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Executive Summary 

The present study was oriented towards the exploration of xanthine oxidase inhibitory potential of 

fungal endophytes isolated from Indian medicinal plants inhabiting biodiversity hotspots of India. Of 

181 endophytic isolates, culture filtrates of 38 isolates were found to exhibit XO inhibitory activity 

over xanthine-NBT agar plate preliminary assay. Both the quantitative assays indicated ten fungal 

isolates to be potent producers of xanthine oxidase inhibitory entities. The crude chloroform residue 

of endophytic fungal isolate, #1 CCSTITD was found to be non-purine in nature and exhibited 

maximum XO inhibitory activity with IC50 of 0.54 μg/ml which was better than positive control 

Allopurinol (IC50- 0.93 μg/ml). The potential endophytic fungus was identified using morphological 

and molecular tools as novel Muscodor species named as Muscodor darjeelingensis. Further, the 

crude chloroform residue of M. darjeelingensis was fractionated into 18 major fractions using TLC 

and column chromatography.  

 The fraction 9 was found to exhibit mixed type XO inhibitory potential with Ki value of 17.54 

μM which was quite close to the febuxostat (Ki- 14.5 μM). The fraction 9 was pale yellow in color, 

light sensitive, slightly polar having a melting point >200 ˚C. H1-NMR and C13-NMR spectra of 

bioactive fraction 9 suggested it to be a long chain unsaturated, hydroxylated terpenoid. Further, IR 

spectra confirmed the presence of carboxyl group. Mass spectra of bioactive fraction showed parent 

ion peak at m/z 569 and molecular ion peak at m/z 553. The NMR, IR and ESI-MS spectral data of 

bioactive fraction 9 was found to be identical to that of dihydroxy-carotenoid Lutein. Hence, the 

bioactive fraction was proposed to be Lutein. This is the first report of a plant carotenoid being 

produced by an endophytic fungus which is also a potent XO inhibitor. The present study establishes 

that endophytic fungi are prolific sources of novel non-purine selective inhibitors of xanthine oxidase 

(NP-SIXO’s). The isolation of Lutein, as XO inhibitor from endophytic fungi further warrants its 

further evaluation by in silico docking studies and optimizing using QSAR (Quantitative Structure 

Activity Relationship) for its development into a pharmacophore in management of long term 

hyperuricemia and oxidative stress related diseases since lutein is already being used as a 

nutraceuticals. 
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1.0 Background 

Purines (adenine and guanine) are a series of heterocyclic compounds which are diversely 

substituted in the nature, abundantly found in the mammalian cells. Functionally, purines are 

responsible for biosynthesis of nucleic acids i.e. DNA and RNA apart from playing a crucial role in the 

intracellular signaling and cellular energy in the form of Adenosine Triphosphate (ATP) and 

Guanosine Triphosphate (GTP). The purines are also incorporated in the formation of complex 

molecules such as NADH and Coenzyme A (Pedley and Benkovic, 2016). The purine metabolism is 

tightly regulated and can be divided into three pathways. The first pathway is the biosynthetic 

pathway or the de novo pathway which begins with Phosphoribosyl pyrophosphate (PRPP) and leads 

to the formation of Inosine monophosphate (IMP), a precursor of AMP (adenosine monophosphate) 

and GMP (Guanosine monophosphate). The second pathway is also known as catabolic pathway 

wherein AMP, GMP and IMP are converted into Uric acid (7,9-dihydro-1H-purine-2,6,8(3H)-trione), a 

poorly soluble compound and tends to crystallize once the serum uric acid (sUA) level rises over a 

concentration of 6.5-7 mg/dl. The third pathway is the salvage pathway wherein IMP, GMP and AMP 

are synthesized from the purine bases i.e. Hypoxanthine, Guanine and Adenine respectively (Van der 

Berghe et al., 2006). Thus, it can be easily realized that any disturbance in these metabolic pathways 

will lead to clinical consequence (Fig. 1.1). 

 Hyperuricemia is a biochemical abnormality which occurs when the sUA level is higher than 

7 mg/dl (Shi et al., 2003). Exogenous pool of purine as well as endogenous purine catabolism 

primarily contributes to the sUA level. Hyperuricemia generally results due to overproduction of uric 

acid or under excretion of uric acid by the kidneys. However, the latter case is predominantly 

responsible for the occurrence of hyperuricemia (Liote, 2003).  

 Hyperuricemia has already been established to be a pre-disposing factor for gout (Billet et 

al., 2014). However, recently after understanding the pathophysiology of uric acid accumulation, 

hyperuricemia has also been incriminated in diseases such as hypertension, type 2 diabetes, 

metabolic syndrome, renal and cardiovascular diseases (Gliozzi et al., 2016). Uric acid accumulation  
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Fig 1.1 Purine metabolic pathways and their cross link with other metabolic pathways.  
(PK- Pyruvate kinase, Gln- Glutamine, Glu- Glucose, PPi- pyrophosphate, THF- tetrahydrofolate, 10-fTHF- 10-
formyltetrahydrofolate, Asp- Asparagine, H2O2- hydrogen peroxide) 
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beyond physiological limits, i.e. hyperuricemia is responsible for fat storage in adipose tissue as well 

as in liver (Lanaspa et al., 2012a; 2012b). One of the earliest associations of hyperuricemia is with 

hypertension (Cannon et al., 1966). There is ample literature which provides epidemiological 

evidence that hyperuricemia is present in type 2 diabetes as well as predicts the development of 

insulin resistance and type 2 diabetes (Johnson et al., 2013b). It has been observed that the patients 

with established coronary heart disease have increased concentration of plasma uric acid as 

compared to those who are healthy. Further, it has been reported that the increased plasma uric 

acid is associated with increased risk of incident coronary heart disease (Wheeler et al., 2005). It has 

also been hypothesized that uric acid overproduction/accumulation can trigger oxidative stress and 

the enzyme xanthine oxidoreductase (XO), which is responsible for urate formation and plays a 

critical role in this context (Agarwal et al., 2011; Puddu et al., 2012).  

 First line treatment of chronic hyperuricemia (long term therapy) is based on lowering the 

sUA into normal physiological range and this is referred as urate lowering therapy (ULT). Long term 

management of hyperuricemia generally targets the key enzymes which are responsible for 

metabolism and excretion of sUA i.e. XO and Uric Acid Transporter 1 (URAT1) respectively. There are 

two main classes of drugs used for ULT- Uricostatics and Uricosurics. Uricostatic drugs inhibit the 

enzyme XO which plays a key role in the production of uric acid from purines while the uricosurics 

increases the urinary excretion of uric acid by blocking the renal tubular re-absorption of uric acid 

(Suresh and Das, 2012). The United States Food and Drug Administration (USFDA) approved 

uricostatic drugs are Allopurinol and Febuxostat. The first uricosuric developed was Probenecid, 

however it was withdrawn in USA due to its side effects. Uricosurics which are generally used 

outside USA comprise of Sulfinpyrazone, Probenecid and Benzbromarone.  

 USFDA has recently approved Lesinurad as a selective uric acid re-absorption Inhibitor (SURI) 

(Fleischmann et al., 2014). Allopurinol (analog of hypoxanthine) has been the cornerstone of urate 

lowering therapy for over five decades. It gets converted into oxypurinol which competitively binds 

XO, thereby, inhibiting the production of uric acid. Allopurinol also has direct scavenging effect on 
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free radicals. However, prolonged use of allopurinol in some individuals results in Allopurinol 

Hypersensitivity Syndrome (AHS), currently known as Drug Rash with Eosinophilia and Systematic 

Symptoms (DRESS) which at times can be fatal with a mortality rate of ~20% (Yaylaci et al., 2012). 

Allopurinol also has dose related and idiosyncratic side effects in patients with renal impairment.  

 Febuxostat was approved by USFDA in 2009 as a non-purine selective inhibitor of XO (NP-

SIXO) which undergoes hepatic metabolism. Febuxostat has a better efficacy and low dose regimen 

as compared to allopurinol, being a selective inhibitor of XO. It is also less toxic as compared to 

allopurinol and is used on patients with mild to moderate renal impairment since the drug is 

metabolized in liver. However, the commonly reported adverse reactions of the drug are 

abnormality in liver function, diarrhea, headache, nausea and rash (Gliozzi et al., 2016).  

 Despite febuxostat and allopurinol being commonly recommended for gout therapy, clinical 

studies have shown that the effective reduction of sUA to < 6 mg/dl in  case of allopurinol is in the 

range of 20-40 % while for febuxostat is 45-67 % thus indicating the need of additional therapies or 

new drugs in long term management of hyperuricemia and gout. This has led to a renaissance in the 

area of pharma gout research. As per GlobalData, the acute gout market size is going to increase to 

US$ 337 million by 2018 and the chronic gout market comprising of prophylactic anti-inflammatory 

therapies and urate lowering therapy is going to reach over US$ 1.9 billion (GlobalData, 2016).  

 XO has been recognized as a key enzyme responsible for uric acid production, apart from its 

role in inducing oxidative stress in mammalian system. During the production of uric acid, the XO has 

been found to produce reactive oxygen species (ROS). ROS have been found to play an important 

role in cell signaling and likely act as key players in many diseases and homeostasis. ROS generated 

by XO oxidize the cellular proteins and membranes resulting in myocardial cellular injury (Thompson-

Gorman and Zweier, 1990). XO has been found to be expressed by failing heart where it uncouples 

the cardiac energy consumption from cardiac contraction in setting up chronic heart failure (Sesh et 

al., 2015; Raghuvanshi et al., 2007; Pandey et al., 2000). Hyperuricemia appears to be surrogate 

biomarker for high levels of damaging oxidative stress associated with increased XO activity. Hence, 
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XO inhibition using uricostatic drugs represents a therapeutic approach which will have dual benefit, 

reduction in circulating uric acid as well as reducing vascular oxidative stress. Therefore, XO 

inhibitors (XOI’s) also appear to be an emerging class of drugs for heart failure apart from their 

potential use in hyperuricemia management (Kittleson and Hare, 2005; Higgins et al., 2011).  

1.1 Bio-prospecting for new Xanthine oxidase inhibitors (XOI’s) 

The currently used uricostatic drugs, allopurinol and febuxostat are predominantly synthetic 

compounds. Allopurinol is an analog of hypoxanthine which inhibits XO, while febuxostat is a 2-aryl 

thiazole based (non-purine) compound which has been chemically synthesized and tested for use as 

a potent XOI by Tejin Pharmaceuticals, Japan. Nature has been a brilliant chemist providing a variety 

of chemical templates which have been exploited by the medicinal chemists and pharmacologists in 

developing potent drugs for treatment of various diseases.   

 The folklore medicine began with the discovery of medicinal properties of plants and their 

extracts where further isolation of bioactive moieties and their evaluation formed the basis of 

modern medicine. Isolation of morphine from Papaver somniferum in 1806 marked the beginning of 

early chemotherapeutics in modern medicine. Modern pharmacology is highly dependent on plant 

based drugs. Natural compounds resourced from plants could be directly used as drugs, precursors 

for semi-synthetic drugs or as templates for the design of novel synthetic agents. Thus, natural 

product research is an integral part of pharmaceutical drug discovery programs.   

 Seed extracts of Cassia fistula, Swietenia mahagoni and Erythrina indica exhibited potential 

inhibition of XO (Jothy et al., 2011; Sahgal et al., 2009; Sowndhararajan et al., 2012). A vast literature 

abounds wherein different plant extracts have exhibited in vitro XO inhibition (Umamaheswari et al., 

2007; Hudaib et al., 2011). Several phytochemicals such as Liquiritigenin, Isoliquiritigenin (Kong et 

al., 2000b), cinnamaldehyde (Wang et al., 2008) and hesperidin (Liu et al., 2016) have been found to 

be potent xanthine oxidase inhibitors. One compound which has been approved as an uricostatic 

drug by USFDA in 2009 is Colchicine, isolated from the plant Colchicum autumnale. Traditionally, this 

plant has been used to treat rheumatic conditions especially gout. Colchicine is currently 
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recommended for acute gout flares and prophylaxis for gout flares (Zhang and Zhang, 2016). 

However, the major issues with plant extracts is their standardization and for phytochemicals is their 

bulk requirement which cannot be resourced from plants since they are generally present in low 

concentration and would lead to massive annihilation of the flora and biodiversity. 

 Microorganisms have been long recognized by the pharmaceutical industry as a prolific 

source of structurally diverse secondary metabolites which have propelled the discovery of 

numerous antibiotics beginning with the discovery of the miracle drug Penicillin (Demain, 2009). 

Apart from antibiotics, microbial natural products have also been exploited in the development of 

immunosuppressive, hypocholesterolemic, anti-parasitic, anti-cancer and anti-diabetic drugs 

(Demain, 1999; Berdy, 2005; Demain and Sanchez, 2009). 5-formyluracil from Streptomyces sp. and 

Bacillus cereus (Umezawa et al., 1972; Sunahara et al., 1977), Akalone and Hydroxyakalone isolated 

from marine bacterium, Agrobacterium auranticum N-81106 were reported to be potent XO 

inhibitors (Izumida et al., 1995; 1997).  

1.2 Fungi as a source of XOI’s 

Fungi have been intensively explored for bioactive secondary metabolites for pharmaceutical drug 

discovery ever since the discovery of penicillin. Novel therapeutic moieties which have been 

discovered from fungi and subsequently deployed in pharmaceutical industry as antibacterial agents 

like Cephalosporins, immunosuppressive agents such as cyclosporine and cholesterol lowering 

agents such as Mevastatin and Lovastatin. Various wild and edible mushrooms are reported to be 

producers of XO inhibitors. Methanolic and aqueous extracts of Pleurotus citrinopileatus (Alam et al., 

2011a), Pleurotus salmoneostramineus (Alam et al., 2011b), Pleurotus cornucopiae (Alam et al., 

2011c), Pleurotus nebrodensis (Alam et al., 2011d) and Lentinus edodes (Yoon et al., 2011a) are 

found to possess remarkable XOI potential. 

 Approximately 20 % of fungi are obligate symbionts in lichens which have been overlooked 

by mycologists as well as industrial microbiologists despite the fact that lichen and lichen products 

have been used in traditional medicines since centuries and still hold considerable interest in 
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alternative treatments in various parts of the world (Crittenden and Porter, 1991; Boustie and 

Grube, 2005). Various species of lichens have been bio-prospected in search of novel xanthine 

oxidase inhibitors. Thallus extract of foliose lichen Bulbothrix setschwanensis was found to exhibit 

profound xanthine oxidase inhibitory activity (Behera and Makhija, 2002).  Graphina 

pyrrhocheiloides thallus extract exhibited 41 % inhibition in XO activity (Behera et al., 2004). 

1.3 Fungal endophytes: A promising resource of XOI 

Fungi ubiquitously exist within the plants i.e. internally without any apparent signs of their existence 

and are known as endophytes (Schulz and Boyle, 2006). In contrast to their pathogenic fungal 

counterparts, the endophytic fungi exist in a mutualistic association with their host plants, and in 

few cases, enhance the ability of plants to tolerate abiotic and biotic stresses (Rodriguez et al., 2009; 

White and Torres, 2010; White and Bacon, 2012). Discovery of Taxomyces andreanae, a taxol 

producing endophytic fungus from Taxus brevifolia (Stierle et al., 1993) embarked research on fungal 

endophytes as producers of phytochemicals similar to their host plants (Strobel et al., 2004).  

 It has been amply demonstrated that the endophytic fungi possess the capacity to 

biosynthesize the host metabolites like Podophyllotoxin, Camptothecin and Huperzine, therefore, 

they promise to be an alternative source of secondary metabolites known from plants (Aly et al., 

2010; Kaul et al., 2012; Aly et al., 2013; Nisa et al., 2015; Venugopalan and Srivastava, 2015). 

However, endophytic fungi have also been reported to be lucrative sources of novel organic 

compounds possessing anti-cancer, anti-microbial, neuroprotective and anti-oxidant properties since 

last two decades and many compounds have entered into clinical studies (Gunatilaka, 2006; 

Suryanarayanan et al., 2009; Baker and Satish, 2012; Newman and Cragg, 2015; Muller et al., 2016).  

 Plants in tropical rainforests are exposed to different biotic as well abiotic stresses and 

therefore endophytes existing within them are metabolically active in biosynthesizing myriad 

chemical structures which could possess novel bioactivities. Enzymes have been recognized as 

potential drug targets for the treatment of several diseases and therefore molecules which inhibit 

their activity could be effectively used as drugs. Several enzyme inhibitors have been reported to be 
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produced by endophytic fungi. Khafrefungin which inhibits phosphoceramide synthase has been 

exploited for treatment of drug resistant infections caused by Candida albicans since this molecule 

does not interfere with human sphingolipid metabolism (Mandala et al., 1997). Cytonic acids A and B 

isolated from endophytic fungus Cytonaema sp. are found to inhibit human cytomegalovirus 

protease (Guo et al., 2000). More recently, a cholinesterase inhibitor has been isolated from 

endophytic Alternaria alternata (Bhagat et al., 2016). Leptin inhibitors have also been isolated from 

endophytic fungi for their possible use as anti-obesity agents (Chandra Mouli et al., 2016). 

Nectriacids B and C have been isolated from endophytic Nectria sp. of Mangrove plant Sonneratia 

ovate and are found to inhibit α-glucosidase activity for possible use as an anti-diabetic agent (Cui et 

al., 2016). 

 However, exploration of XO inhibitors from endophytic fungi is limited. Predominantly, the 

XO inhibitory activities of endophytic fungi have been correlated with their anti-oxidant activity. 

Fusaruside is an XO inhibitory cerebroside which has been isolated from Fusarium sp. IFB-121, an 

endophytic fungus in Quercus Variabilis (Shu et al., 2004). Similarly, Endophytic Chaetomium sp. 

obtained from aerial tissues of Nerium oleander L (Apocyanaceae) produced phenolic compounds 

exhibiting XO inhibition (Huang et al., 2007a). Rubrofusarin B and Auraseprone A obtained from the 

culture of Aspergillus niger IFR-E003, an endophytic fungus harboring in the well growing leaves of 

Cynodon dactylon showed XO inhibitory activity (Song et al., 2004). Lumichrome, a compound 

isolated from the ethyl acetate extract of liquid culture of endophyte Myrothecium roridum IFB-E012 

in Artemisia annua exhibited cytotoxicity against the human tumor cell line nasopharyngeal 

epidermoid KB and inhibition activity against XO (Shen et al., 2009). An endophytic fungal strain, 

Alternaria brassicicola (ML-P08), was isolated from the fresh leaves of Malus halliana has been 

found to produce two compounds named Alternariol and Alternariol monomethyl ether showing 

strong XO inhibitory activity (Gu et al., 2009).  

 Thus, in the present work we have systematically screened endophytic fungi from the 

biodiversity hotspots of India for their potential to inhibit XO with a future implication of their 
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clinical evaluation in management of hyperuricemia as well as for prevention against chronic heart 

failure by reducing the oxidative stress which are two major health hazards worldwide, especially in 

India.  
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Plant microbiome comprises of microbial communities which can be classified as pathogens, epiphytes, 

saprophytes and endophytes. Endophytic fungi are phylogenetically diverse and large group of fungi 

which colonize internally without exhibiting any obvious signatures of their existence (Bacon and White, 

2000; Strobel and Daisy, 2003). Endophytes differ from mycorrhizal fungi by the fact that they reside 

entirely within the plant tissues (Stone et al., 2004). It has been reported that all terrestrial plants are 

colonized with endophytic fungi (Arnold and Lutzoni, 2007). Endophytic fungi trace back their 

association with plants for over 400 million years (Krings et al., 2007) and have been studied in plants 

existing in various geographical and climatic zones (Sun and Guo, 2012).  

Plant-fungus interaction is mediated by a variety of chemical/biochemical molecules which 

mediate the interactions to establish an association. This is referred to as “balanced antagonism”, a 

hypothesis which proposes how endophytic fungi avoids activating the host defense responses, ensures 

self-resistance prior to getting incapacitated by the toxic metabolites of the host thereby manages to 

grow within host without causing the visible manifestation of infection or disease (Arnold, 2005; 2007; 

2008; Schulz and Boyle, 2006).  

Fungal endophytes have been effectively used for improving growth, health and adaptation of 

plants to stress conditions and therefore hold promise for agriculture and horticulture (Singh et al., 

2011; Iqbal et al., 2013; Card et al., 2015; Wani et al., 2015; Rai and Agarkar, 2014). There are several 

reviews which highlight the potential to overcome biotic and abiotic stresses by fungal endophytes 

(Rodriguez et al., 2008; Aly et al., 2011; Porras-Afarno and Bayman, 2011; Friensen, 2013; Johnson et al., 

2013a). Exploring biosynthetic capabilities of fungal endophytes has gained impetus owing to ever 

increasing discovery of fungal endophytes synthesizing plant compounds such as Paclitaxel, 

Camptothecin, Podophyllotoxin and Hypericin (Stierle et al., 1993; Puri et al., 2006; Kusari et al., 2009b; 

Shweta et al., 2010). Apart from their biosynthetic potential to synthesize putative phytochemicals, 
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endophytes are a lucrative source of bioactive secondary metabolites which have agrochemical as well 

as pharmaceutical applications (Chen et al., 2016; Strobel, 2015).  

Biosynthesis of these novel chemistries by endophytic fungi is a result of their cross-talk with the 

host defense and other biotic/abiotic stresses as propounded in the balanced antagonism hypothesis. 

The endophyte derived compounds belong to diverse chemical classes such as terpenoids, steroids, 

xanthones, chinones, phenols, isocoumarins, benzopyrans, cytochalasins etc. It has been estimated that 

more than 51 % of the bioactive compounds isolated from endophytes are novel structures or chemical 

templates (Firakova et al., 2007). 

As it has been proved that endophytic fungi are fountainheads of novel bioactive compounds 

possessing anti-microbial, anti-cancer, anti-oxidant, anti-parasitic, anti-viral, insecticidal and 

immunomodulatory activities for possible use in pharmaceutical and agrochemical industries (Aly et al., 

2010; Kaul et al., 2012; Elsebai et al., 2014), the present work was therefore oriented towards exploring 

fungal endophytes for bioactive compounds which could inhibit the enzyme Xanthine Oxidase (XO), a 

key molecule in uric acid formation apart from being a key player in inducing cellular oxidative stress.  

2.1 Hypothesis 

Aerobic metabolism results in the production of reactive oxygen species (ROS) which comprises of 

superoxide anion (·O2
-), hydroxyl radical (·OH) as well as non-radical molecules like Hydrogen peroxide 

(H2O2), singlet oxygen (O2) etc. ROS have been found to be associated with most processes in plant 

development and acclimatization. They are usually generated in various sub-cellular components such 

as chloroplasts, mitochondria and peroxisomes as well as in the cellular environment. ROS play a dual 

role- beneficial as well as harmful which depends upon their concentration inside the plants. More 

recently, ROS have been implicated in generation of systematic whole plant signals in response to biotic 

and abiotic stresses.  
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 Generation and quenching of ROS is strictly balanced to avoid the oxidative stress in all living 

systems. However, when the level of ROS exceeds the defense mechanism, the cell is said to be in a 

state of “Oxidative Stress”. ROS scavenging is perturbed under a number of stressful conditions such as 

salinity, drought, metal toxicity and pathogens etc. ROS generating enzymes such as Respiratory Burst 

Oxidative Homolog (RBOH) of NADPH oxidase has demonstrated that plant cells like mammalian cells 

can initiate and amplify ROS production for signaling. RBOH has been recognized as central hub of 

cellular ROS signaling network (Sierla et al., 2016; Gilroy et al., 2016). More recently, Xanthine 

dehydrogenase has also been implicated in this systematic response (Ma et al., 2016).  

 In fungal system, xanthine oxidase has been found to be localized in the cytoplasmic membrane 

in close association with cell membrane lipids and inward cell wall protruding lipids. It has been well 

documented that the hydrophobic nature of XO drives its association over membrane or fat globule 

(Bruder et al., 1982; Cheng et al., 1988). The ROS produced by membrane bound XO was found to 

exhibit key role in sclerotial differentiation and phytopathogenic potential (Papapostolou and Georgiou, 

2010). It has also been implicated that asymptomatic fungi can produce anti-oxidants in response to 

both biotic/abiotic stresses when grown in culture as well as in planta. There are a variety of anti-

oxidants originating from fungal endophyte mediated host metabolism (Hamilton et al., 2012).  

Hence, it is hypothesized that during plant-endophytic fungal interaction, endophytic fungi 

secrete certain molecules that neutralize the oxidative attack of plant XO which may be helpful in 

developing a symbiotic association. Thus, these inhibitors of plant oxidases could also be used as 

inhibitors of oxidases of mammalian origin. Based on the above premise, the present work is oriented 

on screening endophytic fungi for XO inhibitors with the following objectives: 

I. Isolation and characterization of Xanthine oxidase inhibitor(s) producing endophytic fungi  

II. Characterization of xanthine oxidase inhibitors from potential endophytic fungi 

III. To study the Inhibition kinetics of selected XOI    
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3.1 Background 

Purines are the ubiquitous component of life, performing many important functions at the cellular 

level. They are considered to be major energy carriers and precursors for the synthesis of nucleic 

acids (DNA and RNA). Despite being structural components of nucleotide cofactors such as 

Nicotinamide adenine dinucleotide (NAD) and S-Adenosyl methionine (SAM), purines are reported to 

perform vital role in the physiology of muscles, thrombocytes and synaptic transmission (Maiuolo et 

al., 2016). Under physiological environment, the enzymes involved in the purine metabolism 

maintain equilibrium between synthesis and degradation of purines. However, nucleic acid turnover 

(synthesis and degradation) is an ongoing metabolic process which liberates free purines in the form 

of adenine, guanine and hypoxanthine. These free purine counterparts are considered to be 

metabolic investment of the cells for development, proliferation and survival. In humans, uric acid is 

the final end product of purine catabolism and is primarily produced by oxidative degradation of 

hypoxanthine to xanthine and xanthine to uric acid which is catalyzed by the enzyme XO (Fig 3.1). All 

other mammals possess the uricases enzyme involved in conversion of uric acid to allantoin that is 

eliminated through urinary excretion (Sundy and Hershfield, 2007). 

 The major disorders of purine degradation are either due to block or increased degradation 

of purines. In the former i.e. during the block in purine degradation, syndromes like immune 

deficiency, myopathy or renal calculi may occur while enhanced purine degradation leads to 

syndromes like hyperuricemia and gout, renal calculi, anemia and hypoxia apart from oxidative 

stress (Lomax et al., 1975). The block in the purine catabolism is generally attributed to deficiency or 

Fig 3.1: Reaction catalyzed by Xanthine oxidase in purine catabolic pathway 
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malfunction of some important enzymes such as 5’-nucelotidase, adenosine deaminase, purine 

nucleotide phosphorylase (PNP), myoadenylate deaminase, XO deficiency and guanine deaminase 

deficiency.  While increased purine nucleotide degradation may occur via different pathways which 

may alter the regulated pathway.  Hence, if the purine catabolism pathway is not blocked, it shall 

lead to enhanced uric acid biosynthesis which will clinically result in hyperuricemia, hyperuricosuria 

and gout (Fox, 1981; Nyhan, 2005; Jiao et al., 2006).  

3.2 Hyperuricemia: the underlying cause of Gout 

Hyperuricemia is a biochemical abnormality characterized by elevated sUA level exceeding above 

the normal threshold limit of 6.8-7.0 mg/dL. Epidemiological association between hyperuricemia and 

gout has been established over 150 years ago (Garrod, 1848; Campion et al., 1987).  Recent studies 

have indicated an increasing prevalence of gout in the age group of 30-50 years (Kuo et al., 2015). 

Though main focus of global surveys has been gout, but the incidence of hyperuricemia has also 

increased accordingly as sustained hyperuricemia is a physiological pre-requisite for gout. There are 

four phases of gout- asymptomatic hyperuricemia, acute gouty arthritis, intercritical gout and 

chronic tophaceous gout (So and Thorens, 2010). 

Diseases which are responsible for over production of urate include myeloproliferative 

disorders, lymphomas, exfoliative psoriasis and genetic diseases such as deficiency of Hypoxanthine 

guanine phosphoribosyl transferase (HGPRT) and in tumor lysis syndrome (Luk and Simkin, 2005). 

Dietary factors which contribute to hyperuricemia includes high alcohol intake which results in 

increased purine production and decreases urate excretion, consumption of purine rich foods such 

as red meat or sea food (Choi et al., 2004a; 2004b). Apart from being a physiological pre-requisite for 

gout, today hyperuricemia is responsible for a variety of metabolic and oxidative stress related 

diseases. 

3.3 Hyperuricemia and other diseases 

Numerous experimental as well as clinical studies provide sufficient evidence that hyperuricemia 

may play a role in development and pathogenesis of a number of metabolic, hemodynamic and 
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systemic pathological diseases comprising of metabolic syndrome, hypertension, stroke and 

atherosclerosis.  It also plays a role in renal and endothelial dysfunction (Rahman et al., 2012). 

Hyperuricemia has been identified as an early marker for hypertensive diseases (Ward, 

1998) i.e. it predicts the development of hypertension and is associated with coronary artery disease 

(Tuttle et al., 2001) and cardiovascular mortality (Fang et al., 2000). Yet, another important 

pathogenic mechanism by which high concentrations of uric acid raised the blood pressure is by 

activation of NADPH oxidases in the cytoplasm as well as in mitochondrion.  Thus blocking the 

oxidative stress could lower hypertension in hyperuricemic rat models (Yu et al., 2010; Lanaspa et 

al., 2012b).  Initially, it was proposed that the high concentration of uric acid in the blood suppresses 

the insulin secretion and possibly exerts cytotoxic effect on the β- cells in pancreas (Scott et al., 

1981). Today, there are numerous epidemiological evidences, which confirm the role of 

hyperuricemia in insulin resistance and type 2 diabetes (Mundhe and Mhasde, 2016; Shah et al., 

2016).  More recently, hyperuricemia has been found to be an independent predictor of coronary 

artery diseases (CAD) among Asian Indian subjects having type 2 diabetes (Jayashankar et al., 2016). 

It has also been reported that the hyperuricemia is associated with increased prevalence, incidence 

as well as disease severity of Non-alcoholic fatty acid liver disease (NAFLD) (Lonardo et al., 2002; Li 

et al., 2009).  sUA has been used as a predictive biomarker to predict NAFLD (Ryu et al., 2011).  

Recently, hyperuricemia has also been associated with the development of chronic kidney 

disease (CKD) by inducing renal inflammation, endothelial dysfunction and activation of the renin-

angiotensin system (Mallat et al., 2016).  High plasma uric acid has also been found to be associated 

with stroke risk factors in women (Jimenez et al., 2016).  High levels of uric acid has also been 

identified as a marker for mortality and morbidity in Fabry’s disease (an X-linked lysosomal storage 

disorder due to decrease or absence of α-galactosidase A (agalA) enzymatic activity, as a result of 

gene mutations), apart from adverse cardiac outcomes such as progression of left ventricular 

hypertrophy and progression of renal dysfunction (Rob et al., 2016). Thus, hyperuricemia or high uric 
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acid concentration is being implicated as the master conductor of the worldwide symphony of 

diabetes, obesity and cardio-renal diseases apart from gout (Kanbay et al., 2016). 

3.3.1 Role of high XO activity  

High concentrations of circulating XO have also been reported in patients suffering with 

hyperuricemia which is released by the damaged cells due to elevated level of uric acid in plasma. 

XO is a source of ROS and generates superoxide anion radicals. An elevated level of circulating XO is 

an important marker of hepatic as well as interstitial damage and is responsible for remote organ 

injury in several patho-physiological conditions such as hepatic ischemia and reperfusion, 

hemorrhagic attack and sickle cell disease (Houston et al., 1999; Aslan et al., 2001). It also plays a key 

role in vascular injuries, acute arthritis, chronic heart failure (CHF) and type 2 diabetes (T2DM) 

(Desco et al., 2002; Berry and Hare, 2004). 

S-nitrosylation is a ubiquitous post-translational modification which is involved in the 

regulation of diverse biological processes. Ryanodine receptor (RyR) is an intracellular calcium 

channel present in excitable animal tissues such as the muscle and neurons. All the three isoforms of 

this receptor get S-nitrosylated and play a critical role in signaling responsible for metabolic events. 

It has been reported that hypernitrosylation of RyR1 leads to sarcoplasmic reticulum (SR) calcium 

leakage accompanied by skeletal muscle dysfunction. On the other hand, hyponitrosylation resulted 

in RyR2 leakage and decreased contractile reserve in the cardiomyocytes.  Global S- nitrosylation 

was found to be decreasing in the failing hearts compared to non-failing.  XO inhibition has been 

found to reverse or restore the global as well as RyR2 nitrosylation thereby reverting the SR Ca2+ leak 

and improving the calcium handling and contractility.  Thus, nitroso- redox balance plays a critical 

role is heart failure (HF) by causing RyR2 oxidation, hyponitrosylation, and SR Ca2+ leakage.  

