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Abstract

South Africa is one of the most productive areas for ericaceous plants with about 850
identified species in the Cape Floral Region. The Albany Centre of Endemism where all
fungi used in this study were isolated from, falls within this region. Ericaceous plants interact
with some fungi via an association called the ericoid mycorrhizal (ERM) association. All
fungi used in this study were isolated from roots of six ericaceous plants; Erica cerinthoides,
Lrica demissa, Lrica chamissonis, Lrica glumiflora, Erica caffra and FErica nemorosa.
Fungal enzymes are known to play a significant role in the food, brewing, detergent,
pharmaceutical and biofuel industries. The enzyme industry is among the major sectors of the
world, and additional novel sources are being explored from time to time. This study
focussed on amylases (amyloglucosidase, AMG), cellulases (endoglucanase) and xylanases
(endo-1,4-B-xylanase) production from ERM fungal isolates. Out of the fifty-one (51), fungal
isolates screened, ChemRU330 (Leohumicola sp.), EARU083 and EARU002 were among the
fungi that had the highest activities of all the enzymes. They were tested for the ability to
produce amylases and cellulases under different pH and nutritional conditions that included:
carbon sources, nitrogen sources and metal ions, at an optimum temperature of 28°C in a

modified Melin-Norkrans (MMN) liquid medium.

Cellulase specific activity of 3.99, 2.18 and 4.31 (U/mg protein) for isolates EJRUO083,
EdRU002 and ChemRU330, respectively, was produced at an optimal pH of 5.0. For
amylase, ChemRU330 had the highest specific activity of 1.11 U/mg protein while EQRU083
and EJRUO2 had a specific activity of 0.80 and 0.92 U/mg protein, respectively, at the same
pH with corresponding biomass yield of 113, 125 and 97 mg/50 ml, respectively. Increased
enzyme activities and improved mycelial biomass production were obtained in the presence
of supplements such as potassium, sodium, glucose, maltose, cellobiose, tryptone and
peptone, while NaFe-EDTA and cobalt inhibited enzyme activity. ChemRU330 was selected
to determine the consistency and amount of amylase, cellulase and xylanase formed after
several in vitro subculturing events. AMG and endo-1,4-f-xylanase were found to have the
most consistent production throughout the study period. The AMG was stable at 45°C (pH
5.0), retaining approximately 65% activity over a period of 24 h. The molecular mass of
AMG and endo-1,4-B-xylanase were estimated to be 101 kDa and 72 kDa, respectively. The
K,» and k.. were 0.38 mg/ml and 70 s, respectively, using soluble starch (AMG). For endo-



1,4-B-xylanase, the K,, and V. were 093 mg/ml and 8.54 U/ml, respectively, using

beechwood xylan (endo-1,4-B-xylanase) as substrate.

Additionally, crude extracts of five root endophytes with unique morphological
characteristics were screened for antibacterial properties and was followed by determination
of minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC).
L. incrustata (ChemRU330) and Chaefomium sp. extracts exhibited varying degrees of
inhibition against two Gram-positive and Gram-negative bacteria. The crude extract of L.
incrustata was the most effective which was found to inhibit Staphylococcus aureus (MIC: 1
mg/ml), Bacillus subtilis (MIC: 2 mg/ml) and Proteus vulgaris (MIC: 16 mg/ml). The L.
incrustata displayed potential for antibacterial production and could be considered as an
additional source of new antimicrobial agents in drug and food preservation. Also, the three
isolates used for enzyme production were identified to genus and species levels, i.e,
Leohumicola incrustata (ChemRU330), Leohumicola sp. (EARUO083) and Oidiodendron sp.
(EdRU002) using both ITS and Cox/ DNA regions. The molecular analysis results indicated

that these ERM mycorrhizal fungi were similar to those successfully described by some

researchers in South Africa and Australia.

Therefore, this study opens new opportunities for exploring ERM fungal biomolecules for the
bio-economy. The promising physicochemical properties, starch and xylan hydrolysis end-
products, and being non-pathogenic make AMG and endo-1,4-B-xylanase potential
candidates for future applications as additives in the food industry for the production of
glucose, glucose syrups, high-fructose corn syrups, and as well as the production of bio-
ethanol. Finally, the findings of this study revealed that it is possible to produce hydrolytic

enzymes from ERM fungi in vifro using chemically defined media.
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CHAPTER 1

1.0 Introduction and literature review

Ericoid and related microbial root endophytes can produce some bioactive substances that
include amylases, cellulases, xylanases, proteases and phosphatases which break down specific
substrates in soils and subsequently facilitate the release of unavailable nutrients for plant uptake
(Burke and Cairney, 1997a; Gibson and Derek, 2005; Kusuda et al., 2007; Maijala, 2000). Most
studies conducted on the extracellular enzymes from mycorrhizal fungi emphasised their role in
supplying nutrients to host plants and the plating method is often used to determine activity. But
beyond these, there is evidence that some ericoid, ectomycorrhizal and dark septate endophytic

fungi have the potential of producing a good number of hydrolytic enzymes in vitro.

Enzymes are biological substances produced by living cells which act as biocatalysts that bring
about specific biochemical reactions. When enzymes are produced, they help to accelerate the
biochemical reactions inside (intracellular) or outside (extracellular) the cell. Enzymes can be
obtained from some common soil-borne fungi (e.g., Aspergillus spp., Penicillium spp. and
Rhizopus spp.), root endophytic and mycorrhizal fungi (Lee et al., 2014; Rodriguez et al., 2009).
The extracellular or intracellular enzymes can perform both protective and degradative functions
within the rhizosphere. They can either oxidise extracellular toxic soluble phenolic metabolites
to insoluble polymerised products (oxidoreductases) or hydrolyse polymeric substrates to
monomeric products (hydrolases). For example, fungi can utilise enzymes to break down
substrates such as starch and cellulose into glucose which can readily be assimilated by
mycorrhizal and root endophytic fungi to supply the required nutrients for growth and survival of

the host plant (Caldwell et al., 2000).

Researchers (Bergero et al., 2000; Hou and Guo, 2009; Mitchell and Gibson, 2006; Smith and
Read, 2008; Vohnik et al,, 2012) have shown that most plants in natural ecosystems form a
symbiosis with mycorrhizal fungi and fungal endophytes (Table 1.1). Fungal symbionts can have
a dramatic effect on plant fitness, evolution, and ecology (Cairney, 2000). They regulate nutrient

and carbon cycles, and influence soil structure (van der Heijden et al., 2015) thereby determining



the plant communities in a given area (Clay and Holah, 1999). Mycorrhizal fungi grow and
colonise plant roots and the rhizosphere, while endophytic fungi reside within plant tissues,
sometimes growing within roots, stems, and leaves and sporulate on host-tissue at senescence
(Stone et al., 2004). Fungi found growing around and within roots are termed root endophytic
fungi (Figure 1.1). Molecular and biotechnological techniques have been extensively applied to
the study of mycorrhizal and root endophytic fungi, and the knowledge gained has substantially
modified the view of researchers on the biology, evolution, and biodiversity of mycorrhizal fungi
(van der Heijden et al., 2015). Therefore, this study focuses on enzymes from ericoid
mycorrhizal and associated root endophytic fungi, their characterisation and production for the

bio-economy and related studies.

Figure 1.1. Proposed scheme of plant nutrient sources in which soil microbes and root-derived
enzymes contribute to depolymerisation and mineralisation of organic matter. Plants acquire
inorganic nutrients directly from natural nutrients via mycorrhizal symbionts and also take up
organic compounds and microbes (Modified from Schmidt et al., 2013).
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1.1. Ericaceous plants

Ericaceae 1s a family of plants found in harsh edaphic conditions (Schumann and Kirsten, 1992).
Ericaceae has a subfamily called Ericoidae, which consists of twenty-five genera that include
Rhododendron, Erica, Calluna, Empetrum and Rhodothamnus (Schumann and Kirsten, 1992).
The genus Lrica is the second largest genus in the Ericoideae, with about 865 identified species
worldwide (McGuire and Kron, 2005). Erica species are widely distributed in Africa, Middle
East, Madagascar and Europe (McGuire and Kron, 2005). Plants belonging to this group usually
play a significant role in ecosystem development and soil formation (Chapin et al., 2002, 1994).
They add to available nutrients, and their rhizospheres harbour a diversity of microorganisms
(Hawkes et al., 2007) that include ericoid fungi (Figures 1.1 and 1.3). The distribution pattern of
mycorrhizal fungi in newly developing ecosystems cannot be predicted with exactness but is
believed to be driven by two main factors: Firstly, the edaphic conditions and plant community
composition; secondly, the ecosystem disturbances (Dickie et al., 2013). Researchers (Mandyam
and Jumpponen, 2005; Sieber, 2007, Smith and Read, 2008) have shown that most plants in

natural ecosystems form a symbiosis with mycorrhizal fungi and fungal endophytes.

1.2. Ericoid mycorrhizal (ERM) fungi

The relationship that exists between ericoid mycorrhizal fungi and ericaceous plants is described
as obligate with the formation of several distinctive mycorrhizal categories and endophyte
relations (Smith and Read, 2008). Plants belonging to Ericaceae have a distinct mycorrhizal
association, where fungi colonise fine roots (hair roots) and produce hyphal complexes in
epidermal cells (Figure 1.2 and Table 1.1) (Smith and Read, 2008). Culturable ERM fungi that
have been isolated are mainly from the phylum of Ascomycota (Smith and Read, 2008) with
Scytalidium vaccinii as the first isolated and identified ericoid mycorrhizal fungus (Dalpe et al.,

1989; Vralstad et al., 2002).

Ericaceous plants are naturally found on well-drained and acidic soils in temperate climatic
zones; as well as at high elevations in the mountainous areas of the tropic, where they can

become a dominant plant community (Martino et al., 2000). The survival of ericaceous plants



under nutrient-stressed conditions is thought to depend on the formation of the mycorrhizal
symbiosis (Table 1), and the evolution of the association is noted to be mediated by the selective

and competitive advantages conferred by fungal colonisation (Straker, 1996).

Figure 1.2. Series of events that occur during the formation of the ericoid mycorrhizal
association in the Ericaceae hair roots. The stages include initiation, establishment, and
degeneration, lasting up to 11 weeks (Modified from Bizabani, 2015).

The ability of ERM to degrade complex substrates (e.g., starch and cellulose) have been studied
and performed over the years by some authors (Bending and Read, 1997, Cairney and Burke,
1998). Their results indicated that the enzymatic degradation of organic polymers in the soil and
the transfer of some of the resulting products to the root is a significant benefit to the growth and
development of ericaceous plants (Table 1.1) (Smith and Read, 2008). Subsequently, host plants
can access nutrients from the unavailable organic sources. The production and activity of
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enzymes from mycorrhizal fungi influence the development of the host plant (Figure 1.2) and
confers on their host the ability to compete successfully with other plant species. For example,
Calluna vulgaris is the most common ericaceous species in the oceanic North West of Europe,
where it was found to form nearly a pure plant community (Rodwell, 2001). The competitive
ability allows C. vulgaris to compete over Nardus stricta as demonstrated using pot cultures
under different growth conditions (Genney, 2000). There is now a concerted effort geared
towards the study of ERM fungi because of their ability to grow on polluted sites contaminated
by heavy metals (Martino et al., 2000) which could suggest the possibility of using them for

bioremediation purposes.

1.3. Ectomycorrhizal (ECM) fungi hyphae surrounding the plant cells within the root cortex

ECM are dominant members of the soil microbial community in temperate and boreal forests.
Tropical rainforests harbour the highest number of trees, and different ecological studies have
attributed this to the presence of ECM fungi (Hawley, 2006; Leigh et al., 2004). They form a
fungal mantle (sheath) surrounding the plant's roots and an intercellular network of hyphae
(Figure 1.3 and Table 1.1) forming a ‘Hartig' net around cortical root cells (Smith and Read,
2008). They mainly belong to members of Basidiomycota, Ascomycota and some Zygomycota
(Rinaldi et al., 2008). Genera such as Pisolithus, Suillus, Paxillus, Cantharellus, Cortinarius,
Laccaria, Rhizopogon, Hebeloma, Russula, Amanita, Cenococcum and Thelephora are common
ECM fungi (Cairney and Chambers, 1999). Some ECM fungal species form symbiotic
associations with a broad range of hosts, e.g. Pisolithus sp. (Cairney and Chambers, 1999), while
Suillus 1s associated mainly with Pinaceae (Dahlberg and Finlay, 1999). Suillus species possess
different traits that make them suited for co-invasion with Pinus invasions these include a large
number of fruit bodies, spores resistant to environmental factors, dispersal mode, and rapid rate
of colonising roots of pines (Hayward et al., 2015). Another trait suggested in host invasion by
mycorrhizal fungi is the ability of these fungi to break down substrate with the help of specific
enzymes involved in the degradation of woody substrates (Cullings and Courty, 2009). ECM can
as well facilitate the acquisition of some vital mineral nutrients in the establishment of plants on

sites contaminated by toxic metals (Meharg and Cairney, 2000).



Figure 1.3. Typical ericoid, ectomycorrhizal and root endophytic fungal structures observed
under the light microscope. (a) Ericoid coils within the individual cells, (b) ectomycorrhizal
mantle surrounding roots, (¢) dark septate root endophyte within individual cells (Photograph
credits: Dr Christine Bizabani and Veronique Chartier-Fitzgerald).

1.4. Endophytic fungi

The word endophytes refer to fungi belonging mainly to the Ascomycota, which usually colonise
healthy plant tissue causing no immediate or overt adverse effects (Pawlowska et al., 2014;
Sunitha et al., 2013). It should be noted that many endophytes may cause diseases under stressed
conditions. An endophytic fungus can inhabit all available tissues including leaves, roots, stems,
twigs, barks, fruits, flowers and seeds within the host system. Root endophytic fungi are those
mainly found in the roots of plants (Figure 1.1). Fungal endophytes exhibit complex web
interactions with host plant and have been extensively studied as rich sources of new bioactive
natural products (Sunitha et al., 2013). They can produce some vital enzymes that include
cellulases, amylases, laccases, and pectinases (Choi et al., 2005). Starch-degrading endophytic

fungi such as Gibberella pulicaris and Acremonium sp. have been reported (Marlida et al., 2000).

Dark septate endophytic (DSE) fungi can form symbiotic associations with Ericaceae (e.g.
Phialocephala fortinii) and produce extracellular enzymes (Vohnik et al., 2003). DSE are
conidial or sterile ascomycetous fungi that colonise living plant roots without causing apparent
tissue disorganisation (Jumpponen and Trappe, 1998). DSE colonisation has been recorded in

about 600 plant species which represent about 320 genera and 114 families (Jumpponen and



Trappe, 1998). They are widely distributed in soil and most common in environments with

intense abiotic stress (Mandyam and Jumpponen, 2005). Some DSE (Cadophora,
Leptodontidium, Phialophora, and Phialocephala) isolated from roots of poplar trees on metal-
polluted sites (Berthelot et al., 2016), produced auxin while some accelerated plant growth by the
release of volatile organic compounds (VOCs) (Berthelot et al., 2016). The ability of metal-
resistant DSE strains producing both soluble and volatile compounds can discern the possibility

of using them for phytoremediation and enzyme production.

Table 1.1. Plant-mycorrhizal/root endophytic fungal relationships

Ericoid Ectomycorrhizal Root Reference(s)
mycorrhizal fungus endophytic
fungus fungus

Hyphae Hyphae cover Hyphae include root Hyphae inroot ~ Smith and
root tips and tips creating ‘Hartig’ tips penetrate Read, 2008
colonise the net and do not penetrate  cells of the
rhizodermis cells of cortex in root cortex
forming hyphal  tips. Hyphal ‘Hartig’
coils. net surrounds cortical

cells.

Host plant  Ericaceous Commonly found on All plant roots Bano and
plants (common trees and many smaller  with Ashfaq, 2013;
genera are perennial plants mycorrhizal Jumpponen
Erica, Calluna,  (Pinaceae, e.g. cedars,  fungi. and Trappe,
Pieris, firs, hemlocks, larches, 1998
Empetrum, pines, and spruces.

Vaccinium, and  Fagaceae, e.g. oak and
Rhododendron).  beech Betulaceae, e.g.
birch).

