “collision-induced-

dissociation” (CID), in a process termed tandem mass spectrometry (MS/MS; Graham 

et al. 2007). The resulting MS/MS spectra are then used to elucidate the peptide 

sequence (de novo sequencing) or compared to the predicted fragmentation of known 

proteins by database analysis.  

Hybrid mass spectrometers are becoming more common whereby several of the 

above-mentioned techniques are performed by the one instrument. For example, 

MALDI-TOF/TOF mass spectrometers combine a MALDI ion source with a TOF 

analyser, followed by a CID fragmentation cell, and another TOF analyser to produce 

MS/MS fragmentation spectra (Gogichaeva et al. 2007). Quadrupole-time-of-flight (Q-

TOF) mass spectrometers combine a TOF analyser with a triple quadrupole linked to an 

ESI source to achieve even higher resolution and very high mass accuracies 

(Chernushevich et al. 2001). A LC-ESI-MS/MS using an Agilent 1100 Series HPLC 

coupled to an Agilent LC/MSD Trap XCT Plus Mass Spectrometer fitted with an HPLC 

Chip cube (Agilent, Palo Alto, CA) were used for protein analysis in this work.  

Examples of data relating to the entire process are given as Fig 5.5, beginning 

with the total ion current (TIC) chromatogram that contains all the eluting peptides that 

have been separated as is shown in Fig 5.5a. At each point in time, a mass spectrum is 

obtained, it is possible to replot the chromatogram for a particular mass-to-charge ratio 

ion and this is the bold line. The primary structure of the peptide is found by a two stage 

process where an ionised fragment (or precursor ion) is selected in the first stage as 

demonstrated in the insert of Fig 5.5b. This fragment is subjected to further 

fragmentation to produce a series of fragments (or product ions) that are detected in the 

second stage as displayed in Fig 5.5c. Two sequences are possible depending where the 

charge is located when the amide bonds are broken (see Fig 5.6). The b-ion sequence 

results from the formation of amino terminated fragments and the y-ion sequence is 

terminated with carboxyl groups. The type of instrument influences the sequences that 

are observed with the y-ion sequence predominately detected when a quadrupole array 

is used as the first stage with both sequences detected for an ion trap instrument. 
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Figure 5.5: a) The total ion intensity from all the mass spectra that were recorded during the liquid 
chromatography mass spectrometry (LC-MS) run is shown as a function of elution time. The black 
trace shows the total ion chromatogram. Shown in bold is the trace for the intensity of one 
particular ion, which elutes within a 40 second window approximately 42.5 minutes into the 
gradient. The bold trace shows an extracted ion chromatogram. The area under this curve 
represents the total signal of this peptide. b) The mass spectrum of the peptides that were eluted 
42.4 minutes into the gradient is shown. The insert shows the mass-to-charge values around the 
peptide ion of interest, which are indicative of the resolution and allow the charge state to be 
derived. c) The MS/MS spectrum of the peptide ion of interest (highlighted by a dashed box in part 
b). The mass differences between this y-ion series indicate the amino-acid series. As this is a y-ion 
series, the sequence is written in the carboxy-to-amino-terminus direction going from left to right. 
m/z, mass-to-charge ratio (Was taken from Steen and Mann 2004). 

 

For an even more in-depth characterization, the peptide fragments can be further 

fragmented. This is known as MS3 or, more generally, MSn, which has recently become 
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a feasible practice in proteomics with the advent of linear ion traps - a new and 

improved version of the traditional three-dimensional quadrupole ion traps where more 

precursor ions can be stored for fragmentation (Steen and Mann 2004). 

 

Figure 5.6: a) The figure shows the chemical structure of a peptide, together with the designation 
for fragment ions. b) Cleavage of the amide bonds lead to b-ions when the charge is retained by the 
amino-terminal fragment or y-ions when it is retained by the carboxyl-terminal fragment (taken 
from Steen and Mann 2004). 

 

5.1.3.2 Protein identification from mass spectra 

The data produced by mass spectrometry of a protein mix is typically analysed 

using a search engine such as MASCOT (Perkins et al. 1999), SEQUEST (Yates et al. 

1996) or X! TANDEM (Craig et al. 2004). The pattern of peptide fragments and 

fragment ions observed from the mass spectra is compared to theoretical fragmentation 

patterns calculated from proteins in databases such as NCBI nr (www.ncbi.nlm.nih.gov) 

or SwissProt (www.expasy.org/sprot/). Protein identifications by MASCOT are made 

based on probability-based Mowse scores, whereby peptides are scored on the 

probability that their match to the database occurred at random (Perkins et al. 1999). 
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The MASCOT search engine was used predominantly for protein identification in this 

work (Fig. 5.7). 

 

 

Figure 5.7: The peptide sequences from the MS/MS spectra were identified by the MASCOT 
searching tool (Matrix Science Ltd., London, UK) against the NCBI nr (National Centre for 
Biotechnology Information non-redundant) sequence database. The criteria for protein and peptide 
sequence identification were based on the manufacturer’s definitions (Matrix Science Ltd). 

 

Whatever the search algorithm used, when the organism source of the protein is 

known and the genome sequence has been made available, matches with database 

proteins and subsequent identification can be relatively straight forward. However, 

proteins from organisms without sequenced genomes must be identified on the basis of 

high sequence similarities to proteins of related species, in a process termed “cross-

species identification” (Liska and Shevchenko 2003, Grinyer et al. 2004). Organisms 

that are closely phylogenetically-related exhibit similarities in genome sequence and 
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thus their proteins also exhibit a high degree of homology. Identification based on 

existing protein information in databases can still be achieved using lower criteria for 

sequence identities and numbers of peptide matches required for a confident hit 

(Wilkins and Williams 1997). However, as phylogenetic distance increases between 

species, so does the number of nucleotide substitutions, deletions and insertions in gene 

sequences and subsequently, amino acid changes in proteins. These results in markedly 

different MS and MS/MS spectra compared to that predicted from known proteins in 

databases and attempts at matching can be unproductive. In this case, de novo 

sequencing of peptides is required for protein identification (Seidler et al. 2010). 

In the final part of this thesis, selected endophytic enzymes (amylase, protease 

and xylanase) were characterised using SDS-PAGE, 2D electrophoresis and 

zymography. In an attempt to identify new amylases with potential application to 

industry, purification of an amylase obtained from Preussia minima was performed 

followed by further characterisation using liquid chromatography-electrospray 

ionisation-mass spectrometry to determine its partial peptide sequence. Mass 

spectrometry was employed to identify an array of proteins in the secretome of this 

fungal endophyte. The genus Preussia (Sporormiaceae) comprises species from soil, 

wood and plant debris. They are largely unexplored and proteomic analysis has not been 

reported, hence the secretome study of this endophytic fungus invites application, for 

identifying enzymes (Chapter 3). This work represents the first proteomic analysis of 

the secretome of an endophytic fungus from the Australian native plant, Ermepholia 

longifolia. 

 

5.2 Material and methods 

5.2.1 Culture conditions to prepare crude extracellular enzyme 

The mycelium of fungal endophyte EL-14 (Preussia minima),grown on Potato 

Dextrose Agar (PDA) plates was inoculated into the first hydrolase-inducing media 

(which was shown to produce greater protein content) containing 1.5 % w/v soybean 

flour, 1 % w/v lactose, 2 % w/v Avicel cellulose and minimal salts (KH2PO4 1.5 %, 

(NH4)2SO4 0.5 %, MgSO4 0.06 %, CaCl2 0.6 %, FeSO4.7H2O 0.0005 %, MnSO4.H2O 

0.00016 %, ZnSO4.7H2O 0.00014 % and CoCl2 0.0002 %) at  pH 6.5 (Peterson et al. 
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2011a) and incubated at 25 °C for 7 days. The media was then centrifuged at 10,000 g 

for 15 min to separate the mycelia from the broth and the broth filtered through a 0.22 

µm filter (Millipore). The sterilized broth was then concentrated by freeze drying and 

used for characterization of amylase and study of the secretome. Two selected fungal 

endophytes, EL-17 (Alternaria alternata) and EM-4 (Preussia sp) with highest protease 

and xylanase activities, respectively, were also inoculated into the first hydrolase-

inducing media. 

A second hydrolase-inducing medium (which was shown to be more conducive 

to amylase production) was used for growing EL-14s (P. minima) for amylase 

purification and bioreactor fermentation. The endophyte suspension was prepared with 

0.1 % Triton X-100 added to 100 ml glucose-aspargine medium containing: glucose 2 

%, L-asparagine 0.4 %, KH2PO4 0.3 %, K2HPO4 0.2 %, MgSO4.7H2O 0.05 % and 0.1 

% (v/v) of Vogel’s trace elements to 100 ml distilled water and pH adjusted to 5.5. The 

culture was incubated for 4 days at 25 °C with shaking at 220 rpm (Nguyen et al. 2002). 

To initiate the production of enzyme, 5 ml of the culture grown in the above medium 

was introduced into 150 ml of inducing media containing: soluble starch 4 %, L-

asparagine 0.75 %, KH2PO4 0.3 %, K2HPO4 0.2 %, MgSO4.7H2O 0.05 % and 0.1 % 

(v/v) of Vogel’s trace elements solution in 100 mM citrate buffer pH 5.5. The mixture 

was allowed to ferment for 5 days at 28 °C (Nguyen et al. 2002). After that, the 

myecelial pads were removed by filtration, and the filtrate was saved as the source of 

crude extracellular amylase. 

 

5.2.2 Purification of amylase from EL-14 

The culture filtrate was lyophilized and then dialyzed against 20mM Tris-HCl, 

pH 8. The sample was then precipitated using TCA/Acetone, applied to a previously 

equilibrated Sephadex G-200 gel filtration column and eluted with the same buffer. 

Fractions were collected and monitored for α-amylase activity. Fractions with α-

amylase activity were then pooled and applied onto a DEAE- Sepharose ion exchange 

column, previously equilibrated with 20mM Tris-HCl buffer, pH 8, and eluted with a 

linear concentration gradient (0-17M) of sodium chloride in the same buffer (Fig. 5.8). 

The α-amylase pooled fractions were then utilized for biochemical characterization. 
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SDS-PAGE, Bradford assay, zymography and enzyme assays were carried out using the 

purified fraction.  

 

Figure 5.8: Purification protocol of extracellular amylolytic enzyme 

 

5.2.3 Analysis of extracellular protein content by SDS-PAGE 

Electrophoretic analysis of the samples was performed (Table 5.2) using sodium 

do-decyl sulphatepolyacrylamide gel electrophoresis (Laemmli 1970) in a Miniprotean 

3 apparatus (Bio-Rad, USA) with a 5 % (w/v) stacking gel and 12 % (w/v) resolving 

gel. Sample -

mercaptoethanol, boiled for 5 min and loaded into the gels. Five μl of the Prestained 

Protein ladder (the precision plus protein kaleidoscope standard) broad range: 10- 250 
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KDa (New England Biolabs, UK) was loaded in the first well and 12 μl of each sample 

was loaded in the remaining wells. Electrophoresis was carried out in 1X running buffer 

(Tris base 3.03 %, glycine 14.4 % and SDS 1 %, pH 8.3) for 45 min at 200 V. After 

electrophoresis, the gel was stained with Coomassie Blue G-250 overnight, de-stained 

and an image of the gel was captured.  