However, it has been experimentally demonstrated that the inhibition of XO is helpful in the reversal 

of this patho-physiological condition thereby reducing the oxidative stress on heart (Gonzalez et al., 

2010).  
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It has been reported that oxidative stress i.e. the imbalance between the free radical levels 

and the anti-oxidant capacity plays a significant role in the cardiovascular disease and diabetes 

(Furukawa et al., 2004; Palmieri et al., 2006).  ROS have also been implicated in the endothelial 

dysfunction in experimental atherosclerosis and also in patients with CAD.  This basically occurs via 

the inactivation of endothelial NO (nitric oxide) by the superoxide radicals (White et al., 1996; Cai 

and Harrison, 2000; Heitzer et al., 2001; Spiekermann et al., 2003). It has also been demonstrated 

that the endothelial XO activity and protein levels are substantially increased in patients suffering 

from CAD or carotid stenosis (Berry and Hare, 2004; Guzik et al., 2006). More recently, the 

relationship between hyperuricemia and NAFLD has been attributed to XO which may be possibly 

used as a novel therapeutic target linking the two diseases possibly mediated via inflammasomes 

which are expressed due to hyperuricemia as a result of higher XO activity (Xu et al., 2015; Sun et al., 

2016).  

  As XO plays a critical role in hyperuricemia as well as in host of oxidative stress related 

diseases, it can be a potent therapeutic target not only for the long term management of 

hyperuricemia but also for reducing the oxidative stress which is a hallmark of variety of metabolic/ 

oxidative stress related diseases including HF.  

3.4 Therapeutic options for treatment of hyperuricemia  

The main stay in successful long term management of hyperuricemia and gout is urate lowering 

therapy (ULT). The ULT is an effective anti-hyperuricemic alternative targeting uric acid excretion, 

production and degradation by utilizing uricosurics, xanthine oxidase inhibitors (XOI’s) and uricases 

respectively (Fig 3.2).  

3.4.1 Uricosurics  

Uricosurics enhance the renal uric acid excretion by inhibiting the urate re-absorption by renal anion 

transporters in the proximal tubule. Probenecid was first FDA approved (1951) uricosuric drug for 

gout treatment followed by Sulfinpyrazone in 1959 (Gutman and Yu, 1951; Gutman, 1966). However, 

both probenecid and sulfinpyrazone caused nephrotoxicity among patients suffering with chronic 
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Fig 3.2: Sites of action of urate lowering drugs (ULT)- uricosurics, uricostatics and uricases. 

renal insufficiency disorder. Moreover, probenecid was reported to alter the human metabolism by 

increasing the potency of other drugs such as penicillin, non-steroidal inflammatory drugs (NSAIDs), 

methotrexate by reducing the renal clearance efficacy (Burns and Wortmann, 2012). 

Benzbromarone, another uricosuric agent, never got approval from USFDA despite being far potent 

and well tolerated as compared to probenecid and sulfinpyrazone in patients with moderate renal 

insufficiency (Perez-Ruiz et al., 2000). However in France, benzbromarone was withdrawn in 2003 

due to reports of fulminant hepatotoxicity among the population (Chaibriant, 2003).  

Lesinurad is the newest molecule which has been approved by USFDA in 2015 for ULT in 

combination with an XOI for long term management of chronic hyperuricemia and gout (Fig 3.3). 

This molecule acts as an inhibitor of urate transporter URAT1 which is responsible for the renal re- 
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absorption of uric acid (So and Thorens, 2010; Bardin et al., 2016; Saag et al., 2016). The common 

side effects of Lesinurad (Zurampic®, AstraZeneca) includes headache, influenza, increases blood 

creatinine and gastroesophage reflux disease (GERD). However, if used without XOI it can result in 

acute kidney failure among patients (Hoy, 2016).  

3.4.2 Uricostatics  

XOI’s block the xanthine oxidase catalyzed oxidation of hypoxanthine and xanthine to uric acid of 

purine metabolic pathway. The first XOI, allopurinol or 1,5-dihydro-4H-pyrazolo[3,4-d]pyrimidin-4-

one), is a purine analogue which was approved by FDA in 1966 (Fig 3.4). Allopurinol was initially 

discovered in the drug discovery program of Burroughs Wellcome by Gertrude B. Elion and George 

H. Hitchings in 1963 (Elion, 1988; 1993). It rapidly gets oxidized to oxypurinol which acts as a suicide 

inhibitor of XO by altering the hydroxyl ligand of the molybdenum at the active site of the enzyme. 

Allopurinol is metabolized in the liver and has plasma half-life of 1-3 h, while oxypurinol is excreted 

in the urine and has 12–17 h half-life. Allopurinol has remained as the cornerstone of hyperuricemia 

management and gout therapy for over 40 years. However, continued use of allopurinol results in 

Fig 3.3: Various uricosuric agents used in ULT.  
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acute problems like fever and rash to the gradually developing leukocytosis, eosinophilia, vasculitis, 

aseptic meningitis, nephritis, renal and hepatic dysfunction (Hande et al., 1984; Greenberg et al., 

2001).   

 

Allopurinol is an efficient drug; however, it is a weak inhibitor of XO in the in vitro assays 

with IC50 value ranging between 0.2 to 50 µM.  Hence, research was fuelled to explore synthetic 

purine and pyrimidine compounds which exhibited better XO inhibition. The early research 

influenced by the success of allopurinol was focused on synthetic purines and pyrimidine derivatives. 

However, these did not meet the clinical structure since the purine and pyrimidine motifs induced a 

similar side effect as allopurinol.  The synthetic purines and pyrimidine derivative so developed can 

possibly undergo conversion into corresponding nucleotides in vivo and may interfere with other 

pathways of purine metabolism thereby inducing severe adverse effects (Pacher et al., 2006) 

Today, allopurinol should be tested prior to being recommended for therapeutic use as it 

may result in adverse reaction which can be fatal. This is attributed to presence of the HLA-B*58:01 

allele and other factors that influence drug concentration. The adverse reactions of Allopurinol 

sensitivity may include maculopapular eruptions (MPE), severe cutaneous adverse reactions (SCAR), 

Stevens - Johnson syndrome (SJS), drug reactions with eosinophilia and systemic symptoms (DRESS) 

and the rare, but life-threatening, systemic manifestation, allopurinol hypersensitivity syndrome 

(AHS)(Stamp et al., 2016).  

Hence, the focus of research shifted on development of non-purine based XO inhibitors for 

their possible role in long term hyperuricemia management as well as combating gout.  Structure 

Fig 3.4: Currently used XO inhibitors 
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elucidation of the XO led to rational drug discovery and many potent XOI belonging to steroids, 

imidazoles and triazoles derivatives, flavonoids and many other classes have been either synthesized 

or screened from natural product libraries (Borges et al., 2002). Two synthetic compounds viz. [2-[3-

cyano-4-(2-methylpropoxy)phenyl)-4-methylthiazole-5-carboxylic acid], abbreviated as TMX-67, TEI-

6720 and Y-700 [1-(-3-cyano-4-neopentyloxyphenyl)-pyrazole-4-carboxylic acid] were found to 

exhibit a more potent, selective XO inhibition,  long lasting hyperuricemic control as compared to 

allopurinol with a favorable toxicological profile and high bioavailability (Becker et al., 2004).  

TMX-67, TEI-6720 (Teijen Pharmaceuticals, Japan) successfully cleared the clinical trial and 

eventually was approved by USFDA in 2009 for treatment of chronic hyperuricemia and gout 

(Schumacher et al., 2009).  Commercially this is known as Febuxostat with trade names Adenuric 

(Europe and New Zealand), Uloric (USA), Goturic (Latin America) and Feburic (Japan).  With the 

development and deployment of Febuxostat, the first non-purine selective inhibitor of XO (NP-SIXO), 

it was clearly established that xanthine or purine like structural framework is not a pre-requisite for 

the development of potent XOI inhibitors.   

CONFIRMS trial on over 2000 human subjects proved the superiority of Febuxostat (80 

mg/day) over Allopurinol (300-800 mg/day) in long term ULT (Becker et al., 2010).  Febuxostat is an 

excellent alternative for allopurinol sensitive patients suffering hyperuricemia with mild renal 

insufficiency (Faruque et al., 2013; Weng et al., 2016). Febuxostat has been reported to effectively 

control sUA and increase insulin sensitivity by reducing the HOMA-IR (Homeostasis Model 

Assessment of Insulin Resistance) index (Meng et al., 2016). It is implicated to reduce the renal 

oxidative stress and inhibition of profibrotic signaling (Tsuda et al., 2012; Komers et al., 2016). 

However, febuxostat has adverse effects also. The common adverse effects associated with 

febuxostat include diarrhea, dizziness, headache, liver abnormalities and altered thyroid function 

tests. A new XO inhibitor, Topiroxostat was approved and developed in Japan for treatment of 

hyperuricemia in 2013 (Matsumoto et al., 2011; Hosoya et al., 2014; Diaz-Torne et al., 2015).  
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 Yet, another strategy to treat gout is enzymatic. It involves the use of uricases, a class of 

enzyme which converts uric acid into allantoin. As humans lack this pathway due to missense 

mutation in the uricase encoding gene (Wu et al., 1989), exogenous uricases have been developed 

as a therapeutic intervention to dissolve uric acid deposits. Rasburicase is a recombinant uricases 

cloned from Aspergillus flavus, approved for hyperuricemia due to tumor lysis syndrome in cancer 

patients (Kennedy and Ajiboye, 2010). However, the major drawback is the immunogenicity of the 

exogenous protein for which it has to be PEGylated. Pegloticase is a PEGylated mammalian (porcine-

like) recombinant uricases approved by USFDA in 2010 for the treatment of chronic tophaceous gout 

(Baraf et al., 2008a; 2008b). However, despite specific prophylaxis, gout flares, infusion reactions 

and serious adverse effects were significantly more frequent in patients over pegloticase therapy. 

The ideal candidate for pegloticase therapy includes patients with tophaceous and persistent gout 

flares or arthropathic disorders who are intolerant to conventional ULT (Hamburger et al., 2010). 

Further, uricases do not demonstrate long term efficacy and sustainable tolerability in hyperuricemic 

patients (Richette et al., 2007). It also does not ameliorate oxidative stress conditions like XO 

inhibitors. Hence, XO inhibitors serve as key molecule of hyperuricemia management as well as 

oxidative stress related diseases.  

3.5 Exploration of new XO inhibitors for ULT and related diseases 

Today, XO is identified as a key molecule of purine catabolism and is constitutively being expressed 

in liver, kidney, epithelial lining of heart and brain. Being a hepatic enzyme, XO is also responsible for 

production of uric acid, nitric oxide and reactive oxygen species which potentially degrade DNA, 

RNA, protein, inhibit enzymatic systems and cause lipid per-oxidation (Freeman and Crapo, 1982; 

Meerson et al., 1982; Halliwell and Gutteridge, 1982). Further, ROS has been implicated in the 

endothelial dysfunction also. With excessive production of ROS due to over expression of XO, the 

activity of eNO (endothelial nitric oxide) is reduced which affects the production of NO (Higashi et 

al., 2009; Yang et al., 2009; Tousoulis et al., 2012; Higashi et al., 2014). Inhibiting XO is also a part of 

ULT for long term hyperuricemia management apart from its presumptive role in cardiovascular and 
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metabolic syndrome. As xanthine oxidase inhibition plays a plausible role in management of 

hyperuricemia  and oxidative stress diseases like cardiovascular diseases, metabolic syndrome, so 

newer classes XO inhibitors are being explored to be used for management of oxidative stress 

related diseases as well as hyperuricemia.  

 Much emphasis is being laid on non-purine based selective inhibitors (NP-SIXO) as they do 

not lead to allele based hypersensitivity and adverse reactions as encountered in case of allopurinol 

which restricts its further use in long term hyperuricemia management. NP-SIXO’s can be broadly 

classified as synthetic and natural product based. Presently approved NP-SIXO is Febuxostat 92-(3-

cyano-4-[2-methylpropoxyl] phenyl-4-methylthiazole-5-carboxylic acid) which was approved by 

USFDA as a second line treatment when allopurinol failed to manage hyperuricemia or the patients 

exhibit Allopurinol hypersensitivity syndrome.  

3.6 Bio-prospecting Xanthine oxidase inhibitors (XOI’s) 

Nature is an excellent chemist and produces scaffolds which are beyond the imagination of synthetic 

organic chemists. Thus it become pertinent to explore plants and microbes for the presence of 

bioactive compounds which could selectively inhibit XO for developing novel drugs to combat 

oxidative stress related disorders and chronic hyperuricemia.  

3.6.1 XO inhibitors from plants 

The dependence of humans on plants and plant extracts to combat diseases began with the 

settlement of humans and taking up agrarian practices. According to World Health Organization 

(WHO), approximately 80 % of the world’s population relies mainly on conventional medication for 

their primary health care and about 50 % of the drugs introduced to the market during the last 20 

years are derived directly or indirectly from small biogenic molecules (Luo et al., 2014, Harvey et al., 

2015; Amirkia and Heinrich, 2016). A comprehensive study of US Food and Drug Administration (FDA) 

approved drugs between 1981 and 2010 (Newman and Cragg, 2012; 2016; Cragg and Newman, 2013) 

revealed that 34 % of medicines that were based on small molecules were traced to or were inspired 

by natural products including the statins, tubulin-binding anticancer drugs and immunosuppressant’s.  
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  Plants have been extensively explored for bioactive compounds which could be developed as 

potent and efficient XO inhibitors.  Different phytochemicals from plants have been evaluated for the 

possible anti-oxidant as well as XO inhibitory activity (Table 3.1). These predominantly belong to 

phenolics and flavonoids (Lespade and Bercion, 2010). It has been reported that among 

flavonoids,flavones exhibited a higher XO inhibition as compared to flavonols. Luteolin exhibited the 

least IC50 as XOI amongst a battery of plant flavonoids tested using allopurinol as standard. Flavonoid 

Table 3.1: Xanthine oxidase inhibitors from plants 

Name of Compound/Drug Host Plant Class of 

compound 

Reference 

Valoneic acid dilactone Lagerstroemia speciosa Lactone Unno et al., 2004 

Ellagic acid Lagerstroemia speciosa Lactone Unno et al., 2004 

Carallidin Carallia brachiata Proanthocyanidin Phuwapraisirisan   

et al., 2006 

Anacardic acid Anacardium occidentale L Phenolic lipid Kubo et al., 2006 

  Apigenin-4’-O-(2”-O-p-    

coumaroyl)-β-D-glycopyranoside 

Pallhinhaea cernua Glycoside Jiao et al., 2006 

2-metylester-1-h-pyrrole-4-

carboxylic acid 

Salacca edulis  Pyrrole Priyanto and 

Sukandar, 2007 

Geraniin Phyllanthus urinaria tannin Lin et al., 2008 

Cinnamaldehyde C.  osmophloeum Flavanoid Wang et al., 2008b 

Loniceraflavone Lonicera  hypoglauca Flavanoid Chien et al., 2009 

Okanin Acacia confusa chalconoid Tung and Chang, 

2010 

Mucusamide, Mucusoside Ficus mucuso sphingolipids Gojayev et al., 2011 

28-O-β-D-glucopyranosyl 

ester of platanic acid 

Tetracera scandens nor-lupane 

triterpene 

Nguyen and 

Nguyen, 2013 

Epihyprhombin B Hyptis rhomboides Neolignan Tsai and Lee, 2014 

Hyprhombin C Hyptis rhomboides Neolignan Tsai and Lee, 2014 

Riparsaponin Homonoia riparia Saponin Xu et al., 2014 

Heraclinin  Tamus communis Furanocoumarins  Zerargui et al., 

2015 

Nudibaccatumin A and B Piper nudibaccattumin hydroxychavicol Liu et al., 2015 

Hesperetin Citrus auranticum Flavanone Liu et al., 2016 
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derivatives are exhibiting a higher IC50 when compared to flavonoids. These have been classified into 

six groups based on their XO and superoxide scavenging potential (Cos et al., 1998). Some other 

flavonoids such as Chrysin, Kaempferol, myricetin and isorhamnetin have been found to exhibit mixed 

type XO inhibition (Nagao et al., 1999). Isoliquirigenin and Liquiritigenin have been identified as the 

main compounds present in the methanolic extract of Sinofranchetia chinensis stem and exhibiting 

XO inhibition with IC50 of 55.8 μM and 49.3 μM respectively (Kong et al., 2000b).  

 Biota orientalis is a chinese medicinal plant which has been used for gout, rheumatism, 

diarrhea and chronic tracheitis. Quercetin and rutin were identified as flavonoid constituents and 

exhibited hyperuricemic effects comparable to allopurinol (Zhu et al., 2004). Two iridoids namely 

specioside and 6-feruloylcatpol purified from the acetonic stem bark extract of traditional Indian 

medicinal plant Stereopermum personatum significantly inhibited XO with IC50 of 79.88 μM and 

150.44 μM respectively (Kumar et al., 2005). Geraniin, a tannin purified from 70 % water-acetonic 

extract of Phyllanthus winaria showed a dose dependent XO inhibition with IC50 of 30.49 μM (Lin et 

al., 2008). Lithospermic acid isolated from Salvia mitiorrhiza has been found to competitively inhibit 

XO with an IC50 of 5.2 μg/ml (Liu et al., 2008). Hydroxychavicol, a phenolic compound from Piper 

plants displayed potent inhibitory activity against XO (Murata et al., 2009).  

 Extracts prepared from different parts of medicinal plants are the primary target of 

researchers for exploration of novel industrially important pharmaceuticals. Numerous studies on in 

vitro XO inhibition by plant extracts have been attempted to identify key molecules which could be 

used as XO inhibitors in future (Table 3.2) 

 Of the 288 extracts from 96 medicinal plants of Vietnamese traditional medicine, 188 have 

exhibited XO inhibitory activity at a concentration of 100 μg/ml. The methanol extracts of Artemisia 

vulgaris, Caeselpinia sappan, Blumea balsamiflora and Chrysanthemum sinense exhibited a strong 

XO inhibition with IC50 less than 20 μg/ml (Nguyen et al., 2004). Among Indian plant extracts 

screened for XO inhibitory activity, methanolic extracts of Coccinia grandis, Datura metel, 

Strychnosnux vomica and Vitex negundo exhibited more than 50 % inhibition (Umamaheswari et al., 
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2007). Among Czech medicinal plants which are traditionally used for gout, arthritis and 

rheumatism, the highest XO inhibitory activity was exhibited by Populus nigra and Betula pendula 

methylene chloride-methanol extract which exhibited an IC50 of 8.3 and 25.9 μg/ml respectively 

(Havlik et al., 2010). Moderate XO inhibition was exhibited by the methanol extracts of 

Chrysanthemum coronarum, Achillea biebersteinii, Rosmarinus officinalis and Ginkgo biloba with IC50 

of 199.5 μg/ml, 360 μg/ml, 650 μg/ml and 595.8 μg/ml respectively (Hudaib et al., 2011).  

Root extract of Tephrosia pupurea, an Indian folk medicinal plant displayed a concentration 

dependent, non competitive XO inhibition (Nile and Khobragade, 2011). N-butanol leaf extract of 

Ruellia tuberosa Linn (Ahmad et al., 2012), Sida rhombifolia and Sonchus arvensis (Hendriani et al., 

2016) exhibited potent XO inhibitory activity with IC50 of 0.15 μg/ml, 21.43 μg/ml and 23.64 μg/ml 

Table 3.2: Xanthine oxidase inhibitors from different plants extracts  

Name of  

extract 

Host Plant Class of 

compound 

IC50 

(μg/ml) 

Reference 

  Methanol  Cinnamomum cassia Complex  18.0 Kong et al., 2000a 

  Methanol Chrysanthemum indicum Complex  22.0 Kong et al., 2000a 

  Methanol Rhus coriaria Complex 172.5 Candan, 2003 

  Chloroform Coccinia grandis Complex 17.8 Umamaheswari and   

Chatterjee, 2008 

  Chloroform Erythrina stricta Complex 21.2 Umamaheswari et al., 2009 

  Ethyl acetate Tinospora cordifolia Complex 21.2 Raju et al., 2011 

  Methanol Erythrina indica Phenolics 52.7 Sowndhararajan et al., 

2012 

  Aqueous  Carica papaya Complex  4.3 Azmi et al., 2012 

  Methanol Flacoutia sepiaria Complex  8.3 Sreejith et al., 2013 

Methanol Memecylon talbotianum Complex  1265 Bharathi et al., 2014 

Hexane Pandiaka angustifolia Complex  - Thiombiano et al., 2014 

  Ethyl acetate Lycium arabicum phenolics 17.0 Trabsa et al., 2015 

  Ethanol  Prunus salicina Polyphenols 179 Li et al., 2016 

  Aqueous Plectranthus scutellariodes Complex 6.0 Levita et al., 2016 

  Ethyl acetate Psidium guajava Polyphenols 38.2 Irondi et al., 2016 



Chapter 3 

27 | R e v i e w  o f  L i t e r a t u r e  
 

respectively. Further, six Indian medicinal plants viz. Asparagus racemosus, W. somnifera, V. 

negundo, Plumbago zeylanica, Butea monosperma and T. purpurea were evaluated for their 

antioxidant and XO inhibitory potency. All methanolic fractions were found to exhibit moderate XO 

inhibition with IC50 ranging from 3-6 μg/ml (Nile and Park, 2014). However, the major issue with 

plant extracts is the requirement of a standard raw material as well as bulk plant material for 

continuous drug supply. This threatens the plant diversity and thus demands development of 

methods to produce these plant chemical scaffolds in other organisms or through chemical route in 

case the synthesis is not cumbersome.  

3.6.2 Bacteria 

There are few reports of XO inhibitors from bacterial sources since 1970s. First report was from 

Streptomyces sp producing 5-formyluracil as potent XO inhibitor (Umezawa et al., 1972). Further, 

various bacterial isolates from soil were screened for xanthine oxidase inhibitory activity, out of 

which Bacillus cereus A-73 produced 5-formyluracil and Alcaligenes aquamarinus produced a purine 

based XO inhibitor namely 2,8-dihydoxyadenine showing competitive mode of inhibition with IC50 

and Ki value of 2.0 µM and 0.7 μM respectively (Sunahara et al., 1976). Akalone and Hydroxyakalone 

isolated from marine bacterium, Agrobacterium auranticum N-81106 were reported to be potent XO 

inhibitors (Izumida et al., 1995; 1997). 

3.6.3 Algae 

Over the years, algae have emerged as a novel source of putative compounds with hyper diverse 

biological and structural variability (Borowitzka, 2011; Michalak and Chojnacka, 2015). A 

sesquiterpenoid named caulerperyne, purified from marine alga Caulerpa prolifera was reported to 

non-competitively inhibiting XO with IC50 of 26.92 µM (Cengiz et al., 2012). 

3.6.4 Fungi as a source of XOI’s  

Fungi have been known to produce important inhibitors like statins which have been clinically used 

for the treatment of hypercholesterolemia. Majority of literature wherein XO inhibition was 

reported from fungi belongs to basidiomycetes or the mushrooms i.e. macrofungi. Aqueous extract 
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of Fistulina hepatica (beefsteak fungus) was found to possess a concentration dependent XO 

inhibitory activity with IC50 of 1444 μg/ml (Ribeiro et al., 2007).  

In a study from Korea, aqueous extract of Agaricus brazillensis was found to exhibit maximum 

XOI activity of 72.9 % followed by P. salmoneostramineus, Phellinus baumii, A. bisporus and Hericium 

erinaceum with 60.1 %, 57.7 %, 56.7 % and 52.4 % XO inhibitory activity respectively (Zanabaatar et 

Table 3.3: Xanthine oxidase inhibitors from microbial sources 

Name of Organism  Source Name of 

Compound/extract 

Reference 

Bacteria 

Bacillus cereus Soil 5-formyluracil Sunahara et al., 1977 

Alcaligenes aquamarines Soil 2,8-

dihydoxyadenine 

Sunahara et al., 1977 

Agrobacterium auranticum  Marine source Akalone Izumida et al., 1995 

Agrobacterium auranticum  Marine source Hydroxyakalone Izumida et al., 1997 

Fungi 

Aspergillus sp. F184 Soil Terric acid Hyoung et al., 2000 

Phellinus linteus local farm, Chowon 

Sangwhang Microbios, 

Chuncheon, Korea 

Ethanolic extract Song et al., 2003 

Fistulina hepatica Chest nut orchard in  
Braganca region, 
Portugal 

Aqueous extract Ribeiro et al., 2007 

Agaricus brazillensis Korea Water extract Zanabaatar et al., 2010 

Pleurotus cornucopiae Mushroom Research 

Institute of Gyeonggi 

Province, Korea 

Acetonic extract Alam et al., 2011c 

Lentinus lepideus Mushroom Research 

Institute of Gyeonggi 

Province, Korea 

Acetonic and 

Methaolic extract 

Yoon et al., 2011b 

Lichen 

Bulbothrix setschwanensis Various parts of India Acetonic extract Behera and Makhija, 2002 

Graphidaceae family 

 

Various parts of India Methanolic 

extract 

Behera et al., 2003; 2004 

Algae 

Caulerpa prolifera Marine caulerperyne Cengiz et al., 2012 

Marine Sources 

 Halicdona sp. Marine sponge Renierol Wang et al., 2008a 
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al., 2010).  Acetone, methanol and aqueous extracts of Pleurotus cornucopiae, P. citrinopileatus, P. 

salmoneostramineus, P. nebrodensis and Lentinus lepideus were found to exhibit dose dependent XO 

inhibitory activity. However, acetone extract was found to exhibit best XO inhibition when compared 

to other extracts from the above mushroom species (Alam et al., 2011a; 2011b; 2011c; 2011d; Yoon 

et al., 2011b). A tripeptide with sequence Phy-Cys-His purified from aqueous fruiting body extract of 

Pleurotus ostreatus exhibited a dose dependent XO inhibitory activity (IC50 – 0.9 μM) on potassium 

oxanate treated rats (Jang et al., 2014). Potent XO inhibition was exhibited by Hypholoma 

fasciculare, Suillus grevillei, Tricholoma populinum with IC50 values of 67.76 ± 11.05 μg/ml, 13.28 ± 

1.58 μg/ml and 85.08 ± 15.02 μg/ml respectively (Vanyolos et al., 2014). Terric acid from Aspergillus 

sp. F184 isolated from soil sample of Korea has also exhibited XO inhibition non-competitively 

(Hyoung et al., 2000). 

3.7 Endophytic fungi as a novel source of XOI 

Endophytic fungi are heterogeneous group of micro-organisms colonizing the living interstitial 

tissues of plant cells without any apparent signature of their existence (Schulz et al., 2002). 

Endophytes presumably exist in a symbiotic association with the host plant by secreting novel 

bioactive metabolites to strengthen the host plant defense mechanism (Aly et al., 2011; Rosa et al., 

2011; Kaul et al 2012; Alvin et al., 2014; Elsebai et al., 2014; Tiwari, 2015; Deshmukh et al., 2015; 

Aharwal et al., 2016; Gouda et al., 2016). The era of endophytic research was revolutionized with the 

discovery of million dollar anticancer drug paclitaxel produing endophytic fungus Taxomyces 

andreanae that had been originally isolated from yew tree Taxomyces breviofolia (Stierle et al., 

1993; 1995). The fascinating discovery of paclitaxel from endophytic fungi evoked the interest of 

researchers towards endophytes as potential novel source of therapeutic agents. Camptothecin 

originally isolated from Camptotheca accuminata, is a potent anti-neoplastic agent and was also 

isolated from endophytic Entrophospora infrequens inhabiting Nothapodytes foetida (Puri et al., 

2005). Endophytic Fusarium solani isolated from Camptotheca accuminata has also been reported to 

produce camptothecin (Kusari et al., 2009b). On the same lines Podophyllotoxin, a well known anti-
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cancer drug is also reported from the endophytic fungus Phialocephala fortinii inhabiting its host 

plant Podophyllum peltatum (Eyberger et al., 2006). Podophyllotoxin have also been reported to be 

produced by another novel endophytic fungus, Trametes hirsute (Puri et al., 2006), Aspergillus 

fumigatus isolated from Juniperus communis (Kusari et al., 2009a) and Fusarium oxysporum 

inhabiting Juniperus recurva (Kour et al., 2008). Apart from production of putative phytochemicals, 

endophytic fungi also produce a plethora of bioactive secondary metabolites which possess anti-

parasitic, neuroprotective, antioxidant, immunosuppressant, anticoagulants and anticancer activities 

(Mitchell et al., 2008; Guo et al., 2008; Verma et al., 2009; Kusari et al., 2014). 

 The chemical diversity produced by endophytes is remarkable and it includes polyketides, 

shikimate derivative, terpenes, steroids, flavanoids, alkaloids, enzymes and peptides. These bioactive 

metabolites offer an enormous potential for the finding of novel agrochemicals and drugs of natural 

origin thereby being an alternative source of bioactive metabolites of pharamaceutical importance 

(Tan and Zou, 2001; Priti et al., 2009; Chandra et al., 2012; Kusari et al., 2012; Nisa et al., 2015). 

Endophytic fungi are reported to be prolific source of various enzyme inhibitors for 

regulation of enzymatic activity. The catalytic activity of enzymes is considered to be vital for the 

normal metabolism and dysregulation of any of the enzyme can result in fatal disorders. Various 

classes of compounds viz. polyphenol, terpenes, peptides, alkaloid produced by endophytic fungi 

with potent inhibitory action against lipases, aldose reductase, HMG-CoA reductase and α-

glucosidase are reported (Table 3.3). 

Bio-prospecting endophytic fungi in search of novel and effective XO inhibitor is a nascent 

area with much skewed preliminary data. Endophytic Fusarium sp. IFB-121 isolated from Quercus 

variabilis produced a cerebroside named Fusaruside exhibiting potent mixed type XO inhibition with 

IC50 of 43.8 ± 3.6 µM (Shu et al., 2004). Rubrofusarin B and Auraseprone A obtained from the 

Aspergillus niger IFB-E003, an endophytic fungus residing in healthy leaves of Cynodon dactylon 
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showed potent xanthine oxidase inhibition activity with IC50 value of 16.8 µM and 10.9 µM respectively 

(Song et al., 2004). Further, extract of Cladosporium herbarum, an endophytic fungal counterpart of 

Cynodon dactylon yielded  aspernigrin A, 7-hydroxy-4-methoxy5-methylcoumarin, orlandin, 3β,5α,6β 

trihydroxyergosta-7,22-diene, kotanin and two previously reported xanthine oxidase inhibitors 

rubrofusarin B and fonsecinone A (Ye et al., 2005).  Endophytic fungal strain Chaetomium sp. obtained 

from aerial tissues of Nerium oleander produced polyphenols exhibiting XO inhibitory activity (Huang et 

al., 2007a). Lumichrome, a compound isolated from ethyl acetate extract of liquid culture of endophyte 

Table 3.4: Enzyme inhibitors reported from different endophytic fungi 

Name of 
Compound 

Name of 
endophytic 
fungus 

Host Plant Target enzyme Clinical application Reference 
 

Khafrefungin Mycelia 
sterilia 

Costa Rican plant Inositol 
phosphoceramide 
synthase 

Fungal infections Mandala et al., 
1997 

Altenusin Alternaria sp. Trixis vauthieri Trypanotthione 
reductase 

Trypanosomiasis 
and leishmaniasis 

Cota et al., 2008 

Koninginins Trichoderma 
koningii 

Strychnos cogens Phospholipase A2 anti-inflammatory 
agent, neural 
disorders 

Souza et al., 2008 

Corynesidone A Corynespora 
cassiicola 

Lindenbergia 
philippensis 

Aromatase Breast cancer Chomcheon et al., 
2009 

Unsaturated 
fatty acids 

Colletotrichum 
sp. 

Taxus sumatrana α-glucosidase Diabetes mellitus Artanti et al., 2012 

Thielavins  Chaetomium 
sp  

Hintonia latiflora α-glucosidase Diabetes mellitus Rivera-Chavez et 
al., 2013 

Tetrapeptide Fusarium 
incarnatum 

Aegle marmelos Pancreatic lipase Obesity Gupta et al., 2015 

Bipolarisenol Bipolaris 
sorokiniana 

Rhazya stricta Urease and Acetyl 
cholinesterase  

Alzheimer’s disease Khan et al., 2015 

Lovastatin Phomopsis 
vexans 

Solanum 
xanthocarpum 

HMG-CoA 
reductase 

Hypercholesterolemia Parthasarathy and 
Sathiyabama, 2015 

Sorokiniol Bipolaris 
sorokiniana 

Rhazya stricta Acetyl 
cholinesterase 

Alzheimer’s disease Ali et al., 2016 

Altenuene Alternaria 
alternata 

Catharanthus 
roseus 

Acetyl 
cholinesterase 

Alzheimer’s disease Bhagat et al., 2016 

 benzyl benzoate Emericiella 
quadrilineata 

Pteris pellucida tyrosinase Anti- melanogenesis 
and anti-browning 

Goutam et al., 
2016 
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Myrothecium roridum IFB-E012 in Artemisia annua exhibited cytotoxicity against the human tumor cell 

line nasopharyngeal epidermoid KB and inhibition activity against xanthine oxidase (Shen et al., 2009). 