Soil Mostly found in  Mostly found in the soil ~ All soil types. Mandyam and

condition acidic soil. with moderate pH. Jumpponen,

2005

Benefit Enhanced Enhance nutrient Secrets Leeetal.,
nutrient uptake  absorption and protects  bioactive 2014;
particularly plants against metabolites such  Solaiman and
from organic nematodes and soil as alkaloids, Mickan, 2014
sources. pathogens. flavonoids, and

phenolics that
inhibit soil
pathogens.




1.5. Other mycorrhizal fungi

Arbuscular, ectendomycorrhizal (arbutoid and monotropoid) and orchid mycorrhizal fungi are
among other mycorrhizal fungi that exist in the rhizosphere. Arbuscular mycorrhizal (Vesicular-
Arbuscular Mycorrhizas, VAM or AM) associations are ubiquitous endomycorrhizal fungi, that
associate with more than 74% of all terrestrial plants (Brundrett, 2004, 2009). They belong to the
phylum Glomeromycota and can produce arbuscules, hyphae, and vesicles within root cortex

cells (Redecker et al., 2013; Schubler et al., 2001).

Ectendomycorrhizas consist of arbutoid and monotropoid fungi that are characterised by a
hyphal sheath, Hartig net and intracellular hyphal colonisation (i.e. they show the characters of
both ectotrophic as well as endotrophic mycorrhizal fungi) (Selosse et al., 2007; Setaro et al.,
2006). Arbutoid mycorrhizal fungi can be found in the Ericaceae subfamily Arbutoideae, while
monotropoid fungi occur with the Ericaceae subfamily Monotropoideae and Orchidaceae. In
orchid mycorrhizal associations, coils of hyphae (pelotons) penetrate the root cortex, root tubers

in the plant family Orchidaceae (Dearnaley, 2007).

Recently, cavendishioid and sheathed ERM associations have been discovered with roots of
plants (Smith and Read, 2008). Cavendishioid mycorrhizal (CVM) is characterised by the
unclamped hyphal sheath, mantles with intercellular fungal tissue that resembles a Hartig net and
hyphal colonisation in cortical cells (Setaro et al., 2006). Sheathed ERM, on the other hand, has
clamped hypha and does not possess any structure that resembles a Hartig net that is present in

CVM associations (Vohnik et al., 2012).

1.6. Microbial enzymes and fungi

Microbial enzymes are known to play crucial roles in biocatalysis. This encourages their use for
various industrial applications. Their use as biotechnological sources of industrially relevant
enzymes has stimulated renewed interest in the exploration of extracellular enzymatic activity in

several microorganisms (Buzzini and Martini, 2002) such as mycorrhizal fungi. Over 500



essential industrial products have been produced using enzymes (Chandel et al., 2013). The
production of extracellular enzymes in microorganisms is significantly mediated by some factors
which include temperature, pH, aeration and medium constituents. The relationship between

these variables has a remarkable effect on the final production of the enzymes (Table 1.3).

DSE such as Periconia and Microdochium fungi have been tested for their enzymatic
capabilities. These fungi tested positive for amylases, cellulases (Table 1.2), polyphenol oxidases

and gelatinases (Mandyam and Jumpponen, 2005).

1.6.1. Amylases

Amylases are enzymes which hydrolyse starch molecules to produce various products that are
composed of glucose units (Rani, 2012). These enzymes are of high significance to modern
biotechnology with applications ranging from food to bioethanol production (Aiyer, 2005; Das et
al.,, 2011). Amylases are one of the most common biomolecules which account for about 25% of

the world's enzyme production (Gurung et al., 2013).

Amylases are capable of hydrolysing a-1,4-glucosidic bonds of amylose, amylopectin, glycogen
and their degradation products (Gurung et al., 2013). They hydrolyse bonds between adjacent
glucose units to produce products typical for the particular enzyme involved. Tricholoma
matsutake has been reported to produce high a-amylase activity when the production medium
was supplemented with rice powder (Table 1.3) (Kusuda et al., 2004). Hur et al. (2001) indicated
that the amylase activity of 7. matsutake was higher with starch originated from barley grain than
from other sources. Microbial amylases have almost replaced chemical hydrolysis in the starch
processing industry. Today, amylases have impacted the world enzyme market positively
(Gurung et al., 2013). Several amylase preparations are now available for various industrial

applications.

Amylases are broadly classified into a, B, and y subtypes (Figure 1.4) viz. a-amylase (also called
1,4-a-D-glucan glucanohydrolase, glycogenase, EC 3.2.1.1) cleaves at random locations on the

starch chain, to yield maltotriose and maltose, and glucose from amylose and amylopectin



(Gopinath et al.,, 2017). B-amylase (also called 1,4-a-D-glucan maltohydrolase, glycogenase,
saccharogen amylase, EC 3.2.1.2) catalyses the hydrolysis of a-1,4 glycosidic bond from the
non-reducing end to yield two glucose units (maltose) (Das et al., 2011). Amyloglucosidase
(AMG), (also called y-amylase, glucoamylase, glucan 1,4-a-glucosidase, exo-1,4-a-glucosidase,
EC 3.2.1.3) cleaves 0-1,6 glycosidic linkages, as well as the last a-1,4 glycosidic linkages at the

nonreducing ends of amylose and amylopectin to produce glucose (Saranraj and Stella, 2013).

Figure 1.4. The computer simulated three-dimensional amylase structure: (a) alpha-amylase, (b)
beta-amylase (Gopinath et al., 2017) and (c) amyloglucosidase (Bott et al., 2008).

1.6.2. Cellulases

There are some studies aimed at obtaining novel microorganisms that are capable of producing
cellulases with higher specific activities and greater stability. ERM and related fungal species
have been demonstrated to produce or secrete extracellular hydrolytic enzymes in agar media

with appropriate nutrient composition (Varma and Bonfante, 1994).

Cellulase has a broad range of industrial applications such as in the textile, laundry, pulp and
paper industries, in fruit juice extraction, and animal feed additives, as well as in biofuel
production (Bhat, 2000). Cellulases can be used for extraction and clarification of fruit (Table
1.3) and to increase the yield of juices (de Carvalho and da Silva, 2010).

Cellulase may cleave either glucose dimers from the end of the cellulose polymer (exoglucanase)
or randomly fragment the polymer into smaller molecules by internal digestion (endoglucanase).
These two types of actions usually take place simultaneously, but the amount of each enzyme

expressed and rate of activity differs between microbial species (Singh et al., 2007). Hydrolysis
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of cellulose is carried out by three components of cellulose: endo-(1,4)-B-glucanase (EC 3.2.1.4),
exo-(1,4)-p-glucanase (EC 3.2.1.91) and B-glucosidases or cellobiase (EC 3.2.1.21) (Sharada et
al., 2013). The endoglucanase cleaves internal B-1,4-glucan linkages in cellulose randomly
(Schulein, 2000), which opens up the cellulose molecules structure for cellobiohydrolase to
hydrolyse the bonds at the nonreducing end of the crystalline cellulosic chain to produce
cellobiose. The cellobiases then split the disaccharide units, converting them into glucose
(Gautam et al., 2011). A 61 glycoside hydrolase (GH61) family, structurally similar to 33
carbohydrate-binding module (CBM33) proteins, has been discovered (Horn et al., 2012). It
promotes the efficiency of cellulases by acting on the surfaces of the insoluble substrate and
introduces chain breaks in the polysaccharide chains without the need of first "extracting" these

chains from their crystalline matrix (Horn et al., 2012).

1.6.3. Xylanase

Xylanases are enzymes that degrade -1,4-xylan, a linear polysaccharide found as hemicellulose
in plant cell walls (Wipusaree et al., 2011). Microbial enzymes have been involved in the
hydrolysis of xylan, which is a significant step towards the degradation of most lignocellulosic
material (Beg et al., 2001). A B-1,4-endoxylanase has been purified and characterised from
Hymenoscyphus ericae (Table 1.2), and the enzyme was reported to have an isoelectric point of
4.85 to 5.20 and a molecular weight of 58.4 kDa (Burke and Cairney, 1997a). The hydrolysis of
lignocellulosic materials usually requires the synergistic action of different enzymes because of
the structural heterogeneity of its components (Polizeli et al., 2005). It has been reported that
supplementation of xylanase with acetyl xylan esterase enhances the solubilisation of
hemicellulose to a certain level and increases the subsequent hydrolysis of cellulose (Zhang et
al., 2011). The xylanase produced in this study belongs to GH11 family which can cleave the
internal B-1,4-xylosidic linkages only. The structure of this endoxylanase (Figure 1.5) has been
described using a thermophilic fungus, Thermomyces lanuginosus (Juturu and Wu, 2011). The
endo-1,4-B-xylanase (EC 3.2.1.8) initiates the degradation of xylan into xylose and
xylooligosaccharides of varying sizes (Collins et al., 2005; Hwang et al., 2012). Xylanases can

be used for the bioconversion of lignocellulosic materials to produce higher value products, e.g.
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biofuel (Kumar et al., 2008). Xylanases have also been noted to be generated concurrently with

production of cellulases (Jampala et al., 2017).

Figure 1.5. A structural front view of endo-xylanase from Thermoascus aurantiacus (Juturu and
Wu, 2011).
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Table 1.2. Some selected mycorrhizal and endophytic fungal enzymes, their sources,

relationship with the host plants and methods of detection [RE = root-endophyte]

Fungus Enzyme Source Relation Method for Reference(s)
-ship detection
Hymenoscyphus Cellulase Ericaceous ERM p- Burke and
ericae plant nitrophenol  Cairney, 1997a
based
substrate
Acremonium sp. Amylase Ericaceous RE Plating Mandyam et
plant al., 2010
Phialophora Cellulase Pinus DSE Plating Caldwell et al .,
finlandia strobus 2000
Periconia Amylase, Tallgrass  DSE Plating Mandyam et
macrospinosa Cellulase al., 2010
Suillus variegatus ~ Cellulase Ericaceous ECM Plating Burke and
plant Cairney, 1998
Mortierella hyaline  Cellulase, Osbeckia  RE Plating, Bhagobaty and
Xylanase stellata DNS Joshi, 2012
Paecilomyces Amylase, Osbeckia  RE Plating, Bhagobaty and
variabilis Xylanase chinensis DNS Joshi, 2012
Hymenoscyphus Endoxylanase = Ericaceous ERM DNS Burke and
ericae plant Cairney, 1997a
Lyophyllum shimeji  Glucoamylase Barley ECM Somogyi—  Kusudaet al,,
Nelson 2004
Cylindrocephalum ~ Amylase Alpinia RE Plating, Sunitha et al.,
sp. calcarata DNS 2012
Tricholoma Amylase Pinus ECM Somogyi- Hur et al.,
matsutake densiflora Nelson 2001
Leohumicola sp. Endoglucanase Ericaceous ERM DNS Adeoyo et al,
plant 2017
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Table 1.3. Some already known hydrolytic enzymes from mycorrhizal and endophytic
fungi, their unique enzymatic properties, and potential applications

Enzyme (fungal Properties Potential Reference(s)
source) application
Cellobiohydrolase 2.413 nkatal/mg protein when To clarify fruit Burke and

(Cortinarius sp.)

Cellulase

(Coriolus versicolor)

a-amylase
(Tricholoma
matsutake)

Cellulase
( Heterobasidion
annosum)

a-Amylase
(Tricholoma
matsutake)

Endoxylanase
(Hymenoscyphus
ericae)

MMN medium was
supplemented with cellobiose

Highest enzyme activity (0.74
U/ml) when supplemented with
peptone at pH of 6.8

Most at pH 5.0-6.0 towards
soluble starch, and stable at
50°C

Addition of CMC into culture
media produced clearing on
CMC-agar plates

Higher activity levels when
production medium was
supplemented with corn starch
(11.5 U/ml), rice powder (13.8
U/ml), and flour containing
gluten (12.5 U/ml)

pH optimum for activity was 4.5

juice

To clarify fruit
juice

Hydrolyse starch
into fermentable
sugars

Plant growth
stimulator

Hydrolyse starch
into fermentable
sugars

Plant growth
stimulator

Cairney, 1998

Jonathan and
Adeoyo, 2011

Kusuda et al.,
2003

Maijala, 2000

Kusuda et al.,
2007

Burke and
Cairney, 1997a
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1.7. Carbohydrate substrates (starch, carboxymethylcellulose and xylan)

Starch is a major carbohydrate reserve of all higher plants (Encarnacion et al., 2011). In some
cases, starch accounts for as much as 70% of the undried plant material. Starch is a
polysaccharide substance commonly found in cereal grains (corn, wheat, rice, oats, barley) as
well as potatoes (tuber crops). The native starch granule is made up of two polysaccharides
amylose, 20-30% and amylopectin, 70-80% (Chung and Liu, 2009). Starches with varying
amylose and amylopectin contents are of interest in food industries because of their ability to
improve the quality, texture, and stability of starch-based food products (Schirmer et al., 2013).
Amylose (Figure 1.6a) is long linear chains composed of a-1,4-linked D-glucose units with a few
branches (Bijttebier et al., 2008; Hizukuri et al., 1981). Amylopectin (Figure 1.6b) has a larger
molecular weight, shorter chains of «-1,4-linked D-glucan, and is highly branched through
additional a-1,6-linked D-glucose linkages (Bijttebier et al., 2008). Starch is insoluble in cold
water but swells reversibly to a limited extent through hydrogen bonding. Gelatinisation is a
process of disrupting the molecular orders within the starch granule which result in granular

swelling and solubilisation of starch by heating to a particular temperature.

Cellulose is the most abundant renewable biopolymer (Bhat, 2000). The renewable value of
cellulose as an energy source has made cellulose hydrolysis a relevant area for research (Bhat,
2000). Cellulose is the carbohydrate that forms the wooden parts and cell walls of plants, and the
use of cellulose as biodegradable raw material in various applications is a proposed solution to
various environmental and recycling challenges (Kovacs et al., 2010). Carboxymethylcellulose
(CMC) is commonly used as sodium salt Na-CMC (Figures 1.7 a and b) and is one of the most

widely used cellulose derivatives (Lopez et al., 2014).

Xylan is an abundant biopolymer in the biosphere and a major hemicellulosic polysaccharide
found in the plant cell wall (Timell and Syracuse, 1967). Xylan (Figure 1.7¢) is one of the
residues released during wood processing (Prade, 1996), it possesses a complex structure
consisting of B-1,4-D-xylopyranose backbone with side groups on the 2- or 3-position (Hansen

and Plackett, 2011).
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Figure 1.6. Structures of two components of starch (a) amylose and (b) amylopectin (Modified
from Damager et al., 2010).
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Figure 1.7. Carbohydrate structures: (a) cellulose, (b) monomer structure of sodium
carboxymethylcellulose structure, R can be H or CH2COONa. The degree of substitution (DS) is
defined as the average number of CH,COONa groups per monomer of 3 (Modified from Lopez
et al., 2014) and (c¢) xylan (4-O-methyl glucuronoxylan, Megazyme).

1.8. Mycorrhizal fungi: potential sources of enzymes for the bio-economy

Microbial enzymes can be secreted into the fermentation broth by the producer (e.g., ERM, DSE
and ECM fungi), enhancing fast downstream processing of the biocatalyst as compared to those
obtained from other sources (e.g., plants and animals) and encouraging an increase in production.
The shift from chemical processes to biological processing, attained by using fungal enzymes
rather than chemical processes in industries has significantly eliminated most negative impacts
associated with the use of chemicals on the environment (Lange, 2014). Enzyme activity has
been investigated in some ERM, DSE and ECM fungi (Table 1.2) using plating methods
(Baldrian, 2009; Baldrian and ValaSkova, 2008; Peretto et al., 1993; Sunitha et al., 2013). The

highest cellulase activity of 0.74 units/ml was recorded for Coriolus versicolor when production
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medium was supplemented with 1% (w/v) peptone at a temperature of 28°C (Table 1.3)
(Jonathan and Adeoyo, 2011). Burke and Cairney (1997a) produced, purified and characterised a
B-1,4-endoxylanase from the ericoid mycorrhizal fungus (H. ericae). This enzyme had an
isoelectric point of 4.85-5.20 and a molecular weight of 58.4 kDa (Burke and Cairney, 1997a).
The pH optimum for activity was 4.5 and was stable between pH 3.5-4.0 (Burke and Cairney,
1997a).