 

Table 5.2 Preparation of resolving gel (12%) and stacking gel (5%) for SDS- PAGE 

No. Ingredients of resolving gel Volume 

1 40% acrylamide and bis-acrylamide solution (19:1) 3 ml 

2 1.5 M Tris-HCl (PH 8.8) 2.5 ml 

3 10% SDS 100 µl 

4 Distilled Water 4.4 ml 

5 10% Ammonium Persulphate 100 µl 

6 TEMED 4 µl 

Total  10 ml 

 

 

 

5.2.4 Analysis of enzyme production by zymography 

5.2.4.1 Amylase zymography 

The presence of amylases and their relative molecular weights were evaluated by 

protease zymography using standard fungi and samples of EL-14s growing at different 

temperatures and pH. Non-denaturing PAGE (12% polyacrylamide) was used to 

No. Ingredients of stacking gel Volume 

1 40% acrylamide and bis-acrylamide solution (19:1) 630 µl 

2 1 M Tris-HCl (PH 6.8) 630µl 

3 10% SDS 50 µl 

4 Distilled Water 3.6ml 

5 10% Ammonium Persulphate 50 µl 

6 TEMED 5 µl 

Total  5 ml 
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determine homogeneity of the enzyme and confirm the presence and relative molecular 

weight of amylase produced by the endophyte (Martinez et al. 2000). SDS-PAGE (12% 

polyacrylamide) was used to determine the molecular mass of the crude enzyme 

produced in different conditions under denaturing conditions. Samples for zymograpghy 

were electrophoresed as described above, except that non-denaturing conditions were 

used, the resolving gel contained 0.2 % (w/v) starch and electrophoresis was performed 

in two phases: 30 min at 40 V followed by 90 min at 100 V. The lower voltage was 

necessary to prevent heat denaturation of enzymes. To ensure conservation of the 

enzyme activity, electrophoresis was carried out at 4 °C. The gels were carefully 

removed, washed with distilled water and incubated for 2 h at 39 °C with phosphate-

citrate-NaCl buffer (0.1 M phosphate-citrate and 0.05 M NaCl buffer, pH 6). Gels were 

fixed in 12 % trichloroacetic acid for 10 min and amylase activity visualized by adding 

Lugol’s staining solution (0.67 % KI and 0.33 % I2). 

 

5.2.4.2 Protease zymography 

The presence of proteases and their relative molecular weights were evaluated 

by protease zymography using standard fungi and samples of EL-17 growing at 

different temperatures and pH.  The zymogram gel was prepared similar to that 

described for SDS-PAGE using 12.5% (w/v) resolving gel containing 1% gelatine 

(substrate for target enzyme) and a 5% (w/v) stacking gel.  Samples and standard were 

mixed with an equal amount of zymography loading buffer without boiling, as 

described by Peterson and colleagues (2011a),  loaded into the gel and subjected to 

electrophoresis at 100V for 2 hours at 4 °C (Laemmli 1970).  After electrophoresis, the 

gel was soaked in 2.5% Triton-X 100 for 1 hour, then washed thoroughly with water 

and incubated in 0.03 M Tris HCl, pH 7.5 for 12 hours at 25 °C.  Following incubation, 

the zymogram gel was stained with Coomassie blue for a few hours and an image of the 

gel was captured. 

 

5.2.4.3 Xylanase zymography 

The presence of xylanases and their relative molecular weights were evaluated 

by xylanase zymography using standard fungi and samples of EM-4 growing with 

different sources of carbon and nitrogen (section 4.2.1). The zymogram gel was 
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prepared similar to that described for SDS-PAGE using a 12.5% (w/v) resolving gel 

containing 1% birdwood xylan (substrate for target enzyme; prepared by heated gently 

on magnetic stirrer without boiling) and a 5% (w/v) stacking gel. After electrophoresis, 

the gel was soaked in 2.5% Triton-X 100 for 1 hour, then washed thoroughly with water 

and incubated in 0.05M citrate buffer at pH 5.5 for 1 hour at room temperature. 

Following incubation, the zymogram gel was stained with 1% Congo red for 15 minutes 

then was destained in 1M NaCl for 2 hours to reveal the band indicating hydrolysis of 

substrate and enzyme activities. Finally, images of gel were taken to observe clear 

bands. 

 
Table 5.3 Preparation of resolving gel (12%) and of stacking gel (5%) for zymography 

No. Ingredients of resolving gel Volume 

1 40% acrylamide and bis-acrylamide solution (19:1) 2.81 ml 

2 Separating buffer (1.5 M Tris-HCl, pH 8.8, 0.4%SDS) 2.25 ml 

3 Substrate solution (1%) 3.89ml 

4 10% Ammonium Persulphate 45 µl 

5 TEMED 6.75 µl 

Total  10ml 

 

No. Ingredients of stacking gel Volume 

1 40% acrylamide and bis-acrylamide solution (19:1) 560 µl 

2 Stacking buffer (0.75M Tris-HCl, pH 6.8 and 0.4% SDS) 1ml 

3 Distilled Water 3.145 ml 

4 10% Ammonium Persulphate 20 µl 

5 TEMED 5µl 

Total  5ml 

 

5.2.5 Bioreactor studies on amylase production 

The α–amylase production by P. minima (EL-14s) was studied in a 1.4 L 

bioreactor (Infors AG, Schweiz) with a working volume of 1L. The bioreactor was 

equipped with two Rushton-type impellers and baffles and was filled with 1L of the 

optimized media. The medium was sterilized at 115 °C for 10 min. The final pH of the 
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medium was adjusted by the addition of sterile 1M HCl or 1M NaOH. The medium was 

then inoculated with 10mL of P. minima culture solution. The fermentation was carried 

out for 5.5 days at 25 °C and the impeller speed was set to 180 rpm. Compressed air was 

sparged into the medium at 1 vvm. Fermentation parameters including temperature, pH 

and pO2 were continuously monitored with microprocessor-controlled probes. 

Analytical procedures were carried out following scale-up studies. Reducing sugar was 

estimated by the method of Miller (1959). Protein content was determined by Bradford 

Assay with BSA (Bovine Serum Albumin) as the standard. 

 

5.2.6 Two-dimensional (2D) gel electrophoresis/Further characterization of 

amylase 

5.2.6.1 IPG strip rehydration 

The mycelium of EL-14 and EM-4 were inoculated into the first hydrolase-

inducing media. Extracellular proteins were precipitated by incubating the supernatant 

with 20% (w/v) TCA for 14 hours at 4 °C. Following centrifugation at 9,000 x g for 15 

min at 4 °C, the pellet was resuspended in 20 ml cold acetone and incubated on ice for 

30 min. Centrifugation was then repeated at 9,000 x g for 15 min at 4 °C, the 

supernatant was removed, and the pellet was air dried prior to resuspension in a 

solubilisation buffer consisting of 8M urea, 4% (w/v) 3-[(3-cholamidopropyl)-

dimethylammonio]-1-propanesulphonate (CHAPS), and 1% (w/v) dithiothreitol (DTT). 

The sample was kept on ice and vortexed intermittently over a 2 hour period. Desalting 

of the samples was then carried out in Microcon YM-3 (3,000-nominal-molecular-

weight-limit centrifugal filter devices (Millipore, Bedford, MA) using the solubilisation 

buffer until the conductivity was reduced (Peterson et al. 2011b). 

100-200µg of protein in a final volume of 185µl (Appendix 5.1) was used for 

IPG strip rehydration and protein separation via IEF and SDS-PAGE. Carrier 

ampholytes (pH 3-10) and Bromophenol blue were added to the samples at a final 

concentration of 0.2% (w/v) and 0.0002% (w/v), respectively. The final volume was 

brought to 185µl by adding the required amount of the 2D Lysis buffer. IPG strips were 

of a linear pH gradient (3-10) and 11cm in length. The samples were dispensed in the 

respective labelled wells and the IPG strips laid on the solution carefully with the gel 
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side of the strip facing down. Any trapped air bubbles under the IPG strips were 

removed by carefully and gently pressing on the plastic backing of the IPG strips. The 

samples were left to be absorbed by the gel matrix for an hour before overlaying with a 

sufficient quantity of mineral oil to cover the IPG strips and prevent them from drying 

during the rehydration process. IPG strips were rehydrated for 12 hours at room 

temperature. 

 

5.2.6.2 Iso-electric Focussing 

Iso-electric focussing was carried out using the Bio-rad Protean IEF apparatus. 

The focussing conditions were as follows. Paper wicks were placed on both ends of the 

wells to be used. The paper wicks were moistened with sterile distilled water (9µl per 

paper wick) after first draning excess mineral oil from the IPG strips. The strips were 

then placed on the labelled focussing tray wells containing moistened paper wicks with 

the gel side down and in the correct orientation according to the electrodes. The IPG 

strips were then covered with mineral oil. Any trapped air bubbles were removed. The 

temperature of the apparatus was set to 20 °C and IEF was performed using the 

following parameters: 

Step 1: 250V, linear ramp, 20 minutes 

Step 2: 8000V, linear ramp, 150 minutes 

Step 3: 8000V, rapid ramp, 66,000 VHours 

After the IEF was complete, excess oil was blotted using filter papers. The IPG strips 

were kept on a clean labelled rehydration tray with the gel side up.  

 

5.2.6.3 IPG strip equilibration 

IPG strips were stored at -20 °C. Before use, they were allowed to thaw at room 

temperature prior to performing the second dimension. The IPG strips were then 

equilibrated to solubilise the focussed proteins and to allow SDS binding by reduction 

and alkylation of cysteine residues as follows: 
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Reduction was first carried out by incubating the IPG strips with gentle shaking 

for 10 mins in equilibration buffer containing 2% (w/v) DTT. This process required 4ml 

of the reduction equilibration buffer per IPG strip. After 10 minutes, the solution was 

drained, 4ml of alkylation equilibration buffer containing 2.5% (w/v) of iodoacetamide 

was added per IPG strip and the strips incubated for 10 minutes in the dark without 

shaking. 

 

5.2.6.4 Second dimension SDS-PAGE 

The second dimension was carried out using hand-cast 12.5% SDS-PAGE gels. 

Strips were briefly dipped in SDS-PAGE running buffer and laid on top of the gel. The 

strips were then overlayed with molten agarose and any visible air bubbles were 

removed. The agarose was allowed to set before electrophoresis was performed at 100 

V for 2-3 h. After electrophoresis, the gels were carefully taken out of the glass-plate 

assembly and rinsed twice with distilled water for 5 minutes each time on a platform 

shaker. The gels were then fixed in 10% (v/v) methanol and 7% (v/v) acetic acid for 1 

hour. The gels were then stained in 50ml of Coomassie blue G-250 overnight. Excess of 

stain was removed by washing the gels in distilled water several times. To obtain a 

clearer background, the gels were again rinsed in fixing solution for 1 hour on a 

platform shaker with the solution changed at least once within that period. The gels 

were then finally rinsed with distilled water a few times to wash away the acetic acid 

and methanol. The gels were then scanned using a Typhoon Imager (Bio-Rad). 