An endophytic fungal strain, Alternaria brassicicola (ML-P08) isolated from leaves of Malus halliana has 

been found to produce two compounds named Alternariol and Alternariol monomethyl ether showing 

strong xanthine oxidase inhibitory activity (Gu et al., 2009).  Recently, chloroform extract of 

Lasiodiplodia pseudotheobromae species isolated from Aegle marmelos has been found to inhibit XO 

with an IC50 of 0.61 µg/ml, which was better than positive control, i.e. Allopurinol exhibiting IC50 value of 

0.937 µg/ml (Kapoor and Saxena, 2014). Thus, endophytic fungi offers immense opportunities in 

exploration of NP-SIXO’s which could be developed into novel therapeutic moieties for combating 

oxidative stress related diseases and long term hyperuricemia management.  
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4.0 Materials and Methods 

4.1 Plant sample collection 

 Asymptomatic samples of leaves, twigs and bark of Aegle marmelos (Rutaceae family); 

Cinnamomum camphora, Cinnamomum malabaricum, Cinnamomum zeylanicum (Lauraceae family);  

Catharanthus roseus, Rauvolfia serpentina, Nerium oleander, Tabernaemontana divaricata 

(Apocynaceae); Tinospora cordifolia (Menispermaceae family); Camellia sinensis (Theaceae);  Piper 

nigrum (Piperaceae Family) were collected from the biodiversity hotspots of India including 

conserved tropical rainforest region of Western Ghats and North-eastern Himalayan region (Table 

4.1).  The collected plant samples were stored at 4 °C in sterile zip pouches till further use. 

4.2 Isolation of endophytic fungi  

Endophytic fungi were isolated from fresh disease free plant samples (leaves, bark and stems) by 

following the method of Mitchell et al. (2008). Plant samples were thoroughly washed under running 

tap water and air dried. Subsequently, the samples were surface sterilised by soaking them in 1 % 

sodium hypochlorite (NaClO) solution for 5 min 

followed by 70 % ethanol for 2 min and 30 % ethanol 

for 45 sec to suppress/remove the epiphytic 

microflora. These were then finally rinsed with sterile 

distilled water (SDW) and were allowed to surface dry 

over sterile blotting sheets aseptically. Subsequently, 

Table 4.1: Sampling sites for collection of plant samples 

S.No Biodiversity Hot spot Sampling site State 
Geographical 

coordinates 

1.  

Western Ghats 

BRT wildlife Sanctuary Karnataka 11°59′38″N, 77°8′26″E 

2.  Yelandur wildlife Sanctuary Karnataka 12.07°N, 77.03°E 

3.  Wayanad wildlife Sanctuary Kerala 11°38′46″N 76°21′50″E 

4.  Neyyar wildlife Sanctuary Kerala 8°24′N 77°10′E 

5.  North–eastern  Darjeeling West Bengal 27°3′N 88°16′E 

6.   Palampur Himachal Pradesh 32.11° N, 76.53° E 

*BRT: Biligiriranganatha Swamy Temple Wildlife Sanctuary    

 

Fig 4.1: Coding outline of pure isolates of 
endophytic fungi 

https://en.wikipedia.org/wiki/Menispermaceae
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the sterilized samples were chopped into 2–3 mm pieces with the help of sharp sterile blade and 

were inoculated onto Potato dextrose agar (PDA, HiMedia, India) plates with ventral side facing 

towards the medium. The PDA plates were supplemented with 100 µl of streptomycin (100 mg/l, 

HiMedia, India) to check the bacterial growth. The inoculated PDA plates were then incubated at 26 

± 2 °C for 15 days with 12 h light and dark period. The imprints of disinfected plant samples were 

also taken on to PDA plates to check the efficiency of sterilization and to ensure that the subsequent 

fungal growth is of endophytic species. The plates were frequently monitored for any fungal growth 

and hyphae emerging out from inoculated samples were picked from the edge with sterile fine 

needle and transferred onto fresh PDA plate. These cultures were considered as pure isolates (Schulz 

et al., 1993; Zhang et al., 2010). Further, each isolate was encoded based on the host plant, its part 

and the place from where it was collected (Fig 4.1). 

4.3 Maintenance and long-term preservation of endophytic fungal isolates 

The fungal isolates so obtained were cultured on to glycerol–PDA slants which were prepared by 

dissolving 39 g of PDA (HiMedia, India) in one litre of lukewarm double distilled water (DDW) 

supplemented with 10 % glycerol. This was followed by autoclaving at 121 °C for 15 min at 15 psi. 

Actively growing fungal mass was then transferred into the slants of glycerol-PDA aseptically and 

incubated at 26 ± 2 °C till the proper growth was observed. For each isolate, three slants were 

prepared which were further stored at 4 °C till further use (Ezra et al., 2004). 

4.4 Production of culture filtrate for assaying XO inhibition 

Culture filtrate production is a pre-requisite for assessing the extracellular XO inhibition potential of 

endophytic fungi. The culture filtrate production was carried out in a semi-synthetic medium by 

following the procedure of Raviraja et al. (2006). Briefly the method comprised of aseptically 

inoculating 25 ml of pre–sterilized Potato Dextrose broth (PDB, HiMedia, India) with a 5 mm mycelial 

plug prepared aseptically from 7-day old culture of the endophytic fungus followed by incubation at 

26 ± 2 °C, 120 rpm (revolutions per minutes) for 10 days. After the culmination of incubation period, 

the mycelial mass was separated using Whatmann filter paper No. 4 (GE Healthcare Life Sciences, 
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USA) followed by centrifugation (Hitachi RX II series, Japan) at 8000 g for 10 min at room 

temperature. The supernatant so obtained was passed through 0.2 µm nitrocellulose membrane (GE 

Healthcare Life Sciences, USA) to make it cell free and stored at -20 ˚C. 

4.5  Preliminary screening for XO inhibition by culture filtrates of endophytic fungi 

To assess the xanthine oxidase inhibitory potential of the culture filtrates of endophytic fungi 

qualitatively, a Xanthine – Nitroblue Tetrazolium (NBT) agar plate assay was designed for preliminary 

screening. The method was based upon reduction in the diameter of blue/purple colored halo 

formed by formazan due to presence of ROS produced by xanthine oxidase during conversion of 

xanthine into uric acid (Kapoor and Saxena, 2014) 

Briefly, Xanthine-NBT agar plates were prepared by pouring 23 ml of pre-sterilized molten agar 

(0.8 %) comprising of 1.5 mg/ml xanthine and 0.11 mg/ml NBT in 90 mm sterile petri plates (Tarsons, 

India). After solidification, 5 mm wells were scooped out by using sterile cork borer.  Subsequently, 

40 µl of master-mix containing pre-incubated 15 μl of xanthine oxidase (110 mU; Source: Bovine 

milk, Sigma- Aldrich) with 25 μl of culture filtrate were dispensed in each well. The control well 

comprised of 15 μl of xanthine oxidase and 25 µl of sterile un-inoculated PDB. Allopurinol and 

Febuxostat were used as the positive control and the plates were incubated at 37 °C for 24 h.  A 

reduction or absence of blue colored zone formation was noted to ascertain the XO inhibitory 

activity of the culture filtrate of the endophytic fungi. The relative inhibition was determined by 

measuring the zone diameter of the control and the test wells. All the tests were performed in 

replicates and data was represented as mean ± standard deviation (SD) values. 

4.6 Optimization of assay conditions for maximum XO activity 

As a pre-requisite for quantitative assay of XO inhibition, optimization of XO activity was carried out 

to determine its Km and Vmax. The various parameters used for XO activity optimization comprised of 

substrate concentration, enzyme concentration, incubation time and pH.  

4.6.1 Effect of substrate concentration 

Different concentrations of the xanthine (SRL, India) ranging from 0.5 mM to 5 mM were prepared 
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from a stock solution of 5 mM xanthine. Subsequently, 135 μl of each concentration was dispensed 

in separate wells in a 96 well microtiter plate followed by addition of 15 μl of xanthine oxidase (110 

mU/ml) and 15 μl of 50 mM Tris-HCl buffer (pH 7.4). The plate was incubated at 37 ˚C for 30 min. 

Subsequently, 35 μl of 2 mM NBT was added to make the final volume of 200 µl and re-incubated at 

37 °C for a minimum of 6 hours. After the incubation is over, the amount of formazan produced was 

measured at 575 nm using BIOTEK® Powerwave 340 microplate reader. Each substrate 

concentration was tested in triplicates and data was represented as mean ± SD (Egwim et al., 2005). 

4.6.2 Effect of enzyme concentration 

To establish optimal enzyme concentration, different concentrations of XO ranging between 100 -

400 mU were prepared from a stock solution of 500 mU. The assay format was same as used for the 

optimization of substrate concentration as described in section 4.6.1. The formazan formed was 

quantified at 575 nm using BIOTEK® Powerwave 340 microplate reader. Each test was performed in 

triplicate and data was represented as mean ± SD. 

4.6.3  Effect of incubation time 

After the optimization of substrate and enzyme concentration, the incubation time was optimized to 

assess the optimal incubation time for XO to exhibit maximum activity. The assay format was same 

as described in previous sections however, optimized concentration of substrate and enzyme were 

used in the assay. The incubation time was varied from 0 h to 24 h. The absorbance of reaction 

mixture was recorded at different time intervals using Kinetic and incubation temperature (37 ˚C) 

mode of BIOTEK® Powerwave 340 microplate reader at 575 nm. A curve was plotted between 

absorbance and time to ascertain the optimum incubation time. The time interval after which there 

was no significant increase in XO activity was considered as optimum incubation time. The 

experiment was conducted in triplicates and data was represented as mean ± SD.  

4.6.4  Effect of pH 

The effect of pH on the optimal activity of XO with optimized substrate and enzyme concentration 

was assessed by varying the pH of Tris-HCl buffer used in the reaction mixture. The pH range tested 
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was between 6.8 to 9.0 (6.8, 7.0, 7.4, 7.8, 8.0, 8.5 and 9.0). A curve was plotted between absorbance 

and pH of buffer to determine optimum pH value. Each test was performed in triplicates and data 

was expressed as mean ± SD (Egwim et al., 2005). 

4.7 Determination of kinetic constants of xanthine oxidase 

The initial reaction mixture comprised of fixed concentration of XO (200 mU/ml) and varying 

concentration of substrate i.e. xanthine ranging between 0.5 mM to 5 mM. 50 mM Tris-HCl buffer 

(pH 7.8) was further added to the reaction mixture, incubated for 2h at 37 °C and the kinetic read 

was recorded at intervals of 10 min using BIOTEK® Powerwave 340 microplate reader at 575 nm. The 

Km and Vmax of XO was determined by non–linear regression fit in GraphPad Prism 5.0 (Hanaee et al., 

2004; Lin et al., 2014).   

4.8 Quantitative assays for screening XO inhibitors from endophytic fungi 

The cell free culture filtrate of endophytic fungi exhibiting potential XO inhibition in the qualitative 

xanthine-NBT assay were further screened for their inhibitory potential quantitatively by using two 

spectrophotometric assays viz. NBT microtiter plate assay and the Uric acid estimation assay. 

4.8.1  Nitroblue tetrazolium (NBT) reduction microtiter plate assay 

 The cell free filtrates of selected endophytic isolates exhibiting potential XO inhibition in the 

preliminary assay were subjected to in vitro NBT assay as described by Agarwal and Banerjee (2009) 

with minor modifications (Fig 4.2). The NBT is reduced to blue colored formazan produced due to 

interaction with superoxide radicals generated during the oxidation of xanthine to uric acid with XO. 

The reduction in the intensity of blue colored product indicated the XO inhibition. Briefly, 25 μl of 

culture filtrate was incubated with 15 μl of XO (200 mU/ml) for 30 min at 37 °C and the reaction was 

initiated by adding 135 μl of 2 mM xanthine followed by addition of 25 μl of 2mM NBT. The 

microtiter plate was incubated at 37 °C for 2 h. After the completion of incubation, the amount of 

formazan produced in the reaction was estimated by measuring the absorbance at 575 nm using 

Biotek throughput reader, Powerwave 340. The negative control well comprised all reagents except 
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culture filtrate.  Allopurinol and Febuxostat of concentration 1 mM were used as positive controls. 

Each test was carried out in triplicate and the data was represented as mean ± SD values.  

 

 

 

 

 

 

 

4.8.2 In vitro uric acid estimation Assay 

This assay was carried out as per the method of Chang et al. (1993) to establish the production of 

uric acid from xanthine which is dependent on the XO activity. Briefly, 200 µM of xanthine buffer 

solution was prepared by dissolving xanthine (3.0 mg) in the 100 ml of 100 mM phosphate buffer 

(pH 7.8) solution by mild heating. The initial assay mixture was prepared by adding 10 µl of culture 

filtrate to 990 µl of xanthine buffer solution. The reaction was initiated by adding 15 µl of xanthine 

oxidase (200 mU/ml) followed by incubation at 37 ˚C for 15 min. Further, the reaction was stopped 

by adding 1 N HCl solution. The concentration of uric acid produced was measured by taking 

absorbance value at 290 nm. Allopurinol and Febuxostat served as positive control. The inhibitory 

percentage of xanthine oxidase was calculated by: 

% Inhibition = [(A-B) – (C-D)] / (A-B) x 100 % 

Where A is the OD at 290 nm with enzyme but without sample, B is the OD at 290 nm without 

sample and enzyme, C is the OD at 290 nm with sample and enzyme, D is the OD at 290 nm with 

sample but without enzyme.  

4.9  Isolation of the bioactive moiety using liquid-liquid extraction 

The culture filtrates of endophytic isolates exhibiting XO inhibitory activity of 70 % and above were 

subjected to liquid-liquid extraction (Choudhary et al., 2004). The culture filtrate of each selected 

 
1 2 3 4 5 6 7 8 9 10 11 12 

A C1  S1  S3  S6  S9  S10  S13  S15  S18  B  B  B  

B C1  S1  S4  S6  S9  S10  S13  S16  S18  B  B  B  

C C1  S1  S4  S7  S9  S11  S13  S16  C3  B  B  B  

D C2  S2  S4  S7  S10  S11  S14  S16  C3  B  B  B  

E C2  S2  S5  S7  B  S11  S14  S17  C3  B  B  B  

F C2  S2  S5  S8  B  S12  S14  S17  C3  B  B  B  

G B  S3  S5  S8  B  S12  S15  S17  B  B  B  B  

H B  S3  S6  S8  B  S12  S15  S18  B  B  B  B  

 Fig 4.2: Template for in vitro XO 

inhibitory activity. C1 refers to the 

negative control i.e. Xanthine + Xanthine 

oxidase; C2 and C3 refers to positive 

controls i.e. xanthine + xanthine 

oxidase+ Allopurinol and xanthine + 

xanthine oxidase+ Febuxostat 

respectively; S1 to S18 refers to culture 

filtrates of different endophytic fungi; B 

refers to Blank well. 
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culture was extracted with a series of solvents with increasing polarity viz. hexane, diethylether, 

dichloromethane, ethyl acetate and chloroform (Fig 4.3). Briefly, 150 ml of culture filtrate was mixed 

with the equal volume of hexane and shaken vigorously for 15 min a 500 ml separating funnel 

(Borosil, India) and allowed to settle down to have separate aqueous and hexane layer. The hexane 

layer was withdrawn from the separating funnel and this step was further repeated twice. All the 

organic layers of hexane were pooled followed by dehydration by using anhydrous sodium sulphate. 

Subsequently, the obtained aqueous layer was further extracted with diethylether, 

dichloromethane, ethyl acetate and chloroform following the above scheme (Figure 4.2). The organic 

phase of each solvent was evaporated to dryness by Rotatory Evaporator (IKA RV10, Germany) at 25 

˚C. The crude fractions so obtained were weighed and reconstituted in methanol. The fractions were 

stored at 4˚C till further use. 

 

 

 

 

 

 

 

 

 

 

 

Fig 4.3: Solvent extraction scheme of culture filtrates of selected endophytic fungi 

4.10  Quantitative screening of crude fractions for XO inhibitory activity  

The crude fractions of hexane, diethylether, dichloromethane, ethyl acetate, chloroform and 

aqueous residue (spent broth) of selected cultures were further subjected to quantitative NBT-XO 

Culture Filtrate

Aqueous phaseHexane Fraction

Aqueous phaseDiethyl ether Fraction

Extracted three times with
Hexane (1:1)

Extracted three times with
diethylether (1:2)

Aqueous phaseDichloromethane fraction

Extracted three times with
Dichloromethane (1:2)

Aqueous phaseEthyl acetate Fraction

Extracted three times with
ethyl acetate (1:2)

Aqueous phaseChloroform Fraction

Extracted three times with
Chloroform (1:2)
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inhibitory assay as described in section 4.8.1. Methanol was used as a negative control. Allopurinol 

and Febuxostat served as positive controls. The relative decline in the absorbance of crude fractions 

in comparison to negative control was indicative of XO inhibitory activity. The relative percentage XO 

inhibitory activity was determined by taking ratio of % age XO inhibition in presence and absence of 

crude fractions.  

4.11 Test for purine detection 

The solvent fractions exhibiting in vitro XO inhibition was further subjected to purine detection test 

based on precipitation of Ag+ ions with purine (Salkowski, 1897). Briefly, 1 ml of solvent fraction 

(stock- 1 mg/ml) was mixed with excess of ammonium hydroxide followed by addition of few drops 

of 0.1 M silver nitrate solution. Formation of white precipitate, which is a purine complex with Ag+ 

ions, confirms the presence of purine. Allopurinol (purine analogue) and xanthine was used as 

positive control and Febuxostat being non-purine in nature was used as negative control.  

4.12  Identification of potential endophytic fungi  

The crude fraction of endophytic fungal isolate exhibiting maximum XO inhibitory activity was 

identified by macro and microscopic characteristics along with molecular taxonomic tools. 

4.12.1 Morphotaxonomy 

The potential endophytic fungus was grown over six different media namely Potato Dextrose Agar 

(PDA), Malt Extract Agar (MEA), Corn Meal Agar (CMA), Czapek Dox Agar (CDA), Synthetischer 

Nahrstoffarmer agar (SNA) and Water Agar (WA) to assess its sporulation potential under different 

stress conditions. The plates were incubated at 26 ± 2˚C for 2-3 weeks under 12 h light/dark period 

cycles. The morphological properties such as growth rate, colony color, colony diameter, texture, 

pigmentation and presence of any odor was observed to identify the fungus (Guo et al., 1998; 

Mitchell et al., 2008; Kudalkar et al., 2012; Saxena et al., 2014). 

4.12.2  Microscopic identification 

For microscopic characteristics examination, mycelial mass was picked up with a fine tip needle and 

placed over a clean glass slide containing a drop of water. The mycelial mass was teased properly 
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with the help of sharp needle followed by addition of a drop of Lactophenol Cotton Blue (Himedia, 

India) over it and was slightly teased again. A clean cover slip was placed over it carefully to avoid 

formation of any air bubbles. The cover slip was pressed gently to remove excess stain and air 

followed by mounting with DPX (HiMedia, India). The prepared slide was then observed under 

different magnification (10X-1000X) lenses of Nikon Eclipse Compound microscope (E100). Further, 

the microscopic characteristics were critically studied under Nikon Stereo zoom microscope (Nikon 

SMZ 745T, Japan) coupled with NIS element D 3.2 software. Microscopic measurements were made 

using Image J software with at least 30 observations per structure. Colony texture, color, growth 

rate, pigment and VOCs production along with microscopic structures like hyphal characteristics and 

presence of other cellular bodies were critically observed and recorded (Zhang et al., 2010; 

Suwannarach et al., 2010; 2013).  

4.12.3  Scanning Electron Microscopy 

Scanning electron microscopy of selected endophytic fungus was carried out according to the 

method described by Ezra et al. (2004). Mycelial blocks of seven days old fungus were immersed in 

2.5 % glutaraldehyde solution prepared in 0.1 M phosphate buffer (pH 7.2) for overnight at 4 °C. 

Next day, the mycelia blocks were washed twice with the same buffer for 10 min each. Further, 

fungal mycelia were slowly dehydrated by sequential washing with different gradients of acetone 

(30–100 %) and critical-point dried with hexamethyldisilazane (Sigma Aldrich, USA). The dehydrated 

fungal sample was coated with gold palladium using putter coater and the images were recorded in 

high vacuum mode using Zeiss Evo40 scanning electron microscope between 307 X – 2.02 KX 

magnification at 15 kV EHT (Kudalkar et al., 2012). 

4.12.4  Molecular Taxonomy 

For accurate and precise speciation of potential endophytic fungus, the culture was subjected to 

DNA isolation followed by amplification of internal transcribed spacer (ITS) region and further 

construction of phylogenetic tree to ensure its accurate taxonomic placement.  
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4.12.4.1  Genomic DNA isolation 

Fungal genomic DNA extraction was carried out by using the Wizard® Genomic DNA purification kit 

(Promega, Madison, USA) as per the manufacturer’s instructions. For the isolation of genomic DNA, 

about 0.2-0.3 g of cultured mycelia was scrapped off from 3-4 day old culture plate with sterile 

inoculation loop. The mycelial mass was then crushed to very fine powder in pestle mortar using 

liquid nitrogen. Subsequently, 600 µl of nuclei lysis buffer was added and was gently crushed again. 

The contents were then transferred into 2 ml sterile micro-centrifuge tube (Tarsons, India), vortexed 

followed by incubation at 65 °C for 15 min in water bath (Stuart Water Bath SBS40) with intermittent 

mixing after every 5 min. After 15 min, micro-centrifuge tubes were allowed to cool down at room 

temperature for 2 min and 5 µl of RNase (10 mg/ml) was added to each micro-centrifuge tube 

followed by incubation at 37 °C for 15 min. After the incubation is over, the micro-centrifuge tubes 

were centrifuged at 10,000 × g for 5 min to remove cell debris. Further, the supernatant was 

transferred to fresh micro-centrifuge tube, to which 200 µl of protein precipitating solution was 

added, vortexed for 20 s and subsequently centrifuged at 12000 × g for 3 min to precipitate and 

remove interfering protein particles. Further, the supernatant free from protein impurities was 

transferred to fresh micro-centrifuge tubes containing 600 µl of chilled isopropanol and inverted 

gently to ensure proper mixing for precipitation of DNA. Initially, the white shining threads of DNA 

were seen in the tubes which were then centrifuged at 12000 × g for 3 min to precipitate DNA. The 

obtained DNA pellet was given a quick wash with 70 % ethanol (AR grade, Merck, US) followed by 

centrifugation at 12000 × g for 1 min. The pellet was air dried, dissolved in 50 µl of DNA rehydration 

buffer and was stored at 4 °C till further use. 

4.12.4.2  Qualitative and quantitative estimation of Genomic DNA 

The extracted gemonic DNA was further visualized on 0.8 % agarose gel (HiMedia, India) prepared in 

1 X Tris acetate EDTA (TAE) containing 0.5 μg /ml of ethidium bromide (HiMedia, India). The gel was 

casted in a mini gel electrophoresis unit (BioRad, India) and allowed to solidify. After solidification, 

the comb was carefully removed and running buffer (1 X TAE) was poured into the electrophoretic 
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tank so that the gel remains fully immersed in the buffer. The DNA samples mixed with 5X loading 

buffer were loaded into the respective wells. The molecular weight marker of 1 Kb (Step up, Genei, 

Bangalore) was loaded along with samples. A constant voltage of 60 volts was maintained till the 

tracking dye reached three fourth of the gel during the electrophoretic separation. The gel was then 

observed under UV transilluminator to confirm the presence of DNA. Further, the gel imaging was 

performed under UV light in Bio–Rad Gel documentation System using Quantity–1–D analysis 

software. Quantitative estimation of the genomic DNA was done by spectrophotometric analysis of 

the sample. The absorbance of the sample was taken at 260 nm, to determine the concentration of 

the sample. 1 OD is equivalent to 50 μg/ml DNA sample. The concentration of the DNA was 

calculated by using formula: 

DNA Concentration (μg/ml) = OD 260nm × 50 μg/ml × Dilution factor 

The purity and quantity of DNA was checked using NanoDrop 2000 (Thermo Scientific™) at 260 nm 

and 280 nm  

4.12.4.3  ITS gene amplification  

The conserved internal transcribed spacer region (ITS1-5.8S-ITS2) was amplified using the Muscodor 

specific primer pair M. albus F (5′-GGGAGGCTACCCTATAGGGGATAC-3′) and M. albus R (5′-

CAGGGGCCGGAACCACTACAGAGG-3′) as described by Ezra et al. (2010). The master mix contained 

50 ng of extracted genomic DNA, 2.5 mM dNTP, 10 pmol/µl of each primer, 1.5 U of Taq DNA 

polymerase, 1.5 mM MgCl2 (Bangalore Genei) in 10X Taq buffer making the reaction volume to 25 µl.  

The thermal cycling parameters for ITS region amplification was as follows: initial denaturation at 96 

°C for 5 min followed by 35 cycles of 95 °C for 45 s, annealing at 60 °C for 45 s, extension at 72 °C for 

45 s followed by final extension at 72 °C for 5 min (Saxena et al., 2014).  The PCR products were 

visualized in 1.5 % agarose gel and gel imaging was carried out in BioRad gel documentation system. 

The amplicon of approximately 450-500 bp was purified by Wizard® SV Gel and PCR clean up system 

kit Promega, USA). The purified amplicon was sequenced by Xcleris Genomics Pvt. Ltd, Ahmadabad, 

Gujarat, India.   



Chapter 4 

44 | M a t e r i a l s  a n d  M e t h o d s  
 

4.12.4.4 Sequence assembly and phylogenetic tree construction  

The chromatograms obtained after sequencing was checked for their purity (≥ 95%) and assembled 

using Sequencher ver 5.0 (Gene Codes, Ann, Arbor, MI). The final consensus sequence was then 

submitted to GenBank and sequence similarity search was performed using BLAST against the 

database maintained by NCBI to establish the homology with closely related organisms. Sequences 

showing highest sequence similarity with the respective sequence under study were aligned using 

Clustal W in MEGA 5.2 (Tamura et al., 2011). Distance based analysis of the ITS region alignment was 

done by Neighbor-joining method (Saitou and Nei, 1987) using the Tamura-Nei model (Tamura and 

Nei, 1993) of nucleotide substitution and the rate variation among sites was modeled with a gamma 

distribution (shape parameter = 5).  Gaps were coded as missing characters. 1000 bootstrap 

replicates were taken into account to infer the consensus tree for the representation of evolutionary 

relationship (Saxena et al., 2014).  

4.13  Secondary structure prediction 

Secondary structures of ITS1, 5.8S and ITS2 marker region of selected endophytic isolate was 

generated using LocaRNA-P simultaneous RNA alignment and folding option of the Freiburg RNA 

Tools web server (http://rna.informatik.uni-freiburg.de:8080/LocARNA/Input.jsp) (Smith et al., 2010; 

Will et al., 2012) and RNAfold web server (rna@tbi.univie.ac.at) hosted by Institute of Theoretical 

Chemistry, University of Vienna (Hofacker, 2004). The three conserved motifs M1, M2 and M3 

among eukaryotes were also predicted. 

4.14 Sequence-structure assembly, alignment and phylogenetic tree construction  

The sequence and structure data of endophytic isolate under study and the respective species of 

same genus were synchronously aligned using ClustalW (Larkin et al., 2007) to generate a multiple 

sequence-structure alignment in 4SALE v 1.7 (Seibel et al., 2006). Further, Phylogenetic relationship 

among all the species was inferred by Profile Neighbor Joining as implemented in ProfDistS 0.9.9 

(Wolf et al., 2008; Friedrich et al., 2005) by employing the use of sequence structure specific General 

http://rna.informatik.uni-freiburg.de:8080/LocARNA/Input.jsp
mailto:rna@tbi.univie.ac.at?subject=RNA%20Web%20Suite
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Time Reversible (GTR) model of substitution and 1000 bootstrap replicates. The visualization of 

phylogenetic tree was carried out in FigTree v1.4.2 (Rambaut, 2007). 

4.15 Optimization of suitable culture conditions  

Culture conditions of the selected endophytic isolate exhibiting maximum extracellular in vitro XO 

inhibitory activity during preliminary screening were further evaluated for optimal production on 

solid substrate fermentation and submerged fermentation methods. Further, a correlation of XO 

inhibitory activity with fungal biomass production was also studied 

4.15.1 SSF for in vitro XO inhibition 

Different solid substrates such as rice chaff, wheat bran, egg shell and banana peel were collected 

from the local market, dried for several days and grounded into a fine powder. 10 g powder of each 

of the substrate was moistened with 50 % of salt solution (KH2PO4: 0.5 g, MgSO4: 0.5 g, MnSO4: 0.001 

g, ZnSO4:
 0.002 g, FeSO4: 0.0005 g, double distilled water: 10 ml) in 250 ml Erlenmeyer flask followed 

by autoclaving at 121 °C for 15 min and then cooled at room temperature and inoculated with 2 ml 

(0.91 % physiological saline) of the finely ground mycelium of #1 CCSTITD aseptically. Further, the 

flasks were incubated at 26 ± 2 °C for 15 days. After incubation, each flask was soaked with 50 ml of 

chloroform and incubated in orbital shaker at 120 rpm for 2 h at 28 °C. Further, the crude 

chloroform extract was obtained by filtration through Whatmann filter paper. The crude extract 

obtained from each substrate was checked for its in vitro XO inhibitory activity as described 

previously in section 4.8.1. The data was analysed using one way ANOVA followed by Tukey’s post 

hoc analysis (GraphPad Prism 5.0) to determine significant difference between the mean values.  

4.15.2 Selection of suitable medium for production of XOI 

To ascertain the optimal medium for maximum in vitro XO inhibitory activity, six different medium 

viz. CDB (HiMedia, India), malt extract broth (MEB, HiMedia, India), potato dextrose broth (PDB, 

HiMedia, India), Richard’s broth (HiMedia, India), Tryptone soya broth (TSB, HiMedia, India) and 

yeast extract peptone dextrose broth (YEPB, HiMedia, India) were inoculated with the 5 mm mycelial 

plug of 7-day old culture of selected endophytic isolate and XO inhibitory activity was determined 
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using quantitative in vitro NBT assay. Briefly, 50 ml of each pre–sterilized broth was inoculated with 

5 mm mycelial plug of selected 7-day old culture followed by incubation at 26 ± 2 °C, 120 rpm for 15 

days. After the termination of incubation period, the spent broths were separated from the fungal 

biomass by filtration to obtain the culture filtrates. Subsequently, the culture filtrates were extracted 

with various solvents as described in section 4.9 and the crude extracts so obtained were tested for 

its in vitro XO inhibitory activity using quantitative NBT assay as described previously in section 4.8.1. 

4.15.3 Correlation between fungal biomass and XOI activity 

To evaluate the correlation between the growth of the potential endophytic fungus and XO 

inhibitory activity, 50 ml of pre-sterilized potato dextrose broth (PDB) in 250 ml of Erlenmeyer flask 

was inoculated with 5 mm mycelial plug of active culture. Subsequently, all the 30 flasks were 

incubated at 26 ± 1°C at 120 rpm. After each day, two flasks were removed from the shaking and 

supernatant was separated by filtration through Whatmann filter paper no. 4. The collected filtrate 

was subjected to XO inhibition assay using quantitative plate assay. However, the mycelium 

collected on Whatmann filter paper no. 4 was kept in oven at 80˚C to get the dry weight of the 

biomass. Correlation was established between the % XO inhibition, Dry weight of biomass and 

incubation days.  

4.16 Phytochemical testing of crude bioactive residue  

Phytochemical analysis involves the assessment for the presence of broad chemical classes of 

compounds like saponins, glycosides, flavonoids, alkaloids and tannins in the crude solvent residues. 

Different phytochemical tests were performed to establish the qualitative chemical profile of the 

crude bioactive residue. 

4.16.1 Test for alkaloids  

The method used to confirm the presence of alkaloids involves the addition of few drops of 

Dragendorff’s reagent (Bismuth sub-nitrate-1.7 g, glacial acetic acid-20 ml, water-80 ml and 50% 

solution of Potassium iodide in water-100 ml) to the 100 µl of crude residue. The appearance of 

turbidity or red precipitation indicated the presence of alkaloids (Oloyede et al., 2005). 
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4.16.2 Test for anthraquinones  

For the detection of anthraquinones, 100 µl of each test sample was mixed with 500 µl of benzene. 

Subsequently, 300 µl of 10 % ammonia solution was added followed by vigorous shaking. The 

formation of violet color in the ammonical (lower) phase indicated the presence of free hydroxyl 

anthraquinones (Bandoni et al., 1976; Govindappa et al., 2013).  

4.16.3 Test for tannins  

Briefly, few drops of ferric chloride reagent were added to 100 µl of crude residue. Appearance of a 

blue–black precipitate, which disappears on addition of H2SO4 and further results in formation of 

yellow brown precipitate, indicates the presence of tannin in the sample (Senthilmurugan et al., 

2013).  