Africa is blessed with several unique habitats, harbouring a rich microbial diversity that includes
ERM, DSE and ECM fungi. Despite the enormous potential of enzymes for biotechnology
innovation, the continent is not exploiting these microbial resources to the fullest. Hence,
research groups should be established to identify and produce biometabolites from these
domestic microbial resources and test their suitability for commercial production. The estimate
of future demand for microbial enzymes is encouraging, with future markets of $7.1 billion
expected in 2018 (BCCReseach, 2014; OECD, 2009). Bio-economy involves the production of
renewable biological resources and their conversion into food, feed, bio-based products and

bioenergy using biotechnological techniques.

1.9. Mycorrhizal fungi in ecosystems

Enzymes that are present in the soil are involved in all activities relevant to agriculture and
biochemical transformations in the soil environment (Rao et al., 2014). Enzyme activities in soil
often provide a distinct biological assessment of soil function, through catalysis of the soil
biological processes (Das and Varma, 2011). Mycorrhizas are among the fungi that can produce
enzymes (Table 1.2), which support the utilisation of nitrogen and phosphorus in the soil
permitting access to valuable compounds embedded within the dead plant tissues (Cairney and
Burke, 1998). Thus they support host plants in acquiring nutrients and alleviating various
stresses associated with their growth and development (Smith and Read, 2008). They connect
host plants to the nutrient source, enabling the flow of energy-rich compounds required for
nutrient mobilisation (Finlay, 2008). Some mycorrhizal fungi mobilise nutrients from multiple
organic sources as a strategy for the development of nutrient cycling models, particularly in a

poor soil (Burke et al., 2011). Therefore, ectomycorrhizas and ericoid associated fungi are
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among those mycorrhizal fungi that can improve the acquisition of mineral nutrients in
agricultural soils by producing the needed enzymes capable of breaking down complex

substrates into smaller forms.

1.10.  Antimicrobial properties of root endophyftic fungi

Several recent reports on drug resistance to disease-causing pathogens have necessitated the need
to exploit the environment for newer bio-control agents. Scientists are now involved in the
screening for new antimicrobial agents from new natural sources, and mycorrhizal fungi, as well
as other root fungal endophytes, could be an additional source of new antimicrobials. An
understanding of the interaction that exists between some root endophytes, saprobes and the
pathogenic organism is valuable to the development of a healthy environment. Agaricus
arvensis, Gymnopilus purpuratus and Phaeogyroporus beniensis are some of the fungi that have
been isolated from the root of Pinus radiata (Garrido et al., 1982). Extracts from these fungi
were found to inhibit the growth of Staphylococcus aureus ATCC 6538, Bacillus subtilis ATCC
6633, and Fscherichia coli UCCLS1 (Garrido et al., 1982). Moreover, extracts from Lepista
nuda isolated from a Pinus sp. was also found to inhibit Profeus mirabilis and Pasteurella
multocida (Alves et al., 2012). Some mycorrhizal fungi are reported to protect against root
invading pathogens. These include the host - pathogen - mycorrhizal fungus: (1) Picea mariana -
Cylindrocladium floridanum - Paxillus involutus (Morin et al., 1999); (ii) Pinus banksiana —
Fusarium oxysporum — Laccaria laccata (Chakravarty and Hwang, 1991); (iii) Pinus banksiana
— Fusarium moniliforme — Paxillus involutus (Hwang et al., 1995); (iv) Pinus resinosa —
Fusarium oxysporum — Laccaria laccata (Chakravarty et al., 1991); (v) Pseudotsuga menziesii -
Fusarium oxysporum - Laccaria laccata (Sylvia and Sinclair, 1983); (vi) Pinus wallichiana —
Fusarium oxysporum, Rhizoctonia solani — Pisolithus tinctorius, Laccaria laccata (Dar et al.,

2011).

1.11.  Research question

Are ericoid associated mycorrhizas and root endophytes capable of producing amylases,

cellulases and xylanases for commercial purposes?
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1.12.  Hypothesis

If the right conditions of growth are met, some ericoid mycorrhizas and root endophytic fungi
can be used in the production of the desired amylases, cellulases and xylanases using chemically

defined media.

1.13. Motivation

Africa has a vast number of untapped natural resources; these include mycorrhizal fungi and
their metabolites which could further enhance the bio-economy development of the region.
Ericoid mycorrhizas and related fungi are known to support plant growth in impoverish soil,
facilitate the survival of plants in heavy metal contaminated soils and hence, the need to further
investigate some other properties associated with them to improve human welfare. This study
focuses on the production of enzymes that could be added to the already available enzymes,

encouraging the production of these biocatalysts on a commercial scale from novel sources.

1.14.  Aims and thesis outline

This thesis seeks to: (i) determine the enzyme-producing potentials of some ericoid mycorrhizal
fungi for the bio-economy, (ii) produce, purify and characterise the best-performing enzyme
from a novel isolate, (ii1) identify the best isolate to species level.

These aims were achieved and discussed under the following thesis chapters:

v Chapter 1. A general introduction and literature review of the current study.

v' Chapter 2. The objective was to determine the growth of ERM fungi on modified Melin-
Norkrans media, screen for the best amylase and cellulase-producing ericoid mycorrhizal
fungi.

v Chapter 3. The objective was to optimise the production of amylase, cellulase, and mycelial

biomass of some selected ericoid mycorrhizal fungi. The effect of sequential subculturing on
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the production of amylase, cellulase and co-produced endoxylanase are monitored after
several subculturing and separation from the symbiotic partner (host plant).

Chapter 4. The objective was to subject endoxylanase co-produced with cellulase to partial
purification and characterisation.

Chapter 5. The objective was to purify and characterise amyloglucosidase (AMG) produced
from Leohumicola sp. (ChemRU330).

Chapter 6. The objective was to evaluate the antibacterial properties of some ericoid
mycorrhizal and related fungi by performing minimum inhibitory concentration (MIC), and
minimum bactericidal concentration (MBC) assays.

Chapter 7. The objective was to carry out molecular identification of some enzyme-
producing ericoid associated fungi to species level using the mitochondrial cytochrome ¢
oxidase subunit 1 (Cox/)-encoding gene as a molecular marker and nuclear rDNA internal
transcribed spacer (ITS) region (encompasses the noncoding transcribed spacers ITS1 and
ITS2 and the 5.8S rDNA gene).

Chapter 8. The discussion and conclusion based on overall results presented in all chapters
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CHAPTER 2

2.0 Screening for amylase and cellulase producing ericoid fungi

2.1. Introduction

The mycorrhizal fungal type found in the ecosystem and soil environment has distinctive natural
characteristics and innate selectivity conferred on them to aid the development of a plant
community (Read, 1991). ERM and ECM fungi are commonly found at high to mid altitudes and
latitudes (Read, 1991). Their survival in these environments has been linked to their ability to
secrete bioactive compounds such as enzymes, which facilitate the breakdown of complex
substrates into smaller and available forms (Burke and Cairney, 1997b). The use of microbes to
hydrolyse starch and cellulose is an essential step towards the efficient utilisation of
lignocellulosic and starchy waste materials found in nature (Das and Varma, 2011; Ja’afaru,
2013). The most predominant polysaccharide in plant cell walls is made up of 40.6-51.2%
cellulose, 28.5-37.2% hemicelluloses, and 13.6-28.1% lignin (Pauly and Keegstra, 2008). Starch
is an insoluble, non-structural carbohydrate composed of a-glucose polymers that occur in plants
and algae in the form of granules (Pfister and Zeeman, 2016). Fungal enzymes break down these
composite materials into smaller products with the help of amylases, cellulases, and xylanases

(Schwarze, 2007; Webster and Weber, 2007).

Fungal enzymes have been extensively exploited for industrial applications for many years; they
have also shown promising potential for biotechnological use in the bio-economy. Hence,
considerable efforts are geared towards characterising better enzymes from novel microbial
sources. This work aimed to screen enzymes produced by ERM isolates collected from the root
of ericaceous plants occurring in the Albany Centre of Endemism, Grahamstown, South Africa
and monitoring the production of these enzymes from Leohumicola sp. over a period of 18
months. Starch and cellulose agar screening methods were chosen to assess different enzyme

activities. These methods usually facilitate rapid detection of either a positive or negative enzyme
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producer and are useful in screening a large number of fungal isolates for enzyme production
(Pointing, 1999). The application of amylases and cellulases has been considered for the
bioconversion of starchy and lignocellulosic materials such as agricultural wastes to produce bio-
ethanol, and assist in baking, fruit juice extraction, beverage preparation and animal feed
(Ja’afaru, 2013). Therefore, screening for novel amylolytic and cellulolytic enzymes, and
procedures to evaluate their potential as biocatalysts for the bio-economy deserves considerable

attention.

2.2. Materials and methods

2.2.1. Fungal isolates and their cultivation

Fungal isolates used for this study were cultured from roots of ericaceous plants (Frica
cerinthoides, FErica nemorosa, Lrica demissa and Erica chamissonis) (Bizabani, 2015).
Leohumicola sp. (Isolate code ChemRU330 / Genbank accession number KC979127 / South
African National Collection of Fungi accession number PPRI 17268), and two unidentified fungi
belonging to Hyaloscyphaceae (EJRUO83 / PPRI 17261) and Leotiomycetes (EdRU002 / PPRI
17284) were among the fifty-one (51) ericoid associated fungi obtained from the Mycorrhizal
Research Laboratory, Rhodes University, Grahamstown. These isolates were selected at random
irrespective of their taxonomic status. They were maintained on potato dextrose agar (PDA) and

malt extract agar (MEA) throughout the study period.

2.2.2. Media and mycelial preparation

PDA and MEA were prepared according to the manufacturer’s specification while Modified
Melin Norkrans (MMN) media had the following composition (g 1'): malt extract 3.0; glucose
1.0; (NH4)2HPO4 0.25; MgSO4-7H,0 0.15; CaCl, 0.05; NaCl 0.025; ZnSO4-7H,O 0.003;
thiamine-HCI 100 ug; 1.2 ml of FeCl; (1% w/v) and 1.5% agar (Marx, 1969). Autoclaving was
conducted at 121°C for 15 min, and chloramphenicol (0.05 g/1) was added to the cooled medium
(approximately 45°C) before pouring into plates to prevent bacterial growth. Mycelial plugs (5

mm) were regularly subcultured and incubated at 28°C for three weeks and stored at 4°C.
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2.2.3. Screening for amylase producing ericoid mycorrhizal fungi

The basal medium (MMN) was amended with 1% w/v soluble starch (Merck, Cat # 101252) as
the sole carbon source in the medium (Caldwell et al., 2000). About 20 ml of the medium was
placed into each Petri dish and allowed to set and solidify before inoculating with a 5 mm
mycelial plug of each mycorrhizal fungus. The plates were incubated at 28°C for three weeks.
After incubation, plates were flooded with iodine solution (10% v/v) to immediately observe any
clear zones (halo) around the colonies. Agar plates showing maximum hydrolysis clearance
(halo) and distinguishing morphological characteristics such as the colour and size of the
colonies were selected for further studies. The strength of activity was described and classified

based on the diameter of the hydrolytic zone.

2.2.4. Screening for cellulase producing ericoid mycorrhizal fungi

The basal medium (MMN) was amended with 1% w/v carboxymethylcellulose sodium salt (Na-
CMC, Sigma-Aldrich, Cat # C4888) (Caldwell et al., 2000). About 20 ml of the medium was
placed into each Petri dish and allowed to set and solidify before inoculating with a 5 mm
mycelial plug of each mycorrhizal fungus. The plates were incubated at 28°C for three weeks,
and zones of clearance were viewed by flooding the plates with an aqueous solution of Congo
red (0.1% w/v) for 15 min. After draining the dye, plates were flooded with 1.0 M NaCl for
another 15 min and then stabilised with 1 M HCI (Teather and Wood, 1982). The appearance of
a yellow area around the fungal colony indicated cellulase activity. The strength of activity of
each of the isolate was classified based on the diameter of the hydrolytic zone [- = negative
result, + = minimum activity (1-9 mm) ++ = moderate activity (10-14 mm), +++ = maximum

activity (15 mm and above), ND = activity not determined].

2.2.5. Relative activity (RA)
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The RA was carried out in triplicate using fresh samples, and each replicate was examined for
the presence of a clear zone around the colony, and the diameters of the colony and the clear
zone (activity zone) were measured. The measurement was repeated in two mutually orthogonal
dimensions, and the mean value calculated (Krishnan and Convey, 2016). The RA was
calculated using the following formula:

RA = Clear zone diameter - Colony diameter
Colony diameter

2.2.6. Statistical analysis

All experiments were conducted in triplicate and analysed using one-way analysis of variance

(ANOVA). Error bars were represented as the standard errors of the means (SEM).

2.3. Results

2.3.1. Substrate utilisation and enzyme activity (clearance zone)

All the 51 isolates used in this study grew on MMN medium, though at different growth rates
with different colony formation. Scanty to dense hyphae were noticed with some isolates, and
better growth rates were observed in medium supplemented with soluble starch and Na-CMC for
most of the species. The starch and cellulose-containing substrates were broken-down to varying
degree by the hydrolytic enzymes, which was indicated by the level of clearance zone observed
across the board. Positive activity for both amylase and cellulase production was discovered in
33% of the isolates, while 43 and 59% exhibited a positive reaction for amylase and cellulase

activities, respectively (Table 2.1).
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Table 2.1. Screening of ericoid associated fungal isolates for enzymes production

S/N  Isolate Host plant Amylase Cellulase
Activity Cleared zone Activity Cleared zone
strength diameter strength diameter
(mm) (mm)
I. Cat721, Erica caffra - 0 ++ 12+1.15
2. Cat928 Lrica caffra +++ 18+1.45 - 0
3. CatfRU024 Lrica caffra +++ 15+£1.20 ++ 11+£0.58
4. CatRUO078 Lrica caffra - 0 + 6+1.33
5. CatRUO082 Erica caffra - 0 ++ 12+0.88
6. CafRU48 Lrica caffra ++ 11£1.00 +++ 18+0.88
7. CatRUS00 Lrica caffra - 0 + 4+0.88
8. CatRUO0826 Lrica caffra ND 0 - 0
9. Chem008 Erica chamissonis - 0 - 0
10. Chem009 Erica chamissonis ++ 144+0.58 ND 0
1. ChemO038 Erica chamissonis - 0 - 0
12. Chem077 Erica chamissonis - 0 + 7+0.88
13. ChemO81 Erica chamissonis - 0 - 0
14. ChemRUO009 Erica chamissonis ++ 12+0.88 ++ 13+1.45
15. ChemRUO18 Erica chamissonis - 0 - 0
16. ChemRU330 Erica chamissonis ++ 12+1.53 +++ 17+1.53
17.  EdRU002 Erica demissa ++ 11+1.67 +++ 15+1.15
18.  EJRU003 Erica demissa - 0 - 0
19.  EdRUO016(09) Lrica demissa - 0 + 4+0.88
20.  EdRUO030 Erica demissa ++ 114£3.00 ++ 12+0.88
21.  EdRUOIS1(000) FErica demissa ++ 10£1.00 ++ 11£0.67
22, EJRUOS1(D7)  FErica demissa - 0 + 6+1.15
23.  EdRU060 Erica demissa - 0 - 0
24.  EdRUO081 Erica demissa - 0 - 0
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25. EJRUO0S83 FErica demissa +++ 15+0.33 ++ 11+£2.33

26.  EdRU096 Erica demissa + 6+0.33 ND 0

27.  EdRU104 Erica demissa - 0 + 5+0.88
28.  EdRU200(060)  FErica demissa - 0 +++ 17+0.67
29.  EdRU90 Erica demissa ++ 10+1.45 +++ 16+0.88
30.  GlumO001 Lrica glumiflora — + 7+0.58 +++ 16+0.58
31.  Glum002 Lrica glumiflora  +++ 14+0.41 - 0

32.  GlumO038 Lrica glumiflora - 0 ND 0

33.  Glum82 Lrica glumiflora  +++ 21+£1.53 ++ 14+0.67
34, Glum828 Lrica glumiflora — ++ 10+£0.58 ++ 11+0.88
35. GlumRUO33 Lrica glumiflora - 0 - 0

36.  GlumRUO059 Lrica glumiflora - 0 - 0

37. Ncf9l Lrica caffra - 0 - 0

38. Neml3 Lrica nemorosa ++ 16+1.20 ++ 13+£0.33
39. Neml5 Lrica nemorosa - 0 ++ 12+1.00
40. Nem?24 Lrica nemorosa ++ 12+0.88 - 20+1.20
41.  Nem36 Lrica nemorosa - 0 ++ 13+£0.58
42. Nem42 Lrica nemorosa ++ 11+1.20 - 20+1.45
43. Nem44 Lrica nemorosa - 0 - 0

44.  Nem50 Lrica nemorosa ++ 12+0.88 ++ 19+2.33
45. Nem54 Lrica nemorosa - 0 - 0

46.  Nem60 Lrica nemorosa - 0 ++ 19+1.76
47. Nem62 Lrica nemorosa - 0 ND 0

48. Nem69 Lrica nemorosa - 0 - 0

49. Nem&81 Lrica nemorosa ++ 16+0.88 ++ 10+0.58
50.  NemS83 Lrica nemorosa + 7+0.33 + 4+0.33
51. Nem88(17) Erica nemorosa ~ ND 0 +++ 16£1.76

The values are represented as means + SEM, n = 3 per treatment, S/N = serial number.