 

5.2.6.5 Preparation and in-gel digestion of purified amylase fraction/secretome of 

EL-14 and EM-4 

Larger protein spots of the EL-14 and EM-4 secretomes in replicate 2-D gels and 

purified amylase bands in SDS-PAGE gels were excised and washed twice with 600µL 

of a 1:1 (v/v) de-staining solution (50% of acetonitrile in 50mM NH4HCO3) with 

shaking at 37 °C for 30-60 mins. The gel pieces were then dehydrated with 200 μL of 

100% acetonitrile and air-dried for 10 min. Proteins in the gel pieces were reduced with 

50 μl of freshly prepared 50 mM TCEP 50 mM NH4HCO3 for 1 h at 60 °C. Reduced 
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proteins were subsequently alkylated by incubation of the gel pieces with freshly 

prepared 100 mM iodoacetamide in 50 mM NH4HCO3 for 30 mins at room temperature 

in the dark. After reduction and alkylation, gel pieces from each protein band were 

washed twice with 200 μL of a 1:1 (v/v) 100 mM NH4HCO3/acetonitrile mixture for 15 

min, dehydrated with 200 μL of 100% acetonitrile and air-dried for 5 min. Dry gel 

pieces were rehydrated with 40 μL of 50 mM NH4HCO3 containing 250 ng of trypsin 

(Sigma) and then incubated at 37 °C overnight (Ia et al. 2011).  

 

5.2.6.6 Peptide sequencing by mass spectrometry (LC-ESI-MS/MS) 

Coomassie blue-stained protein bands were excised from the gel and digested 

with trypsin. The peptides generated from tryptic digestion were analyzed by LC-ESI-

MS/MS using an Agilent 1100 Series HPLC coupled to an Agilent LC/MSD Trap XCT 

Plus mass spectrometer fitted with an HPLC Chip cube (Agilent, Palo Alto, CA). 

Peptides were injected onto a 40 nL Zorbax 300SB-C18 trapping column at a rate of 

4μL/min and then separated by switching the trap column in-line with the separation 

column (Zorbax 300SB-C18, 75 µm x 43mm). HPLC solvents used were aqueous 0.1% 

(v/v) formic acid (solvent A) and 95% (v/v) acetonitrile / 0.1% (v/v) formic acid 

(solvent B). Samples were equilibrated in mass spectrometry eluent using solvent A and 

separated using 5% solvent B (flow rate 4.00 µL min-1), an increase of solvent B from 

5% to 15% over 1 min, then a 15 min linear gradient (flow rate 300 nL min-1) from 15 

to 35% solvent B was performed followed by a step from 35 to 80% solvent B over 0.5 

min and held for 1min, added to elute any remaining peptides from the column (Fig 

5.9).  

Acquired MS/MS spectra were searched against the against the non-redundant 

sequence database of the National Centre for Biotechnology Information (NCBI nr) 

using the MASCOT search algorithm (v2.1.04, Matrix Science, U.K.). Searches were 

conducted with carbamidomethylation of cysteine as a fixed modification (+57Da) as 

well as oxidation of methionine (+16Da) as variable modification, with allowance for 

up to two missed tryptic cleavages. The criteria for positive identification were based on 

peptides with a Mascot ion scores exceeding the identity threshold score (p < 0.05) 

(http://www.matrixscience.com/index.html). The primary sequence was analysed using 

http://www.matrixscience.com/index.html
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the BLAST database (http://blast.ncbi.nlm.nih.gov/Blast.cgi) against proteins in NCBI 

nr and UniProt (Fungi and all entries). 

 

Figure 5.9: Nanoflow LC/MS/MS system 

 

5.3: Results 

5.3.1: Initial characterization of α-amylse from selected samples 

Endophytes EL-13, EL-14, EL-14s and EL-15 were grown in hydrolase-

inducing medium (Nguyen et al. 2002, Peterson et al. 2011a) and their extracellular 

extracts collected by filtration. The broth was concentrated by freeze drying followed by 

resuspension in a minimal volume of water and the proteins visualised by SDS-PAGE 

(Fig. 5.10a). Zymographic analysis confirmed the presence of amylases in the assayed 

extracts (Matrinez et al. 2000) and indicated the presence of amylases with a common 

molecular weight of approximately 70–75 kDa (Fig. 5.10b). Transparent bands were 

seen in the gel after staining with Lugol’s solution which were the result of starch 

hydrolysis in that area due to the presence of amylase.  
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The amylase from EL-14s was previously investigated in Chapter 4 and showed 

optimum activity in alkaline condition (similar to bacteria) and high activity at lower 

temperature (similar to other fungi). These observations were confirmed by zymography 

(Fig. 5.11) at different temperature and pH and compared with standard amylase-

producing fungi (A. oryzae and A. niger). Thus, the combination of optimum 

temperature and pH make this fungal α-amylase unique. 

 

 

 

 

 

 

a b 

Figure 5.10: a) SDS-PAGE analysis of concentrated crude extracellular extracts 
of endophytes EL-13, EL-14 and EL-15. EL-14s indicates EL-14 grown in an 
alternative hydrolase-inducing media. M = broad range protein mix (Bio-Rad). b) 
Zymographic analysis of the fungal extracellular extracts of endophytes EL-13, 
EL-14 and EL-15. EL-14s indicates EL-14 grown in an alternative hydrolase-
inducing media. Starch (0.2%) co-polymerised with polyacrylamide gel was used 
as a substrate for detection of amylase. M = broad range protein mix (Bio-Rad). 
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5.3.1.1: Purification of α- amylase produced by EL-14s 

The purification scheme was shown in Fig. 5.8 (Section 5.2.2). The dialyzed 

culture filtrate was precipitated and applied to Sephadex G-200 column. After pooling 

the activity fractions, the concentrated sample was applied to DEAE Sepharose ion-

exchange column. Data from α-amylase purification are summarized in Table 5.4. 

TCA/acetone saturation yielded up to 5-fold purification of α-amylase. The specific 

activity at this stage and was 235U/mg with a yield of 80.86%. After Sephadex G-200 

filtration, the specific activity of α-amylase increased to 298 U/mg, which further 

increased to 350 U/mg upon DEAE Sepharose ion exchange chromatography. The 

enzyme was purified approximately 7- fold, with 55.11% recovery. The total protein 

and enzyme activity were measured after each purification step and a single band was 

presented in SDS-PAGE and zymography (Fig. 5.12). 

  

250 KD 

37 KD 

75 KD 

   M       A. oryzae A. niger    pH 3    pH 5    pH 7     pH 9       9 °C    25 °C   37 °C 

Figure 5.11: Zymography was performed using EL-14s with highest α-amylase 
activity to confirm the activity at pH 9 and temperature 25 °C was optimal 
(Chapter 4), in comparison with standards (A. oryzae and A. niger). Markers “the 
precision plus protein kaleidoscope standard” was used. Common sharp band 
was detected around 70KD. 
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Table 5.4 Purification summary for extracellular α-amylase produced by Preussia minima. 

 

 

 

 

  

 

 

 

 

 

 

 

 

   

 

 

 

Purification step Total 

activity  

(U) 

Total 

protein 

(mg) 

Specific activity 

(U/mg) 

Purification 

(fold) 

Yield      

(%) 

Crude extract  1270 27.02 47 1 100 

TCA concentration 1027 4.37 235 5 80.86 

Gel filtration  834.4 2.8 298 6.34 65.7 

Anion exchange   700 0.9 350 7.44 55.11 

Figure 5.12: Electrophoresis analysis of the crude and purified samples (EL-14). Lane M: 
Precision Plus Protein™ Kaleidoscope™ standards (250-10 kDa); Lane 1: 12% SDS-PAGE 
of the crude sample; Lane 2: 12% SDS-PAGE of the sample after TCA concentration; Lane 
3: 12% SDS-PAGE of the sample after gel filtration; Lane 4: 12% SDS-PAGE of the 
purified α-amylase after  anion exchange; Lane 5: 12% amylotic zymogram of purified α-
amylase developed from protein staining with Lugol’s solution. Zymography was performed 
to confirm that the purified sample comprised a single band of 70kDa. 

 

250KD 

75KD 

25KD 
37KD 

M                1                2                3               4               5 
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5.3.1.2 Production of α-amylase from EL-14s in 1.4 L Bioreactor. 

Validation of the optimization results was carried out in a 1.4-L bioreactor with 

1 L of medium. The α-amylase production was studied under controlled temperature 

and pH conditions (optimum conditions for EL-14s growth) of 25 °C and pH 5 (Nguyen 

et al. 2002) for 5 days. The total enzyme activity obtained using bioreactor was 212 

U/ml, which was comparable to the enzyme activity in shaker flask fermentation (214 

U/ml). Therefore, it can be concluded that, scale-up of P. minima in a bioreactor does 

not affect the amylase activity which is an important consideration for further industrial 

scale fermentation. 

 

5.3.2: Initial characterization of protease from selected samples 

Following growth of selected endophytes in hydrolase-inducing medium 

(Peterson et al. 2011), SDS-PAGE gel (Fig. 5.13) was performed. EL-17, with highest 

protease activity (Chapter 4), exhibited two sharp bands of approximately 25 to 50 kDa 

and a protein profile that was different to the other samples. Zymography of the 

standard (F. oxysporum) and eight different samples of EL-17 grown at different 

temperatures and pH were used to confirm the presence of proteases. As the resolving 

gel contained gelatine (substrate for protease), each clear zone indicates the presence of 

protease in the samples. The relative abundance of clear protease bands confirmed that 

the optimum growth conditions for the endophytic fungus were 37 °C and pH 7. Figure 

4.14 showed clear zones in all samples and those incubated at 37 °C, pH 5.5 had the 

highest number of bands (250KDa, 150KDa, 70KDa, 50KDa and 18KDa). The samples 

at pH 7 showed three bands and other samples showed high molecular weight bands at 

the top of the zymography gel (Fig. 5.14). 
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5.3.3: Initial characterization of xylanase from selected samples 

Endophytes EM-4 and the standard xylanase producer, A. niger, were grown in 

hydrolase-inducing medium (Peterson et al. 2011a) and their extracellular extracts 

collected by filtration. The broth was concentrated by freeze drying followed by 

resuspension in a minimal volume of water and the proteins visualised by SDS-PAGE 

M           F. oxysporum   9 °C     25 °C     37 °C        50 °C       pH 9       pH 7        pH 5        pH 3  

Figure 5.13: SDS-PAGE analysis of concentrated crude extracellular extracts of 
endophytes EL-7, EL-8 and EL-17. Marker broad range protein mix (Bio-Rad). 

Figure 5.14: Zymography gel of endophytic fungal samples (EL-17) grown at different pH 
and temperature compared with F. oxysporum (grown at 25 °C and pH 5.5). All the clear 
bands indicate active protease and it confirmed the optimum conditions of protease 
activity at 37 °C and pH 7. 



203 
 

(Fig. 5.15a). The standard presented a sharp band of approximately 45 KDa in 

comparison with a sharp band from EM-4 of approximately 37 KDa. In addition, the 

diverse patterns of protein profiles in different samples S1-S8 from EM-4 (see Table 

4.5) are shown in Fig. 5.15b. There is a sharp band in most samples, especially those 

grown with different sources of carbon (S1-S4). 