4.16.4 Test for saponins  

The presence of saponins in the test sample was detected by frothing test.  Briefly, 100 μl of crude 

residue was mixed with 400 μl of distilled water followed by vigorous vortexing. The appearance of 

stable froth formation upon slight warming of the vortexed mixture indicated the presence of 

saponins (Desire et al., 2012). 

4.16.5  Test for flavonoids  

The presence of flavonoids was tested by mixing 100 µl of crude residue with 500 µl of water and 

ethanol mixture (1:1) and centrifuged. The solution was further mixed with 500 µl of concentrated 

hydrochloric acid (HCl) and 100 mg of zinc turnings. The presence of flavonoids was indicated by the 

appearance of pink/ magenta color within two minutes which could be extracted with butanol 

(Aynehchi et al., 1981).  

4.16.6 Test for glycosides and glycolipids  

To test the presence of glycosides and glycolipids, diphenylamine reagent was used. Diphenylamine 

reagent was prepared by adding 10 ml of 10 % diphenylamine in ethanol, 100 ml HCl and 80 ml 

glacial acetic acid. This reagent was added to 100 µl of crude residue followed by heating for 30‐40 
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min at 110 °C. Appearance of blue coloration indicates the presence of glycosides/ glycolipids 

(Narasimhan et al., 1982). 

4.16.7  Test for carbohydrates  

To test the presence of carbohydrates, 100 µl of the crude residue were mixed with few drops of 

Molisch reagent (α-napthol in ethanol). After mixing, few drops of concentrated sulfuric acid were 

slowly added along the walls, without mixing, to form a layer. Appearance of a purple ring at the 

interface between the acid and test layers indicates presence of carbohydrates (Sawhney et al., 

2011). 

4.16.8 Test for amino acids  

To confirm the presence of amino acids, 200 μl of ninhydrin solution was added to 100 µl of crude 

residue and in micro–centrifuge and then kept in boiling water bath for 5 min.  Appearance of blue 

purple coloration confirms the presence of amino acids (Sawhney et al., 2011).  

4.16.9 Test for fats  

Briefly, 100 µl of crude residue was mixed with 200 μl of sudan dye IV. Formation of red coloration 

confirms the presence of fats (Zhu et al., 2015).  

4.16.10  Test for terpenoids and steroids  

1 mg of crude compound was suspended in 1 ml of chloroform in micro-centrifuge tube, placed in an 

ice bath for 10 minutes. Subsequently, 1ml of acetic acid was added followed by a few drops of 

concentrated sulphuric acid (H2SO4) along the walls. Appearance of pink or pinkish-brown ring/ 

colour indicates the presence of terpenoids and the appearance of bluish-green or a rapid change 

from pink to blue color indicates the presence of steroids (Kantamreddi et al., 2010; Chandrappa et 

al., 2013). 

4.17  Purification and characterization of bioactive residue 

For purification of xanthine oxidase inhibitor, the potential isolate was grown on PDB to obtain 15 l 

of culture filtrate which was then subjected to liquid-liquid extraction to obtain crude bioactive 

residue. The selected bioactive crude fraction of potential endophytic fungus was further subjected 
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to purification by thin layer chromatography (TLC) and column chromatography. Further, the 

purified fraction was characterized by employing various analytical techniques viz. HPLC, MS, FTIR 

and NMR. 

4.17.1 Thin layer chromatography (TLC) of bioactive residue 

Firstly, the bioactive crude fraction was subjected to preparative thin layer chromatography (TLC) on 

pre-coated silica gel alumina plates (GF254, 20 cm x 20 cm, Merck Millipore). In order to achieve good 

separation on TLC plate, different mobile phase (Binary and tertiary) comprising of solvents of 

different polarities mixed in different ratios was used. The mobile phase in which the fraction was 

resolved into maximum number of bands were considered as optimum mobile system. In brief, the 

bioactive fraction was spotted on to pre activated TLC plate just 1 cm above the edge of the plate 

with the help of capillary tube. The spotted TLC plate was then allowed to develop in TLC chamber 

pre saturated with optimum mobile system. The TLC plate was dipped in the solvent system in such 

a way that spotted sample is above the solvent front. The TLC plates were allowed to develop till the 

solvent front reaches at a distance of 16 cm through capillary action. Further, the TLC plate was 

taken out from developing chamber and solvent was allowed to evaporate. After that, the 

developed TLC plate was visualized under short and long wave UV light followed by development in 

iodine chamber to accurately check the location of all separated bands. The distance travelled by 

each band was marked and noted to calculate the Retention factor (Rf) value by using following 

formula 

    Retention Factor (Rf ) =                 Distance travelled by solute  

                                                                  Distance travelled by solvent  

4.17.2  Purification of bioactive residue by column chromatography 

The optimum mobile phase for the separation of bioactive fraction formed the basis to decide the 

mobile system for silica based column chromatography. Briefly, prior to packing the silica column, 

the silica gel (60-120 mesh, Merck Millipore) was dried in an oven for one hour at 100 °C. 

Approximately, 50 g of dried silica was suspended in dichloromethane and packed in a glass column 
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(50 x 5 cm, Borosil, India) fitted with a G0 filter. The packed column was allowed to be equilibrated 

with dichloromethane for 1h. Around 2 g of the bioactive residue (Bed height- 2.5 cm).  absorbed on 

dried silica was loaded on to the pre-packed column (Length- 45 cm) The gradient elution was 

carried out using a gradient of CHCl2- CH30H (100:0  0:100). The fractions so obtained were 

analyzed by TLC using optimized solvent system and Rf value was determined. Further, all the 

fractions were subjected to quantitative XOI assay as described in section 4.8.1 and 4.8.2 

respectively.  The fraction with positive XOI activity was further subjected to structure elucidation 

studies.  

4.18 Structure elucidation of bioactive fraction 

4.18.1  Liquid chromatography mass spectrometry (LC–MS) 

The bioactive fraction (Stock- 1 mg/ml) in chloroform-d (Merck) was analyzed in LC–MS system 

(Waters, Micromass Q–TOF micro using Waters Alliance 2795 separation module). Briefly, 20 µl of 

purified compound was injected into LC-MS system using a Waters Symmetry–C18 Unisol 

chromatographic column (4.6 mm x 250 mm, 5 µm). Initially, the column was equilibrated with 

methanol to ensure clear base line. The mobile phase comprised of a mixture of methanol (phase A): 

water (phase B) in the ratio 9:1. 

The peaks so obtained were analyzed using Time of Flight–Mass spectrometry (TOF MS) 

(Waters 2795, Micromass Q–TOF micro) with electro spray ionization in positive mode (ES+). The ion 

optics used was capillary with voltage of 3000 V and cone voltage of 30 V. The flow of desolvation 

and cone gas was adjusted to 750 L/h and 30 L/h. The source block temperature was 110 °C and 

desolvation temperature was 300 °C. The electron spray probe flow was adjusted to 400 µl/min and 

continuous mass spectra was recorded over a range m/z 0 to 1000 with scan time of 1 sec and inter 

scan delay 0.1 s.  

4.18.2 Fourier Transform Infrared Spectroscopy (FTIR) 

IR spectrum was obtained on Agilent Resolutions Pro using 600 FT-IR spectrometer fitted with a 

beam condensing ATR accessory. The peaks were reported within the range of 7500-500 cm-1 using 
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rapid scans of 65 spectra/s at 16 cm-1. 100 μl of bioactive fraction (1 mg/ml) dissolved in chloroform 

was loaded onto the cell. The spectral resolution was 0.2 cm-1 containing temperature control stage. 

For each spectrum, 32 scans were used (Jiao et al., 2006). 

4.18.3 Nuclear magnetic resonance spectroscopy (NMR) 

Approximately, 5 mg of the bioactive fraction dissolved in 0.5 ml of deuterated-chloroform (Sigma 

Aldrich) was used for recording the NMR spectra. NMR spectra were recorded at 400 MHz on a 

Bruker Avance II-400 NMR spectrometer (400.131 MHz proton and 100.525 MHz carbon 

frequencies) at 18 °C. Proton and carbon 90 ° pulse widths were 10.9 sec and 8.37 sec µs 

respectively (Liu et al., 2016).   

4.18.4 Melting point  

1 mg of the bioactive fraction was packed in a capillary tube sealed at one end. The capillary was 

placed over oil bath heater with a thermometer. The temperature was read manually till the 

compound starts melting. The temperature at which compound was melted was recorded as Melting 

point of the compound. 

4.19 Kinetic studies on inhibition of bovine xanthine oxidase by bioactive fraction 

To study the Km, Vmax, Ki (inhibition constant) and mode of inhibition, Lineweaver-Burke plot was 

prepared. Different concentrations of the isolated XO inhibitor (100, 200, 400, 700 µg/ml) were 

incubated with 15 mU of XO for 30 min at 37 °C. The reaction was then started by adding different 

concentrations of xanthine (0.5-3 mM). The microtiter plate was incubated at 37 °C for 30 min 

followed by addition of 30 μl of NBT. The plate was further incubated at 37 ˚C for 4 h. The amount of 

formazan released was recorded at 575 nm by BIOTEK® Powerwave 340 microplate reader. All the 

tests were performed in triplicates each having a substrate control. The values of Km, Vmax and Ki 

were calculated using Non linear regression fit in Graph pad prism 5. Lineweaver-Burk plot was used 

to verify the type of inhibition (Lin et al., 2014).  
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5.1 Isolation of endophytic fungi from plant samples 

A total of 181 endophytic fungal isolates belonging to 25 taxa were isolated from different parts of 

the host plants collected during the forays. Each of the endophytic isolate was assigned a unique 

code on the basis of name of the host plant, plant part and place of collection (Table 5.1, Appendix 

A). These endophytic isolates were tentatively identified on the basis of morphological and 

microscopic characteristics (Barnett and Hunter, 1998) (Figure 5.1, 5.2).  

Maximum endophytic fungal isolates were recovered from Cinnamomum zeylanicum (27 %) 

followed by Aegle marmelos (23 %) and Cinnamomum malabaricum (20 %). The host tissue of each 

plant sample exhibited a variation in colonization of the endophytic mycoflora (Table 5.2; Fig 5.3a). 

The maximum colonization of fungal endophytes was observed in internal tissue/vascular tissue in 

the stem (30 %) followed by leaf (27 %), stem (25 %) and bark (18 %) (Table 5.2; Fig 5.3b). Further, 

Fig 5.1: Endophytic fungal isolates from various medicinal plants used in the study. (a,h) Fusarium solani (b) 

Fusarium incarnatum (c) Muscodor tigerii (d) Lasiodiplodia pseudotheobromae, (e) Hypoxylon sp. (f,l) 

Unidentified (g) Muscodor strobelii (i) Fusarium oxysporum (j) Xylaria sp (k) Muscodor kashayum (Bar: 10 mm) 
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the total endophytic fungi isolated were grouped in different classes viz. hyphomycetes, 

coelomycetes, ascomycetes, basidiomycetes and some could not be identified being non sporulating 

in nature. The maximum number of endophytic isolates belonged to hyphomycetes (45.8 %) 

followed by ascomycetes (22 %), coelomycetes (9.9 %), unidentified (20.4 %) and basidiomycetes 

(1.65 %). No member of zygomycetes was reported during the study (Fig 5.4). 

 

Fig 5.2: Microscopic features of endophytic fungi isolated during the study. (a) Conidia of Alternaria sp. (b) 

immature conidia of Lasiodiplodia psuedotheobromae, (c) macroconidia of Fusarium oxysporum, (d) Conidia of 

Pestalotiopsis sp. (e) macroconidia of Fusarium equiseti, (f) Stipe, metulae and phialides of Penicillium sp. (Bar: 

10 µm) 

Fig 5.3: Distribution of endophytic fungi (%) among (a) host plants (b) different plant tissues 
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Among the taxa identified, frequency of occurrence of Fusarium, Alternaria, Pestalotiopsis 

and Botryosphaeria species was much higher when compared to the Acremonium, Arthrinium, 

Phomopsis and Chaetomium sp. (Table 5.3). Fusarium species was dominant endophytic colonizer 

among Aegle marmelos, Cinnamomum malabaricum and Tinospora cordifolia.  Further, volatile 

organic compound (VOC) producing Muscodor species have also been isolated from A. marmelos 

and C. camphora for the first time in India (Meshram et al., 2013; Saxena et al., 2014; Saxena et al., 

2015). 

Table 5.2: Summary of endophytic fungi isolated from different tissues of  host plant 

S. no Host plant 
Endophytic fungi 

Total Leaf Bark Stem Stem  internal 
tissue 

1.  Aegle marmelos 7 1 16 17 41 
2.  Camellia sinensis 0 0 5 0 5 
3.  Cinnamomum camphora 0 2 0 6 8 
4.  Cinnamomum malabaricum 13 7 10 6 35 
5.  Cinnamomum zeylanicum 24 19 0 7 50 
6.  Nerium oleander 0 2 0 0 2 
7.  Piper nigrum 3 0 0 0 3 
8.  Rauvolfia serpentina 2 1 1 0 4 
9.  Tabernaemontana divaricata 0 0 4 0 4 
10.  Tinospora cordifolia 0 0 0 19 19 
11.  Cathranthus roseus 1 0 9 0 10 

 Total 50 32 45 55 181 

Fig 5.4: Distribution of endophytic fungal isolates in different classes of fungi 
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Table 5.3: Summary of endophytic fungal isolates obtained during the study from different medicinal plants 

S. no Endophytic fungi 
Rutaceae Lauraceae Apocynaceae Piperaceae Menispermaceae Theaceae Total 

AM CM CZ CC CR TMD RS NO PN TC CS 

1.  Acremonium sp. – 1 – – – – – – – – – 1 

2.  Alternaria sp. 2 3 6 1 1 – – – 3 2 – 18 
3.  Arthrinium sp. – – 1 – – – – – – – – 1 

4.  Aspergillus sp. – 2 1 – – – – – – – – 3 

5.  Barriopsis sp. 2 – – – – – – – – – – 2 

6.  Bionectria sp – 3 – – – – – – – – – 3 

7.  Botryosphaeria sp. 6 – 3 – – – – – – – – 8 

8.  Chaetomium sp. – – 1 – – – – – – – – 1 
9.  Cladosporium sp. – – 1 – 1 – – – – – – 2 

10.  Colletotrichum sp. – – 2 – – – – – – 1 – 3 

11.  Curvularia sp – 1 – – – – – – – 1 – 2 

12.  Fusarium sp. 15 2 13 1 3 3 3 – – 8 – 48 

13.  Glomerella sp. – – 2 – – – – – – – – 2 

14.  Gibberella sp – – – – – – 1 1 – – – 2 
15.  Hypoxylon sp. – – 1 – 1 – – – – 2 – 4 

16.  Lasiodiplodia sp. 4 1 3 – – – – – – – – 8 

17.  Muscodor sp. 1 – 1 5 – – – – – – – 7 

18.  Mycelia sterilia – 1 1 – – – – – – – – 2 
19.  Neofussicoccum sp. 2 – – – – – – – – – 1 3 

20.  Nigrospora sp. – 1 1 – – – – – – – – 2 

21.  Penicillium sp. – – 1 1 – – – – – – – 2 
22.  Pestalotiopsis sp. – 4 3 – 2 – – – – – – 9 

23.  Pheoacremonium sp. 1 1 – – – – – – – – – 2 
24.  Phomopsis sp. – – 1 – – – – – – – – 1 

25.  Schizophyllum sp. – – – – – – – – – – 3 3 
26.  Xylaria sp. – 1 3 – – – – – – – – 4 

27.  Unidentified  8 14 5 – 2 1 – 1 – 5 1 37 

 Total 41 35 50 8 10 4 4 2 3 19 5 181 

 Grand Total   

AM: A. marmelos, CM: C. malabaricum, CZ: C. zeylanicum, CC: C. Camphora, CR: C. roseus, TMD: T. divaricata, RS: R. serpentina, NO:N. oleander, PN: P. 
nigrum, TC: T. cordifolia, CS: C. Sinensis 

 

https://en.wikipedia.org/wiki/Menispermaceae
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5.2 Preliminary screening of endophytic fungal isolates for XO inhibition 

5.2.1 In vitro xanthine-NBT plate assay 

Of the 181 endophytic isolates screened, culture broth of only 20.9 % endophytic fungi i.e. 38 

isolates exhibited XO inhibition ≥ 40 % in the in vitro xanthine-NBT agar plate assay (Table 5.4). The 

reduction in blue zone/halo diameter ranged between 5.0-7.6 mm as compared to 12.6 mm of 

negative control i.e. without any inhibitor (Figure 5.5).  An inverse relation was observed between 

the diameter of blue zone and XO inhibition.  

The positive control febuxostat and culture filtrate of #1 CCSTITD exhibited 60 % relative 

inhibition of XO in the qualitative xanthine-NBT assay suggesting it to be lead extract for further 

isolation of NP-SIXO. Further, culture filtrate of #1048 AMSTITYEL and #2 CCSTITD also exhibited a 

similar relative XO inhibition in the xanthine-NBT plate assay based on Tukey’s post-hoc analysis. 

Table  5.4: in vitro xanthine-NBT agar plate assay of culture broth of different endophytic fungi 

S. No Culture Code XO Inhibition (%)  S. No Culture Code XO Inhibition (%) 

1.  Febuxostat 60.31a ± 0.54  21. #2 CSSTOT 44.97defghi ± 0.85 

2.  Allopurinol 55.81ab ± 1.32  22. #1 TCSTITPLM 44.97defghi ± 0.85 

3.  #1 CCSTITD 60.31a ± 0.54  23. ##11 AMSTITYEL 44.96defghi ± 1.66 

4.  #1048 AMSTITYEL 59.51a ± 1.72  24. #1079 AMSTITYEL 44.44defghi ± 0.75 

5.  #2 CCSTITD 57.93a ± 0.98  25. #2 CCBD 44.17efghi ± 1.06 

6.  #16 AMLWLS 55.81ab ± 1.32  26. #1058 AMSTITYEL 44.17efghi ± 1.06 

7.  #1 CSSTOT 51.04bc ± 2.69  27. #7 CSSTOT 43.64fghi ± 1.88 

8.  #3 CZLPLM 50.01cd ± 1.05  28. #23 JTLSVNP 43.64fghi ± 1.88 

9.  #6610 CZSTITBRT 49.74cde ± 2.05  29. #9(b) AMSTYEL 43.14ghi ± 1.49 

10.  #24 CZLPLM 49.71cde ± 2.95  30. #53 TCSTITPLM 43.14ghi ± 1.49 

11.  #6 AMLWLS 49.21cdef ± 1.20  31. #20 CMBANEY 43.10ghi ± 2.76 

12.  #33 CZSTITBRT 49.19cdef ± 2.05  32. #23(a) RSSTNEY 42.34ghi ± 1.44 

13.  #1639 CCSTITD 47.89cdefg ± 0.96  33. #55 CMSTNEY 42.30ghi ± 2.72 

14.  #18 CMBANEY 47.10cdefgh ± 1.55  34. #105 TCSTITPLM 41.80hi ± 2.02 

15.  #38 CZLPLM 47.07cdefgh ± 2.73  35. #22 AMSTYEL 41.77hi ± 3.06 

16.  #96 CMSTITNEY 47.07cdefgh ± 2.73  36. #2123 CZSTITG 40.74i ± 0.70 

17.  #9 AMLBRT 44.97defghi ± 0.85  37. #2 PNLNEY 40.74i ± 0.70 

18.  #2013AMBARS 44.97defghi ± 0.85  38. #1104 AMSTITYEL 40.72i ± 1.98 

19.  #12CMBANEY 44.97defghi ± 0.85  39. #15 RSLBRT 40.47i ± 0.81 

20.  #19NOBASVNP 44.97defghi ± 0.85  40. #7 AMSTYEL 40.20i ± 1.11 

*Data presented are mean ± standard deviation of three replications. Means with different superscript letters are different 
by Tukey’s post-hoc test (p<0.05) 
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Thus, these endophytic isolates could be probable source of new NP-SIXO’s while #16 AMLWLS and 

allopurinol gave a similar relative XO inhibitory activity. Further, 37.5 % fungal isolates of C. 

camphora and 14.6 % isolates of Aegle marmelos were found to be potent producers of XO 

inhibitory moieties.  

 

5.3 Optimization of assay conditions for maximum XO activity 

To develop quantitative in vitro XO inhibition assay, optimal conditions for maximum XO activity 

need to be determined. Hence, effect of substrate concentration, enzyme concentration, incubation 

time and pH were optimized by one factor at a time method.  

5.3.1 Effect of substrate concentration 

A significant difference in the in vitro enzyme 

activity at different xanthine concentrations was 

observed by one way ANOVA analysis (F (6,12) = 

75.24, p<0.0001). As evident from Fig 5.6, a 

linear relationship was observed between 

substrate concentration and XO activity till 2 mM 

concentration. Further, Tukey’s post-hoc 

comparisons indicated that the mean in vitro 

xanthine oxidase activity was maximum at the 

Fig 5.6: Effect of substrate concentration over in vitro XO 

activity. Data are represented Mean ± SD of three 

replicates. Means with different letters are significantly 

different by Tukey’s Post-hoc test at p<0.05 

 Fig 5.5: in vitro XO inhibitory activity on xanthine-NBT 
agar plate {Well id a: (1-4): #7 AMSTYEL, (5-7): 9b 
AMSTYEL, (8-10): #1011 AMSTITYEL, (11): #37(b) 
AMSTWLS}, {b: (23-25): #1016 AMLBRT, (26-28): #16 
RSBANEY, (29-31): #1006 AMLBRT, (32-34): #1069 
AMSTITYEL}, {c: (35-37): #1 CSSTOT,  (38-40): #1 CCSTITD, 
(41-43): #1048 AMSTITYEL, (44-46): #6 AMLWLS, (47-49): 
#18 CMBANEY}, {d: (50-52): #9 AMLBRT, (53-55): #96 
CMSTITNEY, (56-58): #2 CCSTITD, (59-61): #16 AMLWLS, 
(62-64): #6610CZSTITBRT} {-ve: Control, +ve: Allopurinol} 
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substrate concentration of ≥ 2.5 mM. Hence, optimum substrate concentration of 2.5 mM was 

further taken up to achieve optimal in vitro XO activity. 

5.3.2 Effect of enzyme concentration 

Varying concentrations of enzyme exhibited a 

significant difference in the in vitro XO 

activity as observed by one way ANOVA 

analysis (F (5,12) = 188.5, p<0.0001) (Fig 5.7). 

Linearity between enzyme concentration and 

XO activity was observed till 15 mU/200 μl 

enzyme concentration. Further, Tukey’s post-

hoc analysis suggested that the mean in vitro 

XO activity was significantly different and 

maximum at 15 mU/ 200 μl. Hence, 15 mU of 

xanthine oxidase was considered to be optimum enzyme concentration to further optimize pH and 

Incubation time.  

5.3.3 Optimization of incubation time 

Incubation time had a significant effect on the 

in vitro XO activity as evident by One way 

ANOVA analysis (F(12, 26) = 796.9, p<0.0001). 

There was a linear increase in the XO activity till 

2 h. However, maximal XO activity was 

observed at 4 h. which was further confirmed 

by Tukey’s post-hoc analysis (Fig 5.8). Hence, 4 h 

incubation was selected as optimal time 

 

.  

Fig 5.7: Effect of enzyme concentration over in vitro XO 
activity.  Data are represented Mean ± SD of three replicates. 
Means with different letters are significantly different by 
Tukey’s post-hoc test at p<0.05. 

Fig 5.8: Optimization of incubation time for in vitro XO 
activity. Data are represented as Mean ± SD of three 
replicates. Means with different letters are significantly 
different by Tukey’s post-hoc test at p<0.05. 
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5.3.4 Effect of pH 

As evident from Fig 5.9, significant difference in 

the in vitro XO activity was observed at different 

pH levels in the range of 6.8-9.0 by one way 

ANOVA analysis (F(6,14) = 453.8, p<00001). There 

was a linear increase in the in vitro XO activity 

between pH 6.8-8.0 which was evident by Tukey’s 

post-hoc analysis. Further, the activity remained 

stable between pH 7.8-8.0 and declined beyond 

pH 8. Hence, the optimum pH for maximum in 

vitro XO activity was found to be 7.8. 

5.4 Determination of the kinetic constants of bovine milk xanthine oxidase 

The Km and Vmax values of xanthine oxidase (Bovine milk, Sigma Aldrich) was established to later 

analyze the effect of inhibitor on enzyme activity and further in determination of Ki of the inhibitor. 

The Km and Vmax was found to be 2545 μM and 0.02650 μM/min respectively as deduced from 

Lineweaver-Burk plot (Fig 5.10). 

 

 

 

 

 

 

 

 

 

 

Fig 5.10: Lineweaver-Burk plot representing Km and Vmax (reciprocal of substrate at X-axis and reciprocal of 

velocity at Y-axis). 

Fig 5.9: Effect of buffer pH over in vitro XO activity.  Data 
are represented as Mean ± SD of three replicates. Means 
with different letters are significantly different by 
Tukey’s post-hoc test at p<0.05. 
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5.5 Quantitative screening of XOI producing endophytes 

5.5.1 NBT microtiter plate assay 

Out of the selected 38 endophytic isolates, only 14 isolates were found to exhibit promising XO 

inhibitory (≥ 70 %) activity (Table 5.5). In NBT microtiter plate assay, the culture filtrate of #1 

CCSTITD was found to exhibit maximum XOI activity followed by #1048 AMSTITYEL, #33 CZSTITBRT 

and #9 AMLBRT. However, the mean in vitro XO inhibitory activity of febuxostat was highest and 

significantly different from #1 CCSTITD as per one way ANOVA analysis (F (17, 34)= 103.0, p<0.0001) 

followed by Tukey’s post-hoc analysis.  Culture filtrate of #1 CCSTITD exhibited highest relative XO 

inhibition which was significantly different from other endophytic fungi by Tukey’s post-hoc analysis. 

Further, allopurinol and culture filtrate of #1048 AMSTITYEL did not exhibit any significant variation 

in terms of XO inhibition followed by #33 CZSTITBRT and #9 AMLBRT.  The XO inhibitory potential of 

#2 CCSTITD, #12 CMBANEY and ##11 AMSTITYEL were not significantly different from each other but 

was significantly lower than #1 CCSTITD. Further, an insignificant difference in the XO inhibitory 

activity was observed in case of #7 CSSTOT and #1058 AMSTITYEL.   

Table 5.5 in vitro XO inhibitory activity of fungal endophytes using NBT microtiter and Uric 
acid estimation assay 

S.NO Culture code XO inhibition (%) 
NBT Microtiter assay Uric acid estimation assay 

1.  Febuxostat 99.24a ± 0.06 99.55a ± 0.78 
2.  Allopurinol 88.13bc ±  0.18 86.76bc ± 0.81 
3.  #1 CCSTITD 91.25b ± 0.83 88.13b ± 0.66 
4.  #1048 AMSTITYEL 84.74cd ± 0.41 83.10cd ± 1.00 
5.  #33 CZSTITBRT 82.79d ± 2.55 79.44de ± 1.51 
6.  #9 AMLBRT 82.08d ± 0.57 77.16ef ± 1.51 
7.  #2 CCSTITD 77.40e ± 0.77 73.97fg ± 0.35 
8.  # 12 CMBANEY 77.30e ± 0.67 73.98fg ± 1.23 
9.  ##11 AMSTITYEL 77.40e ± 1.55 79.00e ± 0.55 
10.  #16 AMLWLS 76.15ef ± 1.05 70.33ghi ± 1.23 
11.  #2 PNLNEY 75.76ef ± 0.79 73.52fgh ± 0.50 
12.  #7 CSSTOT 73.99efg ± 2.33 71.24ghi ± 1.21 
13.  #1058 AMSTITYEL 73.98efg ± 1.88 69.85hi ± 1.78 
14.  #20 CMBANEY 72.62fg ± 2.82 68.51ij ± 1.99 
15.  #6 AMLWLS 71.83fg ± 1.40 69.41ij ± 0.47 
16.  #18 CMBANEY 70.46gh ± 0.42 65.74j ± 1.83 

*Data presented are mean ± standard deviation of three replicates. Means with different superscript letters 
are different by Tukey’s post-hoc test (p<0.05) 
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5.5.2 Uric acid estimation assay 

Effective XO inhibition can also be assessed in terms of reduction in uric acid production and 

therefore uric acid estimation was further carried out. Of the 14 endophytic isolates shortlisted from 

previous NBT microtiter plate assay, culture filtrates of only 10 endophytic isolates were found to 

exhibit XO inhibition ≥ 70 % (Table 5.5). Febuxostat exhibited maximum XO inhibition of 99.5 % in 

terms of uric acid production which was closely followed by culture filtrate of #1 CCSTITD. However, 

there was a significant difference in the mean in vitro XO inhibitory activity between febuxostat and 

#1 CCSTITD as observed by one way ANOVA (F (16,32)= 171.9, p<0.0001) and Tukey’s post-hoc 

analysis. An insignificant difference in the mean XOI activity of #2 CCSTITD and #12 CMBANEY was 

observed. However, four endophytic isolates viz. #1058 AMSTITYEL, #20 CMBANEY, #6 AMLWLS and 

#18 CMBANEY exhibiting >70% XO inhibition in NBT microtiter plate assay were found to exhibit XOI 

activity in the range of 65-70 % in uric acid estimation assay.  

 Hence, #1 CCSTITD was found to exhibit maximum mean XO inhibitory activity in NBT 

microtiter plate assay as well as in uric acid estimation assay followed by #1048 AMSTITYEL. Thus, 

both of these isolates were further selected for isolation and evaluation of XO inhibitors. 

 It was also observed that the selected isolates exhibited significantly higher mean in vitro XO 

inhibitory activity in NBT microtiter plate assay as compared to uric acid determination assay. Hence, 

NBT microtiter plate assay was considered to be better method for determination of XO inhibitory 

activity. Further, Bland-Altman analysis of NBT microtiter plate assay and uric acid estimation assay 

for determining in vitro XO inhibitory activity exhibited a significant bias of 1.03 with SD of 0.026 

with 95 % limits of agreement ranging between 0.98 to 1.09 which further indicated that NBT 

microtiter plate assay is a better option for XO inhibition studies. 

5.6 Partial purification of bioactive residue of selected endophytes by liquid-liquid extraction 

The culture broth of the selected endophytic isolates i.e. #1 CCSTITD and #1048 AMSTITYEL were 

partially purified by using a series of solvents of different polarity. The maximum yield of crude 

residue was resided in the aqueous fraction left after extraction of the spent broth in both #1 
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CCSTITD and #1048 AMSTITYEL (Table 5.6). The organic and aqueous residues of both potential 

isolates were further screened for in vitro XO inhibitory activity using NBT microtiter plate assay for  

further purification of bioactive residue. 

5.7 in vitro XOI screening of partially purified residues by NBT microtiter plate assay 

Out of all the solvent fractions of #1 CCSTITD and #1048 AMSTITYEL tested, chloroform residue of #1 

CCSTITD and #1048 AMSTITYEL exhibited maximum XO inhibition in the NBT microtiter plate assay 

(Fig 5.11, Table 5.7). Rest of the crude residues did not exhibit significant XO inhibition. As per One 

way ANOVA (F(6,10)=4451; p<0.0001) and Tukey’s post-hoc analysis, maximum XO inhibition of 91.8 

% was achieved by crude chloroform residue of #1 CCSTITD followed by 88.1 % XO inhibition by 

#1048 AMSTITYEL.  

Table 5.6: Weight of residue left after solvent extraction of selected endophytic fungi 

Culture Code Weight of the extracted residue (mg) in different  solvents  

HEX* DEE* DCM* EA* CHL* Aqueous  

#1 CCSTITD 1.12 ± 0.0 2.27 ± 0.00 4.31 ± 0.00 2.43 ± 0.00 5.98 ± 0.00 10.12 ± 0.00 

#1048 AMSTITYEL 1.96 ± 0.00 3.03 ± 0.01 2.19 ± 0.00 3.39 ± 0.00 4.46 ± 0.00 7.19 ± 0.00 

* HEX- Hexane; DEE- Diethylether; DCM- Dichloromethane; CHL- Chloroform; EA- Ethyl Acetate 

Table 5.7: in vitro XO inhibitory activity of crude fractions of #1048 AMSTITYEL and #1 CCSTITD 

Culture Code XO inhibitory activity (%)  

HEX* DEE* DCM* EA* CHL* Aqueous  

#1 CCSTITD 22.5d ± 1.28 31.0b ± 1.00 33.2b ± 0.24 27.0c ± 0.33 91.8a ± 0.67 6.1e ± 0.20 

#1048 AMSTITYEL 15.4e ± 0.27 24.5c ± 0.60 22.0d ± 0.81 33.2b ± 0.67 88.3a ± 0.39 9.2f ± 0.19 

**Data represented are mean ± standard deviation of three replicates. Means with different superscript letters are 

different by Tukey’s post-hoc test (p<0.05) 

 Fig 5.11: NBT microtiter plate assay for in vitro XO 
inhibitory activity of crude fractions of #1 CCSTITD and 
#1048 AMSTITYEL. Well B1-C1: Negative control (no 
inhibitor); D1-E1: positive control (Allopurinol); 
fractions of #1 CCSTITD: A2-C2: CHL fraction, D2-F2: 
EA fraction, G2-H2: DCM fraction, A3-C3: DEE fraction, 
D3-F3: HEX fraction, G3-H3, A4: Aqueous fraction; 
Crude fractions of #1048 AMSTITYEL: B4-D4: CHL, E4-
G4: EA, H4-B5: DCM, C5-D5,A6: DEE, B6-E6: HEX, F6-
H6: Aqueous. A7-F7 and A8-F8: control of CHL, EA, 
DCM and DEE, HEX and Aqueous fraction of #1 
CCSTITD respectively.  G8-F9: control of all fractions of 
#1048 AMSTITYEL. 
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5.8 Purine detection test 

Allopurinol and the substrate, xanthine, both formed a white precipitate on addition of silver nitrate 

thereby confirming them to be purine moieties. However, no white precipitate formation was 

observed in the chloroform residues of #1 CCSTITD and #1048 AMSTITYEL similar to that of 

febuxostat, thereby, confirming their non-purine nature (Fig 5.12).  