- = Negative result

+ = Minimum activity (1-9 mm)
++ = Moderate activity (10-14 mm)
+++ = Maximum activity (15 mm and above)
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ND = Activity not determined

2.3.2. Amylase activity on soluble starch agar

In this study, hydrolysis zones in the starch medium were spotted with clearance zone indicating
the degradation of starch under the growing hyphae (Table 2.2). A total of twenty-two (22) out of
fifty-one isolates tested (43%) were positive for amylase production. Isolates Caf928, CatfRU024,
EdRUO083, Glum002, Glum82, Nem13 and Nem81 showed highest amylase activities, followed
by CafRU48, Chem009, ChemRU009, ChemRU330 EdRU002, EARU030, EARU0151(000),
EdRU90, Glum828, Nem24, Nem44, and Nem50. The remaining isolates showed little or no
activity. The enzyme activities of CafRU0826 and Nem88(17) were not determined, this was due

to lack of sufficient colony growth on the agar medium.
2.3.3. Cellulase activity on carboxymethylcellulose (CMC) agar

Table 2.1 shows that 59% tested fungi exhibited a positive reaction on CMC agar. The highest
activity was observed with CafRU48, ChemRU330, EdRU200(060), EdRU90, GlumO0O01,
Nem24, Nem42, Nem50, Nem60 and Nem88(17). Moderate enzyme activities were recorded for
isolates Caf721, CafRU024, CafRU082, CafRU0826, ChemRU009, EdRU002, EdRUO03O,
EdRUO0151(000), EARU083, Glum82, Glum828, Neml13, Nem15, Nem36 and Nem81. The
remaining isolates showed little or no activity. Activities (for Chem009, EARU096, GlumO038,

and Nem62) were not determined, due to insufficient colony formation on the medium.
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Table 2.2. Detection of amylase and cellulase production when the solid mineral medium
was supplemented with either soluble starch or Na-CMC as the only carbon source

SIN

Isolate

CafRU48

ChemRUO009

ChemRU330

EJRUO002

EdRU0151(000)

EdRUO030

AMYLASE CELLULASE
Before After Before After
flooding flooding flooding flooding
with iodine  with iodine  with Congo with Congo
red red
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10.

11.

12.

EJdRUO083

Glum82

Nem13

Nem4?2

Nem50

Nem§81
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2.4. Discussion and conclusion

The results from screening indicated the presence of hydrolytic enzymes (amylases and
cellulases) produced by ERM fungi obtained from roots of ericaceous plants found in the Albany
Centre of Endemism, Grahamstown. The findings revealed that isolates, CafRU024, CafRUO048,
ChemRU330, EARU002, EdRU083, EdRU90, Glum82, Nem13, Nem24, Nem50 and Nem81 had
the highest amylase and cellulase activities. This corroborates the report that some fungi excreted
significant amounts of amylolytic and cellulolytic enzymes in culture media, while others

excreted little or no enzyme activity on the medium (Begum and Absar, 2009).

High amylase and cellulase activities can be found in culture filtrates only in the stationary phase
of growth in submerged cultures where enzymes were released by autolysis (Begum and Absar,
2009). In this study, the emphasis was on agar screening method indicating that enzymes were
actively secreted into the environment. Microbial enzymes can be classified according to their
localisation, extracellular and cell-bounded (intracellular and surface-bound) (Begum and Absar,
2009). It has been suggested, that a limited zone of clearance beneath the colony can be
considered as an indicator of intracellular enzyme production (Choi et al., 2005). Some of these
fungi were able to degrade starch and Na-CMC substrates because they possess the synergistic
endo or exo-catalytic system that facilitated the breakdown processes (Saxena et al., 2015;

Schmidt, 2006).

In conclusion, the study revealed that agar screening method could be a good technique for
providing fast information on amylolytic or cellulolytic ability of fungal isolates when a large
number of isolates are available for study (Florencio et al., 2012; Tan and Leong, 1986).
Moreover, these findings confirmed that the incorporation of an inducing substrate such as
soluble starch or Na-CMC into a fermentative basal medium could be a necessity for the
production of amylolytic or cellulolytic enzymes. Therefore, isolates ChemRU330, EJRU002
and EARUOS83 were selected for enzyme production in liquid MMN medium in the next chapter.
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CHAPTER 3

3.0 Optimisation of culture conditions for mycelial biomass and enzyme production, and

monitoring the effect of sequential sub-culturing

3.1. Introduction

Enzymes occur in all living organisms and hence in mycorrhizal fungi. Every microbial cell will
produce an enzyme capable of hydrolysing or oxidising a specific substrate (Nigam, 2013). The
type of enzyme produced by an individual species will vary markedly. Therefore, there is the
need to further explore the environment for additional microbial enzymes that can complement
or improve the enzyme production for the bio-economy. Hydrolases, which constitute a class of
enzymes are widely distributed in nature from bacteria to higher eukaryotes that include
mycorrhizal fungi (Moreno et al.,, 2013). Scientists are now developing programs to isolate,
produce, and characterise novel hydrolytic enzymes with different properties to those of

conventional enzymes.

Extracellular proteins secreted by mycorrhizal fungi can degrade starch and cellulose
components because they harbour enzymes to cleave the types of glycosidic linkages present in
the substrate. Biomass resources, such as starchy and cellulosic materials of plant origin, are the
most abundant renewable resources on earth (Ali et al., 2013). Amylases from ericoid fungi will
help in degradation of starch (Hur et al., 2001), cellulases are involved in degradation of
cellulose (Baldrian and Valaskova, 2008), while endoxylanases coproduced with cellulases will

help in the hydrolysis of hemicellulose (Elisashvili et al., 2008).

Extracellular enzymes are essential to fungi in breaking down large complex polysaccharides

into smaller sugars. The soils of temperate, boreal forests and heathlands are characteristically
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enriched with soil microbes that include ERM and DSE fungi. The roots of ericaceous plants
harbour these fungi, conferring eco-physiological benefits to the host (Bizabani and Dames,
2015). The primary function of any mycorrhizal fungus is to facilitate the breakdown of
complexed substrates into utilisable forms as nutrients, while the fungus acquires a
photosynthetic carbon supply as either glucose or sucrose from the host for the completion of
their life cycle (Burke et al., 2011; Pritsch and Garbaye, 2011). Hymenoscyphus ericae (ERM)
has been widely investigated for its ability to grow on a variety of complex organic substrates
such as starch or carboxymethylcellulose (CMC) (Burke and Cairney, 1997a; Cairney and Burke,
1998; Leake and Miles, 1996).

In vitro, extracellular enzymes production in mineral salt media can be assayed to determine the
activity of the enzyme produced per millilitre of the filtrate, per minute. Assessing the production
of amyloglucosidase, endoglucanase and endoxylanase in vifro involve the use of mineral salt
medium amended with either 1% soluble starch or CMC. The idea is to mimic the natural pattern
of output where hydrolysis of starch or cellulose takes place because of the action of amylolytic
or cellulolytic microorganisms in the soil or plants (Doolotkeldieva and Bobusheva, 2011;
Kusuda et al., 2007). The saprophytic ability of ERM fungi has been confirmed by culture-based
method (Cairney and Meharg, 2003; Meharg and Cairney, 2000) as well as in soils, where their

biomolecules unlock organic complexes to release mineral nutrients for plant uptake.

Amyloglucosidase hydrolyses starch to produce glucose (Adeniran and Abiose, 2010), while
endoglucanase is one of the enzymes that make up the cellulase complex (Doolotkeldieva and
Bobusheva, 2011), and xylanase can be co-produced with cellulase by both ERM and DSE fungi
in vitro (Jampala et al., 2017). Other vital enzymes such as laccases, pectinases, and proteases
may also be produced from mycorrhizal fungi (Burke et al., 2014; Choi et al., 2005; Elisashvili et
al., 2008) but for this study, only amylase and cellulase were selected for testing and production.
In this chapter, the effect of pH and nutritional factors on amylase, cellulase and mycelial
biomass production of selected ERM and DSE fungi in a mineral salt liquid medium was
investigated. The data reported on endoglucanase in this study has been published in AMB
Express (Adeoyo et al., 2017).
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3.2. Materials and methods

3.2.1. Fungal isolates and their cultivation

Fungal isolates used for this study were cultured from roots of ericaceous plants (Erica demissa
and Erica chamissonis) (Bizabani, 2015). Leohumicola sp. (Isolate code ChemRU330 / Genbank
Accession Number KC979127 / The South African National Collection of Fungi Accession
Number PPRI 17268), and two unidentified fungi belonging to Hyaloscyphaceae (EARUOS3 /
KF225587 / PPRI17261) and Leotiomycetes (EAJRU002 / KF225581 / PPRI17284) were
obtained from Mycorrhizal Research Laboratory, Rhodes University, Grahamstown. The
selection of these three isolates was based on their strength of enzyme activity (both amylase and
cellulase) and morphological characteristics (e.g., colony size, growth rate and exudate colour).

These 1solates were preserved on PDA for further studies.

3.2.2. Effect of sequential subculturing on the survival and enzyme activity of Leohumicola sp.

(ChemRU330)

A 5 mm mycelial plug of Leohumicola sp. was cultivated on a soluble starch (amylase) or
carboxymethylcellulose (cellulase) MMN agar medium and sequentially subcultured at three-
week intervals for 24 times. This was to show if there will be any variation in the activity of the
enzyme of interest after production over various subculturing events. The mycelial plug of each
subculture was then used to inoculate a 50 ml mineral salt medium of soluble starch or
carboxymethylcellulose-containing MMN as a primary carbon source. Enzyme production was
allowed to proceed at 28°C for three weeks after which activity (U/ml) was determined according

to the DNS method of Miller (1959) and the relative activity calculated.
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Relative activity = Initial enzyme activity X 100%
Final enzyme activity

3.2.3. Production of amylase and cellulase/xylanase enzymes

Soluble starch (1%, w/v) was added to 150 ml Erlenmeyer flask for amylase production while
carboxymethylcellulose (1%, w/v) was added to a 150 ml Erlenmeyer flask for cellulase or
xylanase production in a salt solution having the composition: (g 1): malt extract 3.0;
(NH4),HPO, 0.25; MgS0O,4.7H,0 0.15; CaCl; 0.05; NaCl 0.025; ZnSO4.7H,0 0.003; thiamine-
HCI 100 pg 1™ and 1.2 ml of FeCls (1%, w/v). Production medium of 50 ml was distributed into
each 150 ml flask; the contents were thoroughly mixed and was sterilised at 121°C for 15 min.
The sterilised medium was inoculated with two discs of 5 mm mycelial plugs of ERM. The non-
inoculated medium was used as a control. Growth was allowed to proceed at 28°C in the dark for
three weeks in a rotary incubator shaker at 150 rpm. After 21 d of growth, the cultures were
homogenised using IKA's ULTRA-TURRAX homogeniser (20,000 rpm), and centrifugation was
performed at 10,000 x g for 15 min to obtain crude enzyme filtrates (supernatant) using Beckman
Coulter Avanti-J high-speed centrifuge. The pellet containing the mycelia was resuspended in 10
ml water and filtered using a vacuum suction filtering system to retain the mycelia on a filter

paper (Whatman no. 1).
3.2.4. Protein estimation

Analysis of the concentration of protein was determined according to the method of Bradford
(Bradford, 1976) using a standard comprising of bovine serum albumin (BSA, Sigma-Aldrich,
Lot # 127H1078). This method measures the interaction between the proteins’ amino acids and
the dye (Coomassie Blue G-250) in an acid solution. The reading was carried out at 595 nm on a
UV/Visible spectrophotometer (BioTek’s Synergy™ Mx Microplate Reader). The values of
absorbance were compared with a standard curve for bovine serum albumin. Each assay was

performed in triplicate, and Bradford’s 96 well plate assay protocol modified by Sigma-Aldrich
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technical bulletin, 2013 was used (A 150 ul of a 1-10 pg/ml protein BSA standard was used). A
150 ul of the protein standards were added to separate wells in the 96 well plate, the blank and
the sample. A 150 pl Bradford reagent (Sigma, Lot # SLBB8933V) was added to each well
being used and mixed on a shaker for 30 seconds. Samples were incubated at room temperature
for 30 min. After that, the absorbance was read at 595 nm. A graph of the net absorbance versus
the protein concentration was plotted, and the unknown sample concentration was extrapolated

from the standard curve (Bradford, 1976).

3.2.5. Enzyme assay

The enzyme assay was conducted using dinitrosalicylic acid (DNS, Sigma-Aldrich, Lot #
MKBS4991V) assay method described by Miller (1959). A 1% w/v of either soluble starch
(AMG) or CMC (endoglucanase) or beechwood (endoxylanase) was each added to a 10 ml buffer
(pH 5.0) of either sodium acetate (AMG) or citrate-phosphate (endoglucanase) in a Schott bottle.
The mixture was stirred with a magnetic stirrer until completely dissolved. The crude
endoglucanase extract was concentrated using Amicon Ultra-15 filter unit (Sigma) with a
molecular weight cut-off of 10 kDa, while AMG crude extract was not concentrated before use.
A 100 pl of each enzyme with controls (substrate and enzyme) was added to separate 300 ul of
the corresponding substrate in triplicate while blank sample contained 400 ul buffer. All samples
were incubated at 37°C for 30 min except if otherwise stated, followed by centrifugation at 6000
x g for 2 min. After centrifugation, a 150 pl supernatant was then withdrawn and transferred to a
new Eppendorf tube, and 300 ul DNS reagent was added. Then, was followed by boiling on a
heating block at 100°C for 5 min and cooled on ice for 5 min. A 250 pl of each blank, controls
and samples were distributed into a 96-well plate and read with the aid of a spectrophotometer
(BioTek’s Synergy™ Mx Microplate Reader) at a wavelength of 540 nm. A unit of enzyme
activity was expressed as 1 umol of glucose (AMG and endoglucanase) or xylose (endoxylanase)

equivalent released per minute per milliliter of enzyme solution.

3.2.6. Determination of fungal biomass

The mycelial biomass was expressed as dry weight by drying in a hot air oven at 80°C for 16 h
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(Sunitha et al., 2012).