 

 

 

 

 

   

 

 

 

 

 

 

 

 

Zymographic analysis confirmed the presence of xylanase in the assayed 

extracts (Peterson et al. 2009b) and indicated the presence of enzymes with common 

molecular weights of approximately 33 kDa and 250 KDa compared with an enzyme of 

approximately 45 KDa produced by A. niger (Fig. 5.16a). These bands correspond to 

the major proteins observed in SDS-PAGE. Figure 5.16b presents the effect of using 

different sources of carbon and nitrogen on expression of xylanase by EM-4. The two 

common bands (33 KDa and 250 KDa) are visible in all samples but the use of differnt 

carbon sources appears to have increased xylanse production/activity. Transparent 

bands were seen in the gels after incubation with universal buffer and staining with 

Congo Red solution which were the result of beechwood xylan hydrolysis in that area 

due to presence of xylanase (Peterson et al. 2011a). 

   M          A.niger    EM-4 
250 
KD 

50 KD 

37 KD 

      M                  S1     S2     S3     S4      S5     S6      S7      S8 
250 
KD 

50 KD 

 37 KD 

a b 

Figure 5.15: a) SDS PAGE of the standard and selected endophyte (EM-4) for xylanase activity. 
The sharp band of 45 KDa in standard contrasts to the sharp band of 33 KDa in sample. b) 
Different samples of EM-4 grown in diverse sources of carbon and nitrogen in the media showing 
the effect on the protein profiles. 
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5.3.4 Further characterization of selected amylase 

5.3.4.1 Mass spectrometry and peptide sequencing of purified amylase 

A peptide spectrum obtained from in-gel tryptic digestion of purified α-amylase 

gave 13 prominent ions (Fig. 5.17a). These peak lists generated from the spectrum were 

used for protein identification using the NCBI nr database and the MASCOT search 

engine and resulted in one hit. The signal 543.4 was chosen as the target for analysis in 

MS mode to identify the precursor ion formed by the ESI ion source. The fragments and 

fingerprint information of the MS/MS spectrum of the precursor peak were analysed 

and the results with scores higher than 54 identified the amino acid sequence of a 9-mer 

peptide as SIYFALTDR (Fig. 5.17b).  

 

 

 

 

 

Figure 5.16: a) Zymography gel image for xylanase activity confirmed a 45 KDa enzyme in 
the standard and enzymes of approximately 33 KDa and 250 KDa in EM-4. b) The use of 
different carbon and nitrogen sources indicated a positive effect on xylanase production in 
samples S1-S4 (carbon sources) but not in samples S5-S8 (nitrogen sources). 

M        A.niger     EM-4 M 

a b 
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Figure 5.17: a) Tryptic digest peptide spectrum of purified 70 kDa protein from P. minima. b) 

MS/MS spectrum of precursor peak (543.4). The data are representative of three independent 

experiments (Appendix 5.2). 

 

The peptide sequence was used to search the NCBI database which identified 

similarity to α-amylase [NCBI nr: gi 389646691] from Magnaporthe oryzae. Given that 

this sequence is a provisional RefSeq in the NBCI database and has not been subject to 

final review, we performed an additional search of the UniProt database using the 

Protein Pilot search engine which yielded the same match. However, when Protein Pilot 

was used as a search engine for protein identification of the peaks produced from the 

same sample, the results also showed a second 9-mer peptide as NALAYLLAR 

(Appendix 5.3). This sequence may be helpful in the design of suitable forward and 

reverse primers for amplification of the gene(s) of interest. 

419.3
483.3

1+

543.4
2+

615.0
3+

644.3
1+

679.8

721.1
3+

772.9
2+

842.3
1+

887.3
3+

976.3 1084.2

1179.3

543.4
2+

250. +MS, 11.9-12.0min #594-#598

173.0
1+

201.0

290.1
1+ 364.1

1+

391.2
1+

443.2

504.2
1+

534.2

575.3
1+

695.4
1+

722.4
1+

796.4
1+

885.4
1+

911.4

250. +MS2(544.1), 11.9-12.0min #595-#599
0.0

0.2

0.4

0.6

0.8

1.0

1.2

6x10
Intens.

0

1

2

3

4

5x10

200 400 600 800 1000 1200 m/z

Y R D T L A F 

SIYFALTDR 

a 

b 



206 
 

5.3.4.2 Protein identification and secretome study of endophytic Preussia sp. 

Crude filtered extracellular samples were used to study the secretomes of EL-14 

and EM-4. These endophytes were investigated as they belong to same genus (Preussia) 

but had been isolated from different plant species, Ermepholia longifolia and E. 

maculate. These two endophytes were also selected because they exhibited the highest 

amylase and xylanase activities, respectively (Chapter 3). From 2D gel images (Figs. 

5.18a and 5.18b), it was apparent that EM-4 produced a greater abundance of proteins 

with higher pI than did EL-14. Separating proteins in the EL-14 supernatant by their 

molecular weight as well as the isoelectric point was an effective way of isolating 

proteins with amylase activity from other abundant proteins occurring at the same 

molecular weight (Fig. 5.18c). Definitive identification of purified proteins of EL-14 

(i.e. spot 26 from Fig. 5.18c and purified 70 KDa band from Fig 5.13) with amylase 

activity was made using LC-ESI-MS/MS. The other 32 protein spots of EL-14 visible 

on the 2D gel (Fig. 5.18a) which were identified are listed in Table 5.5.  

Additionally, the common protease band (50KDa band in Fig 5.14,) as well as 

the common xylanase band (33KDa band in Fig 5.16a and spot 53 in Fig 5.18b) proved 

to be the expected enzymes by further analysis using LC-ESI-MS/MS. The peptide 

sequence of the 50 KDa band was used to search the database in NCBI database which 

identified similarity to an alkaline serine protease [NCBI nr: gi 238490642] from 

Aspergillus flavus NRRL3357. The peptide sequence of spot 53 was identified to be 

similar to an endo-xylanase [NCBI nr: gi: 16078876] from Bacillus subtilis subsp. 

subtilis str. 168. 
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Figure 5.18: Crude extracellular proteins (approx. 200 µg) from the supernatant of (a) P. 
minima (EL-14) and (b) Preussia sp. (EM-4) following growth in the first hydrolase-
inducing medium for 7 days were separated by 2D gel electrophoresis. .Proteins were 
visualized with Coomassie Blue. Gels were scanned with a Typhoon FLA 9000 laser scanner 
(GE Healthcare) using no emissions filter, PMT 600, Laser Red (633) and normal 
sensitivity. Thirty-three spots were separated that mostly had pI lower than 6 in (a) while 
53 spots were mostly with pI higher than 6 in (b). (c) Amylase zymogram of 2D gel of P. 
minoma crude protein sample. Proteins in spots 26 and 7 could be assigned as α-amylase 
following an NCBI nr database search after LC-MS/MS analysis (Table 5.5).  The two spots 
adjacent to spot 26 could be isomers with different pI (Peterson et al. 2011b). 
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Table 5.5 Successful protein spot identification (MS/MS/BLAST) in the secretome of Preussia 

minima (EL-14) by LC MS/MS by comparison to proteins in the NCBI databasea and with BLAST 

searching. 

Spot Enzyme category, protein 

name/functionb 

Target 

substrate 

Species Accession  

No. 

Mascot 

score 

1 Xylanse Xylan Bacillus subtilis gi 139865 65 

2 Chitinase Chitin Bacillus subtilis gi 16079742 59 

3 Pectate lyase Pectin Bacillus subtilis gi 16080548 72 

4 Phosphoribosyl amino 

imidazole 

Carboxylase catalytic subunit 

 Legionella 

lonfbeachae 

gi 270158584 76 

5 Natto kinase  Bacillus subtilis gi 14422313 66 

6 Protease Protein Xenopus 

tropicalis 

gi 58332100 51 

7 Alpha amylase Strach Bacillus subtilis gi 255767082 85 

8 Cellulase Cellulose Bacillus subtilis gi 39777 67 

9 Nicotinate-Nucleotide 

pyrophosphorylase 

 Bacillus subtilis gi 16079838 77 

10 Endo 1,4- beta mannosidase Mannan Bacillus 

amyloliquefacie

ns 

gi 384158076 52 

11 Beta- 1,4-mannase Mannan Bacillus pumilus gi 347311566 82 

12 Endo-beta 1,4 mannase Mannan Bacillus subtilis gi 84688836 396 

13 Mannase Mannan Bacillus 

licheniformis 

gi 239634423 73 

14 Hypothetical protein  Zymoseptoria 

tritici 

gi 398404980 54 

15 Bacillo peptidase Protein Bacillus subtilis gi 62946514 125 

16 Hypothetical  protein  Colletotrichum  gi 429850915 67 

17 Arginase Xylan Bacillus subtilis  gi 16081084 87 

18 Arabian-endo1,5-alpha-L-

arabinase 

Xylan Bacillus subtilis gi 1770013 118 

19 Neutral protease Protein Bacillus 

mesenterious 

gi 56405351 69 
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Spot Enzyme category, protein 

name/functionb 

Target 

substrate 

Species Accession  

No. 

Mascot 

score 

20 Bacillo peptidase F Protein B. mesenterious gi 142609 110 

21 Unnamed protein product  Cyanophora 

paradoxa 

gi 11416 69 

22 Endo-1,4-beta-glucanase Xyloglucan Bacillus subtilis gi 16079934 80 

23 Catalase Hydrogen 

peroxide 

Aspergillus 

fumigatus 

gi 1857716 216 

24 VBS  Aspergillus 

flavus 

gi 46370484 70 

25 Aldose 1- epimerase Glucose Pyrenophora 

tritici 

gi 189190 81 

26 Alpha amylase  Magnaporthe 

oryzae 

gi 389646691 56 

27 Hypothetical  protein  Gibberella zea gi 46126833 84 

28 Extracellular neutral 

metalloprotease 

Protein Bacillus subtilis gi 160789534 77 

29 Catalase Hydrogen 

peroxide 

Glomerella 

graminicola 

gi 310791536 107 

30 Cellobiose dehydrogenase Cellulose Cochliobolus 

sativus 

gi 451856 92 

31 Hypothetical protein  Aspergillus 

terreus 

gi 115388337 78 

32 Mycelial catalase Hydrogen 

peroxide 

Neosartorya 

fischeri 

gi 119474019 105 

33 hypothetical protein 

SMAC_03015 

 Sordaria 

macrospora 

gi 336269335 68 

      

a: Assignment of proteins to all the entries in the NCBI database (www.ncbi.nlm.nih.gov/) was 

determined by ESI-LC-MS/MS of protein spots or bands of the 1D and 2D gel.  

b: Names or predicted functions of conserved domains in proteins in the NCBI nr database 

(www.ncbi.nlm.nih.gov/)to which significant peptide matches (P < 0.05) were made using the Mascot 

search engine. Individual ions scores > 56 indicate identity or extensive homology (P<0.05). 
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5.4 Discussion 

5.4.1 Characterisation of extracellular enzymes of selected endophytes  

Secretions of a wide range of enzymes help fungi to obtain nutrition from their 

environments. These enzymes have developed to work synergistically to degrade the 

available substrates in the most efficient way (Webster and Weber 2007). 