 

 

5.9 Determination of IC50 value of potential endophytic isolates 

Half maximal inhibitory concentration (IC50) values of crude chloroform residue of #1 CCSTITD and 

#1048 AMSTITYEL along with Febuxostat and allopurinol were deduced from dose response curve 

(Fig 5.13).  The crude chloroform residue of #1 CCSTITD and #1048 AMSTITYEL exhibited IC50 values 

of 0.54 μg/ml and 0.61 μg/ml respectively. However, IC50 value of standard XOI, allopurinol and 

Febuxostat were found to be 0.93 μg/ml and 0.076 μg/ml respectively.  

 

 

 

 

 

 

 

 

Fig 5.13: Dose response curve of chloroform residue of #1 CCSTITD and #1048 AMSTITYEL for inhibition of 

xanthine oxidase. Allopurinol and Febuxostat were taken as positive control 

 Fig 5.12: Purine detection test of crude 
chloroform fraction of #1 CCSTITD and #1048 
AMSTITYEL. Allopurinol and Xanthine served 
as positive control while febuxostat was 
chosen as negative control. 
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 It was quite evident that the crude chloroform residue of #1 CCSTITD exhibited better dose 

response in comparison to allopurinol and #1048 AMSTITYEL for XO inhibition and can be further 

taken up for the purification of bioactive molecule. 

5.10 Identification of potential endophytic fungus 

The selected XO inhibitor producing endophytic fungus, #1 CCSTITD, was identified using 

morphotaxonomic and molecular taxonomic methods.  

5.10.1 Morphotaxonomy 

The endophytic fungus, #1 CCSTITD produced white, fast growing floccose to downy colonies over 

different culture media viz. PDA, CMA, CDA, SNA, WA and MEA (Fig 5.14). No reproductive structures 

like stromata, conidia, conidiogenus cells or ascospores were developed in the fungus even after 

incubation for over 9 weeks. The fungus did not sporulate despite being subjected to stress 

conditions like incubation in complete darkness or UV radiation. The macroscopic and morphological 

features have been summarized in Table 5.8.   

 The fungus formed hyphal coils which characteristically appeared over all the medium. 

However, over MEA, the fungus produced a thick mycelium which formed a fishing net like structure. 

The fungus emanated a strong fruity odour specifically over PDA, MEA and CDA which is due to the 

presence of volatile organic compounds (VOCs).  

Table 5.8: Morphological and microscopic features of #1 CCSTITD produced on different medium after 2 weeks 

Mediu

m 

Colony colour Colony 

diameter 

(mm)* 

 

Appeara

nce 

Elev

ation 

Hyphae/ 

coiling 

structures 

(μm) 

Margin VOC/pigment 

production 
Front Back 

PDA White Cream 90.0 ± 0.0 Floccose Flat 6.3 ± 1.7, 37.30 Smooth VOCs, brown pigment 

CMA Hyaline  Hyaline 32.0 ± 2.0 Downy  Flat 3.5 ± 1.2, 71.3 Smooth VOCs, no pigment 

CDA White Off-white 46.6 ± 2.5 Floccose Flat 6.5 ± 0.9, 149.6 At center  VOCs, no pigment 

SNA White Hyaline 67.0 ± 2.6 Floccose Flat 6.6 ± 1.4, 93.8 Smooth No VOCs, no pigment 

WA White  Hyaline 23.0 ± 3.0 Downy Flat 6.2 ± 1.3  Smooth No VOCs, no pigment 

MEA White Cream 90.0 ± 0.0 Floccose Flat 7.4 ± 1.7, 134 Smooth VOCs, no pigment 

* Data presented are mean ± standard deviation of thirty readings 
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5.10.2 Scanning electron Microscopy 

The scanning electron micrographs of #1 CCSTITD exhibited the characteristic features of Muscodor 

species i.e. long, sterile and right-angled ropy hyphae that terminate into coils. The hyphae further 

fused to form a ropy mycelium. The isolate also produced cauliflower-like structure but did not 

produce any sporulating structures (Fig 5.14 e-f). #1 CCSTITD differs in morphology from the other 

type strains of Muscodor. Muscodor crispans and M. sutura form a similar cauliflower-like structure 

but they differ in mycelial arrangement, with M. crispans forming a wavy hyphal mass and M. sutura  

showing a ‘knitting pattern’ mycelium. Muscodor roseus, M. cinnamomi, M. musae, M. oryzae and 

M. suthepensis have ropy mycelia with coils but lack cauliflower-like structures. Muscodor 

yucatanensis and M. equiseti have ropy mycelia with swollen hyphae. Muscodor albus and M. 

vitigenus have straight hyphae without any coils or cauliflower-like structures.  Hence, on the basis 

of morphology, colony characteristics and volatile organic odour, it was tentatively identified as 

Muscodor sp (Table 5.9). 

Fig 5.14: Morphological features of #1 CCSTITD after seven days of growth (a-b): Culture characteristics on 

PDA, (c): Hyphae stained with lactophenol cotton blue on CDA, (d): Hyphae forming coils on SNA, (e-f): SEM of 

the mycelial arrangement and of cauliflower-like structures.  
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5.10.3 Molecular taxonomy 

The endophytic fungus was exhibiting characteristic features of Muscodor species morphologically as 

well as by scanning electron microscopy. Hence, for further speciation the ITS-rDNA was amplified 

from the purified fungal genomic DNA (concentration 85 ng/µl).  The purity of the DNA (A260/ A280) 

exhibited a ratio of 1.78.  The amplicon of ITS1-5.8S-ITS2 region of rDNA was found to be pure (Fig 

5.15a) and the size was found to be ranging between 450-550 bp (Fig 5.15b). The sequence data was 

submitted in GenBank under accession number JQ409997. BLAST analysis of the ITS sequence 

exhibited close homology with Muscodor species with 97 % sequence identity confirming that the 

fungus belongs to Muscodor genus (Table 5.8).  

 

   

Table 5.10.  BLAST search summary of homology analysis of ITS1–5.8S–ITS2 sequence of #1 CCSTITD 

GenBank  
Accession No. 

Organism Query Coverage 
(%) 
 

Sequence Similarity 
(%) 

e-value 

JQ409997 #1 CCSTITD Present study   
KU659026 Muscodor sp. E6011C 98 97 0.00 
KU659025 Muscodor sp. E3816A 98 97 0.00 
KU659024 Muscodor sp. E3801A 98 97 0.00 
KU204610 Muscodor albus INBio:613C 98 97 0.00 
LC132715 Muscodor oryzae  JCM 18231 98 97 0.00 
KU683934 Xylariaceae sp. ARIZ FL1963 98 97 0.00 
KF229754 Muscodor sp. VC-01 98 97 0.00 
JX298899 Xylariaceae sp. M26 XS-2012 98 97 0.00 
JX089323 Muscodor musae CMU-MU3 98 97 0.00 
JX089321 Muscodor oryzae CMU-WR2  98 97 0.00 
JQ760598 Xylariaceae sp FL0969 98 97 0.00 
JQ760221 Xylariaceae sp FL0502 98 97 0.00 
JN426991 Muscodor sp. AB-2011 98 97 0.00 
HM034857 Muscodor albus isolate 9-6 98 97 0.00 
HM473081 Muscodor albus CMU44 98 97 0.00 

 Fig 5.15: (a) Genomic DNA of #1 
CCSTITD (b) ITS rDNA amplification 
of #1 CCSTITD; Lane 1: 100 bp 
ladder, Lane 2-5: ITS1–5.8S–ITS2 
(~500 bp) amplicon. 
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 EU195297 Muscodor crispans B23

 AF324336 Muscodor albus CZ620

 JX089321 Muscodor oryzae CMU WR2

 JX089323 Muscodor musae CMU MU3

 GQ848369 Muscodor cinnanomi CMU Cib461

 AY034665 Muscodor roseus A3 5

 JQ409997_Muscodor_darjeelingensis_1CCSTITD

 JN558830 Muscodor suthepensis

Clade  I

 JF938595 Muscodor sutura SR2011

 AY100022 Muscodor vitigenus

 JX089322 muscodor equiseti CMU M2

 FJ917287 Muscodor yucatanensis B110

 HM034855 Muscodor fengyangensis ZJLQ024

 HM034853 Muscodor fengyangensis ZJLQ070

Clade  II

 AF163028 Xylaria arbuscula

 EF644112 Peziza badia

For accurate speciation, the phylogenetic tree was constructed based on ITS1-5.8S-ITS2 

region which was resolved into two clades- Clade I with M. albus, M. cinnamomi, M. crispans, M. 

musae, M. oryzae and M. roseus. #1 CCSTITD and M. suthepensis were appearing as a basal sister to 

the rest of clade I with 99 % bootstrap support. Muscodor equiseti, M. fengyangensis, M. sutura, M. 

vitigenus and M. yucatanensis grouped in Clade II. Xylaria arbuscula and Peziza badia were taken as 

outgroup (Saxena et al., 2014) (Fig 5.16). 

 

 

 

 

 

 

 

 

 

 

 

 Thus, the potential endophytic isolate on the basis of molecular and morphological taxonomy 

was identified as a novel species of Muscodor, named as Muscodor darjeelingensis sp. nov. (Saxena 

et al., 2014). Since then many novel species have been added to this genus. Till date, 19 species have 

been added to this genus from all over the world. ITS rDNA region sequence analysis is most 

commonly used method for the identification of novel Muscodor species. In the present era, Multi-

locus sequence based taxonomy (MLST) is commonly adopted for precise speciation of various fungi 

(Donnell et al., 2012; Marques et al., 2013). However, the strategy is limited by the lack of sequence 

information from different nuclear regions of Muscodor species (Yuan et al., 2011). 

Fig 5.16:  The Neighbor-joining tree based on ITS1-5.8S-ITS2 region. The optimal tree with the sum of branch 

length = 0.68548993 is shown. The percentage of replicate trees in which the associated taxa clustered 

together in the bootstrap test (1000 replicates) 
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Table 5.9: Comparison of morphological and microscopic characteristics of Muscodor  type species isolated from 
different geographical regions 

Muscodor 
species 

Host Plant 
 

Location Mycelial 
growth 

Major 
VOCs 

Hyphal growth 
(at colony front) 

Pigment 
production 

M. albus  
(2001) 

C. zeylanicum Honduras, 
South America 

Rope Like 1,2,3,4 Straight None 

M. vitigenus 
(2002) 

P. paullinioides Peruvian, 
Amazon 

Rope Like 3 Straight None 

M. roseus 
(2002) 

G. pteridifolia Northern-
Australia 

Rope-like, 
erumpent pie-
shaped sectors 

5,6,7 Intertwining, 
rope-like, 
(coiled) 

Red (in light) 

M. crispans 
(2008) 

A. ananassoides Bolivian 
Amazon basin 

Rope-like with 
cauliflower-
like bodies 

1,2 Heavily wavy 
new growth 

Raddish (in 
light) 

M 
.yucatanensis 
(2009)  

B. simaruba Yucatan 
peninsula, 
Mexico 

Rope-like with 
coiled hyphae 

8 Multiple rope-
like strands 
interwine to 
form coils 

None 

M. 
fengyangensi
s (2010) 

A. chinesis Fengyangshan 
Nature reserve, 
China 

Rope-like with 
coiled hyphae 

3,4 Straight 
 

Yellow 

M. 
cinnamomi 
(2010) 
 

C. bejolghota Doi suthep-pui, 
National Park, 
Thailand 

Rope-like with 
coiled hyphae 

1,2, 9 Straight Pale  Orange 
(in light) 

M. sutura 
(2012) 

P. trifidi Columbian 
tropical Pacific 
rainforest 

Rope-like 
bands extra-
cellular bodies 

1,2,10 Suture-like 
pattern on PDA 

Reddish (in 
Dark) 

M. musae 
(2013) 

M. acuminata Doi suthep-pui, 
Thailand 

Rope-like with 
coils structure 

11 Straight hairy 
mycelium 

None 

M. oryzae 
(2013) 

O. rufipogon Chiang Mai, 
Thailand  

Rope-like with 
coils structure 

12 Straight Orange  

M. 
suthepensis 
(2013) 

C. bejolghota Doi-Suthep Pui, 
Thailand 

Rope-like with 
coils structure 

11 Straight Pale pink in 
light 

M. equiseti 
(2013) 

E. debile Chiang Mai, 
Thailand 

Rope-like coils 
and swollen 
cell 

11 Cottony-like 
pattern 

None 

M. kashayum 
(2013) 

A. marmelos Wayanad wild 
life sanctuary, 
Kerala, India   

Rope like 13,14,
15,16,
17 

Straight none 

M. 
darjeelingens
is (2014) 

C. camphora Darjeeling, 
West Bengal, 
India 

Rope like with 
cauliflower 
like structures 

14,15,
17 

Straight Brown 

M. strobelii 
(2014) 

C. zeylanicum BRT wildlife 
sanctuary, 
Karnataka, 
India 

Rope-like, 
slimy; Zinnia- 
bud-like 
bodies 

17,18,
19 

Straight Pale Yellow 
(in light) 

M. tigerii 
(2015) 

C. camphora Darjeeling, 
West Bengal, 
India 

Rope like with 
swollen 
hyphae and 
coils 

17,20 Straight Brown 
 

(1):  Propanoic acid; (2): 2-methyl, 2-nonanone; (3):  Naphthalene; (4): Azulene derivatives; (5): 2-butenoic acid,  Ethyl ester (6):  1,2,4-tri-
methyl-benzene; (7): 2-nonadiene; (8): 1R,4S,7S,11R-2,2,4,8-Tetramethyl-tricyclo[5.3.1.0(4,11)]undec-8-ene, Caryophyl-lene, Aroma-dendrene; 
(9): Methyl ester, b-humulene; (10):  Thujopsene; (11): 2-methylpropanoic acid; (12): 3-Methylbutan-1-ol; (13): 3-cyclohexen-1-ol,1-(1,5-
dimethyl-4-hexenyl)-4-methyl; (14): 1,6-dioxacyclododecane-7,12-dione; (15): 2, 6-Bis (1, 1-dimethylethyl)-4-(1-oxopropyl) phenol; (16): 2,4-di-
tert-butylthiophenol; (17): 4-octadecylmorpholine; (18):  Tetraoxa-propellan; (19):  Aspido-fractinine-3-methanol; (20): 1 - Te t r a d e c a n a m i 
n e ,N, N - d i m e t h y l a n d 1 , 2 - Benzenedicarboxylic acid, mono(2-ethylhexyl) ester   
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5.10.4  Secondary structure Prediction 

Secondary structure prediction of ITS rDNA region appears to be a prominent method of delineating 

species identification and enhancing phylogenetic resolution (Schulz and Wolf, 2009).  The sequence 

length of each marker region ranges from 158-250 

nucleotides for ITS1, 157 nucleotides for 5.8S and 125-216 

nucleotides for ITS2 region for all Muscodor species. The 

G required for the formation of secondary structure of 

different Muscodor species ranges from -44.80 to -101.20 

kcal/mol and -38.50 to -67.10 kcal/mol for ITS1 and ITS2 

regions respectively (Table 5.11, Appendix A). The 

sequence length of ITS1, 5.8S and ITS2 region of Muscodor 

darjeelingensis was found to be 171, 157 and 134 

nucleotides respectively.  

 The G required for the formation of secondary structure of ITS1 region of M. 

darjeelingensis was -60.70 kcal/mol. The  ITS1 region of M. darjeelingensis produced X-shaped, 

three-helix core structure (Fig 5.17) differing from other reported type species of Muscodor genus 

due to number of helices, varying nucleotide length of helices as well as the presence and absence of 

additional bulges and internal loops (Fig 5.18, 5.19, 5.20, Appendix A).  

The 5.8S region of all Muscodor species spanning 157 nucleotides was highly conserved. The 

G required for the formation of secondary structure was -44.20 kcal/mol and GC content was 

estimated to be   43.94 %. The predicted secondary structure comprised of a central internal loop 

from which four helices emerged (Fig 5.21). All the three motifs viz. M1, M3 and M2 reported in case 

of angiosperms were identified in the 5.8S region of all Muscodor species as (base substitutions are 

highlighted in bold) M3: (5’-UUUGAACGCA-3’), M1 (5’-CGAUGAAGAACGCAGC-3’) and M2 (5’-

GAAUUGCAGAAUUC-3’). There was a single base substitution in motif M1 (C>U) and M2 (U>C).  

Fig 5.17: The predicted minimum free 

energy (MFE) secondary structures of ITS1 

region of M. darjeelingensis. 
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The G required for the formation of secondary structure of ITS2 region of M. 

darjeelingensis was -46.40 kcal/mol. M. darjeelingensis produced a long double helix comprising U-

U, A-C mismatch bulges (Fig 5.21) similar to that of M. kashayum and M. tigerii. However, these 

species differed from each other due to variation in nucleotide sequence in the small out bulges of 

unpaired nucleotides. Rest of the members of Muscodor genus formed distinct secondary structures 

differing from each other in terms of number and shape of helices, mismatched and unpaired 

nucleotides (Fig 5.22, 5.23, 5.24, Appendix A). 

 

 

 

 

 

 

 

 

 

 

5.10.5 Phylogenetic tree reconstruction 

The Profile Neighbor Joining (PNJ) tree based on the combined sequence-structure dataset of 19 

different type species and strains of Muscodor genus resolved the M. fengyangenesis species as 

distinct monophyletic group (Group III). Twelve strains of M. albus did not clubbed into a single 

group (Group I). However, Muscodor sp. with accession number KF229762 clustered in group II along 

with M. vitigenus, M. equiseti and M. yucatanensis when using combined sequence and structure 

information for phylogenetic study.  

Fig 5.21: The predicted consensus secondary structure of 

conserved 5.8S region of Muscodor species. The three 

conserved motifs (M1, M2 and M3) were detected and 

highlighted in yellow color for M3, red for M1 and blue for 

M2. 

Fig 5.25: The predicted minimum free 

energy (MFE) secondary structures of ITS2 

region of M. darjeelingensis 
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 Further, AY555731, AY244642 and HM034857, formally belonging to M. albus, emerged as a 

sister clade from group III and group IV respectively. Only M. crispans and M. suthepensis were 

Fig 5.26: Profile Neighbor Joining (PNJ) tree of Muscodor species based on ITS sequence and structure 

information. The tree was generated by using General Time reversible model of evolution with 1000 bootstrap 

replicates. 



Chapter 5 

72 | R e s u l t s  
 

clustered significantly with high bootstrap support value in group IV while all other species viz. M. 

ghoomensis, M. indica, M. kashayum, M. darjeelingensis, M. strobelii and M. heveae were emerging 

out as sister clade (Fig 5.26).  This also proved that M. darjeelingensis is a novel species isolated from 

Cinnamomum camphora in Darjeeling (Assam).  

Hence, the use of an integrated sequence-structure based alignment along with phylogenetic 

tree formation appeared to be useful for accurate speciation thereby, improving the precision of 

phylogenetic analysis for identification of novel member species of Muscodor genus. 

5.11 Optimization of culture conditions for optimal in vitro XO inhibitory activity 

5.11.1 SSF in vitro XO inhibition 

Out of the four agro-industrial residues evaluated for solid state production of XO inhibitor by #1 

CCSTITD, none of the residue was found to be active against xanthine oxidase. 

5.11.2  Selection of suitable medium for production of XO inhibitor 

As evident from Fig 5.27, in vitro XO inhibitory activity 

of crude chloroform residue of #1 CCSTITD growing 

over different growth media were found to be 

significantly different by one way ANOVA 

(F(6,14)=132.4, p=<0.0001). According to Tukey’s 

post-hoc analysis, mean XO inhibitory activity of 

crude chloroform residue obtained from PDB was 

highest and was exhibiting insignificant difference 

with allopurinol. Further, a significant difference in 

the XO inhibitory activity was observed between the 

chloroform residue obtained from PDB and MEB followed by CDB. No XO inhibitory activity was 

recorded by the crude chloroform residue obtained from RB, YEPDB and TSB. Hence, PDB was 

selected as a medium of choice for the production of xanthine oxidase inhibitor by #1 CCSTITD. 

 

 Fig 5.27: in vitro XO inhibitory activity of crude 
chloroform residue extracted from different media 
viz. PDB, MEB, CDB, RB, TSB and YEPDB. Data 
represented are mean ± SD values. Means with 
different letters are significantly different by 
Tukey’s post-hoc test at p<0.05 
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5.11.3  Correlation between XO inhibitory activity and fungal biomass 

As evident from Fig 5.28, XO inhibitory activity of #1 CCSTITD was growth associated till 7th day of 

incubation after further incubation the decline in XO inhibitory was observed with increasing 

biomass concentration. 

 

 

 

 

 

 

 

5.12 Phytochemical testing of bioactive residue 

The phytochemical testing of crude residue revealed the presence of alkaloids, carbohydrates, 

Flavanoids, glycosides and terpenoids (Table 5.12). The crude residue indicated the presence of 

alkaloids by forming a red precipitate while blue coloration/precipitate indicated the presence 

of amino acids/glycosides. A pinkish brown ring in the reaction mixture indicated the presence 

of terpenoids (Fig 5.29).  

Fig 5.28: Correlation between biomass production and percentage XO inhibitory activity of #1 CCSTITD 

Fig 5.29: Phytochemical testing of crude chloroform residue of #1CCSTITD. a) Alkaloids test b) Ninhydrin test. T1 

stands for crude chloroform residue of #1 CCSTITD, T2: crude residue of #1048 AMSTITYEL, PC: positive control, 

NC: Negative control 
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5.13 Purification and characterization of bioactive residue 

5.13.1  TLC fractionation of bioactive residue 

The crude chloroform residue of #1 CCSTITD (dark green in color) was subjected to TLC using 

different combinations of mobile phases (Table 5.13). Dichloromethane: Methanol in the ratio of 

9.8:0.2 resolved the crude chloroform residue of #1 CCSTITD into 11 bands with Rf values 0.92, 0.88, 

0.83, 0.81, 0.58, 0.52, 0.49, 0.37, 0.33, 0.26, 0.20 visualized under UV light (254 nm/ 365 nm) and 

iodine chamber over silica gel plates (Fig 5.30). 

 

 

Table 5.12: Phytochemical nature of crude residue 

Phytochemical test Crude bioactive residue 

Alkaloid  ++ 

Amino acid  + 

Anthraquinone  - 

Carbohydrate  +++ 

Fats  - 

Flavanoid  + 

Glycoside  + 

Resin  - 

Saponin  - 

Steroid  - 

Tannin  - 

Terpenoid  + 

Table 5.13: Different mobile phases used for separation of crude residue of #1 CCSTITD on TLC 

Solvents used Ratio (v/v) No of bands 

Hexane: Ethyl acetate 1: 1 4 

Hexane: Ethyl acetate 1.5: 0.5 5 

Chloroform: Methanol 9.5: 0.5 6 

Chloroform: Methanol 9.7: 0.3 7 

Chloroform: Methanol: Ethyl acetate 9.7: 0.3: 2 drops 8 

Chloroform: Methanol: Ethyl acetate 9.7: 0.3: 5 drops 6 

Petroleum ether: Ethyl acetate 1.5: 0.5 4 

Dichloromethane: Methanol 9.6: 0.4 7 

Dichloromethane: Methanol 9.8: 0.2 11 

Dichloromethane: Acetonitrile 9.8: 0.2 8 

Ethyl acetate: acetic acid 9: 1 3 
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5.13.2 Purification by silica gel column chromatography 

Based on the optimized mobile phase for fractionation of crude chloroform residue of #1 CCSTITD, 

the mobile phase for silica gel column chromatography was chosen. Different gradients (0.1 %) of 

dichloromethane: methanol starting from 100:0 to 0:100 were run and 500 column fractions 

(volume- 2 ml) were obtained which were further were clubbed into 18 fractions based on the TLC 

profile and were subjected to XO inhibitory assay (Fig 5.31).  Of all the fractions, fraction 9 (7 mg) 

was found to exhibit potent XO inhibition using quantitative NBT assay as per One way-ANOVA 

(F(19,18)= 37.28, p<0.0001) and Tukey’s post-hoc analysis (Table 5.14).  

 

  

 

 

 

 

 

 

Table 5.14: Relative XO inhibition (%) of 18 column fractions using NBT 
microtiter plate assay 

Fraction 
Number 

XO inhibition (%)  Fraction 
Number  

XO inhibition (%) 

F-1 34.22b ± 1.00  F-10 33.92 b ± 0.71 
F-2 29.98 b ± 0.48  F-11 30.93 b ± 3.16 
F-3 23.58 b ± 2.12  F-12 38.13 b ± 5.32 

F-4 34.76 b ± 7.60  F-13 39.71 b ± 1.18 

F-5 32.79 b ± 5.87  F-14 26.24 b ± 2.79 

F-6 33.83 b ± 3.55  F-15 25.88 b ± 2.22 

F-7 41.08 b ± 7.27  F-16 36.32 b ± 2.55 

F-8 34.44 b ± 5.84  F-17 38.16 b ± 2.22 

F-9 94.06a  ± 1.10  F-18 23.39 b ± 1.24 
Data represented are mean ± SD of two replicates. Means with different superscript 
letters are different by Tukey’s post-hoc analysis. 

Fig 5.30: TLC profile of crude chloroform residue of #1 CCSTITD using dichloromethane: methanol (9.8:0.2) as 

mobile phase. The Rf values of Band 1- 11 was ranging between 0.92 to 0.20.  
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Further, fraction 9 exhibited highest XO inhibition of 89.85 % in Uric acid estimation assay as 

per One-way ANOVA (F(16,32)= 16050, p<0.001)).  Bioactive fraction 9 (pale yellow color) was 

further analyzed on silica gel TLC plates using various combinations of solvent systems and showed 

single spot on TLC plate (Fig 5.32). The obtained Rf value in different mobile phases are listed in Table 

5.15. The melting point was found to be > 250˚C.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5.15: Different solvent system used for TLC analysis of fraction 9 

Solvent system  Ratio  Rf value 

Dichloromethane : Methanol  9.6:0.4  0.935  

Hexane : Ethyl acetate  6:4  0.444  

Dichloromethane : Acetonitrile  9.8:0.2  0.592  

Chloroform : Methanol  9.8:0.2  0.6  

Chloroform : Acetonitrile  9.8:0.2  0.307  

Toluene : ethyl acetate  9.6:0.4  0.25  

Ethyl acetate : acetic acid  9.2:0.8  0.903  

Ethyl acetate : acetic acid 9.8:0.2  0.878  

 Fig 5.31: in vitro NBT microtiter plate assay of 18 
column fractions. Well A1-A2: Fraction 1; A3-A4: 
Fraction 2; A5-A6: Fraction 3; A7-A8: Fraction 4; A9-
A10: Fraction 5; A11-A12: Fraction 6; C1-C2: Fraction 
7; C3-C4: Fraction 8; C5-C6: Fraction 9; C7-C8: 
Fraction 10; C9-C10: Fraction 11; C11-C12: Fraction 
12; E1-E2: Fraction 13; E3-E4: Fraction 14; E5-E6: 
Fraction 15; E7-E8: Fraction 16; E9-E10: Fraction 17; 
E11-E12: Fraction 18; G1,H1: Negative control (No 
inhibitor); G3,H3: Chloroform control; G5,H5: Positive 
Control (Allopurinol).  

Fig 5.32: TLC analysis of bioactive fraction 9 on different solvent systems. a): Chloroform: Acetonitrile; b): Chloroform 

:Methanol; c): Dichloromethane:Acetonitrile; d) Dichloromethane:Methanol; e) Hexane: ethyl acetate; f): Toluene: Ethyl 

acetate.  
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5.14 Structure elucidation of bioactive fraction   

The structure of bioactive fraction 9 was elucidated by LC/ESI-MS, NMR (H1, C13) and IR spectroscopic 

techniques.  A single peak at 3.40 min was obtained in LC analysis (Fig 5.33). NMR (C13) revealed the 

presence of carboxyl group due to resonance peak at 171.32 ppm (Fig 5.34). The low peak intensity 

at 171.32 ppm is attributed to the presence of quaternary carbon. In Proton-NMR (H1- NMR), signal 

peak of the solvent (Chloroform-d) used for sample was observed at 7.24 ppm. Proton NMR spectra 

was found to be quite complex due to complex splitting pattern of large number of protons. A 

number of low intensity peaks were observed in the region of 5.8-7.0 ppm which represents olefenic 

protons [(C7,7’), C(8,8’), C(10,10’), C(11,11’) C12,12’), C(14,14’), C(15,15’)] associated with π- 

electron conjugated chain (Fig 5.35). The peaks ranging from 1.0 to 2.5 ppm were assigned to the 

protons of saturated methyl carbons [C(2,2’), C(16,16’), C(17,17’), C(18,18’), C(19,19’), C(20,20’)]. 

The signals at 0.87, 1.27 and 2.20 ppm corresponds to the protons associated with methyl (-CH3) 

groups at C17, C16 and C18 respectively. The resonance peak at 4.14 ppm was assigned to the axial 

proton at C(3,3’) corresponding to presence of hydroxyl (–OH) group.  

 Further, the IR spectra of the bioactive fraction showed the presence of different functional 

groups viz. C-H stretch (2853.28 cm-1, 2923.68 cm-1), carboxyl group (1713.97 cm-1) and CH2 bending 

(1460.28 cm-1) (Fig 5.36). From NMR and IR analysis, it was hypothesized that the structural 

characteristics of the bioactive fraction was found to be similar to that of Lutein.  To further confirm 

the hypothesis, the mass spectrum of the bioactive fraction under study was compared to that of 

Lutein. The ESI-MS spectrum of the fraction was observed in the positive ion mode and the 

molecular mass of the bioactive fraction was found to be 569.35 (Fig 5.37) and this corresponds to 

the molecular weight of Lutein i.e. 569. The base ion peak, [M+H-CH3/H2O]+, at m/z 553.35 with 

highest abundance (100 %) was observed corresponding to the loss of methyl group or hydroxyl 

group. A series of peaks viz. m/z: 313.17 (45 %), 531.6 (40 %), 288.4 (5 %) were also observed which 

either corresponds to cleavage within the conjugated double bond system or due to 3-hydroxy-ε-

ring end-group formation. The observed mass spectrum was consistent with those reported for 
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Lutein. Based on NMR, IR and Mass spectrometry analysis, the structural features of the bioactive 

fraction 9 was identical to that of Lutein, a carotenoid pigment as per the available literature 

(Breemen et al., 1995; Boonnoun et al., 2012; LaFountain et al., 2013).  

 Hence, the chemical name of the fraction 9 was proposed to be (1R,4R)-4-

{(1E,3E,5E,7E,9E,11E,13E,15E,17E)-18-[(4R)-4-Hydroxy-2,6,6-trimethyl-1-cyclohexen-1-yl]-3,7,12,16-

tetramethyl-1,3,5,7,9,11,13,15,17-octadecanonaen-1-yl}-3,5,5-trimethyl-2-cyclohexen-1-ol. Hence, 

the proposed molecular mass calculated for C40H56O2 [M]+ is 569.3 (Fig 5.38). The Physical properties 

are listed in Table 5.16 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5.16: Physiochemical characteristics of bioactive fraction 9 

Characteristics Observation 

Appearance Pale yellow 

Solubility Soluble in Chloroform; Sparingly soluble in methanol 

Nature Slightly polar 

Melting point > 200°C 

Sensitivity Light sensitive 

Figure 5.33: LC peak of bioactive fraction 9 
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Fig 5.34: C
13

-NMR of bioactive fraction 9 

Fig 5.35: H
1
-NMR of bioactive fraction 9 
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Fig 5.36: FTIR spectrum of bioactive fraction 9. 

a) 

Fig 5.37: ESI-MS peaks of bioactive fraction 9 
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5.15 Kinetic studies on the inhibition of xanthine oxidase by bioactive fraction 

5.15.1 Lineweaver-Burk plot of bioactive fraction for xanthine oxidase inhibition 

The mode of XO inhibition of bioactive fraction was deduced by plotting Lineweaver- Burk plot (Fig 

5.39).  With increasing concentration of inhibitor (Fraction 9), the Km and Vmax were found to 

decrease thereby indicating the mixed mode of inhibition. The Ki of the bioactive fraction was found 

to be 17.54 μM by using GraphPad Prism software V5.0. 