3.2.7. Effect of temperature manipulation on enzyme and biomass production

A 50 ml mineral salt medium was adjusted to pH of 5.0 using HCl and NaOH. The medium was
sterilised at 121°C for 15 min and was inoculated with two discs of 5 mm mycelial plugs. The
medium was incubated at either 20, 24, 28, or 32°C with an agitation speed of 150 rpm in rotary
shaker incubator, and the non-inoculated medium was used as a control for 3 weeks. Enzyme

activity was determined after obtaining a cell-free filtrate (Jonathan and Adeoyo, 2011).
3.2.8. Effect of pH manipulation on enzyme and biomass production

The pH of a 50 ml mineral salt medium was adjusted to either 3.0, 4.0, 5.0, 6.0, 7.0 or 8.0 using
HCI and NaOH. The medium was sterilised at 121°C for 15 min and was inoculated with two
discs of 5 mm mycelial plugs. The medium was incubated at 28°C with an agitation speed of 150
rpm in rotary shaker incubator, and the non-inoculated medium was used as a control for 3
weeks. Enzyme activity was determined after obtaining a cell-free filtrate (Jonathan and Adeoyo,

2011).
3.2.9. Effect of metal ion manipulation on enzyme and biomass production

The mycelia of collected fungi were grown in a liquid medium similar to that used in the
previous experiment. The liquid medium was supplemented with 0.1% (w/v) K, Na', Mn™,
Zn"?, or Co™ supplied in sulphate form while FeNa-EDTA (ferric EDTA) was provided as
ethylenediaminetetraacetic acid iron (III) sodium salt to investigate the effect of metal ions. The
incubation was carried out at 28°C for three weeks, and enzyme activity was determined as

described previously (Gautam et al., 2011).
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3.2.10. Effect of carbon source manipulation on enzyme and biomass production

The effect of carbon sources (1.0% w/v) on the enzyme production was carried out using
glucose, maltose, sucrose, cellobiose and starch as supplements. The incubation was performed
at 28°C for 3 weeks, and enzyme activity was determined as described previously (Gautam et al

2011).

3.2.11. Effect of nitrogen source manipulation on enzyme and biomass production

The mycelia of collected fungi were cultured in a liquid medium similar to that used in the
previous experiment. Nitrogen sources (1.0% w/v) supplemented into the liquid medium
included either peptone, yeast extract, malt extract, tryptone or sodium nitrate (NaNQO3). The
incubation was performed at 28°C for 3 weeks, and enzyme activity was determined as described

previously (Gautam et al., 2011).

3.2.12. Statistical analysis

All experiments were conducted in triplicate and analysed using one-way ANOVA. A significant
difference between the means of each treatment was determined using least significant difference
(LSD) test at the 0.05 level of significance. LSD analysis was conducted using software by

Assaad et al. (2014), and error bars were represented as the standard errors of the means (SEM).

3.3. Results

3.3.1. Effect of sequential sub-culturing on the survival and enzyme activity of Leohumicola sp.

The monitoring of enzyme production in liquid MMN medium after sequentially sub-culturing
and inoculating with Leohumicola sp. (ChemRU330) for 24 times on a solid medium (PDA) was
investigated. The fungus was able to utilise either starch or CMC as carbon for growth and
survival in vitro throughout the study period. It should be noted that the study focused on enzyme

production in a liquid MMN medium for all investigations. The monitoring of enzymatic activity
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showed that the production of AMG and endoxylanase production was consistent with the
relative activity of approximately 100% (Figure 3.1), while cellulase (endoglucanase) production

starts to decrease after 11thto 24th sequential subcultures at 68 to 18%.

Subculturing times (3 weeks interval)
Amylase Cellulase =~ —a—Xylanase

Figure 3.1. Monitoring enzyme production in liquid MMN medium after sequentially
subculturing and inoculating with Leohumicola sp. (ChemRU330) for 24 times on a solid
medium (PDA). All error bars indicate the standard errors of the means (SEM).

3.3.2. Effect ofdifferent temperature on AMG and endoglucanase production

In this study, the effect of temperature on enzyme production was investigated, the enzyme
reaction was carried out at various temperatures for 3 weeks on a rotary shaker. A temperature
range from 20 to 320C was used to study the effect of temperature on the hydrolytic enzyme and
mycelial biomass production (Figure 3.2). The optimum temperature was found at 28aC,
followed by 240C and 20aC, while at 320C least AMG and endoglucanase production was
recorded with all the three isolates (ChemRU330, EdJRU083 and EdRUO002) used for the
experiment. No amylase activity was detected with isolate EORU002 at 320C, while no cellulase
activity was detected for both sample ChemRU330 and EdJRUO0O02 at the same temperature. The

results showed that the hydrolytic enzyme production is affected by temperature.
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Figure 3.2. Effect of different temperature on AMG (i, ii, and iii) and endoglucanase (iv, v, and
vi) production. All treatments were performed in triplicate (p-value < 0.05). Means without a
common superscript letter differ as analysed by one-way ANOVA and the LSD test while the
error bars indicate the standard errors of the means (SEM).

3.3.3. Effect ofdifferentpH on AMG and endoglucanase production

The effect of pH on enzyme and biomass production was conducted using HCI or NaOH at
various pH (3.0, 4.0, 5.0, 6.0, 7.0 and 8.0) at 28°C for three weeks. The AMG activity was
conducted using sodium acetate buffer (pH 5.0), while endoglucanase activity was determined
using a citrate-phosphate buffer (pH 5.0). Maximum enzyme activity and biomass yield were
obtained between pH 4.0-6.0 (Figure 3.3) except ChemRU330 that showed a significant
decrease in endoglucanase production at pH 6.0. Further increase or decrease in pH beyond this
resulted in a significant decline in both AMG and endoglucanase production and biomass yield

for all isolates.
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Figure 3.3. Effect of different pH on AMG (i, ii, and iii) and endoglucanase (iv, v, and vi)
production. All treatments were performed in triplicate (p-value < 0.05). Means without a
common superscript letter differ as analysed by one-way ANOVA and the LSD test while the
error bars indicate the standard errors ofthe means (SEM).

3.3.4. Effect ofdifferent metal ions on AMG and endoglucanase production

The effect of metal ions on the secretion of AMG, endoglucanase, and mycelial biomass was
significant when either 0.1% Na+, K+, Mn2t, Zn2t, NaFe-EDTA or Co2+was added to the liquid
medium (Figure 3.4). The metal ions used in this experiment were so selected to complement
those already present in the basal mineral salt medium. The activity was significant when the
medium was amended with potassium and sodium for all tested isolates, while a significantly

low activity was recorded when cobalt was added to the liquid medium (Figure 3.4).
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Figure 3.4. Effect of different metal ions on AMG (i, ii, and iii) and endoglucanase (iv, v, and vi)
production. All treatments were performed in triplicate (p-value < 0.05). Means without a
common superscript letter differ as analysed by one-way ANOVA and the LSD test while the
error bars indicate the standard errors of the means (SEM).

3.3.5. Effect ofdifferent carbon sources on AMG and endoglucanase production

Ericoid fungi were able to grow moderately in all the tested carbon sources, and increased AMG,
endoglucanase production and yield of biomass were recorded. Glucose (0.5%) gave the highest
enzyme activity followed by 1.0% cellobiose, 1.0% maltose, 1.0% sucrose/glucose (ratio 1:1),
0.25% glucose, 1.0% sucrose and 1.0% starch (Figure 3.5). There was a significant difference in
both enzyme activity and mycelial biomass yield when the production medium was amended
with 0.5% glucose and least when 1.0% starch was used as a supplement for endoglucanase but
higher for AMG production (Figure 3.5). The importance of a suitable carbohydrate source in the
culture medium is important for the enzyme production and biomass yield of all isolates. Among
all parameters used, glucose plays an important role in increasing the mycelial biomass yield for

better AMG and endoglucanase production (Figure 3.5).
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Figure 3.5. Effect of different carbon sources on AMG (i, ii, and iii) and endoglucanase (iv, v,
and vi) production. All treatments were performed in triplicate (p-value < 0.05). Means without a
common superscript letter differ as analysed by one-way ANOVA and the LSD test while the
error bars indicate the standard errors of the means (SEM).

3.3.6. Effect ofdifferent nitrogen sources on AMG and endoglucanase production

Nitrogen source had an inducing effect on the secretion of AMG, endoglucanase and biomass
yield of all tested isolates. A significant increase in endoglucanase activity was noted when 0.1%
tryptone was added to the liquid basal medium for ChemRU330 and EJRUO83 isolates while
0.1% peptone was significant for isolate EdJRU002 (Figure 3.6). Minimum endoglucanase
activity was obtained when yeast extract or malt extract was used as a supplement. For AMG
production, highest activity was observed with yeast extract followed by malt extract for
ChemRU330 and EdRUO002, while yeast extract was followed by peptone, malt extract and
tryptone for isolate EARU083. The sodium nitrate had no noticeable effect on AMG production

across all the isolates investigated.
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Figure 3.6. Effect of various nitrogen sources on AMG (i, i, and iii) and endoglucanase (iv, v,
and vi) production. All treatments were performed in triplicate (p-value < 0.05). Means without a
common superscript letter differ as analysed by one-way ANOVA and the LSD test while the
error bars indicate the standard errors of the means (SEM).

3.4. Discussion and conclusion

The consistency in enzyme production was demonstrated by the activities of the AMG and the
endoxylanase at 100% even after several sequential subculturing events (Figure 3.1). Hence,
ERM could be used for the production of some specific enzymes for the bio-economy. The
monitoring results showed a decrease in the cellulase activity after the twelveth sequential
Leohumicola sp. subculturing, while AMG and endoxylanase were produced maximally
throughout the study period. A similar effect of subculturing on the survival and enzyme activity
of Neocallimastix hurleyensis (a rumen anaerobic fungus) has been reported (Ekinci et al., 2006).
The report showed that there was a significant decrease in cellulase enzyme activities after 31
consecutive subculturing N. hurleyensis isolate grown in a medium containing glucose as the
sole energy source. These findings indicated that the consistency in enzyme production could be

affected by the change in a natural environment where the organisms were found, and the eftect
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was enzyme-specific. Therefore, there is the need first to examine the consistency of production
to enable proper choice of the enzyme when exploring for new biomolecules from the

environment.

The AMG and endoglucanase production differed for different isolates at a different temperature.
This investigation revealed that the best temperature for enzyme production was recorded at
28°C [Figures 3.2 i, ii, iii (AMG), iv, v, and vi (endoglucanase)]. The variation observed with
other temperatures could be as a result of the followings: (1) low temperature could not allow
sufficient biomass production and (i) inactivation at a high temperature that destroys amino acid
or hydrolyses the peptide chain. The temperature of incubation played a significant role in the
metabolic activities of these microorganisms. Hence, I acknowledged that slight changes in
temperature could affect enzyme production and the optimal temperature for ERM growth is at
28°C. An experiment elsewhere corroborates these findings that growth and production of
microbial secretomes ultimately depend on the temperature of cultivating medium which could

lead to poor growth and reduced enzyme yield (Norouzian, 2008).

The pH of a growing medium is one of the most crucial factors influencing microbial growth,
biomolecule production and transport of various constituents across the cell membrane (Lynd et
al., 2002). Thus, accounts for the rate and quantity of growth, reproduction, and morphology of
microorganisms in a liquid medium. High enzyme activity values were obtained for isolates
EdRUO83, Leohumicola sp. (ChemRU330) and EARUO002 at a pH of 5.0 (Figure 3.3). A similar
result was reported by Yazdi and co-workers (1990) who recorded an optimal pH of 4.5 for
endoglucanase activity (crude extract) from Newrospora crassa. Conversely, El-Hadi and
coworkers (2014) in their investigation observed that a maximum CMCase production of 0.23
U/ml was obtained at pH 7.0 in a liquid medium and assay temperature of 37°C for Aspergillus
hortai. In specific term, the effect of pH on endoglucanase production by these fungi (Figures
3.3d, e, and f) also aligns with the observations made by Lynd et al. (2002). Their review showed
that A. hortai exhibited both endoglucanase and filter paper (FPase) activities at the pH between
4.0 and 7.0 for most microbes (Lynd et al., 2002). AMG production was also affected by pH
difference. A pH of 5.0 was the best pH for AMG production across all isolates tested;
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Leohumicola sp. produced the highest activity at the same pH with corresponding biomass yield

(Figure 3.3).

The AMG and endoglucanase activity for most isolates used in this study were increased when
either Na*, K" or Mn?" was added to the production medium, followed by Zn*", NaFe-EDTA and
least when Co*" was used (Figures 3.4 i, 11, iii, iv, v, and vi). The least activity and mycelial
biomass were recorded for both NaFe-EDTA and Co®'; this may be as a result of their toxic
effect on these fungi during assimilation processes. The findings of Baldrian and Gabriel (2002)
confirmed that a white-rot fungus (Pleurotus ostreatus) needed trace amounts of either Cd, Mn
or Zn for enzyme secretion. Similarly, some other findings revealed that metal ions in higher
concentrations were potent inhibitors of enzymatic reactions (e.g. cellulase activity) in white-rot
fungi (Baldrian, 2003; Naraian et al., 2010). Based on current results (Figure 3.4), cobalt ion and
ferric EDTA concentration of 0.1% or more was inhibitory to the production of endoglucanase
and biomass yield of ERM fungi. For AMG production (Leohumicola sp.), only cobalt and zinc

were inhibitory to the production with least activity values (Figure 3.4).

The three ERM fungi selected for this study had highest enzyme activities (AMG,
endoglucanase) and mycelial biomass when the production medium was amended with 0.5%
glucose (Figures 3.5 i, ii, iii, iv, v, and vi). Conversely, least AMG, endoglucanase activity and
mycelial yield were obtained when there was no other carbon supplementation (control). This
aligns with the findings of Cao and Crawford (1993), where four strains of an ectomycorrhizal
fungus, Pisolithus tinctorius were investigated for carbon nutrition, and for the production of
hydrolytic and cellulolytic enzymes. Glucose, maltose and cellobiose supported the rapid
mycelial growth of all the four strains studied. As observed in this study, ERM enzyme
expression was heavily influenced by the substrate they colonised. Also, the presence of an
inducible cellulolytic enzyme complex in some ectomycorrhizal fungi, grown in vifro with
similar medium composition already reported (Cao and Crawford, 1993). Recently, Bizabani and
Dames (2016) reported high biomass production when some ericaceous root-associated fungi
(Meliniomyces sp., Acremonium implicatum, Leohumicola sp., Cryptosporiopsis erica,
Oidiodendron maius and an unidentified Helotiales fungus) were grown on glucose and

cellobiose. Thus, we affirmed that either glucose or cellobiose (Figure 3.5) is sufficient at
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improving enzyme activity when compared with other fermentable sugars, and their
incorporation into AMG and endoglucanase production media should be encouraged to improve
the ERM and DSE mycelial production.

Organic nitrogen sources have been reported to have an inducing effect on the secretion of
amylases and cellulases (Jonathan and Adeoyo, 2011). Figure 3.6 shows that the effect was more
pronounced when the production medium was supplemented with either yeast extract (AMG), or
peptone/tryptone (endoglucanase). These observations were similar to the findings of Jonathan
and Adeoyo (2011) who reported a high cellulase activity and mycelial biomass when the
production medium was supplemented with peptone, recording values of 0.74 U/ml and 116
mg/30 ml, respectively, for Coriolus versicolor. The report of El-Hadi et al. (2014) also
confirmed the role of organic nitrogen (e.g. peptone) at increasing enzyme activity during
optimisation of cultural and nutritional conditions for carboxymethylcellulose production by
Aspergillus hortai, stating that organic nitrogen sources were preferable for improving
endoglucanase activity. Similarly, Gautam et al. (2011) reported that either peptone or yeast
extract (1.0% w/v) was found to be the best nitrogen source for the production of cellulase by

Aspergillus niger and Trichoderma sp.

In conclusion, the potential of using ericoid fungi in producing improved mycelial biomass,
AMG, and endoglucanase activity in vitro under various pH and nutritional conditions were
investigated to maximise production. This study provides useful information that can assist in
improving the mycelial biomass yield of some selected starter cultures for better mycorrhizal
fungus inoculum production, while the AMG and endoglucanase production can contribute to the
improvement of starch and cellulose bioconversion. The bio-enzymes obtained from these fungi
represent a potential additional source of AMG and endoglucanase for industrial applications.
Based on the information currently available, this is the first report which shows the potential of
ericoid fungi for commercial AMG and endoglucanase production. Hence, a mineral salt liquid
medium (e.g., MMN) of pH 5.0 with 0.1 - 0.5% glucose, 1.0% peptone or tryptone and either
(0.1%) sodium, potassium or manganese sulphate is adequate for the production of either
endoglucanase or endoxylanase from ERM and DSE fungi at 28°C. For AMG production,
addition of 0.1 - 0.5% glucose, 0.3 - 1.0% yeast extract and 0.5 g/l KH,PO4 (pH 5.0) to the basal
medium (MMN) would be sufficient for its production at 28°C. Leohumicola sp. (ChemRU330)
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was found to be suitable for further study based on its good responses to enzymes production and
optimisation. Also, the fungus showed the ability to consistently produce biocatalysts of interest
when grown in a nutrient-rich medium without the help of their symbiotic partner (host) for
carbon supply, an attribute similar to those of currently used saprophytic fungi.