Characterizing and identifying the enzymes in a fungal secretome can describe how the 

fungus can survive in its own natural habitat. Furthermore, enzymes and enzyme 

combinations can be discovered that could be suitable for increasing the efficiency of 

industrial processes (Teter and Cherry 2005). Enzymes that work synergistically to 

degrade plant biomass have been of particular interest to industry for the production of 

biofuels (Herpoël-Gimbert et al. 2008, Vanden Wymelenberg et al. 2010, Horn et al. 

2012) and for application in the textile, paper and detergent industries (Aehle 2007). 

Study of the secretome may lead to the identification of effectors secreted by 

endophytic microbes which modulate the host cell function and structure and promote 

microbial growth in plant tissue (Rafiqi et al. 2013). 

Enzyme activities of three fungal isolates from Ermepholia longifolia, grown in 

liquid culture, were characterised using activity assays (Chapter 4) and zymogram gels 

(this chapter). Enzyme activities in the liquid cultures were successfully represented in 

the zymograms, where the number and intensity of activity bands correlated well with 

the activity levels measured by the assays. Zymograms give an indication of the 

molecular weight of the enzyme isoforms secreted by selected endophytic fungi. In this 

study, zymography also revealed the diversity of optimum conditions of each enzyme 

and the effect of using different sources of carbon and nitrogen.  

During the preparation of extracellular enzyme extracts, endophyte EL-14 

(Preussia minima) was grown in two different media (Nguyen et al. 2002, Peterson et 

al. 2011a) to assess the effect of different media components on endophytic enzyme 

production. A noticeable difference was seen in the protein production with the medium 

of Peterson et al. (2011a) being more favourable in terms of quantity of extracellular 

enzymes. However, the medium of Nguyen et al. (2002) was customised for production 

of amylase and this effect was observed in the electrophoretic analysis. All extracellular 

extracts analysed demonstrated common protein(s) of approximately 70 kDa which 

were inferred to be amylases due to their presence in all samples. The molecular weight 



211 
 

of this α-amylase was confirmed by zymography using starch as the substrate. 

Zymography allows estimation of the relative molecular weight of an enzyme, and also 

permits detection and molecular size estimation of multiple forms of an enzyme or of 

catalytically active degradation products of an enzyme (Lantz and Ciborowski 1994). 

These results suggested that amylases from P. minima apparently present higher 

molecular masses than the majority of α-amylase from the other microorganisms. In 

addition to the common band of about 70–75 kDa, a band at 40 kDa was observed 

indicating the presence of a secondary low molecular weight amylase. However, EL-14s 

(same endophyte grown in different hydrolase-inducing medium) showed a second band 

of approximately 230 kDa. Other fungal (EL-13 and EL-15) extracts assayed also 

demonstrated the presence of amylase with varying levels of starch hydrolysis (data not 

shown). The effect of media on enzyme production was evident from the zymographic 

assay with EL-14 producing two amylase bands of 40 and 70 kDa using the medium of 

Peterson et al. (2011a) and bands of 70 and 230 kDa using the medium of Nguyen et al. 

(2002). 

Recently, amylases of the same molecular weight (70 KDa) were reported in 

different microorganisms including Bacillus sp., Neosartorya fischeri and the archaeon 

Pyrococcus sp. (Mukesh Kumar et al. 2012, Xiao et al. 2013, Jung et al. 2013). 

However, the activities of these amylases differed from the enzyme(s) produced by EL-

14 which was active in alkaline condition and lower temperature. α-amylases are 

generally stable over a wide range of pH from 4 to 11 (Michelin et al. 2010), though 

some are only stable within a narrow pH range (Coronado et al. 2000). Most Bacillus 

isolates, e.g. B. subtilis, B. licheniformis and B. amyloliquefaciens, seem to require an 

optimum pH of more than 7 for their enzyme activity (Tanyildizi et al. 2005), similar to 

EL-14, but require higher temperatures. α-amylases from most fungi exhibit pH optima 

in the acid to neutral range; however, the EL-14 enzyme appears to be exceptional with 

a pH optimum of 9.0 (Chapter 4) which was confirmed by zymography. Amylase 

activity under these conditions (low optimum temperature and alkaline pH optimum) 

would be desirable for the removal of starch-based stains (Lange 2004). 

Detailed investigation of the α-amylase produced by EL-14 was undertaken to 

assess the enzyme’s potential application as an additive for the detergent industry. The 

purification of α-amylase from crude extracts of culture yielded approximately 7-fold 

greater activity than the crude enzyme, with 55.11% recovery. Specific enzyme activity 
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is affected by the different conditions used in fermentation and purification steps, 

(Sahnoun et al. 2012, Irshad et al. 2012). Lower purification yields of α-amylase could 

be attributed to higher loss of enzyme during downstream processing or, alternatively, 

lower initial protein concentration of the crude extract used for the purification process 

(Sahnoun et al. 2012). The activity of α-amylase can be increased using various 

activators such as CaCl2 (Irshad et al. 2012). 

In the bioreactor studies, enzyme yields of 212 U/ ml were comparable to the 

enzyme activity in the shaker flasks of 214 U/ml. Under the proposed optimized 

conditions. Thus, from the current bioreactor studies, it was concluded that the process 

for the production of α-amylase from EL-14 can be successfully optimized with no loss 

in enzyme activity, which has significant implication for practical applications in 

industry. 

The SDS-PAGE and zymogram results of the selected samples investigated for 

protease activities were remarkably consistent. The highest protease producer, EL-17 

(Alternaria alternata), presented a greater number of sharp bands in SDS-PAGE, some 

of which were confirmed as proteases by zymography. Interestingly, the standard 

fungus, Fusarium oxysporum, produced minimal amounts of mycelia and secreted 

protein was undetectable after 7 days of incubation. In contrast, EL-17 grew more 

strongly and had secreted 2.1 mg/ml protein after 7 days in the liquid medium of 

Peterson et al. (2011a). This result was confirmed on the protease zymogram where 

numerous sharp bands were observed for EL-17. 

Alternaria alternata is a common saprophyte found mostly on decaying organic 

material producing a wide range of secondary metabolites such as dibenzopyrones, 

tetramic acids, lactones, quinones and cyclic peptides (Brzonkalik et al. 2011). The 

fungus has characteristic pigmentation due to the presence of melanin and has 

previously been isolated from wood logs (Musetti et al. 2007, Maheswari and 

Sankaralingam 2010). A. alternata is an excellent source of industrial enzymes (Xiao et 

al. 2012) and substrates for medicine (de Siqueira et al. 2011). It is known to produce 

different types of proteases including neutral alkaline and serine proteases (Patil and 

Shastri 1985, More et al. 2009).  

Protease zymography of EL-17 grown at different temperatures and pH (Fig. 

5.14) showed bands of approximately 18-25, 37, 50, 75, 100 and 150 kDa, however, the 

optimum conditions were 37 °C and pH 7 (chapter 4). It was observed that a 50 kDa 
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protease was produced by both EL-17 (at pH 7 and 37 °C) and the standard.  Similarly, 

Akel et al. (2009) discovered that a purified protease from a Bacillus strain had a 

molecular mass of 49 kDa, while Barata et al. (2002) characterized an extracellular 

trypsin-like protease of F. oxysporum var. lini with estimated molecular mass of 41 

KDa. An alkaline serine protease producing Alternaria solani was reported by 

Chandrasekaran and Sathiyabama (2013) with an estimated molecular mass of 42 KDa, 

optimal activity at 50 °C and pH 9–10 and broad pH stability between pH 6–12. In the 

case of endophytes, the optimum temperature and pH conditions of protease production 

are likely to reflect the climatic conditions found in environments inhabited by the 

original host plant (Zaferanloo et al. 2013).  

The endophytic fungus EM-4, Preussia (Sporormiella sp.), exhibited xylanase 

activity resulting from production of a 33 KDa enzyme. An alkaline xylanase of similar 

molecular mass (36 KDa) was reported from  an alkaliphilic Bacillus sp. strain 41M-1 

with an isoelectric point of pH 5.3 and optimum temperature for activity at pH 9.0 of 

around 50°C (Nakamura et al. 1993). The value of using brewer’s spent grain as a 

substrate for xylanase production by Penicillium glabrum was reported by Knob et al. 

(2013). This enzyme had an estimated molecular mass of 18.36 kDa and exhibited 

optimum activity at 60 °C and pH 3.0. The use of this substrate was notable not only for 

adding value and decreasing the amount of industrial waste, but also for reducing the 

xylanase production costs (Knob et al. 2013). Wong et al. (1988) classified xylanases on 

the basis of their physicochemical properties to two groups: those with a low molecular 

weight of <30KDa and basic pI and those with a high molecular weight of >30KDa and 

acidic pI. Thus, the 33 KDa xylanase from EM-4 would be expected to display an acidic 

isoelectronic point and this was indeed confirmed by 2D gel electrophoresis (pI of 

approximately pH 5). The xylanase zymogram confirmed the presence of more than one 

sharp band of enzyme activity in EM-4 compared with the single xylanase band of 45 

KDa from A. niger as reported by Coral et al. (2002) and seen in this study. The 

xylanases of EM-4 were of particular interest as they retained activity in alkaline 

conditions, a feature that could potentially make these enzymes suitable for industrial 

applications (Demain et al. 2005, Sharma et al. 2013). 

In summary, the profiling of enzyme activity of endophytic fungi isolated from 

Australian native plants has discovered a number of enzymes of biotechnological 

interest and highlighted variations in the enzyme constituents and characteristics in the 
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secretomes of different fungal species. Enzymes from the isolates EL-14, EL-17 and 

EM-4 showed special characteristics and warranty further research, potentially leading 

to gene isolation and expression in high secreting fungal hosts to increase enzyme 

production to levels suitable for biotechnological applications. 

 

5.4.2 Analysis of secretomes of selected endophytes 

EL-14 and EM-4 were selected for secretome analysis because they were both 

identified as Preussia sp. but were isolated from different host plants. Therefore, it was 

of interest to determine whether the original host plant and/or environment influenced 

the adaptation and subsequent production of extracellular proteins, including enzymes. 

These endophytes also exhibited the highest amylase and xylanase activities, 

respectively. The optimal enzyme activities under neutral to alkaline conditions were 

displayed in agar plate assays, liquid assays and zymograms, indicating the secretion of 

numerous enzymes that could be of particular interest to industry. The proteomic 

analysis of the EL-14 and EM-4 secretomes described here resulted in the identification 

of enzymes likely to be responsible for activities displayed in the enzyme assays and 

zymograms. Gel electrophoresis and mass spectrometry were the basis of the Preussia 

minima (EL-14) secretome study, as these techniques have been employed to achieve 

protein identification from the secretomes of numerous fungal species (Vinzant et al. 

2001, Bouws et al. 2008, Mueller et al. 2008, Nagendran et al. 2009). The genome 

sequence of EL-14 was unavailable, so cross-species identification and zymography 

assisted the analysis. Most of the identified proteins within the P. minima (EL-14) 

secretome (Table 5.5) were enzymes involved in the degradation of plant cell wall 

polymers starch, cellulose, lignin, pectin and protease. A diverse range of other 

enzymes, as well as some proteins with unknown functions, were also identified in the 

secretome.  