 

 

 

 

 

 

 

 

 

 

Fig 5.38: Proposed structure of bioactive fraction 9 

Fig 5.39: Lineweaver-Burk plot representing mixed type XO inhibition by bioactive fraction 9. 
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However, in case of allopurinol, increasing concentration of inhibitor resulted in a family of 

lines with a common intercept at 1/v resulting in increase in Km but Vmax being constant which 

indicates the competitive mode of inhibition with Ki value of 35.03 μM (Fig 5.40a). Further, 

Febuxostat exhibited mixed mode of XO inhibition with Ki of 14.5 μM (Fig 5.40b).  

 

 Fig 5.40: Lineweaver-Burk plot for XO inhibition a) Allopurinol; b) Febuxostat  
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Today, it is very well established that XO is a key enzyme which plays a important role in the 

progression of hyperuricemia and other oxidative stress related diseases such as hypertension, 

diabetes, obesity, chronic kidney disease (CKD), NAFLD, dyslipidemia and cardiovascular diseases 

(Gaffo et al., 2008; 2009; Han et al., 2014; Sah et al., 2015; Jalal et al., 2016; Mundhe and Mhasde, 

2016). Being a hub of signaling in various biochemical and metabolic pathways, XO has been 

identified as a novel drug target, apart from its role in hyperuricemia and gout (Dawson and Walters, 

2006; El-Bassossy and Watson, 2015; Gliozzi et al., 2016). The currently approved XO inhibitors 

which play a critical role in the urate lowering therapy are Allopurinol, a purine analogue while 

Febuxostat is a synthetic non-purine based selective inhibitor of XO (NP-SIXO). As genomics have 

provided insights on the correlation between presence of HLA-B*58:01 allele and occurrence of 

allopurinol hypersensitivity syndrome (AHS), HLA-B*58:01 may act as a biomarker for 

recommendation of allopurinol as a therapeutic molecule (Stamp et al., 2016). More emphasis is laid 

on NP-SIXO’s to avoid expression of this gene. Hence, there is a demand for novel NP-SIXO’s apart 

from Febuxostat which exhibit better efficacy and toxicological profile for oxidative stress 

management and anti-hyperuricemic therapy.  

 Plants, bacteria and fungi have been copious sources of novel chemical scaffolds which have 

been exploited for discovery and development of modern drugs. However, to prevent the 

rediscovery of already known bioactive compounds, pharmacologists and natural product chemists 

are more interested in exploring the biodiversity existing in undisturbed habitats and ecological 

niches (Katz and Baltz, 2016). Endophytic fungi inhabiting in distinct biotopes and ecological niches 

are the prime focus of research groups as these have already been proven to be metabolic factories 

of novel bioactive compounds with immense potential in pharmaceutical and agrochemical sectors 

(Strobel et al., 2004; Hardoim et al., 2015; Mercado-Blanco, 2015; Jia et al., 2016; Lugtenberg et al., 

2016). Fungal endophytes produce a variety of compounds of different classes such as polyphenols, 

terpenes, peptides, alkaloids etc. exhibiting potent inhibitory action against various metabolic 

enzymes such as lipases, tyrosinase, HMG-CoA reductase and α-glucosidase (Gupta et al., 2014; 
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2015; Parthasarathy and Sathiyabama, 2015; Goutam et al., 2016). Exploration of XO inhibitors from 

endophytic fungi is a nascent approach with a very limited preliminary data (Shu et al., 2004; Song et 

al., 2004; Kapoor and Saxena, 2014; 2016). As we have propounded in the hypothesis that 

endophyte and the host plant exhibit a balanced antagonism which is mediated by a variety of signal 

molecules playing a critical role in the defense mechanism of the host as well as microbe. Oxidative 

stress is a common phenomenon encountered in this association wherein the fungi and the host 

strive to utilize the oxidative defense enzymes i.e. oxidases (oxidoreductases) to overcome the 

induced stress. This is accomplished by eliciting a battery of signaling molecules which inhibit the 

function of these oxidases thereby balancing the association (Hamilton et al., 2012). 

 Various endophytic fungi have been screened for exploration of antioxidant moieties 

however their role as inhibitors of these oxidative enzymes have largely been overlooked (Huang et 

al., 2007b; Phongpaichit et al., 2007; Srinivasan et al., 2010; Zeng et al., 2011; Yadav et al., 2014; Cui 

et al., 2015; Li et al., 2015a). Hence, in the present study, we have carried out a systematic screening 

of fungal endophytes inhabiting the medicinal plants in the biodiversity hotspots of India for 

production of XO inhibitors.  

In the present study, Fusarium sp. exhibited highest colonization frequency followed by 

Alternaria sp. among the isolated endophytic fungal isolates. In other studies also, Fusarium sp, 

Alternaria sp, Botryosphaeria sp. have been found as predominant endophytes residing within the 

plants located in the tropical regions (Jena and Tayung, 2013; Nalini et al., 2014). The highest 

colonization frequency of endophytic fungal groups was exhibited by stem internal issue (vascular 

tissue) followed by leaf, stem and bark. Further, the fungal colonization was highest in C. zeylanicum 

followed by C. malabaricum and A. marmelos.  In the present work, we have also encountered 

mycelia sterilia as an endophyte from different host plants. Quite frequently, sterile fungi have been 

specifically reported as endophyte from plants such as Azadirachta indica, Jatropha curucs and 

Mangroove trees existing in specific ecological niches (Arnold et al., 2000; Naik, 2009; Zakaria et al., 

2016). Majority of the fungal endophytes isolated during the present work were belonging to 
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hyphomycetes. These findings were in accordance with the work of Naik et al., (2008) which also 

reported the highest occurrence of hyphomycetes.  

The conventional method of screening XO inhibitory activity is by direct spectrophotometry 

wherein the formation of uric acid is estimated. However, while screening complex mixtures of 

natural products for the XO inhibitory activity by this approach may results in artifacts (Mashino et 

al., 2000). Many methods such as HPLC-UV, HPLC-MS, Flow injection analysis (FIA) system, 

fluorescence based microtiter plate assay, Immobilized metal affinity chromatography combined 

with ultrafiltration ultra-performance liquid chromatography mass spectrometry (UF-UPLC-MS), UF-

LC-MS with high speed counter current chromatography (HSCCC), Centrifugal force LCMS (CF-LCMS) 

have been devised for screening of XO inhibitors more efficiently (Lam et al., 2006; Li et al., 2015b; 

Wang et al., 2016; Zhang et al., 2016; Liu et al., 2017). However, all these methods involve the 

utilization of high end equipments which are quite expensive, time consuming and laborious. Hence, 

in the present approach, we devised a superoxide anion radical scavenging based agar plate assay 

using xanthine as substrate and NBT as redox indicator for preliminary screening of culture filtrates 

of endophytic fungi. Our preliminary screening assay i.e. xanthine-NBT agar plate assay is a reliable, 

faster and cheaper method for large scale screening of XO inhibitors 

In Xanthine-NBT agar plate XO inhibition assay, culture filtrates exhibiting more than 40 % 

inhibition of XO were further taken up for the quantitative estimation of XO inhibitory activity. In the 

pre-screen assay, three isolates viz. #1 CCSTITD, #1048 AMSTITYEL and #2 CCSTITD were found to 

exhibit XO inhibitory activity of more than 55 %  which was similar to positive control Febuxostat as 

analyzed by One-way ANOVA and Post-hoc analysis (Kapoor and Saxena, 2014; 2016). 

 Two quantitative screening assays viz. NBT microtiter plate assay and uric acid estimation 

assay were further used for the identification of fungal endophytes possessing potent XO inhibitory 

potential. However, to optimally utilize the quantitative assays for XO inhibition, a pre-requisite is 

ascertaining the optimal conditions for the maximum XO activity. Hence, optimization of XO activity 

using microtiter plate based spectrophotometric assay was carried out which comprised of optimal 
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substrate concentration, enzyme concentration, pH and incubation time. Thus the assay conditions 

for optimal XO activity in a microtiter plate based spectrophotometric assay comprised of 2.5 mM 

xanthine, 15 mU/200 μl of xanthine oxidase, buffer of pH 7.8 and incubation time of 4 h. A 

substantial increase in the rate of enzymatic reaction was observed with increasing substrate 

concentration up to one point and thereafter it remained more or less constant over higher 

concentrations which were in accordance with the findings of Sharma et al., (2016). Furthermore, 

xanthine oxidase was found to be active in the pH range of 7.8-8.0 and displayed maximum activity 

in 4h. Numerous studies have also shown the pH range of 7.5-8.0 in Tris-HCl buffer for optimum XO 

activity (Egwim et al., 2005; Rashidi et al., 2009; Tao et al., 2014; Sharma et al., 2016). The Km and 

Vmax of the bovine milk XO was also determined to later on assess the effect of inhibitor on the Km 

and Vmax of the enzyme.  

Based on the NBT microtiter plate assay, only those culture filtrates of endophytic fungi 

which inhibited XO by 70 % and above were taken into consideration for further studies. It was 

found that #1 CCSTITD clearly delineated from other 13 isolates exhibiting more than 70 % XO 

inhibitory activity as evident by One-way ANOVA and Tukey’s post-hoc analysis. However, in the uric 

acid estimation assay only ten endophytic isolates exhibited significant 70 % reduction in uric acid 

production. However, in this assay also, we found that #1 CCSTITD clearly delineated from rest of the 

isolates in terms of XO inhibitory potential as compared to control. Febuxostat was found to be a 

strong inhibitor of XO in both quantitative assays. Further, Bland-Altman analysis indicated a bias 

which was having 95 % limits of agreement suggesting that #1 CCSTITD possess a potential to be 

taken up for further studies for the isolation of bioactive compound i.e. XO inhibitors. The analysis 

also showed #1048 AMSTITYEL to be the second potential isolate which could also be studied for the 

isolation of XO inhibitors. The Bland-Altman analysis also indicated NBT microtiter plate assay to be 

more sensitive assay as compared to the uric acid estimation assay. 

At times, the activity of a bioactive molecule increases by removal of interfering substances 

from the culture broth. Hence, it was necessary to partially purify the culture broth of #1 CCSTITD 
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and #1048 AMSTITYEL using liquid-liquid extraction. The crude solvent residues of #1 CCSTITD and 

#1048 AMSTITYEL were re-analyzed by using quantitative NBT microtiter plate assay for XO 

inhibition. The chloroform solvent residues of both the isolates exhibited maximum XO inhibition 

amongst the different solvent residues obtained indicating it to be non-polar moiety. Similarly, 

chloroform extracts of wild growing mushrooms viz. Suillus granulatus (47.59 %) and  Hypholoma 

fasciculare (77.67 %) exhibited moderate to good XO inhibition while Tricholoma populinum and 

Suillus grevillei exhibited remarkable XO inhibitory potential  of 90. 96 % and 95.28 %  respectively 

(Vanyolos et al., 2014). As NP-SIXO’s is the current requirement in the pharmaceutical industry for 

urate lowering therapy (ULT). Hence, the purine detection test indicates that chloroform extracts of 

both isolates viz. #1 CCSTITD and #1048 AMSTITYEL were containing non-purine based compounds.  

To statistically confirm the XO inhibitory potential of chloroform extracts of #1 CCSTITD and 

#1048 AMSTITYEL, we carried out the determination of IC50 using febuxostat and allopurinol as 

positive controls. IC50 is generally a maximal inhibition concentration of a substance wherein the 

biochemical function of the key enzymes is reduced to the half. This is a standard method used to 

compare the effectiveness of drugs. The crude chloroform residue of #1 CCSTITD exhibited a lower 

IC50 value as compared to #1048 AMSTITYEL but better than allopurinol. The crude chloroform 

extract of #1 CCSTITD exhibited lower IC50 value of 0.54 μg/ml as compared to Fusaruside and 

Phenolic compounds isolated from endophytic Fusarium sp. IFB-121 and Chaetomium sp. 

respectively (Shu et al., 2004; Huang et al., 2007a). Thus, based on the IC50 value of chloroform 

residue of #1 CCSTITD exhibited to be taken up for further purification of bioactive molecule. 

No macroscopic and microscopic reproductive structures were seen in #1 CCSTITD when it 

was grown over different media and under different stress conditions which indicated #1 CCSTITD to 

be a sterile fungus. It emanated a strong fruity smell which was attributed to the complex mixture of 

volatile organic compounds (VOCs) and microscopically the hyphae was branched at 90˚ suggesting 

it to be possible member of Muscodor genus (Strobel et al., 2001; Zhang et al., 2010; Suwannarach 

et al., 2013; Meshram et al.,2013; Saxena et al., 2015). Morphologically, #1 CCSTITD differs from all 
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other Muscodor species by its fast colony growth rate, from M. roseus, M. fengyangensis, M. musae, 

M. oryzae and M. suthepensis by presence of cauliflower like structures and from M. yucatanensis, 

M. equiseti, M. sutura by the absence of swollen hyphae. It differs from M. albus and M.vitigenus by 

the presence of coiling structures. 

The major constraint in identification and speciation of this fungus is its sterile nature and it 

cannot be solely identified on the basis of cultural characteristics and volatile organic compounds 

emitted by it. Hence, molecular phylogeny plays an integral role in identification of sterile fungi 

which predominantly exist as endophytes. The sequence analysis of ITS rRNA region has been the 

method of choice for phylogenetic and taxonomic placement studies of fungi (Rampersad, 2014). 

Therefore, molecular taxonomic tools were used in which we used Muscodor specific primers were 

used for amplification of ITS region (Ezra et al., 2010). Further, the ITS rDNA based phylogeny, DNA 

sequence polymorphism and pair wise distance analysis of nucleotide sites of ITS region indicated 

the emergence of novel species of the genus Muscodor named as Muscodor darjeelingensis (Saxena 

et al., 2014).  

Multi-locus sequence based taxonomy is commonly adopted for precise speciation of 

various fungi (Donnell et al., 2012; Marques et al., 2013). However, the strategy is limited by the lack 

of sequence information from different nuclear regions of Muscodor species (Yuan et al., 2011). 

Thus, use of an integrated sequence-structure based alignment along with phylogenetic tree 

formation could be useful for accurate speciation and establishing the phylogenetic inter-relations 

between different species (Wolf et al., 2008). ITS1 and ITS2 conserved secondary structures have 

been deduced for a wide variety of eukaryotic groups including fungi (Barik et al., 2011), 

dinoflagellates (Thornhill and Lord, 2010) and nematodes (Ma et al., 2008) for gaining insights to 

illustrate phylogenetic relationships at different taxonomic levels (Schulz and Wolf, 2009).  Thus, 

secondary structure prediction of ITS rDNA region appears to be a prominent method of delineating 

species identification and enhancing phylogenetic resolution.  
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From the present analysis it is clearly indicated that secondary structures of ITS1 of #1 

CCSTITD (M. darjeelingensis), M. kashayum, and M. tigerii folded in X- shaped core structure but 

showed demarcation due to lack of sequence conservation in common core structure. On the other 

hand, ITS2 folding pattern of these three species shared similarities with minor differences in outer 

bulges of unpaired sequences. Further, M. yucatanensis and M. satura were identical but the two 

species exhibit marked differences based upon their ITS2 secondary structure folding pattern. 

Hence, the ITS1 region of Muscodor species was observed to be significantly variable as compared to 

ITS2 region at structural level. These findings are in accordance with Freire et al., (2012) in which the 

author explored the structural features of ITS1 and ITS2 marker of an obligate biotrophic fungus, 

Phakopsora pachyrhizi. The 5.8S region of #1 CCSTITD  along with all Muscodor species was observed 

to be highly conserved and motif analysis confirmed the presence of conserved eukaryotic motifs 

(M1, M2 and M3) but with a single base substitution in Motif M1(C>U) and M3 (U>C). Similarly, 

single base substitution in motif M3 (U>C) was found in 5.8S region of Colletotrichum gloeosporiodes 

sensu lato species complex (Rampersad, 2014). However, Phakopsora pachyrhizi displayed three 

substitutions in motif M1 (C>U, A>G, U>C) and single substitution (U>C) in M3 (Freire et al., 2012). 

The PNJ tree resulted in the formation of monophyletic clades of individual Muscodor species. The 

proposed secondary structures provided supplementary information along with primary sequence 

information to generate reliable alignment and calculate robust as well as stable phylogenetic tree.  

Endophytic Muscodor sp. have been reported to produce a mixture of VOCs primarily 

comprising of various alcohols, esters, acids, ketones, and lipophilic substances which are lethal to a 

wide variety of plant and human pathogenic fungi, bacteria as well as to nematodes and certain 

insects (Daisy et al., 2002; Strobel et al., 2001). The members of this genus are poorly explored for 

production of secondary metabolites (Boparai et al., 2015). More recently, VOCs and secondary 

metabolites production profile of epigenetic variants of Muscodor yucatanensis Ni30 were reported 

by cloning polyketide synthase (PKS) and non-ribosomal peptide synthetase (NRPS) genes.  The 

epigenetic variant of M. yucatanensis differed considerably from the wild type morphologically as 
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well as in metabolites production profile. Each variant produced a different set of VOCs distinct from 

the wild type with several VOCs appearing only in the variant strains. The bioactive extrolite, 

Brefeldin A was isolated and characterized from the wild type. However, this metabolite was not 

detected the variant strain but instead, two other products were isolated and characterized as 

ergosterol and xylaguaianol C (Qadri et al., 2016).  

Another pre-requisite for achieving maximum XO inhibitory activity is based upon optimizing 

the culture conditions. The bioactive fungus displayed maximum XO inhibitory activity over PDB in 

comparison to other fermentation medium such as CDB, RB, MEB, TSB and YEPDB which was 

analyzed statistically. Further, PDB has been used as a production medium of XO inhibitors in 

Fusarium sp. IFB-121, Aspergillus terreus and Aspergillus niger (Shu et al., 2004; Choudhary et al., 

2004; Song et al., 2004).  

The XO inhibitory activity was also found to exhibit positive correlation with increasing 

fungal biomass till 7th day of incubation. The fungal biomass increased slowly for the initial 48 h and 

then increased at an exponential rate till eight days. After which the growth became stationary. The 

reason of this may be attributed to the presence of abundant sugars in the production medium. The 

glucose concentration in the broth decreased rapidly in first four days, followed by a slow decrease. 

Further, the production of secondary metabolites starts on the second or third day and exhibit 

maximum yield during late logarithmic and initial stationary phase i.e. ninth or tenth day (Bundale et 

al., 2015). However, two phases are observed during the propagation of pharmaceutically 

metabolites producing micro-organisms. The first phase (trophophase) is characterized by rapid 

growth (biomass production) and the second phase (idiophase) is characterized by a slow growth 

and maximal productivity of metabolite. As the fungi grow it produces more and more metabolites 

thereby leading to increase in desired activity (Merlin et al., 2013). Various studies on optimization 

of incubation time period to achieve maximum secondary metabolite production have been carried 

out which also exhibit positive correlation between increasing fungal biomass and secondary 
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metabolite production till 8th day of incubation (Boonyapranai et al., 2008; Pradeep and Pradeep, 

2013; Mathan et al., 2013). 

Phytochemical testing of the crude extracts gives an indication of the nature of the 

compounds based upon which purification and visualization techniques are designed. Various 

polyphenolics, alkaloids, tannins, peptides, cerebrosides are reported to be potent XO inhibitors 

from plants and fungal extracts (Nagao et al., 1999; Van Hoorn et al., 2002; Lespade and Bercion, 

2010). Phenolic compounds of Walnut leaf extract and ethyl acetate extracts of Lycium arabicum 

exhibited promising XO inhibitory activity (Wang et al., 2015; Trabsa et al., 2015).  A novel 

cycloartane type triterpenoid, riparsaponin was isolated from the stem of Homonoia riparia and 

exhibited IC50 of 11.16 μM which was far better than the IC50 of #1 CCSTITD (Xu et al., 2014). 

Hydroxychavicol, a phenolic compound from Piper plant exhibited potent XO inhibitory potential 

(Murata et al., 2009). Further, hydroxychavicol derivatives named as nudibaccatumin A and B also 

exhibited XO inhibitory effect but with much less IC50 of 62.94 and 80.74 μM (Liu et al., 2015). A 

tripeptide with amino acid sequence of phenylalanine-cysteine-histidine, isolated from the aqueous 

extract of Pleurotus ostreatus exhibited remarkable XOI inhibitory potential with IC50 of 0.9 μM (Jang 

et al., 2014). Hespertin isolated from Citrus auranticum was found to posses strong XO inhibitory 

activity with IC50 of 16.48 μM (Liu et al., 2016).  

The isolation of the bioactive compound from a solvent residue involves the employment of 

variety of analytical techniques to isolate the individual compounds and then subsequently identify 

the one possessing the desired bioactivity. Liquid - liquid fractionation is thus adopted to resolve the 

complex mixtures into smaller fractions. These fractions are further selected on the basis of 

bioactivity for further separation and isolation by TLC and column chromatography. Thus, bioassay 

guided fractionation is the most appropriate method to narrow down and isolate the bioactive 

molecules (Brady et al., 2000; Xin et al., 2009; Weller, 2012; Kumar et al., 2013; Guo et al., 2016; Lou 

et al., 2016). Various inhibitors have been identified from fungi/endophytic fungi using bioassay 

guided isolation methods (Kulanthaivel et al., 1993; Geng et al., 2013; Gupta et al., 2014). In the 
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present study, TLC fractionation of the crude chloroform extract was resolved into 11 bands of which 

bioactivity resided in fraction with Rf of 0.9. TLC chromatogram coupled with bio-autography assay 

has been used for identification of bioactive fraction from endophytic Aspergillus terreus MP15 

which exhibited a promising anti-bacterial activity against gram positive bacteria (Yin et al., 2015). 

The silica gel column chromatography yielded 18 fractions of which significant XO inhibition was 

observed in fraction 9 as analyzed by one way ANOVA and Tukey’s analysis. This fraction did not 

further split when re-chromatographed by TLC and HPLC suggesting it to be single entity. Fraction 9 

is a yellow colored, unsaturated organic compound which is prone to oxidation in presence of light 

and temperature (Sowbhagya et al., 2004, Melendez-Martinez et al., 2007; Pratheesh et al., 2009)  

 Structural elucidation of this bioactive fraction was carried out by various spectral 

techniques including NMR (H1 and C13), ESI-MS and FTIR and was found to be a terpenoid. Thus, 

based on the NMR, FTIR and Mass spectra, the structure of the bioactive fraction was proposed to 

be β,ε-carotene-3,3'-diol commonly known as Lutein, a light sensitive carotenoid. ESI-MS, FTIR and 

NMR have been used for characterization of several  enzyme inhibitors which have been  isolated 

from fungal endophytes  viz. Xylaria feejeensis, Cladosporium sp., Colletotrichum sp. TSC13, 

Phomopsis vexans, Guignardia sp. KcF8 (Artanti et al., 2012; Ai et al., 2014; Rivera-Chavez et al., 

2015; Singh et al., 2015; Parthasarthy and Sathiyabama, 2015).  

The proposed compound, Lutein exhibited a Ki of 17.54 μM which was quite close to 

Febuxostat. Even the mode of the inhibition was similar to Febuxostat i.e. mixed type. NMR (H1), LC-

MS, FTIR have been employed to deduce the structure of lutein (Aman et al., 2005; Boonnoun et al., 

2012; Rodic et al., 2012; LaFountain et al., 2013). Lutein has been reported as a strong anti-oxidant 

(Sies et al., 1992; Sindhu et al., 2010; He et al., 2011), inflammatory modulator by reducing LPS and 

H2O2 induced phosphatidylinositol-3-kinase (PI3K) activity that inhibited NF-кB gene expression (Kim 

et al., 2008). Recently, Lutein has also been reported to induce α-1, 3-glucan accumulation on the 

cell wall surface of fungal plant pathogens (Otaka et al., 2016). Lutein has also been reported in 

reducing platelet derived growth factor (PDGF) including phosphorylation of PDGFR-β and its 
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downstream protein kinases/enzyme such as phospholipase C-ϒ, Akt and mitogen activated protein 

kinases (MAPKs) (Lo et al 2012). Being a plant carotenoid, lutein production has also been reported 

from microalga Dunaliella salina and it was observed that the under the influence of variable abiotic 

environmental stress conditions, the lutein production was increasing (Fu et al., 2014). Furthermore, 

Lutein has also been implicated in the scavenging of superoxide radicals thereby providing 

protecting effect against oxidative injury after ischemia reperfusion (Sato et al., 2011).  Lutein has 

reported to act as potent enzyme inhibitor viz. human UDP glucuronosyl transferase (UGT) isoform 

(Zheng et al 2016), Cholinesterase (Ghanam et al., 2015) and porcine pancreatic lipase (Ong et al 

2016).  However, despite being a superoxide anion scavenger, lutein has not been evaluated or 

reported as a xanthine oxidase inhibitor so far. Till date, lutein has not been isolated from fungal 

endophytes. However, fungal endophytes are considered as important source of pharmaceuticals 

and are used in many industrial fermantative processes, such as the production of enzymes, 

vitamins, pigments, lipids, glycolipids, polysaccharides and polyhydric alcohols. The world of fungi 

offers an endless and rich source of biological diversity and exploitation.  

Secondary metabolites production can serve multiple physiologic functions, many of which 

are common to both plants and microorganisms, and in a way it is intuitive that the same or similar 

compounds can be produced by ecologically associated entities. Thus, the continual efforts of 

researchers to exploit botanical diversity for the discovery of novel drugs has led to the finding of 

microbial strains able to synthesize bioactive compounds previously considered as typical plant 

products. In last two decades, it has become evident that all plants are inhabited by endophytic 

microorganisms, which are also capable of producing plant metabolites indicating that these 

compounds play a significant role in establishment and evolution of mutualistic inter-relations 

(Nicoletti and Fiorentino, 2015).  

Further, this is the very first report highlighting the xanthine oxidase inhibitory activity of 

lutein isolated from novel endophytic Muscodor species. Thus, in the present study we have 

established that endophytic fungi could be a source of potential inhibitors of XO.  Further, the 
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proposed fungal Lutein isolated from M. darjeelingensis  could be further optimized using in silico 

methods like docking studies and quantitative structure activity relationship (QSAR) for achieving 

optimal activity and safe toxicological profile for further exploitation as therapeutic molecule for 

long term hyperuricemia management and oxidative stress related diseases. 

 

 

 

 



 

 

 

 

 

 

 

 

Chapter 7 

Conclusion 

 

 

 

 

 
 



Chapter 7 

95 | C o n c l u s i o n  
 

Conclusion 

The present study establishes that endophytic fungi are novel source of non-purine selective inhibitors 

of xanthine oxidase (NP-SIXO) for the long term management of hyperuricemia and oxidative stress 

related disorders. 

1. The present study is first systematic screening program exploiting endophytic fungi isolated 

from Indian medicinal plants as a source of novel xanthine oxidase inhibitors. 

2. This is the first report of isolation of Lutein (Fraction 9), a dihydroxy-carotenoid from a novel 

endophytic fungus Muscodor darjeelingensis residing in stem internal tissue of Cinnamomum 

camphora in the Tiger Hills, Darjeeling. 

3.  In the present study, Lutein (Fraction 9) was found to exhibit potent xanthine oxidase inhibitory 

with Ki and mode of inhibition quite similar to that of Febuxostat which has not been reported 

so far.  

4. Hence, we conclude that Lutein can serve as a novel scaffold for docking and QSAR studies in 

development of a novel XO inhibitor for long term management of Hyperuricemia as well as 

oxidative stress related diseases. 

Being a nutraceutical, lutein holds an immense potential to be further developed as novel NPSIXO for 

urate lowering therapy among hyperuricemic patients with lesser or no adverse effects. Further, testing 

of lutein over hyperuricemic mice model and its effect on other enzymes of purine metabolic pathway is 

warranted.  
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Appendix 

Table 5.1: Endophytic fungi isolated from various tissues of medicinal plants collected from biodiversity hotspots of India 

S.NO Culture code Plant name Plant part Sampling location Tentative identification 

1.  #4 AMSTYEL Aegle marmelos Stem 1 Fusarium sp. 

2.  #7 AMSTYEL Aegle marmelos Stem 1 Fusarium equiseti 

3.  #8 AMSTYEL Aegle marmelos Stem 1 Unidentified 

4.  #9(b) AMSTYEL Aegle marmelos Stem 1 Fusarium equiseti 

5.  #11 AMSTYEL Aegle marmelos Stem 1 Neofusicoccum parvum 

6.  #18 AMSTYEL Aegle marmelos Stem 1 Neofusicoccum sp 

7.  # 22 AMSTYEL Aegle marmelos Stem 1 Fusarium sp. 

8.  # 23(b) AMSTYEL Aegle marmelos Stem 1 Unidentified 

9.  # 32 AMSTYEL Aegle marmelos Stem 1 Botryosphaeria sp. 

10.  #1003 AMSTITYEL Aegle marmelos Stem internal tissue 1 Botryosphaeria sp. 

11.  #1010 AMSTITYEL Aegle marmelos Stem internal tissue 1 Fusarium sp. 

12.  #1011 AMSTITYEL Aegle marmelos Stem internal tissue 1 Fusarium sp. 

13.  #1013 AMSTITYEL Aegle marmelos Stem internal tissue 1 Botryosphaeria sp. 

14.  #1022 AMSTITYEL Aegle marmelos Stem internal tissue 1 Fusarium sp. 

15.  #1032 AMSTITYEL Aegle marmelos Stem internal tissue 1 Botryosphaeria sp. 

16.  #1048 AMSTITYEL Aegle marmelos Stem internal tissue 1 Lasiodiplodia psuedotheobromae 

17.  #1058 AMSTITYEL Aegle marmelos Stem internal tissue 1 Fusarium sp. 

18.  #1069 AMSTITYEL Aegle marmelos Stem internal tissue 1 Fusarium sp. 

19.  #1070 AMSTITYEL Aegle marmelos Stem internal tissue 1 Fusarium sp. 

20.  #1088 AMSTITYEL Aegle marmelos Stem internal tissue 1 Lasiodiplodia psuedotheobromae 

21.  #6 AMLWLS Aegle marmelos Leaf 2 Fusarium incarnatum 

22.  #16 AMLWLS Aegle marmelos Leaf 2 Muscodor kashayum sp. nov 

23.  #11 AMBAWLS Aegle marmelos Bark 2 Unidentified 

24.  #20 AMSTWLS Aegle marmelos Stem 2 Botryosphaeria sp. 
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25.  #25 AMSTWLS Aegle marmelos Stem 2 Unidentified 

26.  #33 AMSTWLS Aegle marmelos Stem 2 Alternaria sp. 

27.  #37 AMSTWLS Aegle marmelos Stem 2 Phaeoacremonium sp. 

28.  #47 AMSTWLS Aegle marmelos Stem 2 Unidentified 

29.  #53 AMSTWLS Aegle marmelos Stem 2 Unidentified 

30.  #59 AMSTWLS Aegle marmelos Stem 2 Botryosphaeria stevensii 

31.  #1079 AMSTITWLS Aegle marmelos Stem internal tissue 2 Lasiodiplodia theobromae 

32.  #1082 AMSTITWLS Aegle marmelos Stem internal tissue 2 Lasiodiplodia pseudotheobromae 

33.  #1095 AMSTITWLS Aegle marmelos Stem internal tissue 2 Unidentified 

34.  #1104 AMSTITWLS Aegle marmelos Stem internal tissue 2 Barriopsis iraniana 

35.  #1111 AMSTITWLS Aegle marmelos Stem internal tissue 2 Unidentified 

36.  #1118 AMSTITWLS Aegle marmelos Stem internal tissue 2 Barriopsis iraniana 

37.  # 9 AMLBRT Aegle marmelos Leaf 3  Fusarium sp. 

38.  #1005 AMLBRT Aegle marmelos Leaf 3 Alternaria marmelos sp. nov 

39.  #1006 AMLBRT Aegle marmelos Leaf 3 Fusarium sp. 

40.  #1007 AMLBRT Aegle marmelos Leaf 3 Fusarium sp. 

41.  #1016 AMLBRT Aegle marmelos Leaf 3 Fusarium sp. 

42.  #1 CCBD C. camphora Bark 4 Fusarium sp. 

43.  # 2 CCBD C. camphora Bark 4 Penicillium sp. 

44.  #1 CCSTITD C. camphora Stem internal tissue 4 Muscodor darjeelingensis sp. nov 

45.  #2 CCSTITD C. camphora Stem internal tissue 4 Muscodor tigerii sp.nov 

46.  #6 CCSTITD C. camphora Stem internal tissue 4 Muscodor ghoomensis sp.nov. 

47.  #6(b) CCSTITD C. camphora Stem internal tissue 4 Muscodor indica sp.nov. 

48.  #36 CCSTITD C. camphora Stem internal tissue 4 Alternaria sp. 

49.  #1639 CCSTITD C. camphora Stem internal tissue 4 Muscodor camphora sp. nov. 

50.  #4 CMBABRT C. malabaricum Bark 3 Bionectria sp. 