CHAPTER 4

4.0 Partial purification and characterisation of endoxylanase from Leohumicola sp.

(ChemRU330)

4.1. Introduction

Plant cell walls consist of three major renewable resources viz cellulose, hemicellulose, and
lignin. (1) Cellulose is an insoluble polymer composed of B-D-glucopyranosyl residues linked by
B-1,4-glycosidic bonds. (ii)) Hemicellulose is the second largest component of lignocellulose,
which is made up of different carbon sugars (5 or 6) such as xylose, arabinose, galactose,
glucose, and mannose. (ii1) Lignin is a complex polyphenol (p-coumaryl alcohol, coniferyl
alcohol, and sinapyl alcohol) intimately interconnected with the hemicelluloses forming a
network of orderly microfibrils (Corral and Villasefior-Ortega, 2006). On average, the cellulose,
hemicellulose and lignin content of plant cell wall biomass comprises 40%, 33% and 23%,
respectively (Corral and Villasefior-Ortega, 2006). Xylan is the most abundant of the
hemicelluloses which have a linear backbone of -1,4-linked D-xylopyranose residues which is
further substituted, depending on plant sources to a varying degree with glucuronopyranosyl, 4-

O-methyl-D-glucopyranosyl, a-1-arabinofuranosyl (Sakthiselvan et al., 2014).

Xylan is an essential component of hemicellulosic polysaccharide in cell walls of most plants,
making up to 7-12% and 15-30% of the total dry weight in softwood from gymnosperms and
hardwood from angiosperms, respectively (Saha, 2003). Hardwood hemicellulose mainly
consists of O-acetyl-L-4-O-methyl-glucuronic acid xylan, e.g., the content of this hemicellulose
in birchwood is approximately 35% (Chen, 2014). Xylan hemicellulose in softwoods is 4-O-
methyl-glucuronic acid arabinose-xylan with almost no acetyl (Chen, 2014). Beechwood (BW)

xylan from agricultural residues is an inexpensive and abundant raw material that could be used
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for oligosaccharide production. BW xylan consists of a backbone of p-14-linked D-
xylopyranose residues, with side chains of 4-O-methyl-glucuronic acid attached to the C-2

position of xylose and O-acetyl groups at C-2 or C-3 positions (Freixo and De Pinho, 2002).

Figure 4.1. Action site of xylan-degrading endo-1,4-B-xylanase with numbers showing carbon
atoms to which chemical groups are linked including acetyl chains (Modified from Corral and
Villasefior-Ortega, 2006).

Table 4.1. Enzymes involved in the hydrolysis of hemicellulose

Enzyme Mode of action

Endoxylanase Hydrolyses interior [-1,4-xylose linkages of the xylan
backbone yielding various 1,4-B-D-xylooligosaccharides

Exoxylanase Hydrolyses -1,4-xylose linkages releasing xylobiose
(endo-1,4-B-xylanase)

B-Xylosidase Releases xylose from xylobiose and short chain
xylooligosaccharides

a-Arabinofuranosidase Hydrolyses terminal nonreducing a-arabinofuranose from
arabinoxylans

a-Glucuronidase Releases glucuronic acid from glucuronoxylans

Acetylxylan esterase Hydrolyses acetylester bonds in acetyl xylans

Ferulic acid esterase Hydrolyses feruloylester bonds in xylans
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p-Coumaric acid esterase Hydrolyses g-coumaryl ester bonds in xylans

(Modified from Saha, 2003).

A typical xylanase mode of action on an arabinose-4-O-methylglucuronoxylan is represented in
Figure 4.1; it shows the xylanolytic action of an endoxylanase (Corral and Villasefior-Ortega,
2006). Table 4.1 shows the enzymes required for a complete process of xylan degradation and
their modes of action. Some authors have evaluated the prospects of using fungal xylanases for
the hydrolysis of wvarious lignocellulosic substrates (Corral and Villasefior-Ortega, 2006;
Goncalves et al., 2015). Xylanase is a complex of endoxylanase (E.C 3.2.1.8), B-xylosidase (E.C
3.2.1.37), a-glucuronidase (E.C 3.2.1.139), a-arabinofuranosidase (E.C 3.2.1.55) and acetyl
xylan esterase (E.C 3.1.1.72) (Juturu and Wu, 2011). Endoxylanases catalyse the random
hydrolysis of xylan to produce various short xylooligosaccharides (XOS), while B-xylosidase
releases xylose residues from the non-reducing ends of XOS (Yun et al., 2015). Endo-1,4--
xylanase is the most important xylan degrading enzyme, it removes or cleaves the internal
glycosidic linkages of the heteroxylan backbone, leading to a decreased degree of polymerisation
of the substrate (Corral and Villasefior-Ortega, 2006). Endo-1,4-B-xylanase cleaves the main
chain only near a substituted region and acts only at uninterrupted sequences (Corral and
Villasefior-Ortega, 2006). Some novel xylanases degrade xylan at high temperatures and have
contributed to the development of a highly efficient system for lignocellulose conversion

(Goncalves et al., 2015).

Purification of proteins usually involves the use of three or more separation steps in sequence,
and the first one should be easy to use with large quantities of materials (Nielsen and Borchert,
2000). Precipitation techniques are used most commonly during early stages of a purification
sequence. For many years, ammonium sulphate [(NH4)2SO4] fractionation has often been used
to purify proteins from the crude filtrates of their sources partially and the concentrations of
(NH4)2S04 used can be modified to achieve optimal separation (Duong-Ly and Gabelli, 2014).
Ammonium sulphate is the most common salt used in enzyme purification because it combines
many useful features, such as salting out effectiveness, high solubility and low price. In
principle, the fractionation method depends on the ability of high concentrations of ammonium

sulphate to bind available water molecules and thus prevent the solvation of proteins (Duong-Ly
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and Gabelli, 2014). Moreover, ammonium sulphate fractionation provides a crude purification of
proteins, and it is typically involved in protein purification protocols (Wang et al., 2007).
However, protein precipitates obtained from salt fractionation have a high salt content, which
requires desalting before the subsequent analysis. One way to remove excess salt is by dialysing

protein samples against a buffer low in salt content (Wang et al., 2007).

Xylanases are glycoside hydrolases (GH), and sequences based on GH classification has placed
xylanase in two major families, 10 and 11. Other related GH families include 5, 8, 30 and 43
(Chakdar et al., 2016, Hong et al., 2014). Xylanases belonging to the GH10 family are composed
mostly of endo-1,4-B-xylanases with a few endo-1,3-B-xylanases (biose, triose, and tetraose are
the primary products, whereas the xylose, pentraose, and other oligosaccharides with more than
five xylose units are produced in small quantities). They can hydrolyse cellulose and aryl B-D-
cellobiosides, and the products of their action. GH10 xylanases cleave the -1,4-linkages that
precede a B-1,3-linkage on both sides, but not the ones that immediately follow [-1,3-linkages.
GHI11 members are monospecific, as they consist exclusively of an appropriate enzyme that
cleaves internal B-1,4-xylosidic linkages only. Their catalytic ability is lower than those enzymes
in the GHI10 class. The action of the GH11 family enzymes is solely on D-xylose containing
substrates, and they cannot cleave cellulose or aryl B-D-cellobiosides (Chakdar et al., 2016). The
GHI11 family cleaves un-substituted regions of the backbone because they cannot attack the
xylosidic linkage towards the nonreducing end (next to a branched xylose). Most bacterial
xylanases belong to the GH10 family while fungal xylanases majorly belong to the GH11 family
(Liu et al., 2012).

Interest in carbohydrate-active enzymes has increased over the years because of their potential
application. Xylanases are used in food, feed, bleaching (pulp and paper) industries, and could
also be utilised in improving the effectiveness of detergent cleaning, biochemical and biofuel
production (Juturu and Wu, 2011; Yun et al, 2015). The objective of this chapter was to
determine the characteristics and apparent activity of a partially purified endoxylanase. The
choice of xylanase for characterisation was motivated by its consistency in production during a

production monitoring study (Chapter 3).
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4.2. Materials and methods

4.2.1. Fungal isolates, production and activity assay

The Leohumicola sp. (ChemRU330) isolate was used, the production of xylanase was carried out
as described earlier (Chapter 3) and enzyme activity was measured using 1% beechwood (BW)
xylan (Lot # 141202) in acetate buffer (pH 5.0) for 1 h at 50°C. The released, reducing sugars
were assayed using the DNS method of Miller (1959). One unit of activity was defined as the
amount of endoxylanase that librated 1 pmol of xylose per minute under standard assay
condition. All values are expressed as the standard errors of the mean (+SEM), obtained from

triplicate experiments.

4.2.2. Determination of protein content

The protein content was estimated according to the method of Bradford (1976). Protein
concentration was determined using bovine serum albumin (BSA, Lot # 127H1078) as a

standard. The protein optical density was measured at 595 nm (Bradford, 1976).

4.2.3. Ammonium sulphate precipitation and dialysis of crude enzyme extract

The crude enzyme filtrate was concentrated and optimised using the ammonium sulphate
precipitation method (Kamble and Jadhav, 2012). The precipitation was carried out by diluting
120 ml crude enzyme extract partially into (NH4)2SO4 with a concentration of 80% (w/v). The
pellet and filtrate were separated by centrifugation at 6000 x g for 15 min at 4°C. The
precipitated enzyme in the pellet was diluted with 10 ml of acetate buffer (pH 5.0). Dialysis of
the partially purified enzyme was performed by using a pre-treated dialysis bag (10 kDa cut-off).
The partially purified enzyme (10 ml) was dialysed against 0.1 M acetate buffer (pH 5.0) at 4°C
with three changes of the buffer according to the method described by Kusuda et al. (2004).
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4.2.4. TLC analysis of hydrolytic products

The hydrolysed products of xylan were analysed by the thin-layer chromatography (TLC) using
silica gel plates 60G F254 HPTLC (Merck, Darmstadt Germany). BW xylan was used as the
substrate; the reaction mixture was incubated at 50°C for 24 h. An aliquot (80 pl) of the sample
was collected after boiling and centrifugation at 6000 x g for 5 min. A 5 pl of each aliquot with
xylo-oligomer standard, substrate, and enzyme blanks were spotted onto TLC plates. The plates
were subsequently developed with n-butanol: acetic acid: water (2:1:1, v/v/v) (Yun et al., 2015).
Plates were developed twice for 3 h 15 min, and then 2 h 13 min. The resultant plate was briefly
submerged in a staining solution of methanol containing 5% phosphoric acid, and 0.3% a-
naphthol, and heated for 10 minutes at 120°C in an oven to visualise the xylo-oligomers before
taking photographs. The xylooligosaccharide mixture consisted of xylose (Sigma-Aldrich, Lot #
SLBK7809V), xylobiose (Megazyme, Lot # 130502), xylotriose (Megazyme, Lot # 140803),
xylotetraose (Megazyme, Lot # 150604), xylopentaose (Megazyme, Lot # 150605), and
xylohexaose (Megazyme, Lot # 151206).

4.2.5. Enzyme zymography

The zymogram analysis was performed using a modified zymographic method
(Ratanakhanokchai et al., 1999). The culture supernatant in the sample application buffer was
boiled for 2 min at 95°C and was followed by electrophoresis on a 10% sodium dodecyl sulphate
- polyacrylamide gel electrophoresis (SDS-PAGE) gel containing 1% BW xylan. After
electrophoresis, the gel was soaked in 2.5% (v/v) Triton X-100 with gentle shaking which
removed the SDS and renatured the proteins in the gel for 45 min at 4°C. The gel was then
washed with 0.01 M acetate buffer (pH 5.0) and incubated for 1 h at S0°C. The gel was soaked in
0.1% Congo red solution for 30 min at room temperature and washed with 1 M NaCl until the
excess dye was removed from the active band. A Bio-Rad ChemiDoc X-Ray Spectrometer

(XRS) system was used to capture photographic images.
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4.2.6. The effect pH of endoxylanase activity and stability

The optimum pH for xylanase activity was obtained by assaying the partially purified enzyme in
buffer at different pH (1.0-9.0, interval 1.0 unit) prepared in 0.1 M buffer having pH values of
1.0, 2.0 (hydrochloric acid-potassium chloride); 3.0, 4.0, and 5.0 (citrate-phosphate); 6.0, 7.0
(phosphate); 8.0 and 9.0 (Tris-HCIl). For enzyme stability, the enzyme was preincubated in
acetate buffer (pH 5.0) at 37°C. The optimum pH was determined by assaying enzyme activity at
37°C for 1 h using the DNS method (Miller, 1959).

4.2.7. The effect of temperature on endoxylanase activity and stability

The optimum temperature was obtained by incubating the enzyme under different temperatures
(4, 20, 30, 40, 50, 60, 70, and 80°C, while stability was tested by pre-incubating the enzyme at
37, 50, 60, and 70°C. The enzyme activity was determined every 6 h for 30 h. Enzyme activity
was assayed using the DNS method (Miller 1959) at pH 5.0 (0.1 M).

4.2.8. Effect of metal ions and chemicals on the activity of the endoxylanase

Metal ions such as K, Na', Ca2+, Fe%, Mg2+, Zn2+, C02+, Cu*’ A13+, Hg2+, Cd2+, and Mn*" (all
supplied in chloride form) were each applied to determine the effect on the enzyme activity.
Each of the metal ions was used at a concentration of either 1, 5, or 10 mM, while incubation
was performed at 50°C for 1 h. The following compounds; sodium azide (NaN3), ammonium
chloride (NH4Cl), ethylenediaminetetraacetic acid (EDTA), SDS, dimethyl sulfoxide (DMSO),
and indole-3-acetic acid (IAA) were also tested for their inhibitory effect on endoxylanase

activity.

4.2.9. Substrate specificity assay
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A 10 mg/ml each of either BW xylan, CMC, starch, glycogen, microcrystalline cellulose
(Avicel) and chitin was used to determine substrate specific for xylanase action. Each substrate
was incubated with the xylanase extract at 50°C for 1 h (pH 5.0). Activities were determined as
previously described.

4.2.10. Kinetic parameters

Initial reaction rates using BW xylan as substrate were determined at substrate concentrations of
1.0-10.0 mg/ml in 0.1 M acetate buffer (pH 5.0) at 50°C. The kinetic constants, K,, and V.,
were estimated using a Michaelis-Menten plot using KaleidaGraph curve fitting software

(Golicnik, 2011).

4.2.11. Statistical analysis

All experiments were conducted in triplicate and analysed using one-way ANOVA. Error bars

were represented as the standard errors of the means (SEM).

4.3. Results

4.3.1. Partial purification of endoxylanase

The effect of sequential subculturing on coproduced xylanase from Leohumicola sp. indicated
that xylanase activity was optimal throughout the study period (Chapter 3). The enzyme
purification is summarised in Table 4.2. The protein was precipitated with 80% ammonium
sulphate, dialysed against acetate buffer and concentrated using an Amicon ultrafiltration unit.
The enzyme was partially purified to 49.6 fold with a specific activity of 1.57 U/mg protein and
a recovery yield of 77%. Figure 4.2 shows the SDS-PAGE and zymogram of the crude extract
from Leohumicola sp. The partially purified sample gave a single band of yellow against the red
colour of the Congo red used for gel staining. The molecular weight of the endoxylanase was
estimated by plotting a relative migration distance (Rr) graph based on the electrophoretic

mobilities of endoxylanase and of the reference standard (Rf) on SDS-PAGE with the
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corresponding zymographic position. The partially purified endoxylanase was observed to have a

molecular weight of 72 kDa.