2D gel electrophoresis of crude extracellular proteins from the supernatants of 

EL-14 and EM-4 clearly showed the different patterns of proteins spots. Most of the 

proteins spots in EL-14 showed acidic pI; however, proteins spots in EM-4 2D gel 

presented alkaline pI. These two patterns suggest that these fungi, although belonging to 

the same genus, may have adapted to their specific host plant environment by secreting 

different proteins enabling survival in diverse natural conditions. 
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In many cases, the industrial production of a novel enzyme of interest in a 

natural fungal host is not practicable and molecular techniques must be employed to 

isolate the gene encoding the enzyme for recombinant expression in an established 

microbial host. Amplification of the gene of interest could be achieved using degenerate 

primers based on peptide sequences identified from the enzymes by mass spectrometry. 

For example, peptide sequences were used to design degenerate primers for the isolation 

of a laccase gene from the edible fungus, Pleurotus sapidus (Linke et al. 2005, Wang et 

al. 2014).  Likewise, the sequences of peptides identified from enzymes in the P. 

minima secretome provide a good starting point for the construction of degenerate 

primers for gene isolation. Degenerate primers can also be based on conserved regions 

of known genes encoding similar enzymes, as used for the isolation of a 

cellobiohydrolase gene from the thermophilic ascomycete, Myriococcum thermophilum 

(Zámocký et al. 2008). 

Two of the protein spots (7 and 26) on the 2D gel of EL-14 were identified as 

amylases. In addition, a few spots could be seen clustered around the same molecular 

weight of spot 26 but with slightly different pI values which could possibly be the 

isoenzymes of α-amylase. Amylase activity was shown by sharp common bands on the 

1D amylase zymogram (approx.70 kDa), (Fig. 5.11 and 5.12), at the approximate 

molecular weight of the identified amylase spot 26 on the 2D gel (Fig 5.18c). The 

prominent spot was identified as α-amylase based on LC-ESI-MS/MS data from a 

protein spot at approximately 70 kDa, pI 6 on the 2D gel. α-amylases are highly sought 

after in the food industries for the production of various syrups and in the detergent 

industry as an additive to remove starch based dirt. Amino acid analysis from the 

purified 70 KDa α-amylase produced of P. minima showed two 9-mer peptides, 

SIYFALTDR and NALAYLLAR. Database searches (NCBI and Protein pilot) 

indicated that the peptides showed strong homology with an α-amylase sequence from 

Magnaporthe oryzae.  

The result of LC-ESI-MS/MS confirmed the xylanase activity of spot 53 of the 

EM-4 secretome which had also been observed on SDS-PAGE (Fig 5. 16). The same 

isoelectric point was observed for a xylanase reported by Nakamura et al. (1993) which 

had optimum temperature and pH of 50 °C and pH 9.0, respectively. Xylan is a polymer 

which is abundant in the leaves of dicotyledons, such as Eremopholia species. Complete 

degradation of this polymer requires the action of numerous enzymes, such as endo- 1, 
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4- β-xylanases which acts by cleaving the xylose sugar backbone. Thus, it is not 

unexpected that this study revealed xylanse activity in an endophyte isolated from 

Eremophila. Xylanase activity has also been observed in the secretome of other fungi 

such as Podospora anserine and Doratomyces stemonitis (Peterson et al. 2011b).  

Cellulose forms an integral part of the plant cell wall where it is covalently 

linked with lignin. The presence of cellulase in the secretome of P. minima implies the 

need of for this fungus to break down plant material and obtain nutrition. Another 

enzyme identified in the P. minima secretome was pectinase which is involved in the 

degradation of pectin, an indigestible polysaccharide in leaves. The presence of pectin 

degrading enzymes in the secretome of P. minima could indicate the presence of pectin 

within E. longifolia leaves. In previous studies, pectinase was identified in fungi of 

industrial importance, such as Aspergillus sp. and D. stemonitis (Peterson et al. 2011b). 

Mannase was also found in the secretome of P. minima. Mannan forms a component of 

the cell wall matrix of dicotyledonous leaves and the mannase acts by cleaving within 

the mannose backbone of the mannan polymer. Two different kinds of proteases were 

found in the secretome of P. minima that could allow the fungus to increase the 

efficiency of the degradation of the plant cell wall matrix. Metalloprotease are 

endoproteases that cleave within amino acid chains and enable the fungus to utilize 

proteins during the digestion process. Proteases have been found in the secretomes of 

other filamentous fungi, including Aspergillus oryzae (Oda et al. 2006), Aspergillus 

niger (Tsang et al. 2009), Botrytis cinerea (Shah et al. 2009) and Trichoderma reesei 

(Herpoel-Gimbert et al. 2008).  

As the genome of P. minima has not been sequenced, all protein assignments in 

the secretome were made by cross-species identification, based on sequence similarities 

to proteins from other fungal and bacterial species in the NCBI database (Table 4). The 

greatest number of assignments (nine) was to proteins from Bacillus subtilis. Many of 

the other proteins were from fungi Magnaporthe oryzae and Aspergillus sp. Over 

twenty different types of enzymes have been identified in the secretome of P. minima as 

a result of this work, with α-amylases being a major component. As explained above, 

other proteins were mainly enzymes involved in the breakdown of macromolecules 

which is reflective of the fungal endophytic lifestyle. However, there were many small 

protein spots that were left unidentified as good quality MS/MS spectra could not be 

assigned confidently to any known protein in the NCBI database. These unidentified 
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proteins might be enzymes that have complementary activities to the enzymes already 

identified in the secretome, thereby, increasing their access to their target substrates.  

Enzymes identified in the EL-14 secretome may have potential for industrial 

applications. Some of the enzymes could be valuable complements to the enzymes 

secreted by industrially-established fungi (Teter and Cherry 2005). Cellobiohydrolases, 

endoglucanases, xylanases and mannanases present in the secretome of EL-14 (P. 

minima) could increase the efficiency of enzymatic lignocellulose degradation to 

fermentable sugars and these can be the sources of large-scale production of xylan-

degrading enzymes for application in the biofuel industry (Su et al. 2013). For example, 

the endo-1, 4-β-mannanase identified in the P. minima EL-14 secretome has been 

reported in Podospora anserine GH5 where the enzyme has recently been used as a 

supplement to enzymes secreted by T. reesei strain CL847, thus improving the release 

of total sugars from lignocellulose by 28 % (Couturier et al. 2011). Furthermore, the P. 

minima EL-14 pectin, and pectate lyase could be added to T. reesei enzyme cocktails to 

increase pectin degrading ability and have an impact on the use of pectin-rich biomass 

residues for biofuel production (Pain and Hertz-Fowler 2008).  

Comparing the P. minima secretome to those of other microorganisms, including 

fungi that have been explored in past research, can hekp to broaden the understanding of 

how endophytic fungi are adapted to their specific niche and provide valuable 

information for future secretome studies, particularly for microorganisms without 

sequenced genomes. Furthermore, the identification of enzymes with potential industrial 

applications may help to address the global need for new enzymes able to operate in 

diverse conditions. 
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Chapter 6 
 

 

Main finding and future prospects 
 

A new resource of endophytic fungi in unique natural niche has been explored in 

this work. As part of advancing knowledge about a community of endophytic fungi, 

novel bioactive compounds including antibacterial and cytotoxic agents as well as 

enzymes with potential for industrial applications were revealed. The significance of 

each of the main findings is discussed in this chapter and suggestions are made for 

future work. 

 

6.1 Main findings 

6.1.1 Broadening of knowledge about a community of endophytic fungi in 

Australian plants.  

Limited knowledge currently exists regarding species diversity of endophytic 

isolates of within Australian plants. In the recent work described by Mapperson et al. 

(2014), twenty-six endophytic fungal isolates belong to Preussia species from two 

Australian native plants were identified using ITS sequencing. They originally were 

used for their medicinal benefit by indigenous people. This represents the first time that 

any community of endophytic fungi from Australian plants has been identified by 

molecular means (Section 2.3.3). 

Kirkby et al. (2011) reported the role of endophytic Neotyphodium occultans in 

the fitness of Lolium rigidu from Australia under variable conditions such as of 

herbicide resistance, rainfall and abiotic and biotic pressures. The results of their study 
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confirmed these traits from endophytes are to confer ecological advantages to infected 

plants.  

An endophyte Quambalaria sp. was isolated from Leptospermum junipae in 

Australia, produced bioactive compounds that were inhibitory to all and lethal to some 

pathogenic fungi also inhibited some tested bacteria (Amin et al. 2010). 

In the current study, three endophytic fungal isolates from the Australian plants 

Eremophilia longifolia and E. maculata had significantly different ITS sequences to 

those of any other fungi in the NCBI database, suggesting the possible identification of 

three strains of new species also this is the first report of enzyme activities from 

collection of endophytes in Australia. 

 

6.1.2 Antibacterial and cytotoxic activity of endophytic fungi.  

The disk diffusion, minimum inhibitory concentration and cytotoxicity assays 

(Sections 3.3.2 and 3.3.3) indicated antibacterial and cytotoxic activities of some of the 

endophyte isolates, thus providing a better understanding of how bioactive secondary 

metabolites may be involved in a mutual relationship between endophytic 

microorganisms and their host medicinal plants (Firáková et al. 2007). These 

observations deliver new insights into how endophytic fungi might advance the 

capability of both plant and endophyte by the adaptive evolution of specialised survival 

mechanisms (Tejesvi et al. 2007b). These protective mechanisms are derived from the 

complex interplay between endophyte and host (Tejesvi et al. 2007b), influencing 

chemical changes by enhancing the production of endophytic secondary metabolites in 

response to a pathogenic invasion, such as the secretion of anti-vertebrate alkaloids 

lolitrem B and ergovaline (Schardl et al. 2004). It is this synergy between fungi and 

plant that contributes to the diverse genetic nature of the microorganisms, and 

productions of complex bioactive metabolites (Santiago et al. 2012). These finding are 

significant as, over the past century, developments and modernisation in the drug 

discovery and production pipeline has revolutionized healthcare in developed countries 

(Wachtel-Galor and Benzie 2011). Natural products play the most important role for 

discovery of new and potential drug molecules and there is a general need for new and 

useful bioactive compounds which are effective, possess low toxicity and have minor 

environmental impact (Zaferanloo et al. 2012).  
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6.1.3 Endophytic fungi secrete a diverse range of enzymes.  

The agar plate assays (Section 3.3.2) revealed a diversity of enzymes secreted by 

the fungal isolates, supporting the hypothesis that endophytic fungi secrete enzymes that 

break down the complex compounds in their environment into simple molecules 

suitable for absorption. This great metabolic flexibility facilitates their natural survival 

and also makes them attractive organisms for the production of particular enzymes of 

interest such as those involved in the degradation of plant cell wall polymers. These 

outcomes are significants as the world’s largest producers of industrial enzymes are 

looking at environmental screening programs with the view to express these enzymes in 

highly secreting production hosts (Teter and Cherry 2005). Preliminary investigation of 

this collection of endophytic fungi isolated from Australian native plants indicates that 

they are promising sources of enzymes that may have applications in a wide range of 

industries. 

 

6.1.4 Optimization and characterisation of possible novel enzymes secreted by 

fungi from Australian native plants.  