51.  #12 CMBABRT C. malabaricum Bark 3 Bionectria sp. 
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52.  #18 CMBABRT C. malabaricum Bark 3 Bionectria sp. 

53.  #49 CMBABRT C. malabaricum Bark 3 Unidentified 

54.  #12 CMBANEY C. malabaricum Bark 5 Alternaria sp. 

55.  #18 CMBANEY C. malabaricum Bark 5 Alternaria sp. 

56.  #20 CMBANEY C. malabaricum Bark 5 Lasiodiplodia sp. 

57.  #4 CMLBRT C. malabaricum Leaf 3 Xylaria sp. 

58.  #26CMLBRT C. malabaricum Leaf 3 Unidentified 

59.  #27 CMLBRT C. malabaricum Leaf 3 Aspergillus sp. 

60.  #29 CMLBRT C. malabaricum Leaf 3 Unidentified 

61.  #40 CMLBRT C. malabaricum Leaf 3 Alternaria sp. 

62.  #1 CMLNEY C. malabaricum Leaf 5 Aspergillus sp. 

63.  #2 CMLNEY C. malabaricum Leaf 5 Nigrospora  sp. 

64.  #17 CMLNEY C. malabaricum Leaf 5 Unidentified 

65.  #18 CMLNEY C. malabaricum Leaf 5 Fusarium sp. 

66.  #23 CMLNEY C. malabaricum Leaf 5 Fusarium sp. 

67.  #29 CMLNEY C. malabaricum Leaf 5 Unidentified 

68.  # 37 CMLNEY C. malabaricum Leaf 5 Unidentified 

69.  #11 CMSTNEY C. malabaricum Stem 5 Pestalotiopsis sp. 

70.  #13 CMSTNEY C. malabaricum Stem 5 Pestalotiopsis sp. 

71.  #28 CMSTNEY C. malabaricum Stem 5 Curvularia sp. 

72.  #36 CMSTNEY C. malabaricum Stem 5 Mycelia sterilia 

73.  #43 CMSTNEY C. malabaricum Stem 5 Acremonium sp. 

74.  # 54 CMSTNEY C. malabaricum Stem 5 Pestalotiopsis sp 

75.  #55 CMSTNEY C. malabaricum Stem 5 Unidentified 

76.  #64 CMSTNEY C. malabaricum Stem 5 Phaeoacremonium sp 

77.  #68 CMSTNEY C. malabaricum Stem 5 Unidentified 

78.  #79 CMSTNEY C. malabaricum Stem 5 Unidentified 
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79.  #92CMSTITNEY C. malabaricum Stem internal tissue 5 Unidentified 

80.  #96 CMSTITNEY C. malabaricum Stem internal tissue 5 Unidentified 

81.  #1622 CMSTITNEY C. malabaricum Stem internal tissue 5 Unidentified 

82.  #1 CMSTITBRT C. malabaricum Stem internal tissue 3 Pestalotiopsis sp. 

83.  #43 CMSTITBRT C. malabaricum Stem internal tissue 3 Unidentified 

84.  #50 CMSTITBRT C. malabaricum Stem internal tissue 3 Unidentified 

85.  #29 CZSTITBRT C. malabaricum Stem internal tissue 3 Pestalotiopsis sp. 

86.  #33 CZSTITBRT C. malabaricum Stem internal tissue 3 Fusarium sp. 

87.  #41 CZSTITBRT C. malabaricum Stem internal tissue 3 Alternaria sp. 

88.  #47 CZSTITBRT C. malabaricum Stem internal tissue 3 Fusarium sp 

89.  #5 CZBAWLS C. zeylanicum Bark 2 Fusarium oxysporum 

90.  #20 CZBAWLS C. zeylanicum Bark 2 Unidentified 

91.  #28 CZBAWLS C. zeylanicum Bark 2 Glomerella sp 

92.  #30 CZBAWLS C. zeylanicum Bark 2 Glomerella sp 

93.  #1CZBAPLM C. zeylanicum Bark 6 Lasiodiplodia sp. 

94.  #3CZBAPLM C. zeylanicum Bark 6 Pestalotiopsis sp. 

95.  #7CZBAPLM C. zeylanicum Bark 6 Pestalotiopsis sp. 

96.  #14CZBAPLM C. zeylanicum  Bark 6 Fusarium sp. 

97.  #16CZBAPLM C. zeylanicum Bark 6 Fusarium sp. 

98.  #18CZBAPLM C. zeylanicum Bark 6 Alternaria sp.  

99.  #27CZBAPLM C. zeylanicum Bark 6 Unidentified 

100.  #29CZBAPLM C. zeylanicum Bark 6 Colletotrichum sp. 

101.  #36CZBAPLM C. zeylanicum Bark 6 Alternaria sp. 

102.  #42CZBAPLM C. zeylanicum Bark 6 Nigrospora  sp. 

103.  #44CZBAPLM C. zeylanicum Bark  6 Aspergillus sp. 

104.  #48CZBAPLM C. zeylanicum Bark 6 Fusarium oxysporum 

105.  #50CZBAPLM C. zeylanicum  Bark 6 Colletotrichum sp  
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106.  #52CZBAPLM C. zeylanicum Bark 6 Penicillium sp. 

107.  #56CZBAPLM C. zeylanicum Bark 6 Fusarium sp. 

108.  #1CZLPLM C. zeylanicum  Leaf 6 Alternaria sp.  

109.  #3CZLPLM C. zeylanicum Leaf 6 Xylaria sp. 

110.  #7CZLPLM C. zeylanicum Leaf 6 Unidentified 

111.  #11CZLPLM C. zeylanicum Leaf 6 Mycelia sterilia 

112.  #16CZLPLM C. zeylanicum Leaf 6 Phomopsis sp. 

113.  #22CZLPLM C. zeylanicum Leaf 6 Alternaria sp. 

114.  #23 (a) CZLPLM C. zeylanicum Leaf 6 Fusarium sp. 

115.  #23(b) CZLPLM C. zeylanicum Leaf 6 Fusarium sp. 

116.  #24CZLPLM C. zeylanicum Leaf 6 Lasiodiplodia sp. 

117.  #25CZLPLM C. zeylanicum  Leaf 6 Lasiodiplodia sp. 

118.  #26CZLPLM C. zeylanicum Leaf 6 Cladosporium sp. 

119.  #30CZLPLM C. zeylanicum Leaf 6 Hypoxylon sp. 

120.  #31CZLPLM C. zeylanicum Leaf 6 Botryosphaeria sp. 

121.  #32CZLPLM C. zeylanicum Leaf 6 Botryosphaeria sp. 

122.  #33CZLPLM C. zeylanicum Leaf 6 Botryosphaeria sp. 

123.  #35CZLPLM C. zeylanicum Leaf 6 Fusarium sp. 

124.  #38CZLPLM C. zeylanicum Leaf 6 Unidentified 

125.  #42(a)CZLPLM C. zeylanicum Leaf 6 Alternaria sp. 

126.  #43CZLPLM C. zeylanicum  Leaf 6 Fusarium sp. 

127.  #44CZLPLM C. zeylanicum Leaf 6 Xylaria sp. 

128.  #56CZLPLM C. zeylanicum Leaf 6 Fusarium sp.  

129.  #58CZLPLM C. zeylanicum Leaf 6 Chaetomium sp. 

130.  #64CZLPLM C. zeylanicum Leaf 6 Unidentified 

131.  #65CZLPLM C. zeylanicum Leaf 6 Arthriniumsp. 

132.  #63CZSTITPLM C. zeylanicum Stem internal tissue 6 Xylaria sp. 
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133.  #6610 CZSTITBRT C. zeylanicum Stem internal tissue 3 Muscodor strobelii sp.nov 

134.  #23CZSTITG C. zeylanicum stem 7 Fusarium sp. 

135.  #2 CRSTBRT Cathranthus roseus Stem internal tissue 3 Pestalotiopsis sp. 

136.  #5 CRSTBRT Cathranthus roseus Stem internal tissue 3 Unidentified 

137.  #6 CRSTBRT Cathranthus roseus Stem internal tissue 3 Hypoxylon sp. 

138.  #17 CRSTBRT Cathranthus roseus Stem internal tissue 3 Fusarium oxysporum 

139.  #22 CRSTBRT Cathranthus roseus Stem internal tissue 3 Unidentified 

140.  #26 CRSTBRT Cathranthus roseus Stem internal tissue 3 Pestalotiopsis sp. 

141.  #29 CRSTBRT Cathranthus roseus Stem internal tissue 3 Cladosporium sp. 

142.  #42 CRSTBRT Cathranthus roseus Stem internal tissue 3 Fusarium sp. 

143.  #43 CRSTBRT Cathranthus roseus Stem internal tissue 3 Alternaria sp. 

144.  #16 CRLBRT Cathranthus roseus Stem internal tissue 3 Fusarium sp. 

145.  1CSSTOT Camellia sinensis Stem 8 Schizophyllum sp. 

146.  2CSSTOT Camellia sinensis Stem 8 Schizophyllum sp. 

147.  4CSSTOT Camellia sinensis Stem 8 Schizophyllum sp. 

148.  7CSSTOT Camellia sinensis Stem 8 Neofusicoccum sp. 

149.  8CSSTOT Camellia sinensis Stem 8 Unidentified 

150.  14NOBASVNP Nerium oleander Bark 9 Unidentified 

151.  19NOBASVNP Nerium oleander Bark 9 Gibberella sp. 

152.  1PNLNEY Piper nigrum Leaf 5 Alternaria sp. 

153.  2PNLNEY Piper nigrum Leaf 5 Alternaria sp. 

154.  5PNLNEY Piper nigrum Leaf 5 Alternaria sp. 

155.  #4 RSLBRT Rauwolfia serpentina Leaf 3 Fusarium solani 

156.  #16 RSLBRT Rauwolfia serpentina Leaf 3 Gibberella sp. 

157.  #16 RSBANEY Rauwolfia serpentina Bark 5 Fusarium sp. 

158.  #23(a) RSSTNEY Rauwolfia serpentina Stem  5 Fusarium sp. 

159.  1TCSTITPLM T. cordifolia Stem internal tissue 6 Colletotrichum sp. 
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160.  4TCSTITPLM T. cordifolia Stem internal tissue 6 Unidentified 

161.  11TCSTITPLM T. cordifolia Stem internal tissue 6 Alternaria sp. 

162.  16TCSTITPLM T. cordifolia Stem internal tissue 6 Hypoxylon sp. 

163.  21TCSTITPLM T. cordifolia Stem internal tissue 6 Unidentified 

164.  33TCSTITPLM T. cordifolia Stem internal tissue 6 Fusarium sp. 

165.  41TCSTITPLM T. cordifolia Stem internal tissue 6 Unidentified 

166.  42TCSTITPLM T. cordifolia Stem internal tissue 6 Alternaria sp. 

167.  46TCSTITPLM T. cordifolia Stem internal tissue 6 Hypoxylon sp. 

168.  45TCSTITPLM T. cordifolia Stem internal tissue 6 Unidentified 

169.  51TCSTITPLM T. cordifolia Stem internal tissue 6 Curvularia sp. 

170.  53TCSTITPLM T. cordifolia Stem internal tissue 6 Fusarium sp. 

171.  59TCSTITPLM T. cordifolia Stem internal tissue 6 Fusarium sp 

172.  61TCSTITPLM T. cordifolia Stem internal tissue 6 Unidentified 

173.  76TCSTITPLM T. cordifolia Stem internal tissue 6 Fusarium equiseti 

174.  83TCSTITPLM T. cordifolia Stem internal tissue 6 Fusarium sp. 

175.  88TCSTITPLM T. cordifolia Stem internal tissue 6 Fusarium sp. 

176.  105TCSTITPLM T. cordifolia Stem internal tissue 6 Fusarium sp. 

177.  107TCSTITPLM T. cordifolia Stem internal tissue 6 Fusarium sp. 

178.  #2(a) TMDSTYEL T. divaricata stem 1 Fusarium oxysporum 

179.  #2(b) TMDSTYEL T. divaricata stem 1 Fusarium oxysporum 

180.  #3 TMDSTYEL T. divaricata stem 1 Unidentified 

181.  #4 TMDSTYEL T. divaricata stem 1 Fusarium solani 
1: Yelandur, Karnataka; 2: Wayanad, Kerala; 3: Biligirirangana Temple (BRT) wildlife sanctuary; 4: Darjeeling, West Bengal; 5: Neyyar, Kerala; 6: Palampur, Himachal Pradesh; 

7: Guwahati; 8: Ooty; 9: Silent Valley National Park, Kerala. 
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Table 5.11: Delta G required for the formation of secondary structure of ITS1 and ITS2 marker region of different  

Muscodor species 

 
 

S.No Species Name Minimum Free Energy (kcal/mol) 

ITS1 ITS2 

1 M. albus -64.74 -53.49 
2 M. roseus -74.60 -51.20 
3 M. crispans -74.60 -51.70 
4 M. yucatanensis -63.40 -45.70 
5 M. vitigenus -69.90 -59.20 
6 M. satura -57.00 -54.30 
7 M. cinnanomi -98.60 -60.10 
8 M. equiseti -75.40 -54.80 
9 M. musae -81.10 -67.10 
10 M. suthepensis -73.10 -52.80 
11 M. fengyangenesis -91.55 -45.96 
12 M. kashayum -59.70 -46.40 
13 M. darjeelingensis -60.20 -46.40 
14 M. tigerii -59.90 -46.40 
15 M. strobelii -48.70 -38.50 
16 M. ghoomensis -54.00 -44.40 
17 M. indica -44.80 -42.60 
18 M. heveae -82.80 -50.10 
19 M. oryzae -101.20 -59.30 
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Fig 5.18: The predicted minimum free energy (MFE) secondary structures of ITS1 region from six different 

Muscodor species (a) Muscodor albus (Consensus structure) (b) M. yucatanensis (c) M. satura (d) M. roseus (e) M. 

suthepensis (f) M. crispans. All the species formed common three helix configuration core structure except M. 

crispans which was folded in two helix arrangement. 
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Fig 5.19: The predicted minimum free energy (MFE) secondary structures of ITS1 region from seven different 

Muscodor species (a) Muscodor musae (b) M. cinnanomi (c) M. equiseti (d) M. fengyangenesis (e) M. vitigenus (f) 

M. heveae (g) M. oryzae. 
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Fig 5.20: The predicted minimum free energy (MFE) secondary structures of ITS1 region from six different 

Muscodor species (a) Muscodor ghoomensis (b) M. kashayum (c) M. tigerii (d) M. darjeelingensis (e) M. indica (f) 

M. strobelii. All the six species folded in common X-shaped, three-helix configured core structure. 
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Fig 5.22: The predicted minimum free energy (MFE) secondary structures of ITS2 region from six different 

Muscodor species (a) Muscodor albus (Consensus structure) (b) M. roseus (c) M. oryzae (d) M. suthepensis (e) M. 

cinnanomi (f) M. heveae. Conserved motif 5’-UGGU-3’ and U-U mismatch was detected. 

 

 

 

 

 

 

 

 



151 | A p p e n d i x  

 

 

 

 

Fig 5.23: The predicted minimum free energy (MFE) secondary structures of ITS2 region from seven different 

Muscodor species (a) Muscodor equiseti (b) M. vitigenus (c) M. satura (d) M. musae (e) M. yucatanensis (f) M. 

crispans (g) M. fengyangenesis (consensus structure). 
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Fig 5.24: The predicted minimum free energy (MFE) secondary structures of ITS2 region from six different 

Muscodor species (a) Muscodor ghoomensis (b) M. kashayum (c) M. darjeelingensis d) M. tigerii (e) M. indica (f) M. 

strobelii 
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Abstract Xanthine oxidase is a key enzyme responsible

for hyperuricemia, a pre-disposing factor for Gout and

oxidative stress-related diseases. Only two clinically

approved xanthine oxidase inhibitors Allopurinol and

Febuxostat are currently used for treatment of hyper-

uricemia. However, owing to their side effects there is a

need for new non-purine-based selective inhibitors of

xanthine oxidase. In the process of exploring novel xan-

thine oxidase inhibitors and anti-oxidants, we screened the

culture filtrate of 07 novel species of Muscodor, a sterile

endophytic fungi isolated from Cinnamomum and Aegle

marmelos. Chloroform extract of M. darjeelingensis

exhibited the maximum xanthine oxidase inhibition in the

qualitative and quantitative assays. The IC50 of chloroform

extract of M. darjeelingensis was 0.54 lg/ml which was

much lower to Allopurinol but higher when compared to

Febuxostat. 88% reduction in uric acid production was

recorded by M. darjeelingensis chloroform extract which

was similar to allopurinol. The maximum anti-oxidant

activity was exhibited by M. indica against the gallic acid

standard in the DPPH-free radical assay. Anti-oxidant

activity index of M. indica was 7.7, which was followed by

M. kashayum with 5.4. M. darjeelingensis exhibited a

moderate anti-oxidant activity with anti-oxidant activity

index of 1.63 in the DPPH assay. The present study is the

very first report of Muscodor species exhibiting xanthine

oxidase inhibitory and anti-oxidant activity together.

Chloroform extract of M. darjeelingensis and M. indica

stand out as potential candidates for isolation and

characterization of the xanthine oxidase inhibitor and anti-

oxidant compound, respectively.

Keywords Endophytic fungi � DPPH assay � Enzyme

inhibitor � Muscodor � Hyperuricemia

Introduction

Hyperuricemia is a pre-disposing factor of gout which has

been recognized as a lifestyle disease affecting adult pop-

ulation in the developed as well as developing countries

(Kuo et al. 2015). Hyperuricemia results due to high serum

urate levels which is attributed to it’s over production or

under-excretion. The therapeutic strategies of treatment of

hyperuricemia are by excretion of excessive uric acid or

blocking the uric acid production. The later strategy

appears to be safer since it involves the inhibition of

Xanthine oxidase (XO), the key enzyme responsible for the

production of uric acid. Till date, only Allopurinol and

Febuxostat have been clinically approved as XO inhibitors

for the treatment of hyperuricemia and gout. However,

there is a demand for new non-purine-based selective

inhibitors of Xanthine oxidase (NP-SIXO’s) owing to the

side effects of currently used drugs.

Over last two decades, endophytic fungi have been well

recognized as fountainheads of novel bioactive compounds

possessing anti-cancer, anti-microbial, and anti-oxidant

properties as well as putative sources of phytochemicals.

However, exploration of these microorganisms for NP-

SIXO’s is very limited as evident from the literature

(Kapoor and Saxena 2014).

The genus Muscodor emerged with the discovery of

sterile endophytic fungus Muscodor albus from the branch

of cinnamon plant in Honduras (Worapong et al. 2001).

& Sanjai Saxena

sanjaibiotech@yahoo.com; ssaxena@thapar.edu

1 Department of Biotechnology, Thapar University, Patiala,

Punjab 147004, India

123

3 Biotech  (2016) 6:248 

DOI 10.1007/s13205-016-0569-5

http://orcid.org/0000-0003-0025-8362
http://crossmark.crossref.org/dialog/?doi=10.1007/s13205-016-0569-5&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s13205-016-0569-5&amp;domain=pdf


Since then over 19 species have been added to the genus

Muscodor on the basis of morphological, volatile gas

composition, phenetic, and genetic makeup from Central/

South America, Northern Territory of Australia, Thailand,

China, and India (Meshram et al. 2014; Saxena et al.

2014a).

Till date, only volatile organic compounds (VOCs)

produced by Muscodor have been explored and exploited

for their antimicrobial, anti-insecticidal, and anti-fungal

properties (Newman and Cragg 2015; Saxena et al. 2014b).

Secondary metabolites of Muscodor species have not been

explored extensively; there is only a single report on

antimicrobial activity (Boparai et al. 2015). Hence, Mus-

codor species can be a novel source of new and diverse

bioactive moieties which could be exploited by the phar-

maceutical and the agrochemical industry.

Thus, in the present investigation, we have evaluated the

in vitro xanthine oxidase inhibitory and antioxidant

potential of non-volatile secondary metabolites of Indian

Muscodor species.

Materials and methods

Production of secondary metabolites

Indian Muscodor species viz. Muscodor strobelii, M. dar-

jeelingensis, M. tigerii, M. kashayum, M. ghoomensis, M.

indica, and M. camphora were inoculated in potato dex-

trose broth for secondary metabolite production. Briefly,

5 mm mycelial plug of 3–4 day-old culture was inoculated

into 100 ml pre-sterilized Potato Dextrose Broth (pH 5.1)

followed by incubation at 26 ± 2 �C, 120 rpm for 7 days.

Subsequently, the fungal mass was separated by filtration

through Whatman filter paper No. 4 followed by centrifu-

gation at 10,000 rpm for 10 min. The supernatant so

obtained was subjected to qualitative XOI assay.

Qualitative screening of XO inhibition

Qualitative screening of XO inhibition was carried out as

per the procedure of Kapoor and Saxena (2014). The

method comprised of preparation of Xanthine–Nitroblue

tetrazolium (NBT) plates using 0.8% agar, 1.5 mg/ml

Xanthine, and 0.11 mg/ml NBT. 5 mm wells were pre-

pared aseptically with a sterile cork borer. Subsequently,

40 ll of reaction mixture containing 30 ll of each culture

filtrate, 0.04 U of xanthine oxidase (source: bovine milk),

and 10 mmol/L of Tris–HCl buffer was dispensed into each

well followed by overnight incubation at 37 �C. The con-

trol well consisted of 30 ll of un-inoculated broth and

0.04 U of XO. Allopurinol and Febuxostat (1 mM) were

used as positive controls. Appearance of a blue-colored

halo indicated the XO activity in control well while

reduction in diameter of blue-colored halo in comparison to

control-indicated XO inhibition. All the tests were carried

out in triplicates. The halo diameter was recorded and data

were represented as mean ± SD values.

Metabolite extraction from the culture filtrates

The cell-free supernatant of each culture was extracted

thrice with chloroform in the ratio of 1:2. The organic

layers were pooled followed by dehydration with anhy-

drous sodium sulphate. The solvent was evaporated till

dryness at room temperature so as to get chloroform frac-

tion residue. The fraction so obtained was weighed and

reconstituted in methanol.

Quantitative estimation of xanthine oxidase

inhibition

NBT assay

The crude chloroform fractions of cultures were sub-

jected for determination of XOI as described by

Aggarwal and Banerjee (2009) with slight modifications.

The crude fractions were pre-incubated with bovine milk

xanthine oxidase at 37 �C for 1 h prior to assay. The

reaction was initiated by addition of 130 lL of xanthine

(10 mM) followed by 30 ll of NBT. After the incuba-

tion, the amount of formazan formed was estimated by

measuring the absorbance at 575 nm using a microplate

reader (Biotek Powerwave 340, USA). Allopurinol and

Febuxostat were used as positive control. Control reac-

tion mixture consisted of substrate, enzyme, and NBT

without any inhibitor. All the reactions were performed

in triplicates.

Uric acid estimation assay

This assay was carried out as per the method of Chang

et al. (1993), wherein the reaction mixture comprised of

10 ll of crude chloroform extract and 990 ll of xanthine
buffer solution (200 lM). The reaction was initiated by

addition of 5 ll of XO solution. Subsequently, the reaction

mixture was mixed properly followed by incubation at

25 �C for 15 min. The reaction was terminated by adding

1 N HCl solution. Subsequently, the reaction was aborted

by adding 1 N HCl solution. The concentration of uric acid

was measured by taking absorbance value at 290 nm.

Allopurinol and Febuxostat were used as positive controls.

The percentage inhibition of xanthine oxidase was calcu-

lated by following formula:

% Inhibition ¼ ðA� BÞ�ðC � DÞ½ �=ðA� BÞ � 100%;
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where A is the OD at 290 nm with enzyme but without

sample, B is the OD at 290 nm without sample and

enzyme, C is the OD at 290 nm with sample and enzyme,

and D is the OD at 290 nm with sample but without

enzyme.

Free radical scavenging activity by DPPH assay

Antioxidant potential of the chloroform extracts of cultures

were determined by the procedure of Ho et al. (2012) with

minor modifications. Briefly, the reaction mixture com-

prised of 100 ll of sample extract (1 mg/ml) mixed with

100 lL DPPH solution (1, 1-diphenyl-2-picrylhydrazyl,

Sigma, Final concentration = 4 lg/ml). Allopurinol and

Febuxostat were also evaluated for their antioxidant

potential. The control comprised of 100 ll of methanol and

100 ll of DPPH solution. The titer plate was then incu-

bated at 25 �C for 30 min in dark. The sudden decrease in

absorbance was measured at 517 nm and the DPPH scav-

enging activity was calculated using the following formula:

DPPH scavenging activity (%Þ
¼ ½Acontrol� ATest�=Acontrol � 100:

The test was performed in triplicates and data were

represented as mean ± SD. The antioxidant capacity was

expressed as the antioxidant activity index (AAI)

determined by following formula

AAI = final concentration of DPPH (lg/ml)/IC50 of

sample (lg/ml).

An AAI of 0.5 and below indicated a poor anti-oxidant,

when AAI was between 0.5 and 1.0 it is moderate anti-

oxidant,and when the AAI is in the range of 1.0 and 2.0 it is

considered as a strong anti-oxidant, while above 2 AAI

indicated a very strong anti-oxidant (Scherer and Godoy

2009).

Test for purine

The chloroform fraction of Muscodor species exhibiting

the best XO inhibition was test for the presence of

purine moieties using a silver precipitation test (Kapoor

and Saxena 2014). Briefly the assay involved 0.5 ml of

test sample (Stock-1 mg/ml) in test tube and excess of

ammonium hydroxide was added to it followed by

addition of 0.5 ml of 0.1 M silver nitrate solution.

Appearance of white precipitate, which is Purine-Ag?

complex, indicates the presence of purine. Allopurinol

(purine analogue) was used as positive control, and

Febuxostat, being non-purine in nature, served as nega-

tive control.

Results

Qualitative XO inhibition assay

Muscodor darjeelingensis chloroform extract (CE) exhib-

ited the highest inhibition of XO (59.4%) all the Muscodor

species tested. This was similar to the clinically approved

first NP-SIXO, Febuxostat used as a standard. It was clo-

sely followed by M. tigerii with 56.7% inhibition which

was marginally lower to allopurinol exhibiting 58.6% XO

inhibition in the assay. In the qualitative assay, M. indica

CE exhibited the least XO inhibition. Febuxostat, Allop-

urinol, M. darjeelingensis CE, M. tigerii CE, and M.

kashayum CE exhibited a similar XO inhibition profile in

the plate assay based on Tukey’s post hoc analysis

(Table 1; Fig. 1).

Quantitative XO inhibition

In the quantitative NBT-based XO inhibition assay,

Febuxostat exhibits 99.2% inhibition of the XO activity

which was closely followed by M. darjeelingensis with

91.4% inhibition. Allopurinol tested as a purine-based XO

inhibitor exhibited only 88% reduction in the XO activity

during the in vitro assay. M. tigerii and M. kashayum CE

extracts exhibited a moderate inhibition of 77% and 76%,

respectively. Tukey’s post hoc analysis suggested that M.

darjeelingensis CE and Allopurinol possessed similar

potency for XO inhibition. These findings corroborated

Table 1 Xanthine oxidase inhibition of Indian Muscodor species by

qualitative and quantitative assay

Treatment % XO inhibition % Reduction in

uric acid

productionXanthine

plate assay

NBT assay

Control (no inhibitor) 0e 0g 0g

Febuxostat* 59.4 ± 1.0a 99.2 ± 0.0a 99.5 ± 0.0a

M. darjeelingensis 59.4 ± 1.0a 91.4 ± 0.8b 88.1 ± 0.0b

Allopurinol* 58.6 ± 1.0a 88.0 ± 0.5b 86.7 ± 0.0b

M. tigerii 56.7 ± 0.9a 77.0 ± 0.5c 74.0 ± 0.0c

M. kashayum 54.9 ± 1.0a 76.0 ± 1.0c 70.3 ± 0.0c

M. strobelii 48.6 ± 3.1b 40.2 ± 1.9e 40.2 ± 2.6d

M. camphora 46.7 ± 1.8b 46.7 ± 1.8d 39.7 ± 0.0d

M. ghoomensis 31.6 ± 3.8c 37.6 ± 2.7e 24.2 ± 0.0e

M. indica 18.2 ± 1.9d 28.6 ± 4.5f 18.7 ± 1.6f

* Represent commercial inhibitors of Xanthine Oxidase (XO). All

values presented are Mean ± SD of triplicate readings

Mean values represented by same alphabets are not significantly

different by Tukey’s post hoc analysis at p B 0.05
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with the reduction in uric acid production, with maximum

reduction in Febuxostat, followed by M. darjeelingensis,

Allopurinol, and M. tigerii (Table 1). Further, M. dar-

jeelingensis CE exhibited an IC50 value of 0.54 lg/ml for

XO in the in vitro assay (Fig. 2).

Free radical scavenging assay

Muscodor indica CE exhibited the highest free radical

scavenging activity among the isolates tested and was quite

similar to the Gallic acid, the standard anti-oxidant used in

the DPPH assay. The IC50 value was 0.5 lg/ml for M.

indica CE as compared to 7 lg/ml of Gallic acid. It also

exhibited the highest AAI of 7.7 as compared to Gallic acid

(Table 2; Fig. 3). M. ghoomensis CE exhibited the least

antioxidant activity as well as AAI.

Purine detection test

Muscodor darjeelingensis CE did not exhibit presence of

any purine moiety in the purine detection test. Febuxostat

also gave a negative purine test indicating that it is a NP-

SIXO while Allopurinol was found to be positive for

purine.

Discussion and conclusion

Hyperuricemia is a biochemical abnormality which results

in gout apart from oxidative stress-related diseases. Hence,

the lowering plasma uric acid levels within normal range is

extremely important and can be achieved by blocking the

uric acid production. Till date, only Allopurinol and

Febuxostat have been clinically used for the treatment of

hyperuricemia and gout; however, they have severe side

effects which demand exploration of new XO inhibitors

which are non- purine in nature and have lesser side effects

as compared to synthetic chemicals. Endophytic fungi are

relatively under tapped resources of XO inhibitors which

could enter the drug discovery pipeline as anti-hyper-

uricemic agents. In the present study, CE of M. dar-

jeelingensis was found to have a significantly lower IC50

value as compared to Fusaruside and Phenolic compounds

isolated from endophytic Fusarium sp. IFB-121 and

Chaetomium sp., respectively (Shu et al. 2004; Huang et al.

2007). Further phytochemicals like Isoliquiritigenin,

Liquiritigenin, and Cinnamaldehyde exhibited an IC50 of

12.6, 14.29 and 8.4 lg/ml, respectively, which was much

higher than 0.54 lg/ml of CE of Muscodor darjeelingensis

(Wang et al. 2008). Earlier, we have reported that CE of

another endophytic fungus Lasiodiploda pseudotheobro-

mae exhibited a potent XO inhibition with an IC50 of

Fig. 1 Qualitative NBT plate

assay of chloroform residues of

Muscodor species

Fig. 2 Dose-response curve of chloroform residue of M. darjeelin-

gensis for inhibition of xanthine oxidase. Allopurinol and Febuxostat

was used as the positive control
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0.61 lg/ml (Kapoor and Saxena 2014); however, the CE of

M. darjeelingensis exhibits a still lower IC50 for XO

inhibition warranting potential for isolation and charac-

terization of the bioactive moiety.

The XO inhibitory activity by endophytic fungi proba-

bly is attributed to their survival strategy to overcome the

metabolically aggressive environment inside the plant.

Further, they may also exhibit anti-oxidant potential to

overcome the oxidative stress based defense mechanism of

plants. Hence, we found that M. indica expressed highest

anti-oxidant activity index when compared to the standard

anti-oxidant Gallic acid. Muscodor tigerii and M.

ghoomensis exhibited the least anti-oxidant activity index

when compared to gallic acid. The IC50 of DPPH scav-

enging activity of M. indica was significantly low when

compared to endophytic fungus Cladosporium velox TN-

9S isolated from T. cordifolia (Singh et al. 2016). Endo-

phytic fungi are increasingly being explored for their anti-

oxidant activity; however, they are seldom being reported

for both anti-oxidant and Xanthine oxidase inhibitory

activity which are interconnected. Hence, in the present

investigation, we have tried to establish both XO inhibitory

as well as anti-oxidant activity of Muscodor species iso-

lated from India primarily from Cinnamomum sp. and

Aegle marmelos. Both Cinnamomum and Aegle marmelos

are medicinal plants which have been previously reported

to possess anti-oxidant potential (Upadhya et al. 2004;

Mathew and Abraham 2006; Jayaprakasha et al. 2006;

Prasad et al. 2009; Reddy and Urooj 2013). Further, it can

be hypothesized that endophytes generally mimic the

medicinal properties of their host.