Table 4.2. Purification table of endo-1,4-p-xylanase from Leohumicola sp. (ChemRU330)

Step Protein Total Total Specific
(mg/ml)  protein  activity  activity
(mg) @) (U/mg)
Crude 24593  29511.11  936.90 0.03
Dialysis 41.50 460.68 725.35 1.57

Purification Yield
fold (%)
10 100
49.6 77

Figure 4.2. The SDS-PAGE and endo-1,4-P-xylanase zymogram of a Leohumicola sp. partially
purified enzyme prepared according to the method described by Ratanakhanokchai et al. (1999).
Lane 1 contains a colour pre-stained standard, broad range (BioLabs), lanes 2-3 contain partially
purified enzyme and lanes 4-5 contain P-1,4-endoxylanase zymogram (Congo red staining). Note
that the 1,4 glycosidic bond is formed between the carbon-1 of one monosaccharide and carbon-

4 of the other monosaccharide.

4.3.2. Thin layer chromatographic analysis ofthe xylanase
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Beechwood xylan (1%) was incubated with the enzyme for 24 h to assure maximum hydrolysis.
The mixtures were analysed by thin layer chromatography (TLC), and the hydrolytic products
were compared to those of the standards. The result showed that the tested enzyme liberated
varying smaller-sized linear xylooligosaccharides with Rf values corresponding to those of
xylobiose, xylotriose, Xxylotetraose, xylopentaose, xylohexaose and other higher oligomers
(Figure 4.3).

X1
X2

X3

X4

X5

X6

Figure 4.3. Thin-layer chromatograms of hydrolyzates using endo-1,4-P-xylanase from
Leohumicola sp. Plates were developed twice with n-butanol: acetic acid: water (2:1:1, v/v/v).
The plates were briefly submerged in methanol containing 5% (v/v) sulfuric acid and 0.3% a-
naphthol. Standards (Std); xylose (X1), xylobiose (X2), xylotriose (X3), xylotetraose (X4),
xylopentaose (X5), and xylohexaose (X6), substrate control (C1), enzyme control (C2).

4.3.3. The effectpH ofendo-1,4-f-xylanase activity and stability

The pH of any medium plays a crucial role in influencing enzyme production and activity. The
effect of pH on endoxylanase activity was evaluated by adjusting the pH values to 1.0, 2.0, 3.0,
4.0, 5.0, 6.0, 7.0, 8.0, and 9.0. The assay was performed at 37cC for 1 h. Figure 4.4 shows that
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pH 5.0 had the highest activity of 1.11 U/mg protein. Low enzyme activity was found at a pH of
2.0 and 8.0 while the activity at the pH of 1.0 was significantly low. The optimum pH for the
endoxylanase activity from Leohumicola sp. was 5.0, and the activity gradually decreased
outside this pH. Also, it was observed that the enzyme activity was stable at pH of 5.0 for 6 h
(Figure 4.5), after which the activity started to decrease gradually in a similar faction to those of
other pHs. After 24 h of pre-incubation, the enzyme retained over 70% of its activity at a pH of
5.0at 37°C.

Figure 4.4. Effect of pH on endo-1,4-B-xylanase activity. The enzyme was incubated at 37°C for
1 h. All error bars are represented as the standard errors of the means (SEM).
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Figure 4.5. Effect of pH on the stability of endo-1,4-P-xylanase. The enzyme was incubated at
37aC for 1 h. All error bars are represented as the standard errors of the means (SEM).
4.3.4. Effect oftemperature on endo-1,4-f-xylanase activity

The effect of temperature on endoxylanase activity was investigated over a range of temperatures
(4, 20, 30, 40, 50, 60, 70, and 80cC). Figure 4.6 shows that the optimal temperature was obtained
between 600C (1.69 U/mg protein) and 500C (1.62 U/mg protein). The xylanase was very stable
at 37aC. However, the activity of endoxylanase gradually decreased after 1 h at 500C and
retained over 69% activity after 120 min, while at 60 and 700C, the enzyme activity sharply
decreased with an increased pre-incubation period (Figure 4.7).
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Figure 4.6. Effect of temperature on the endo-1,4-f-xylanase activity. The enzyme was incubated

at 4 to 80°C for 1 h (pH 5.0). All error bars are represented as the standard errors of the means
(SEM).

Figure 4.7. Thermal stability of the endo-1,4-B-xylanase activity. The enzyme was pre-incubated
for 30, 60, 90, 120, and 150 min before the assay was carried out at 50°C for 1 h (pH 5.0). All
error bars are represented as the standard errors of the means (SEM).

4.3.5. Effect of metal ions and chemicals on the activity of the endo-1,4-p-xylanase
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Metal ions used in this investigation were supplied in chloride forms (K ,Na ,Ca ,Fe ,Mg ,
Zn2+, Co2+, Cux  Al3 Hg2, Cd> and Mn2H. Metal ions such as Cu2t,  Al3; Hg2+
inhibited enzyme activity significantly at a concentration of 1, 5 and 10 mM, while cobalt had an
effect only at a concentration of 10 mM (Figure 4.8). Also, for most chemicals used in this
experiment (Figure 4.9), only SDS showed an inhibitory effect on endoglucanase activity at 1, 5

and 10 mM concentrations.

10 mM
O5mM
O1mM

Figure 4.8. Effect of metals on the endo-1,4-P-xylanase activity. The enzyme was incubated in
either 1, 5, or 10 mM of K+, Na+, Ca2t, Fe2, Mg2+, Zn2+, Co2t Cu2+ Al3t Hg2t Cd2+ and Mn2+
at 50aC for 1 h (pH 5.0). All error bars are represented as the standard errors of the means
(SEM).
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Figure 4.9. Effect of chemicals on the endo-1,4-P-xylanase activity. The enzyme was incubated
in either 1, 5, or 10 mM of N N 3, DMSO, NH40, EDTA, SDS and IAA at 50cC for 1 h (pH
5.0). All error bars are represented as the standard errors of the means (SEM).

4.3.6. Substrate specificity

The efficient utilisation of xylanases relies on a proper understanding of their substrate
specificity and the complex structures of heteroxylans. A good number of studies on the three-
dimensional structures of xylanases from different GH families in complex with the substrate
provide insight into the various mechanisms through which xylanases bind and hydrolyse
structurally different heteroxylans and xylooligosaccharides (Pollet et al., 2010). The substrate
(1%) of either BW xylan, CMC, starch, glycogen, Avicel and chitin was used was to determine
specificity. Figure 4.10 shows that endo-1,4-P-xylanase was specific for two substrates - BW
xylan and CMC with values of 1.61 and 0.42 U/mg protein, respectively. The enzyme could not
degrade starch, glycogen, Avicel and chitin.
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Figure 4.10. Substrate specificity of endo-1,4-P-xylanase activity. All error bars are represented
as the standard errors of the means (SEM).

4.3.9. Kinetics study

Lineweaver-Burk plots help to eliminate the difficulty experienced in drawing a hyperbola,
locating the asymptotes accurately, identifying the relationship among hyperbola and deviation
from expected curve by plotting initial velocity Vo against the log of the substrate [S]. The
Hanes-Woolf plots, on the other hand, help to accurately analyse data graphically, eliminating
the incorrect impression of experimental errors which are sometimes associated with
Lineweaver-Burk plots (double reciprocal plots). Michaelis-Menten plots are better expressed
using non-linear regression software such as KaleidaGraph (Golicnik, 2011). Figure 4.11 shows
the kinetic parameters for the endo-1,4-P-xylanase of Leohumicola sp. Kmand Ve values of
1.04 mg/ml and 8.7 U/ml, respectively were obtained when 1% BW xylan was used as a
substrate and incubated at 500C (pH 5.0). The kca (turnover number) was 2.79 s-1, and the
catalytic efficiency (kca/Km) was 2.70 s-1 mg-1ml-1
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Figure 4.11. Michaelis-Menten plot of partially purified endo-1,4-P-xylanase enzyme versus
beechwood xylan concentration. All error bars are represented as the standard errors of the
means (SEM) (m1 = Vnaxand m2 = Km).

4.4. Discussion and conclusion

The endo-1,4-P-xylanase from Leohumicola sp. revealed a single protein band with a molecular
weight (MW) of 72 kDa (Figure 4.2). This is corroborated by a report on an endo-1,4-P-xylanase
which were from several fungi displayed exclusive single subunit protein structure with an MW
ranging from 85 to 85 kDa (Polizeli et al., 2005). The capacity of endo-1,4-P-xylanase to
degrade the substrates (BW xylan) was demonstrated by analysing the hydrolysates through a
TLC method. The qualitative identification of the XOS was conducted, the TLC analysis
resolved the reaction into different XOS, but no XOS was produced where the enzyme was not
included. Figure 4.3 shows that xylobiose, xylotriose, xylotetraose, xylopentaose, xylohexaose
and other higher oligomers were produced. The hydrolytic profile observed in the Leohumicola
sp. was similar to that of Aspergillus niger (Takahashi et al., 2013) and Penicillium oxalicum
(Liao et al., 2015). The substrate specificity is a key indicator to determine the efficiency and
products of hydrolysis because not all of the xylosidic linkages in the heteroxylans are readily

accessible to particular xylanase (Girio et al., 2010). The degradation profile of BW xylan by
69



xylanase monitored by the TLC analysis revealed that the hydrolytic products were longer
xylooligomers with the degree of polymerisation (DP) starting from xylobiose to higher DP. This
result indicated that the xylanase produced from Leohumicola sp. was endo-type xylanase with
similar catalytic properties to those in the GHI1 family, a characteristic feature of fungal

xylanases (Liu et al., 2012).

Xylanases obtained from fungal sources are known to be active and stable in the acidic range of
pH (Burke and Cairney, 1997a). The pH study revealed that pH 5.0 was the optimum and stable
at a pH between 5.0 and 7.0. Also at this pH, the enzyme retained 70% of its activity after
incubation for 24 h at 37°C. This is better than a report that an endo-1,4-B-xylanase from the
ericoild mycorrhizal fungus, Hymenoscyphus ericae had an optimum pH of 4.5 and stable
between pH 3.5-4.0 (Burke and Cairney, 1997a) because most industrial enzymes are produced
within this pH range. According to Burke and Cairney (1997a), one of the environmental factors
regulating enzyme activity at the mycorrhizal-host root interface was pH, which tends to reduce
enzyme activity and growth when outside the optimum or permissible range. Also, endoxylanase
of Leohumicola sp. had optimal activity at a temperature of 60°C (pH 5.0), was more stable at
50°C, retaining about 69% activity after 2 h. These results confirmed that the endoxylanase from
Leohumicola sp. compared well with those of commonly used 7richoderma and Aspergillus spp.

(Subramaniyan and Prema, 2002).

The effects of metal, detergent, and other chemicals were evaluated, and the partially purified
enzyme showed strong stability in the presence of most metals used (K, Na', Ca®’, Fe*', Mg%,
Zn*, Co™" and Mn*") except for Cu®" AI’", Hg*" and Cd*" (Figure 4.8). The study was at
variance with a report that endoxylanase was inhibited in the presence of Co*" and Mn*" (Chen et
al., 2006, Hmida-Sayari et al., 2012). The findings revealed that the effect of metal ions was
concentration dependent and at a concentration of 5 mM and more the effect becomes
significant. SDS (a detergent) affected the enzyme activity across all the three different

concentrations used whereas other reagents showed no noticeable effects.

The endo-1,4-B-xylanase from 7richoderma reesei had K, value of 2.1 mg/ml and 1.4 mg/ml of

birchwood xylan and BW xylan, respectively (He et al., 2009). The K,, value reported for
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Leohumicola in this investigation was 0.93 mg/ml (Figure 4.11). The kinetic parameters for the
endo-1,4-B-xylanase of Leohumicola sp. compared well with those reported for those of other
fungal endoxylanases (Abbas et al., 2012). Hence, further purification of this enzyme to

homogeneity would show far more accurate results.

In conclusion, having considered the unique properties of this enzyme (high thermal stability,
stable in the pH range of 5.0-7.0, and a good xylanolytic efficiency against the substrate) as well
as the possibility of purifying it to homogeneity for a better catalytic efficiency, the xylanase
from the Leohumicola sp. (ChemRU330) can be considered an attractive candidate for future
industrial applications. For example, it can be used to convert agricultural residues into other

useful bio-based products.

CHAPTER 5

5.0 Purification and characterisation of an amyloglucosidase from Leohumicola sp.

(ChemRU330)

5.1. Introduction
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Ericaceae is a family of plants that can alter their physiological or morphological features in
environments characterised by nutrient deficiencies (Cairney, 2002). The survival of ericaceous
plants in these habitats depends strongly on the symbiotic associations that exist between them
and mycorrhizal fungi, where nutrients are made available from soil organic matter through the
assistance of hydrolytic enzymes. Ericoid mycorrhizal (ERM) fungi have been found to produce
hydrolytic enzymes (Cairney and Burke, 1998, 1994), which include the production of
amyloglucosidase. Other reports have also indicated that the enzymatic degradation of organic
polymers in the soil and the transfer of some of the resulting products to the root is a significant

benefit to the growth and development of ericaceous plants (Smith and Read, 2008).

Amyloglucosidase (AMG, glucoamylase, EC 3.2.1.3) is an enzyme that is capable of
hydrolysing the a-1,4 glycosidic bonds from the non-reducing ends of starch to produce glucose.
It is also an exo-acting enzyme that catalyses the production of B-D-glucose from the non-
reducing ends of substrates that include starch, and maltooligosaccharides by consecutively
hydrolysing a-1,4 and a-1,6 linkages (Riaz et al., 2012; Sauer et al., 2000). Starch-degrading
AMG has gained more importance among industrial enzymes because of its role in starch
degradation and manufacturing of sugar in modern biotechnological applications (Omemu et al.,

2008).

Starch is one of the most abundantly distributed polysaccharides produced by plants, and it
accounts for about 70% of the undried plant material (Aiyer, 2005). Starch is a significant
reserve carbohydrate of all higher plants. The shape and size of starch granules are often
characteristic of the plant species from which they are extracted (corn, wheat, sorghum, rice,
cassava, potato, arrowroot and the pith of sago palm) (Aiyer, 2005). Corn has mostly been used
as a source of starch which can be extracted by a wet milling process (Singh and Eckhoft, 1996).
Steeping helps to soften the corn kernels for grinding facilitates disintegration of the protein
matrix that encapsulates the starch granules in the endosperm, and sodium metabisulfite or
related compounds, help to disrupt the protein matrix and limit undesirable fermentation during
steeping (Sheriff et al., 2012; Singh and Eckhoff, 1996). Heating starch in water helps in
weakening the hydrogen bonds holding its granules together, thus permits them to swell and

gelatinise. The swelling capacity of starch is dependent on the amylopectin content, and amylose
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acts as a diluent and inhibitor of swelling (Singh et al., 2003). Gelatinisation occurs when water
diffuses into the starch granule, causing swelling due to hydration of the amorphous phase

leading to loss of crystallinity and order of its molecule (Jimenez et al., 2012).

Starch is made up of two molecular weight polymers, amylose and amylopectin. Separation of
starch components involves the addition of a polar solvent (n-butanol), which causes the
insoluble (amorphous) amylose complex to separate from the soluble (crystalline) amylopectin
fraction (Aiyer, 2005; Alcdzar-Alay and Meireles, 2015). Amylose is a linear chain of glucose
residues linked by a-1,4 bonds that can be readily degraded by a-amylase to maltose (Aiyer,
2005). Amylose precipitates spontaneously because of its molecular shape and structure; it
aggregates in aqueous solution and the linear chains align themselves by hydrogen bonding,
Amylopectin, on the other hand, is a branched polymer with o-1,4-linked and a-1,6-linked
glucose residues; and in aqueous solutions, amylopectin is relatively stable due to branched

molecules, and no aggregates are formed (Singh et al., 2003).

Other amylase-degrading substrates that can be used for amylase activity studies include
glycogen and a nonreducing end-blocked p-nitrophenyl maltoheptaoside (BPNPG7) (Figure 5.1).
Glycogen is a polymer of glucose (approximately 120,000 glucose residues) and is a primary
carbohydrate storage form in animals. The polymer is composed of units of glucose linked a-
(1,4) with branches occurring o-(1,6) at about every 8-12 residues. BPNPG7 is an
oligosaccharide containing a blocking group at the non-reducing end, which prevents
exoglucosidase from attacking the substrate molecule. Benzylidene blocked 4-nitrophenyl
maltoheptaoside (BPNPG7) comprises a p-nitrophenyl group at the reducing end of
maltoheptaoside and a 4,6-linked-O-benzylidine group at the non-reducing end of the oligomer.
BPNPG7 is a substrate for endo-acting a-amylase, but it is not hydrolysed by exo-acting

enzymes such as amyloglucosidase, a-glucosidase or B-amylase (McCleary et al., 2002).
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Figure 5.1. Ceralpha substrate: blocked p-nitrophenyl maltoheptaoside (BPNPG7) (Adopted
from Cornaggia et al., 2016).