Liquid enzyme assays, bioreactor fermentation, purification and zymogram 

(Section 4.3 and part of Section 5.3) were used to establish the activity profiles of the 

novel enzymes and reveal aspects that could be of interest for industrial applications. 

Two isolates from E. longifolia (Preussia minima EL-14 and Alternaria alternata EL-

17), and one isolate from E. maculate (Preussia sp. EM-4) were particularly good 

secretors of protein including alkaline amylase, protease and xylanase, making the 

isolates possible candidates for strain development by classical mutagenesis or genetic 

engineering. The significance of these enzymes having optimal activities at neutral to 

alkaline pH is that, compared to currently available fungal enzymes, these features 

would suit the requirements of the detergent, dairy and biofuel manufacturing industries 

and thus may help address the needs of these important industrial applications. 
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6.1.5 Secretome analysis of an endophytic fungus.  

The secretome of Preussia minima EL-14 from E. longifolia was analysed by 

mass spectrometry (Section 5.3), revealing a broad range of enzymes involved in the 

degradation of cellulose, hemicellulose, pectin, mannan, chitin, starch and protein. The 

abundance and high number of enzymes for the degradation of different substrates were 

significant features of the Preussia secretome that differentiate it from the secretomes of 

other industrially exploited fungi. In previous reports, Preussia sp. have been isolated 

from typical Mediterranean plant species (Arenal et al. 2007) and studied for their 

antibacterial activities (Mapperson et al. 2013). The significance of the current findings 

is the identification of diverse enzymes that could be of interest for industrial 

applications.  

 

6.2 Future Prospects 

This unique collection of endophytic fungal isolates described and the results 

presented in this thesis offer considerable material for many future investigations. As a 

direct result of the work, enzymes including amylase, protease and xylanase have been 

identified that could have potential for industrial applications. In order to strengthen the 

proposed applications of these enzymes, the processes involved in commercial 

production are outlined below in Section 6.2.1.  

Further to this, bioactive molecules from fungal endophytes are well-noted for 

their potential use as antibacterial agents and this area certainly warrants further 

investigation.  This study highlighted that many of the tested isolates exhibited some 

level of antibacterial action against several bacteria, an observation which may be of 

interest to the medical community. Moreover, encouraging results from screening of the 

anticancer activities of this collection of endophytes identified their potential use in 

other medicinal applications and further experimentation in this context is described in 

Section 6.2.2. 

On a more fundamental level, the work provides a stimulus for further discovery 

of the world of endophytic fungi. This advance in knowledge will guide us to better 

understand about how the fungi survive in the host plant and to potentially identify 

more novel enzymes of interest to industry, as deliberated in Section 6.2.3.  
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6.2.1 The progress of novel enzymes for industrial and environmental applications  

The identification of enzymes of interest from natural sources is an early step 

towards potentially utilising the enzymes in an industrial setting. To improve the 

efficiency, cost or environmental impact of an existing manufacturing process, there is a 

specific need for an enzyme with certain properties. Of prime importance, an estimation 

of the investment costs involved in developing a novel enzyme for the application of 

interest would need to be evaluated against the expected long-term profits to conclude if 

the project was commercially reasonable (Aehle 2007).  

After an appropriate enzyme is found, decisions need to be made about how the 

enzyme could be produced in an economically practical manner. Two general options 

are proposed: strain improvement to improve enzyme production in the native host 

(Section 6.2.1.1), or the use of de novo sequencing and isolation of the gene encoding 

the enzyme(s) of interest and recombinant expression in a high secreting industrially 

established production host (Section 6.2.1.2). The suitability of the native host for 

commercial utilisation will be dependent on various factors, for example whether the 

native host fungus could be given “GRAS” (Generally Recognised As Safe) status by 

regulatory authorities (Wu et all. 2006) and whether the growth habits and culturing 

requirements of the species suit industrial fermentation conditions (Nevalainen and Te’o 

2003, Koushki et al. 2011). 

 

6.2.1.1 Strain improvement to enhance enzyme production in the native host  

Fungal strain improvement programs can be carried out using traditional 

mutagens, such as N’-methyl-N’-nitro-N’-nitrosoguanidine or ultra-violet radiation, 

followed by mass screening to select high-performing mutants. Nevalainen (2001) 

reviewed the use of random mutagenesis and screening programs in combination with 

improving cultivation techniques on increasing the secreted enzyme yields of 

Trichoderma, Aspergillus and Penicillium species. In addition, the protein secretion of 

T. reesei has been enhanced from mg/L in the wild-type QM6a (Mandels et al. 1971) to 

over 40 g/L in mutant T. reesei strains (Durand et al. 1988), and further to 100 g/L by 

improving fermentation conditions (Cherry and Fidantsef 2003).  

The strains Preussia minima EL-14, Alternaria alternata EL-17 and Preussia sp. 

EM-4 isolated in this work could be possible candidates for strain improvement 
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programs because the endophytes grew well in an economical liquid medium, their 

natural protein secretion was quite high and they exhibited numerous enzyme activities 

that could be of interest to industry.  

 

6.2.1.2 Gene isolation and recombinant expression in an established production 

host 

When the industrial production of a novel enzyme of interest in a natural fungal 

host is not achievable, molecular techniques can be employed to isolate the gene 

encoding the enzyme for recombinant expression in an established microbial host. As 

the complete genome sequence Preussia sp. was not available, the analysis of the P. 

minima EL-14 secretome required the development of techniques supplementary to 

those typically used for protein identification involving organisms with a sequenced 

genome. Thus, de novo sequencing will provide good support for the identifications 

made. Protein gel electrophoresis and mass spectrometry, which formed the basis of the 

current analysis, and cross-species identification was found to be an effective method of 

establishing the identities and predicted functions of P. minima EL-14 proteins based on 

significant similarities to proteins from other species in the NCBI database. 

Amplification of the gene(s) of interest could be achieved by designing degenerate 

primers based on the peptide sequences identified by mass spectrometry (Dodge et al. 

2013). For example, peptide sequences identified by mass spectrometry were used to 

design degenerate primers for the isolation of a laccase gene from the edible fungus 

Pleurotus sapidus (Linke et al. 2005). Similarly, the sequences of peptides identified 

from enzymes of the P. minima EL-14 secretome, supported by de novo sequencing, are 

good starting points for the construction of appropriate primers for gene isolation. 

Degenerative primers can also be based on conserved regions of known genes encoding 

similar enzymes, as used for the isolation of a cellobiohydrolase gene from the 

thermophilic ascomycetous Myriococcum thermophilum (Zámocký et al. 2008). Genes 

encoding enzymes responsible for activities exhibited in the agar plate and enzyme 

assays by the collection of endophytic fungi analysed in this project could be isolated in 

this way, without any prior amino acid sequence information. 

The gene (cDNA) encoding the enzyme of interest could be expressed in 

Escherichia coli for primary characterisation of the enzyme product, followed by 



224 
 

expression of the gene under a strong inducible promoter in a high secreting filamentous 

fungal host, such as a Trichoderma or Aspergillus species (Kiiskinen et al. 2004, 

Rodríguez et al. 2008). Pichia pastoris can perform many posttranslational 

modifications and proteolytic processing and therefore serves as an expression host of 

heterologous fungal enzymes (Mellitzer et al. 2012). Thus, filamentous fungi are 

attractive hosts for heterologous protein production because of their high secretion 

capability and eukaryotic posttranslational modifications (Yoon et al. 2010). Further 

characterisation of the expressed enzyme would then need to be undertaken in 

laboratory shake flasks and pilot-scale fermenters to establish the industrial value of the 

enzyme.  

 

6.2.2 Further investigation of endophyte compounds for medical applications 

Twenty six endophytes were initially screened for cytotoxicity, four of which 

demonstrated varying levels of toxicity towards a range of cell lines. The development 

of a collaborative experimental protocol allowed progression of this part of the research 

and provided promising results towards the application of endophytes to anticancer 

therapies. However, a few important questions were left unanswered which are crucial 

to the progression of studies with the endophyte displaying the greatest level of 

cytotoxiciy, Alternaria sp. EM-6. The presence of unidentified peaks within the UV-

HPLC chromatogram teamed with the fact the extract contained the lowest 

concentration levels of the two previously identified metabolites, AOH and AME, led to 

the belief that another metabolite is contributing to the increased cytotoxicity and, 

therefore, identification of these peaks is necessary. 

The identification of novel peaks can be carried out by a two-step process: 

1. EM-6 should be analysed for the presence of other known cytotoxic metabolites. 

These could include recently identified metabolites derived from endophytic Alternaria 

species (Noser et al. 2011) such as Altenuene (ALT), Altertoxin I-III (AXT-I-III), 

Tentoxin (TEN), Altenusin (ATS) and Tenuazonic acid (TeA). However, if the peaks 

represent novel metabolites, identification will require nuclear magnetic resonance 

spectroscopy (NMR).  
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2. From the resulting NMR structures, the next stage would be to synthesise the 

metabolites and screen these compounds against the cancer cells used in the initial drug 

sensitivity assays to verify the cytotoxic effects of the compounds.  

3. Further investigation of the mechanism of cell death will deduce if the EM-6 

cytotoxic effect mimics that of AOH and AME which is mediated via the p53 pathway 

(Bensassi et al. 2011). This can be done by measuring the levels of apoptotic cells via 

FACS analysis using Annexin V/propidum iodide double staining and Western blot 

analysis of treated cells using a primary antibody of either anti-p53 or anti-caspase 9 

monoclonal antibodies (Bensassi et al. 2012). If EM-6 exerts its apoptotic effect by 

inducing the expression of p53 within the cells, then the role of caspase 3 is proposed, 

which has been shown to interact with caspase 8 and 9 and induce this pathway (Cohen 

1997). Thus, the treated cells could also be analysed for the presence of this caspase via 

a caspase 3 activity assay (Bensassi et al. 2011). 

 

6.2.3 A world of endophytic fungi anticipates attention 

Endophytic fungal isolates that deserve further investigation have been identified 

from medicinal Australian native plants in this work. Isolates that displayed 

antibacterial, anticancer and enzyme activities but that were not studied further could be 

grown in a liquid medium for further investigation to discover the structure and 

properties of the bioactive compounds or undergo further enzyme characterisation using 

the various enzyme assays and zymographic techniques described. Enzyme activity 

profiles may reveal new enzymes with industrial potential. Mass spectrometric analysis 

could be used to identify the proteins in the secretomes of the fungal isolates, in a 

similar way that identifications were obtained from the secretome of P. minima EL-14. 

Moreover, a range of different liquid media could be used to assess the influence of 

different substrates on protein production and secretion. Other unexplored 

characteristics of these endophytic fungi could also be of interest, such as the secretion 

of antifungal substances which may have potential for biocontrol applications. 

Eventually, genome sequencing would expose a great deal more about this collection of 

endophytic fungi, a possibility that has become more viable with the development of 
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less expensive and faster sequencing technologies, such as 454 pyrosequencing 

(Margulies et al. 2005).  

Finally, this study has confirmed the value of endophytes from Australian native 

plants as novel sources of bioactive compounds for industrial, environmental and 

medicinal applications and encourages further investigation to discover additional 

bioactive compounds in different sources of Australian host plants and their endophytes. 
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Appendix 
 

Appendix 2.1: DNA Extraction of Fungal 

 

Protocol 

 

1. Add one square of fungal to the ZR BashingBead™ Lysis Tube then add 750 μl Lysis 

Solution to the tube. 