Thus, it can be concluded from the present study that M.

darjeelingensis possesses a potent XOI activity while M.

indica possesses potent anti-oxidant activity which war-

rants further investigation for further isolation and char-

acterization of bioactive compounds.
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Table 2 Free radical scavenging activity by DPPH Assay

Species Scavenging activity (%) IC50 (lg/ml) Antioxidant activity index (AAI)

Gallic acid (standard)* 73.9 ± 1.3a 7.00 0.6

M. indica 71.6 ± 0.9ab 0.52 7.7

M. strobelii 69.8 ± 2.6abc 1.47 2.7

M. darjeelingensis 68.0 ± 3.8bc 2.45 1.6

M. kashayum 65.4 ± 3.8c 0.74 5.4

M. camphora 48.5 ± 3.2d 5.64 0.7

M. tigerii 46.5 ± 1.7d 47.32 0.08

M. ghoomensis 46.4 ± 4.9d 133.30 0.03

* Represent commercial inhibitors of Xanthine Oxidase (XO). All values presented are Mean ± SD of triplicate readings

Mean values represented by same alphabets are not significantly different by Tukey’s post hoc analysis at p B 0.05

Fig. 3 Dose-response curve of chloroform residue of Indian Mus-

codor species for antioxidant activity by DPPH assay
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Abstract Genus Muscodor came into existence with the dis-
covery of Muscodor albus, a sterile endophytic fungus that
produces a medley of volatile organic moieties possessing
strong antimicrobial activity. The current paper reports
Muscodor tigerii as a novel endophytic fungus from the stem
internal tissue of Cinnamomum camphora growing in the
Tiger Hill area of Darjeeling, West Bengal, India. M. tigerii
exhibited distinct morphological, molecular and physiological
features than previously reportedMuscodor species. The fun-
gus possesses all the morphological features described till date
in genus Muscodor making it remarkably unique. The strong
fruity smell of the fungus is attributed to 22 volatile organic
compounds (VOCs), predominantly 4-Octadecylmorpholine,
1 - Te t r a d e c a n am i n e , N , N - d i m e t h y l a n d 1 , 2 -
Benzenedicarboxylic acid, mono(2-ethylhexyl) ester. The
in vitro VOC stress assay completely suppressed the growth
of Alternaria alternata and Cercospora beticolawhile growth
of other fungal species was inhibited in a range of 10 %-70 %.
The growth of Candida albicans in the presence of VOC was
reduced by 50 %-65 % while in bacteria 50 %-80 % reduction
in growth was observed. Thus,M. tigerii stands as a potential
candidate to be further developed into a biocontrol agent.

Keywords Anamorphic fungus . Tiger hills .Cinnamomum
camphora . ITS-rDNA

Introduction

Endophytes comprise of an extremely diverse group of mi-
croorganisms that are ubiquitous in plants and maintain a
symptomless and unobtrusive union with their hosts for at
least a period of their life cycle (Stone et al. 2000; Kusari et al.
2012). Endophytes play an important role in plant symbiosis,
rescuing their host from microbial infiltration and stressful
conditions (Shipunov et al. 2008). The genetic recombination
of the endophytes with the host plant enables them to mimic
the biological properties of their host and produce analogous
bioactive metabolites (Zhao et al. 2011; Kusari et al. 2012).
Thus, endophytic microorganisms are considered as a lucra-
tive source of bioactive metabolites with promising applica-
tions in the agrochemical and pharmaceutical industries
(Strobel and Daisy 2003; Kudalkar et al. 2012).

Muscodor is a genus of sterile endophytic fungi that has
been isolated from tropical rainforest areas of Australia, Cen-
tral and South America and South-east Asia (Zhang et al.
2010; Suwannarach et al. 2013). To date, twelve species have
been described in this genus based on ITS sequencing and
volatile gas composition analysis and hyphal structures using
a scanning electron microscope (SEM) (Suwannarach et al.
2013). The fungus has a remarkable ability to produce volatile
antibiotics that are lethal against plant and human pathogens,
nematodes and insects (Strobel 2006). Hence,Muscodor spp.
stands out as a potential candidate as a biocontrol agent in post
harvest technology with possible replacement of hazardous
chemical fumigants like methyl bromide and; therefore, it is
considered to be a promising source of eco-friendly antimi-
crobial compounds thus exhibiting mycofumigation potential
(Strobel et al. 2001; Mercier et al. 2007).

The Northeastern Himalayas are located at the junction of
Indo-Burma biodiversity hotspots. The hotspots cover the
Indian states of Arunachal Pradesh, Sikkim and the Darjeeling
district of West Bengal (Mcneely et al. 1990). The
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Northeastern Himalayas harbour a rich diversity of over 7,500
plant species out of which 1,500 are endemic (Chatterjee et al.
2006). Cinnamomum camphora is an evergreen plant native
to India, China, Taiwan and Japan. The medicinial properties
of the camphor plant have been explored since antiquity as a
panacea for diarrhoea, muscular spasm, bronchitis, rheuma-
tism, etc. Camphor oil is used as an antiseptic, anti-
inflammatory, diuretic, rubefacient, odontalgic, laxative and
as well as an insecticide (Chelliah 2008). It also inhibits the
production of aflatoxin B1 produced by Aspergillus flavus
(Singh et al. 2008). Microbial symbionts of Cinnamomum
camphora have been poorly studied. The plant harbours A-
spergillus fumigatus, Alternaria cineraria, Curvularia lunata,
Nigrospora oryzae, Periconia sp. Pestalotiopsis sp. Phomopsis
sp. and several sterile fungi as endophytes (Kharwar et al.
2012). Another astonishing feature of the camphor plant is the
use of its endophytic fungal wealth like Colletotrichum,
Fusarium and Aspergillus clavatus for synthesis of gold and
silver nanoparticles (Verma et al. 2010). However, the current
study reports Muscodor species #2 CCSTITD from the stem
internal tissue of the camphor plant growing in the Tiger Hill
area of Darjeeling,West Bengal, India. The endophytic fungus
produces a unique set of volatile compounds, which possess
antimicrobial activity and could be further used to identify the
particular Muscodor species. Morphological, molecular and
chemical characteristics of #2 CCSTITD distinguishes it from
earlier reported Muscodor species. Based on its distinctive
features, #2 CCSTITD is introduced as a new species of
Muscodor genus for which the name Muscodor tigerii is
proposed.

Materials and methods

Fungal isolation and preservation

Healthy and mature plant parts (leaf and stems) of
Cinnamomum camphora were collected from the Tiger hill
area, Darjeeling, West Bengal during March 2011. Plant sam-
ples were kept in sterile packets and stored at 4 °C till further
use. The fungal isolation was done using Muscodor albus
CZ620 as a screening tool as reported by Ezra et al. (2004).
Briefly, Potato Dextrose Agar (PDA) was poured into one
quadrant of the four sectioned commercially available Petri
plates. An actively growing agar plug ofM. albus CZ 620 was
placed over the PDA medium while other quadrants of the
Petriplates contained water agar (WA). The plates were then
incubated at 24 °C for four days for Volatile Organic Com-
pounds (VOCs) production by M. albus. The plant samples
were washed under running tap water; air dried and cut into
small segments of 5 mm, then the plant segments were surface
sterilized with 75% ethanol for 30 s, 2 % sodium hypochlorite
for 3 min and 95 % ethanol under a laminar flow hood. The

sterile plant segments were placed in the other quadrants
containingWA thereby exposing the plant segments to VOC’s
ofM. albus arising in the plates. The fungi emerging out of the
host tissue was aseptically subcultured onto a fresh PDA plate
so as to obtain pure isolates which were further preserved on
PDA slants supplemented with 10% glycerol (Ezra et al 2004;
Strobel et al. 2007; Mitchell et al. 2008).

Morphotaxonomy

Morphological and microscopic characters of M. tigerii were
studied by growing the fungus on four different media com-
prising of PDA, CDA (Czapek Dox Agar), WA and SNA
(Synthetischer Nahrstoffarmer agar). Morphotaxonomic stud-
ies of the endophytic fungal isolate was done by mounting the
culture in lactophenol cotton blue and then observing under a
Nikon Stereozoom microscope (Nikon SMZ 745 T) coupled
with NIS element D 3.2 software and a Nikon Eclipse Com-
pound microscope (E100). Micrometry was done using ocular

Plate 1 Morphological traits of Muscodor tigerii (#2 CCSTITD) over
PDA. (a) Morphological features, front view (b) Brown colored pigment
production, reverse view. (c) Sterile hyphae (d) Ropy mycelium. (e)
Swollen hyphae (f) Coil formation of fungal hyphae. Bar 1(a) and 1(b) =
10mm, 1(c)-1(f) = 10µm
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and stage scale and further confirmed by Image J software
with at least 30 observations per structure. The colony appear-
ance, color, colony growth rate, pigment and VOCs produc-
tion along with its microscopic structures like hyphal charac-
teristics and other cellular bodies were minutely observed and
recorded (Guo et al. 1998; Mitchell et al. 2008).

DNA Extraction, Sequence Assembly and Phylogenetic
Analysis

Total fungal genomic DNA isolation was carried out with the
Wizard® Genomic DNA purification kit (Promega, USA) as
per instructions of the manufacturer. The ITS1-5.8S-ITS2
region was amplified using the M. albus specific primer pair
as described by Ezra et al. (2010). The reaction mixture
composition for the amplification of the ITS region comprised
of 1 μl of extracted genomic DNA, 25 mM MgCl2, 2.5 mM

dNTP, 10 pmol/μl of each primer, 1.5 U of Taq DNA poly-
merase (Bangalore Genei) in 10X Taq buffer of the 25 μl
reaction volume. Thermal cycling conditions used were pre-
viously described by Ezra et al. (2010). The PCR product of
approximately 400-500 bp was purified by the Wizard® SV
Gel and PCR clean up system kit (Promega, USA). The
purified amplicon was sequenced by Xcleris Genomics,
Xcleris labs, Gujarat.

The chromatograms of the isolate M. tigerii was edited
and aligned in Sequencher, Version 5 (Gene Codes, Ann,
Arbor, MI). The homology of theM. tigerii was ascertained
by subjecting the final sequence of the isolate to a sequence
similarity search using BLAST against the database main-
tained by NCBI. Sequences showing the highest sequence
similarity with the sequence of M. tigerii were aligned
using MUSCLE in MEGA5.2 (Tamura et al. 2011). Dis-
tance based analysis of the ITS region alignment was done

Plate 2 Scanning electron micrograph of 10-day old Muscodor tigerii (#2 CCSTITD) including (a) Sterile mycelial web, bar- 100 µm (b) right angle
branching, bar 10 µm (c) ropy mycelium with nondescript hyphal projection, Bar=10 µm (d) Close view of nondescript hyphal projections. Bar=2µm
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by the Neighbor-joining method (Saitou and Nei 1987)
using the p-distance method (Nei and Kumar 2000) of
nucleotide substitution, and the rate variation among sites
was modeled with a gamma distribution (shape parameter=
5). Gaps were considered as missing data. One thousand
bootstrap replicates were taken into account to infer the

consensus tree for the representation of evolutionary rela-
tionship. The DNA sequence obtained in the present study
has been deposited in the GenBank under accession number
JQ409998.

Computation of genetic distances

The genetic relatedness of Muscodor tigerii with already
reported species of Muscodor was established by determina-
tion of pair wise distances implemented in MEGA5.2.
Genetic distance is the proportion (p) of nucleotide sites
at which two sequences being compared are different
from each other. It is obtained by dividing the number
of nucleotide differences by the total number of nucleotides
compared. Gaps were coded as missing characters, and
Maximum Composite Likelihood was chosen as a model for
the analysis.

The levels of DNA polymorphism such as number of
variable sites (η), haplotypes, haplotype diversity, nucleotide
diversity (π), evolutionary models were deduced with
DNASp5 (Librado and Rozas 2009).

Scanning electron microscopy

Agar plugs of 10 day old fungal samples were placed in 2.5 %
glutaraldehyde in 0.1 M phosphate buffer (pH 7.2) overnight
at 4 °C. The next day they were washed twice with 0.1 M
phosphate buffer for 10 min each. Subsequently, the samples
were slowly dehydrated using acetone graded series (10 min.

Table 1 Synopsis of the advanced BLAST search homology analysis of
ITS-5.8S ribosomal gene sequence of Muscodor tigerii

Species GenBank
Acc. No.

Query
Coveage

Sequence
similarity

Muscodor cinnamomi CMU Cib-461 GQ848369 99 % 98 %

Muscodor crispans B23 EU195297 99 % 98 %

Muscodor albus CZ620 AF324336 99 % 98 %

Muscodor roseus A3-5 AY034665 99 % 98 %

Muscodor sp. AB2011 JN426991 99 % 98 %

Muscodor sp. VC01 KF229754 99 % 98 %

Xylariaceae sp. M26 JX298899 99 % 98 %

Sordariomycetes sp. FL0969 JQ760598 99 % 98 %

Sordariomycetes sp. FL0502 JQ760221 99 % 98 %

Muscodor suthepensis JN558830 99 % 90 %

Muscodor oryzae JX089321 99 % 98 %

Muscodor musae JX089323 99 % 98 %

Muscodor equiseti JX089322 91 % 93 %

Muscodor sutura JF938595 91 % 93 %

Muscodor vitigenus AY100022 91 % 93 %

Muscodor yucatanensis FJ917287 90 % 86 %

Muscodor fengyangensis ZJLQ024 HM034855 81 % 90 %

Fig. 1 TheNeighbor-joining tree based on the ITS1-5.8S-ITS2 region. The optimal tree with the sum of branch length=0. 452 is shown. The percentage
of replicate trees in which the associated taxa clustered together in the bootstrap test (1,000 replicates)
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each at 30, 40, 50, 60, 70, 80, 95 and 100 %). The samples
were then brought to critical point drying and coated with
Gold palladium using sputter coater. The images were then
recorded in high vacuum mode using a Zeiss Evo40 scanning
electron microscope between 400 X – 12.94 KX magnifica-
tion at 15 kV EHT (Ezra et al. 2004; Kudalkar et al. 2012)

Volatile analysis of Muscodor tigerii

A solid phase microextraction (SPME) syringe having a stable
flex fiber made up of 50/30 divinylbenzene/carboxen on poly-
dimethylsiloxane (Supelco, Sigma Aldrich) was used to trap
the VOCs produced by a 10 day old culture of M. tigerii
following the method of Ezra et al. (2004). The fiber was
exposed for 45 min by placing the SPME syringe through a
small bore made using a sterile needle over the headspace of
culture in the Petri dish. Subsequently the fiber was injected
for 30 s in the Shimadzu QP 2010 plus gas chromatograph
with thermal desorption system TD 20. An RTX column
(diphenyl 95 %, dimethyl polysiloxane 5 %) with 30 m x
0.25 mm ID and 0.25 mm DF was used for separating of the
fungal volatiles. The column was programmed at 100 °C for
2 min and the temperature was then raised to 250 °C for 2 min
and then finally to 300 °C for 13 min. The carrier gas was
helium and the initial column head pressure was 94.4 KPa.
Data acquisition and processing was done on GCMS solution

software. The compounds obtained after GC/MS analysis
were then subtracted from the control plate consisting only
PDAmedium. The obtained compounds were then tentatively
identified based on their high quality matching (above 70 %
similarity) with the database of the National institute of Stan-
dard and Technology compounds (NIST05) and compared
with all reported species of Muscodor to date (Ezra et al.
2004; Kudalkar et al. 2012)

Bioassay of VOC’s produced by M. tigerii

Antimicrobial activity of the volatiles produced by M. tigerii
were tested using dual culture volatile bioassay technique
against a spectrum of pathogenic fungi, yeasts and bacteria.
One half of the 90 mm plate was comprised of PDAwhereas
the remaining part consisted of PDA, Mueller Hinton Agar
(MHA) and Yeast Extract Peptone Dextrose agar (YEPDA) for
growing pathogenic fungi, bacteria and yeast cultures, respec-
tively. Agar strips were removed to create compartments in the
plate and thereby prohibiting the movement of any diffusible
inhibitory compound from theMuscodor sp. to the test micro-
organism(s). One compartment of the plate was inoculated
with an agar plug of actively growing M. tigerii. The plates
were sealed and incubated at 24±2 °C for five days for VOC
production. An array of twenty pathogenic microorganisms
comprising of 13 fungi, four Candida and two bacterial strains

Table 2 Nucleotide properties of
the ITS region of the Muscodor
tigerii

Locus ITS1-5.8S-ITS2

No. of sites 704

No. of variable or
polymorphic sites (η)

139

No. of haplotypes 08

Haplotype Hap_1:10 [JX089323 (M. musae), JX089321 (M. oryzae),
GQ848369 (M. cinnamomi), EU195297 (M. crispans),
AF324336 (M. albus CZ620), JN426991 (Muscodor sp.
AB2011), KF229754 (Muscodor sp. VC-01), JX298899
(Xylariaceae sp. M26) JQ760598 (Sordariomycetes sp.),
JQ760221 (Sordariomycetes sp. Isolate FL0502)]

Hap_2:3 [JX089322 (M. equiseti), JF938595 (M. sutura),
AY100022 (M. vitigenus)]

Hap_3:1 [JN558830 (M. suthepensis)]

Hap_4:1 [HM034855 (M. fengyangenensis ZJLQ024)]

Hap_5:1 [HM034853 (M. fengyangenensis ZJLQ070)]

Hap_6:1 [FJ917287 (M. yucatanensis)]

Hap_7:1 [AY034665 (M. roseus)]

Hap_8:1 [JQ409998 (M. tigerii)]

Haplotype diversity 0.771±0.092

Nucleotide diversity (π) 0.06222

Tejima’s D Not significant

Fu and Li’s D* Not significant

Fu and Li’s F* Not significant
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were tested in the study.Muscodor albusCZ 620 was used as a
positive control. Individual test fungi were inoculated by plac-
ing a 3 mm plug of seven days old culture on the remaining
compartments whereas bacteria and yeasts were tested
by individual inoculation in other quadrants. Correspondingly,
the control plates were comprised of only inoculated
test bacteria or fungi and were devoid of isolated
M. tigerii allowing it to grow normally. Antimicrobial
action of VOCs was determined by monitoring the difference
in growth of microorganisms in test and control plates
(Mitchell et al. 2010; Suwannarach et al. 2013). All
the tests were performed in triplicates and values calculated
as mean±SD.

Results and Discussion

Taxonomy

Muscodor tigerii S. Saxena, Meshram & N. Kapoor, sp. nov.
Plate 1 and 2

MycoBank no.:805271; GenBank no.: JQ 409998
Diagnosis: Differs from all other Muscodor species by its

fast colony growth rate. Distinct from M. fengyangensis,
M. equiseti, M. musae, M. oryzae, and M. suthepensis by
presence of nondescript extracellular bodies. Varies from
M. cinnamomi, M. sutura, M. crispans, M. albus and
M. vitigenus by presence of swollen hyphae and coiling struc-
tures, respectively. It differs from M. roseus and
M. yucantanensis by brown colored colonies.

Etymology: ‘tigerii’ refers to the collection site Tiger hills,
Darjeeling.

Holotype: India, West Bengal, Darjeeling, Tiger Hills,
27°13’-26°27’N 88°53’- 87°59’ E, endophytic fungi from stem
internal tissue of Cinnamomum camphora, 23 March 2011, leg.
Sanjai Saxena (Holotype: CCSTITD #2; ex type culture: Na-
tional Fungal Culture Collection of India, NFCCI- 3172)

Teleomorph: not observed
rDNA sequence ex-holotype: JQ409998
Latin description: Opponens ad tardusMuscodor crescentis

species, hoc endophytic fungal dissociari crescit celeriter
platam infra 7 dies Petri 90 mm super PDA et tenet medium
in incubatis cum 24±2 ° C, 12 h photoperiod (Plate 1a,1b). Ad
fungal coloniam floccosus, candidus coloris fusci quod
vertitur post 15 diebus. Hyphis ramosis, septatis, qui generat,
et (4.58)-7.8±1.9-(11.76) μm latae (Plate 1c). Hyphis [(9.8)-
21.37±5.58-(26.54) μm] fuse densam ropy mycelium
(Plate 1d). Quaedam sunt, quae etiam in crassis supra auctus
(14.74)-36.84±10.86-(54.22) X (9.07)-25.32±11.28-(47.26)
μm (Plate 1e). Et terminatur in quodam angulo orbis ramos
ex hyphis quae (37.24)-43.85±9.4-(62.35)μm latae (Plate 1f).
Fungus producit fruity odore, sed non parit aliquam
fructificatio corpora probavimus in vitro sub conditionibus.

Description: Contrasting to the slow growing Muscodor
species, this endophytic fungal isolate rapidly grows over
PDA medium and covers 90 mm Petri plate within
seven days when incubated at 24±2 °C with 12 h of photope-
riod (Plate 1a,1b). The fungal colony was floccose, white
colored which turns to brown after 15 days. It generates septate
and branched hyphae which are (4.58)-7.8±1.9-(11.76) μm

Fig. 2 Phylogenetic distance of
Muscodor tigerii to congeneric
species. Shown are p-distance
values calculated by MEGA5.0
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wide (Plate 1c). Hyphae [(9.8)-21.37±5.58 (26.54) μm] fuse to
thick ropy mycelium (Plate 1d). Swollen hyphae are also
present at some places which measures (14.74)-36.84±
10.86-(54.22) x (9.07)-25.32±11.28-(47.26) μm (Plate 1e).
The hyphae branches at a certain angle and terminates into
coils which are (37.24)-43.85±9.4-(62.35) μm wide
(Plate 1f). The fungus produces a fruity smell but does not
produce any fruiting bodies under tested in vitro conditions.

Growth rate and morphological characters varies when
grown over different media. Over CDA and SNA, the isolate
was floccose, moderately growing with mean colony size of
59 mm and 45 mm. The fungus produces brown color soluble
pigment over CDAmedium after 15 days of incubation.When
grown over WA, the fungus forms hyaline colonies, which
were slow growing with the mean colony diameter of 27 mm
after seven days incubation. The fungal culture produces
VOCs with a strong fruity smell only on PDA and CDA.
Volatile production was comparably higher in PDA than from
CDA. Microscopic studies reveal that hyphal fabrication is
septate, branched at a right angle forming coiling structures
either centrally or terminally. The average width of the hyphae
on CDA, SNA andWAmedium was (3.09)-5.02±1.17-(6.51)
μm, (2.41)-3.73±0.92-(6.41) μm, and (2.18)-3.42±
1.01-(5.99) respectively, whereas the average diameter of the

coils are 47.66±9.05 μm, 47.50±7.38 μm and 40.20±
11.61 μm, respectively.

Scanning electron microscopy

The scanning electron micrographs of M. tigerii exhib-
ited the true features of Muscodor species forming long,
sterile ropy mycelium that terminates into coils. The
hyphae further fuse to form ropy mycelium. The isolate
also produces nondescript extracellular bodies but did
not produce any sporulating bodies (Plate 2).

Muscodor tigerii exhibited variation in morphology from
the other type strains ofMuscodor. M. crispans andM. sutura
forms similar kind of structures but they are different in their
mycelial arrangement whereas M. crispans forms a wavy
hyphal mass and M. sutura displays a knitting pattern of
mycelia. M. roseus, M. cinnamomi, M. musae, M. oryzae
and M. suthepensis possess ropy mycelia with coils but lack
cauliflower like structural bodies thereby differentiating it
from M. tigerii. M. yucatanensis and M. equiseti shows ropy
mycelia with swollen hyphae making it remarkably different
from M. tigerii. M. albus and M. vitigenus exhibited straight
hyphae without any coils or cauliflower bodies, thus, differ-
entiating it from the M. tigerii.

Table 4 Composition of the vol-
atiles produced byMuscodor
darjeelingensis after seven days
incubation at 24±2 °C on potato
dextrose agar (PDA) entrapped
using a solid-phase micro-extrac-
tion (SPME) fibre and GC/MS
analysis

Retention

time

Possible name Relative % Molecular

Formula

Mass (Da) SI

8.841 Morpholine, 3-methyl-2-phenyl 0.30 C11H15NO 177 81

12.323 Lilial 0.51 C14H20O 204 79

14.495 Unknown 0.16 64

14.750 Phenol,2,6-bis(1,1-dimethylethyl)
-4-(1-methyl propyl)-

0.18 C17H26O2 262 80

14.816 Unknown 3.11 62

15.543 4-Octadecylmorpholine 10.64 C22H45NO 339 86

15.812 Asarone 2.66 C12H16O3 208 92

17.251 Unknown 0.19 62

17.822 Carotol 0.68 C15H26O 222 74

19.00 Phytol 1.74 C20H40O 296 84

19.658 1,2-Benzenedicarboxylic acid,
bis(2-methylpropyl) ester

0.65 C16H22O4 278 90

20.298 1-Tetradecanamine,N,N-dimethyl 8.32 C16H35N 241 97

20.583 Unknown 0.58 65

31.468 1,2-Benzenedicarboxylic acid,
mono(2-ethylhexyl) ester

6.55 C16H22O4 278 96

35.721 Squalene 2.24 C30H50 410 78

36.400 Geranyl linalool 2.17 C20H34O 290 77

36.648 Bisacodyl 1.64 C22H19NO4 361 86

36.787 Unknown 0.44 44

38.140 Unknown 1.49 416 68

38.368 Cholest-5-en-3-ol (3.beta.)- 1.26 C27H46O 386 80

39.378 Campesterol 0.80 C28H48O 400 82

39.703 Stigmasterol 1.67 C29H48O 412 78
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Internal transcribed spacer (ITS)-based phylogenetic analysis
of M. tigerii

The evolutionary relationship of theM. tigeriiwas established
on the basis of ITS region sequence analysis. The sequence on
subjecting to a BLAST similarity search showed 98 % se-
quence similarity with M. cinnamomi CMU Cib461
(Suwannarach et al. 2010), M. crispans B23 (Mitchell et al.
2008), and M. albus CZ620 (Strobel et al. 2001) suggesting
that the isolate belongs to Muscodor lineage (Table 1). In
addition to this, it also showed 93 % sequence similarity with
M. sutura SR-2011,M. vitigenus and 86 % sequence identity
with M. yucatanensis (Daisy et al. 2002).

The Neighbor-joining phylogram of ITS region depicted
divergence of Muscodor sp. into two separate clades viz:
Clade I and Clade II. Clade I clustered M. cinnamomi, 2
Sordariomycetes species, Xylariaceae sp. M26, Muscodor
sp. AB-2011, Muscodor sp. VC-01, M. albus CZ620, M.
crispans B23,M. roseus, M. oryze, M. musae, M. suthepensis
and M. tigerii (#2CCSTITD) emerged as a basal sister to the
rest of the members of clade I with a significant bootstrap
support value. M. yucatnensis, M. sutura, M. equiseti, M.
vitigenus andM. fengyangensiswere grouped in Clade II with
adequate branch support value. Xylaria arbuscula and Peziza
badia was taken as an outgroup (Fig. 1).

DNA sequence polymorphism analysis can provide in-
sights into the various significant evolutionary factors acting
on the population and species and can be employed to com-
pare alternative evolutionary relationships. The number of
polymorphic or segregating sites (η), nucleotide diversity (π)
and number of haplotypes of ITS region are shown in Table 2.
Fu and Li’s (1993) D* and F* statistics, and Tajimas test
(Tajima 1989) revealed that ITS region locus evolved neutral
and was, thus, suitable for the phylogenetic analysis.

Based on the genetic distance analysis of ITS region, it was
evident that M. tigerii is different from already reported spe-
cies ofMuscodor. Concordant results of the phylogenetic and
DNA polymorphism analysis confirmedM.tigerii to be a new
species (Table 3, Fig. 2).

Volatile analysis of M. tigerii

Muscodor tigerii produced amixture of 22 volatile compounds
which were tentatively identified by comparing the GC/MS
spectra in the NIST Database (Table 4). Of all the compounds
produced, 4-Octadecylmorpholine was the most abundant cov-
ering 10.64 % of all the compounds present in the air space of
the plate. Other important volatiles produced were 1-
Tetradecanamine,N,N-dimethyl, 1,2-Benzenedicarboxylic ac-
id, mono(2-ethylhexyl) ester, squalene and phytol. It also
produces some unknown volatile moieties which could not
be identified using the NIST database. The VOCs produced
by the fungus were broadly categorized into three categories,

steroids, terpenoids and aliphatic & aromatic compounds. The
first category comprised of campesterol and stigmasterol
which are steroidal in nature and are used in anticancer thera-
peutics (Ghosh et al. 2010; Choi et al. 2010). The second
category includes caratol, phytol and squalene which are ter-
penoids having isoprene units in them and are known antibac-
terial compounds (Togashi et al. 2010). The third
category includes aliphatic and aromatic compounds having
polar groups in them like phenol, ether, amine and
acid derivatives e.g., 4-Octadecylmorpholine and 1,2-
Benzenedicarboxylic acid, mono(2-ethylhexyl) ester. These
compounds have been previously reported to possess antibac-
terial and antifungal potential. The VOC profile ofM. tigerii is
different from the previously reported Muscodor species,
which dominantly produces esters of propanoic acid, azuelene,
naphthalene derivatives and thujopsene. The volatiles pro-
duced by M. tigerii are unique and have not been reported by
any other Muscodor species so far.

Table 5 Growth inhibition of the test organisms by the volatile organic
compounds (VOC’s) produced by M. tigerii after 72 h of exposure

Test species Mean diameter in (mm) Growth
inhibition (%)

Test Control

FUNGI

Alternaria alternata 0 11±1.41 100

Aspergillus flavus 9.5 ±2.08 16±0.00 40.62

Artheminium
phaeospermum

16.75±2.63 24±1.41 30.2

Bionectria ochroleuca 12.25±1.50 16±1.41 23.43

Botrytis cinerea 18.75±1.50 20.5±0.71 8.53

Cercospora beticola 0 16.5±2.12 100

Colletotrichum
gloeosporioides

16.5±1.73 16.5±0.71 0

Fusarium oxysporum 15.75±0.50 25.5±0.71 38.23

Fusarium solani 19.75±0.50 22.5±2.12 12.22

Lasiodiplodia
theobromae

32.75±2.50 36±0.00 9.02

Muscodor albus 8.75±0.96 9.5±0.71 7.8

Penicillium marneffei 6±1.41 21±1.41 71.42

Phomopsis theiocola 10.5±1.29 16.5±0.71 36.36

Rhizoctonia solani 12.75±0.50 45±0.00 71.67

YEASTS

Candida albicans 6.25±0.5 18.5±3.54 62.21

Candida albicans 8.5±1.73 18.5±0.71 54.04

Candida albicans 8.5±1.91 20.5±3.54 58.53

Candida vishwanathi 7.5±1.91 20.5±0.71 63.41

BACTERIA

Staphylococcus
aureus

6.57±1.37 32.86±0.18 80.01

Pseudomonas
aeruginosa

7.52±1.13 15.88±2.63 51.1
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Bioassay of VOC’s produced by Muscodor tigerii

The VOC produced by M. tigerii exhibits antifungal and anti-
bacterial activity against the tested spectrum of bacteria, yeast
and fungi. An array of 20 microorganisms were tested, out of
which the growth of two fungal pathogens Alternaria alternata
and Cercospora beticola were completely suppressed by the
VOC whereas fungal pathogens like Rhizoctonia solani, Peni-
cillium marneffei, Aspergillus flavus showed sensitivity toward
volatiles. Their growth was inhibited by 72 %,42 % and 40.2%
whileM.albus cz 620 remains unaffected to VOCs. The growth
of candidal isolates was also retarded by 54-63 % while Staph-
ylococcus aureus and Pseudomonas aeruginosa exhibited 81 %
and 51 % inhibition, respectively (Table 5).

Discussion

Emergence of resistance in microbes against the current
armenterium of drugs and hazardous effect of methyl bromide
and sulphur dioxide over the ozone layer is a burgeoning
problem. Many efforts have been made over last two decades
to rectify this, but it still remains an unsolved issue. The
inherent property of the microorganism can be harnessed to
produce bioactive secondary metabolites which will help in
solving the current scenario. Plants harbour countless number
of microorganisms which either exist as a pathogen or a
symbiont inside the host tissue or are referred as endophytes.
The predominant class of microorganisms, which resides as
endophytes, belong to the fungal kingdom. Endophytes have
been isolated from various habitats of the world, but their
maximum diversity lies in the tropical rainforest. Endophytes
are synthetic chemists par excellence, which reside within the
plants, thereby offering themselves for future exploitation in
medicinal and agrochemical industries. Muscodor is a genus
of sterile endophytic fungi that produces volatile antimicrobial
compounds. Over the past two decades, there has been a
continual search for isolating the newer biotypes of this or-
ganism. The current study introduces M. tigerii from the
internal tissue of the medicinal plant Cinnamomum camphora
as a new species in genus Muscodor. Morphological, genetic
and chemical profile demarcates it from the earlier reported
species. M. tigerii bears all the morphological features de-
scribed to date in the genus Muscodor, and, thus, it can be
concluded as the most evolved one. The VOCs produced by
M. tigerii induces inhibitory or lethal effect over the spectrum
of plant and human pathogens tested in in vitro antimicrobial
studies. Further studies are warranted to determine their effi-
cacy in food preservation in post harvest technology. Apart
from this, studies on plant-microbe interaction will facilitate
our present knowledge on the beneficial effects of microor-
ganisms associated with plants. The life cycle of Muscodor
needs to be unveiled.
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