2. Secure in a Disruptor Genie™ and using high-speed cell disrupters for 40 seconds. 

3. Centrifuge the ZR BashingBead™ Lysis Tube in a microcentrifuge at 10,000 x g for 

1 minute. 

4. Transfer up to 400 μl supernatant to a Zymo-Spin™ IV Spin Filter in a Collection Tube 

and centrifuge at 7,000 rpm for 1 minute. 

5. Add 1,200 μl of Fungal/Bacterial DNA Binding Buffer to the filtrate in the Collection 

Tube from Step 4. 

6. Transfer 800 μl of the mixture from Step 5 to a Zymo-Spin™ IIC Column in a Collection 

Tube and centrifuge at 10,000 x g for 1 minute. 

7. Discard the flow through from the Collection Tube and repeat Step 6. 

8. Add 200 μl DNA Pre-Wash Buffer to the Zymo-Spin™ IIC Column in a new Collection 

Tube and centrifuge at 10,000 x g for 1 minute. 

9. Add 500 μl Fungal/Bacterial DNA Wash Buffer to the Zymo-Spin™ IIC Column and 

centrifuge at 10,000 x g for 1 minute. 

10. Transfer the Zymo-Spin™ IIC Column to a clean 1.5 ml microcentrifuge tube and add 100 

μl  DNA Elution Buffer directly to the column matrix. 

11. Centrifuge at 10,000 x g for 30 seconds to elute the DNA. 
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Appendix 2.2: Detection the quality and quantity of DNA: 

 

1-Set up the horizontal Minnie Gel Unit( Hoefer, Holliston, USA) electrophoresis, then prepare 

gel tray by sealing ends of gel chamber with tape and place appropriate number of combs in gel 

tray. 

2-Making 500ml TAE buffer by diluting 10ml of 50xTAE in 490ml sterile water. 

Making 100ml of 50x TAE 

1-Add the following to 900 ml distilled H₂O 

24.2 gr Tris base 

5.71 ml Glasial acetic acid 

1.86 gr EDTA 

2-Adjust volume to 1 L with additional distilled H₂O 

3-Making 1% agarose gel: 

 

Procedure: 

1. For a 1% agarose gel, weigh out 0.25g of agarose into a flask and add 25ml of 1 x TAE 

(diluted from 50x TAE).  

2. Heat solution in a microwave until agarose is completely dissolved.  

3. Allow cooling down where can hold the flask by hand, then under the hood add 2.5µl 

GelRed Nucleic Acid (10,000 x in water) in the molten agarose, then pour them to the gel 

tray and Allow to cool for for 15-30 min at room temperature. 

4. Remove the comb, place in electrophoresis chamber and cover with buffer (TAE as used 

previously) until the gel is just sub merged. 

5. Load 3µl DNA standard (1Kb) into the first well of gel and in separate tubes mix 1µl  

loading dye buffer to the 5µl of each samples then add these 6µl of different samples to 

the  different wells.  

6. Electrophorese at 100V and for 50 min. 

7. Visualize DNA bands by using UV light box. 
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Appendix 2.3: Wizard® SV Gel and PCR Clean-Up System 

 

DNA Purification by Centrifugation 

Gel Slice and PCR Product Preparation 

A. Dissolving the Gel Slice 

1. Following electrophoresis, excise DNA band from gel and place gel slice in a 1.5ml 

microcentrifuge tube. 

2. Add 10μl Membrane Binding Solution per 10mg of gel slice. Vortex and incubate at 50–65°C 

until gel slice is completely dissolved. 

B. Processing PCR Amplifications 

1. Add an equal volume of Membrane Binding Solution to the PCR amplification. 

Binding of DNA 

1. Insert SV Minicolumn into Collection Tube. 

2. Transfer dissolved gel mixture or prepared PCR product to the Minicolumn assembly. 

Incubate at room temperature for 1 minute. 

3. Centrifuge at 16,000 × g for 1 minute. Discard flowthrough and reinsert Minicolumn into 

Collection Tube. 

Washing  

4. Add 700μl Membrane Wash Solution (ethanol added). Centrifuge at 16,000 ×  g for 1 minute. 

Discard flowthrough and reinsert Minicolumn into Collection Tube. 

5. Repeat Step 4 with 500μl Membrane Wash Solution. Centrifuge at 16,000 ×  g for 5 minutes. 

6. Empty the Collection Tube and recentrifuge the column assembly for 1 minute with the 

microcentrifuge lid open (or off) to allow evaporation of any residual ethanol.  

Elution 

7. Carefully transfer Minicolumn to a clean 1.5ml microcentrifuge tube. 

8. Add 50μl of Nuclease-Free Water to the Minicolumn. Incubate at room temperature for 1 

minute. Centrifuge at 16,000 × g for 1 minute. 

9. Discard Minicolumn and store DNA at 4°C or –20°C 
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Appendix 2.4  

 

Table 1: Recommended amounts of template and primer for sequencing reactions by 

AGRF 

 

Template Recommended Quantity for PD  

Samples (in 12µL) 

Recommended Quantity for CS  

Samples 

PCR Product 100-200 bp 3 - 8 ng 1-3 ng 

PCR Product 200-400 bp 6 - 12 ng 2-4 ng 

PCR Product 400-600 bp 12 -18 ng 4-6 ng 

PCR Product 600-800 bp 18 - 30 ng 6-10 ng 

PCR Product >800 bp 30 - 75 ng 10-25 ng 

Plasmid, Single-stranded 150 - 300 ng 50-100 ng 

Plasmid, Double-stranded 600 - 1500 ng 200-500 ng 

Primer Quantity 9.6 pmol(0.8 pmol/µl) 3.2 pmol 
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Appendix 4.1: Vogel’s trace solution 

The trace element solution (containing citric acid as a solubilizing agent) is made up as follows 

in 95 ml distilled water with the components dissolved successively with stirring at room 

temperature:  

Citric acid.H2O  5.00 grams 

ZnSO4.7H2O  5.00 grams 

Fe (NH4)2(SO4)2.6 H2O        1.0 gram 

CuSO4.5 H2O                       0.25 gram 

MnSO4.H2O                      0.05 gram 

H3BO3, anhydrous                0.05 gram 

Na2MoO4.2H2O                 0.05 gram 

 

The resulting total volume is about 100 ml. Chloroform (1 ml) is added as a preservative, and 

the trace element solution is stored at room temperature. Biotin solution is prepared by 

dissolving 5.0 mg biotin in 50 ml distilled water. The solution obtained is dispensed in test tubes 

and stored frozen.  
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Appendix 4.2: A standard curve was plotted using the absorbance readings of the BSA 

standard at 595 nm 
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Appendix 4.3: A standard curve was plotted using the absorbance readings of the different 

concentration of maltose as the standard and end product of amylase activity at 540 nm 

 

 

Calculation of amylase activity: 

Blank corrected raw data for sample (EL-14 grown at 25 °C and pH 5): 1.257 

Eq. (4.1) was used to find out the concentration of maltose (x) based on amylase activity 

produced by sample was calculated using Absorbance (y) and extinction coefficient (ɛ= 0.0024) 

from standard curve and calculated as Conc. = 523.75. 

          =                                                        (4.1) 

Then to find out total enzyme activity, the following formula Eq. (4.2) was used.  

                     =
           

    
                   (4.2) 

Considering dilution factor of 8 (50µl of diluted ½ sample in total 200µl based on assay), 

volume of 350ml and incubation time of 20 minutes at 37 °C and maltose molecular weight 

(342.29 g/mol), the total amylse activity will be 214.21 U µmol/ml. Accordingly, specific 

amylase activity was calculated based on the total activity divided by total protein concentration 

(2.08 mg) which is 102.98 U/mg (Fig 4.10). 
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Appendix 4.4: A standard curve was plotted using the logarithmic absorbance readings of 
the different concentration of trypsin as the standard at 450 nm 

 

 

 

Calculation of protease activity: 

Blank corrected raw data for sample (EL-17 grown at 37 °C and pH 5.5): 0.502 

The concentration of trypsin produced by sample was calculated (x) based on Absorbance (y) 

and extinction coefficient from standard curve.  

The concentration of enzyme produced by sample (x) was calculated to be 0.608597 (mg/ml). 

Considering the protease assay kit, 1mg of Trypsin has approximately activity equal to 40 

BAEE units/mg and dilution factor of 5 (50µl sample in 250µl total volume), the total protease 

activity will be 121.71 BAEE U/ml. If it divided by total protein (1.8 mg/ml), will be resulted of 

68.5 BAEE U/mg (Fig 4.16).  
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Appendix 5.1: Calculation of sample volume based on protein concentration. 
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Appendix 5.2: Calculation of sample volume based on protein concentration. 

Parameters in 2D gel 7cm 11cm 

Rehydration volume 125µl 185µl 

Protein concentration 50-100µg 100-200µg 

0.02% Standard (fresh) 2.5µl 3.7µl 

0.01% Carrier ampholyte(fresh) 1.25µl 1.85µl 

0.002% Bromophenol blue 

(fresh) 

0.5µl 0.74µl 

IEF protocol 4000 V (7000-10000 V-

hr) 

8000 V (20000-40000 V-

hr) 

Equilibration buffer (1 and 2) 

volume 

2ml [0.04gm of DTT and 

0.05 g of Iodoacetamide]. 

4ml [0.08gm of DTT and 

0.1g of Iodoacetamide]. 

Mineral oil 1 ml 2ml 

Protein sample Calculated  Calculated 

 

Strip Size; V-hr Programmed pH 3-10 pH 4-7 

7 cm, 8000 V-hr 2 hr 30 min 2 hr 

11 cm, 20000 V-hr 4hr 50 min 3 hr 45 min 

 

For example, 
Protein concentration obtained from Bradford assay: 7.62 
Protein load for 11cm strip: 100-200 µg 
Volume of sample to be loaded = 1/7.62 x 200 = 26.25µl 
Hence, rehydration of the gel strips was done as followed: 
Volume of protein sample: 26.25 µl 
Volume of carrier ampholyte: 1.85 µl 
Volume of standard (# 161-0320- Bio Rad): 3.7 µl 
Volume of bromophenol blue: 0.74µl 
Volume of solubilizing buffer: 152.46µl 
Therefore, the total volume loaded onto IPG gel strip was 185µl.  
Volume of, carrier ampholyte (0.01%) for 7cm gel:  
Calculation: For 1 ml we need 10µl. Therefore, in 125µl, the volume is 10/1000 x 125 =1.25µl. 
Volume of bromophenol blue, (0.002%) for 7 cm gel: 
Calculation: For 1ml we need 2µl. Therefore, in 125µl, the volume is 2/1000 x 125=0.3µl. 
(0.5µl was used) 
Volume of standard (0.02%), for 7cm gel:  
Calculation: For 1000µl we need 20µl. Therefore, for 125µl, the volume is 20/1000 x 125= 
2.5µl.               
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Appendix 5.3: Using PROTEIN PILOT proved the present of two 9-mer peptide as SIYFALTDR and 
NALAYLLAR which were similar peptides to α-amylase in Magnaporthe oryzae. 
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