AMG is an essential enzyme popularly used in the production of ethanol, glucose syrups, and
also can be used to upgrade barley mash for beer production (Aiyer, 2005; Pavezzi et al., 2008,
Zambare, 2010). Hence, AMG is an economically viable enzyme, and its effectiveness in
hydrolysing starch and some oligosaccharides into B-D-glucose has been widely reported in
Aspergillus Rhizopus and some Trichoderma species. Earlier in 1977, glucoamylase from Mucor
rouxianus was reported (Yamasaki et al., 1977), and in 1978, glucoamylase was also said to be
produced from an ectomycorrhizal fungus Lentinus edodes (Yamasaki and Suzuki, 1978). More
recently, this enzyme has been reported to be produced by a few microorganisms - Aspergillus
niger (Slivinski et al., 2011), Aspergillus awamori (Negi and Banerjee, 2009), Rhizopus oryzae
(Morita and Fujio, 2000), as well as two other ectomycorrhizal fungi, 7richoloma matsutake and
Lyophyllum shimeji (Hur et al., 2001; Kusuda et al., 2004). Kusuda and co-workers in 2004
characterised an extracellular glucoamylase from Lyophyllum shimeji, stating that the enzyme
was most active at around 40°C. This study aimed to purify and characterise AMG from

Leohumicola sp. (ChemRU330), an ericoid mycorrhizal fungus.

5.2. Materials and methods
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5.2.1. Enzyme production and activity assay

The ChemRU330 isolate was used for this investigation, the production of amylase was carried
out as described in the previous chapter. Enzyme activities were measured using 1% soluble
starch in acetate buffer (pH 5.0) for 1 h at 45°C except if otherwise stated. The released, reducing
sugars were assayed using the DNS method (Miller, 1959). One unit of activity was defined as
the amount of AMG that liberated 1 pmol of glucose per minute under standard assay condition.
All values are expressed as the standard errors of the mean (+SEM), obtained from triplicate

experiments.

5.2.2. Determination of protein content

The protein content was estimated according to the method of Bradford (1976). Protein
concentration was determined using bovine serum albumin (BSA) as a standard. The protein

optical density was measured at 595 nm (Bradford, 1976).

5.2.3. Ammonium sulphate precipitation

A 120 ml volume of the crude enzyme was brought to 80% saturation with solid ammonium
sulphate according to the method of Kusuda et al. (2004). The mixture was left overnight at 4°C
on a magnetic stirrer. The pellet obtained from the centrifuged mixture was re-dissolved in 20

mM sodium acetate buffer (pH 5.0) to make up a volume of 10 ml.

5.2.4. Dialysis of the partially purified enzyme

A pre-treated dialysis bag was used for the dialysis (10 kDa cut-off) of the enzyme collected
after ammonium sulphate precipitation. The partially purified enzyme (10 ml) was dialysed
against 20 mM sodium acetate buffer (pH 5.0) at 4°C with three changes of a buffer according to
the method described by Kusuda et al. (2004).

5.2.5. Gelfiltration
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A vertical glass chromatographic column (1.5 x 50 cm) was packed using Sephadex G-100. The
dialysed enzyme solution (1.5 ml) was used after it was concentrated by ultrafiltration (Amicon
Ultra-100 centrifugal filter device; cut-off 10 kDa, Lot # RSHA14338). Gel filtration
chromatography was carried out using sodium acetate buffer (20 mM, pH 5.0), at a flow rate of
1.2 ml/min. All fractions collected were subjected to analysis by measuring the absorbance at
280 nm, followed by the activity assay, the active fractions (fractions no. 36—40; total volume,

5ml) were then pooled together.

5.2.6. Identification of hydrolytic products using thin layer chromatography (TLC)

Soluble starch was used as the substrate. The mixture was incubated in a dry heating block at
45°C for 1 min up to 24 h and samples were removed at various time intervals for analysis.
Samples were then boiled for 5 min at 100°C to denature the proteins and then centrifuged at
6000 x g for 5 min. The supernatant (80 ul) was used for TLC analysis. Identical volumes (5 ul)
of the supernatant were applied to Silica Gel 60G F254 HPTLC plates (Merck, Darmstadt,
Germany). Plates were developed twice with n-butanol: acetic acid: water (2:1:1, v/v/v). Then, to
detect carbohydrates, plates were briefly submerged in methanol containing 5% (v/v) sulfuric
acid and 0.3% a-naphthol. Plates were then air dried, heated at 120°C for 10 min and observed

for the bands formed by various hydrolytic products.

5.2.7. AMG activity staining (zymography)

The enzyme from crude extract was analysed by its native protein pattern using the co-
polymerisation method (Martinez et al., 2000). Sample was diluted to a ratio of 1:1 in sample
buffer (0.125 M Tris; 20% v/v glycerol; 0.04% v/v bromophenol blue) and boiled at 95°C for 5
min. The resolving gel (12%) consisted of:- polyacrylamide 4.0 ml, 1.5 M Tris-HCI bufter (pH
8.8) 2.5 ml, distilled water 2.25 ml, 2% w/v soluble starch 1.25 ml, 10% w/v sodium dodecyl
sulfate (SDS) 100 ul, 10% w/v ammonium persulfate 50 pul, and NN,N' N'-
Tetramethylethylenediamine (TEMED) 5 pul. The stacking gel (4%) consisted of'-
polyacrylamide 0.65 ml, 0.5 M Tris-HCI buffer (pH 6.8) 1.25 ml, distilled water 3.05 ml, 10%
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w/v SDS 50 pl, 10% w/v ammonium persulfate 25 ul, and TEMED 5 ul. Starch-SDS-PAGE
(PAGE - polyacrylamide gel electrophoresis) was carried out in two phases viz. gels were first
subjected to a constant voltage of 30 V for 30 min to ensure the tracking dye (bromophenol blue)
enters the separating gel. After this, gels were finally subjected to a constant voltage of 100 V for
75 min. Electrophoresis was carried out at a temperature of 0 — 2°C to allow the enzyme to
migrate in-actively without hydrolysing the starch. After electrophoresis, the gel was washed in
distilled water and then incubated in 0.1 M phosphate-citrate and 0.05 M NaCl buffer (pH 6.0)
for 3 h at 39°C. Again, gels were washed and fixed in 12% trichloroacetic acid (TCA) for 10
min, followed by another washing and gently shaking (50 rpm) in 2.5% w/v Triton X-100 for 1 h
at 4°C to remove SDS and restore activity. Finally, the gels were stained with Lugol solution (6.7

mg/ml KI and 3.3 ml/ml 1), and photographs were taken.

5.2.8. Molecular weight determination by SDS-PAGE electrophoresis

SDS-PAGE was performed using 8 x 10 x 0.75 cm gels in a Mini-Protean II (Bio-Rad) gel
apparatus. Samples were treated with reducing (containing 2-mercaptoethanol) sample buffer
and boiled for 5 min before loading the gel. After electrophoresis, proteins in the gel were

visualised by staining with Coomassie Blue R-250 (Laemmli, 1970).

5.2.9. Effect of incubation period

The enzyme production medium was set up as described earlier and was incubated for different

periods of 1-10 weeks at 28°C. Activity was determined at the end of every week.

5.2.10. Effect of pH on activity and stability of AMG

The optimum pH for the enzyme was determined by incubating the enzyme with the substrate
(1%, w/v) prepared in 0.1 M buffer having pH values of 1.0, 2.0 (hydrochloric acid-potassium
chloride); 3.0 (citrate); 4.0, 5.0 (acetate); 6.0, 7.0 (phosphate); 8.0 and 9.0 (Tris-HCI) at a
temperature of 45°C for 1 h. After this, the enzyme activity was measured. The pH stability was

assessed by pre-incubating the enzyme in buffers of different pH (3.0, 4.0, 5.0, 6.0, 7.0 and 8.0)
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at 37°C for 6, 12, 18, 24 and 30 h before determining the residual activity by the standard

procedure.
5.2.11. Effect of temperature on activity and stability of AMG

The optimum pH for the enzyme was determined by incubating enzyme with the substrate (1%,
w/v) prepared in 0.1 M acetate buffer (pH 5.0) (Bai et al., 2013). The enzyme was incubated at
different temperatures of 4, 20, 30, 40, 50, 60, 70 and 80°C for 1 h, after which, the enzyme
activity was measured. The temperature stability was conducted by pre-incubating the enzyme at
different temperatures (37, 45, 50, 60, and 70°C) for 6, 12, 18, 24 and 30 min before

determination of the residual activity by the standard procedure.
5.2.12. Effect of metal ions and other chemicals on the activity of AMG

The effect of metal ions on enzyme activity was carried out using a concentration of either 1, 5,
or 10 mM at a temperature of 45°C for 1 h in 20 mM sodium acetate buffer (pH 5.0). Metal ions
used include Mg%, Na', K", A", Mn?", Ca*", Fe*', Co*", Hg2+, and Cd*" which were all supplied
in chloride form. Also, NaN3, NH4Cl, EDTA, SDS, DMSO, and IAA were tested for their
inhibitory effect on AMG activity.

5.2.13. Laboratory scale extraction of starch from corn

Extraction of starch from corn (Zea mays) was performed as described by Sheriff et al., (2012)
with slight modification. 10 g each of the cleaned yellow corn grains were steeped in 60 ml of
1% sodium metabisulfite solution at 45°C for 72 h. This was followed by manual removal of the
pericarp and germ. The separated endosperms were placed in a 250 ml centrifuge tube with 100
ml distilled water and homogenised using a vortex type tissue homogeniser (Ultra Turrax, 170W,
20000 rpm) for 2 min. The homogenised slurry was filtered under vacuum using a muslin cloth
with several washes until the wash water became clear with a total volume of 1000 ml. The
starch slurry was subjected to two sedimentation methods: (a) centrifuged (Beckman Coulter

Avanti-J high-speed) at 6000 x g for 30 min at 4°C, (b) allowed to settle at 4°C for 2 h, and the
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supernatant drained. The raw starch was rinsed with 500 ml of distilled water, drained three
times and the sediment air dried (Ji et al., 2004; Sheriff et al., 2012). The starch yields were
determined as described by Ji et al., (2004).

Starch yield (%) = Dry weight of starch recovered from extraction X 100
Dry weight of whole corn kernels

5.2.14. Substrate specificity assay

The substrates (1%) of each of starch soluble (Merck, Lot # F1922052618), CMC (Sigma-
Aldrich, Lot # SLBN8656V), Avicel (Sigma-Aldrich, Lot # BCBP6787V), BW xylan
(Megazyme, Lot # 141202) and colloidal chitin (Sigma, Cat # C6767-100G) were used to assay
the catalytic ability of AMG. The AMG also was tested on some common amylase-degrading
substrates - amylose (Sigma-Aldrich, Lot # SLBN5941V), amylopectin (Sigma-Aldrich, Lot #
BCBQ7009V), glycogen (Sigma-Aldrich, Lot # SLBF8199V) and blocked p-nitrophenyl-a-D-
maltoheptaoside (BPNPG7) which is a substrate specific for measuring and analysing a-amylase
activity (Megazyme, Lot # 160902-3) and cornstarch (raw). Also, a a-amylase from porcine
pancreas (Sigma-Aldrich, Lot # SLBJ9505V) was used as a positive control test for a-amylase

activity.

5.2.15. Enzyme kinetics (substrate affinities)

A Michaelis-Menten type substrate saturation curve was used to determine the K, and Vu
values of the AMG by measuring the rate of soluble hydrolysis under standard assay conditions.
The reaction mixture contains 20 mM acetate buffer (pH 5.0), with the soluble starch substrate at
concentrations ranging from 0 to 10 mg/ml. The Michaelis constant (K,,) was determined using
starch, amylose, amylopectin, glycogen and cornstarch (crude) as substrates. Results were

analysed using KaleidaGraph software.
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5.2.16. Statistical analysis

All experiments were conducted in triplicate and analysed using one-way ANOVA. Error bars

were represented as the standard errors of the means (SEM).

5.3. Results

5.3.1. Enzyme activity and purification of enzyme

The Leohumicola sp. (ChemRU330) produced AMG when grown on a mineral medium
containing starch at a temperature of 28°C for 42 d (pH 5.0). Table 5.1 summarises the
purification steps of the AMG solution prepared from the cell-free culture filtrate (120 ml).
Partial purification of the AMG by ammonium sulphate [(NH4)2SO4] precipitation was the first
step of the purification procedure; the filtrate was precipitated at 80% saturation. The elution
profile on Sephadex G-100 showed that peak (b) (Figure 5.2) exhibited high AMG activity,

while other peaks did not show any amylase activity.

Table 5.1. Purification table of AMG from Leohumicola sp. (ChemRU330)

Purification Step  Total Total Specific Purification Yield
protein activity activity fold (%)
(mg) (U) (U/mg
protein)
Cell-free filtrate 234709  271.080  1.155 1.0 100
(NH4)2SO04 12.152 192.139  15.812 13.70 71
Dialysis 6.848 147207  21.496 18.61 54
Gel filtration 2.698 73.326 27.178 23.50 27

5.3.2. Enzyme characterisation
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Fractions 36-40, with the highest AMG activity, were pooled for further studies (Figure 5.2).
Figure 5.3 shows the pattern of TLC of AMG hydrolysis from Leohumicola sp. The reaction
time ranged from 1 to 10 min (Figure 5.3a), 10 min to 90 min and 24 h (Figure 5.3b) at 45°C.
TLC showed a single band after analysis, indicating that the Leohumicola sp. releases a single
isoform of the AMG and produces only a band indicating the presence of glucose as the product

of hydrolysis when the enzyme hydrolysed the substrate (starch) at 45°C.

SDS-PAGE was performed to confirm the homogeneity of the enzyme using a 12% gel. Figure
5.4 shows the results of SDS-PAGE and zymography, a single band with a molecular weight
estimated to be 101 kDa using a standard curve of log (MW) versus Ry was obtained. The band
of a protein associated with AMG activity was observed as a clear zone on a nondenaturing gel
analysis of the AMG and was found at one position, thereby indicating the absence of isozymes
(Figure 5.4). Figure 5.5 shows the result of gel filtration on SDS-PAGE to obtain a single
homogeneous protein band (101 kDa).

45
40
35
30
25
20

Absorbance (280 nm)

15

Specific activity (U/mg)
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Fractions (1.0 ml/tube)

Figure 5.2. Chromatogram of the crude enzyme fractions of Leohumicola sp. on a Sephadex G-
100 chromatographic column (Flow rate: 1.2 ml/min).
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Figure 5.3. Thin-layer chromatograms of hydrolysates. Plates were developed twice with n-
butanol: acetic acid: water (2:1:1, v/v/v). The plates were briefly submerged in methanol
containing 5% (v/v) sulfuric acid and 0.3% a-naphthol. Standard (Std): glucose (G1), maltose
(G2), maltotetraose (G4), and maltopentaose (G5), substrate control (C1), enzyme control (C2),
reaction time: 0- 90 min and 24 h.

Figure 5.4. Zymogram and SDS-PAGE analysis of the AMG prepared according to the method
described by Martinez et al. (2000). (a) Lane 1is precision plus unstained protein standard (BI1O-
RAD), lanes 2-5 is a crude enzyme of Leohumicola sp (iodine staining); (b) Lane 1 is precision
plus unstained protein standard (BIO-RAD), lanes 2-5 is SDS-PAGE of crude AMG.
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Figure 5.5. 12% SDS-PAGE analysis of the AMG (Laemmli, 1970): lane 1is colour pre-stained
standard, broad range (BioLabs); AMG crude enzyme (lanes 2-3) and the post-gel filtration
chromatography protein bands (lanes 4-5).

5.3.3. Effect ofproductionperiod

Figure 5.6 indicated that as the incubation period increased, the enzyme activity increased up to
the optimum point where it remained constant for a while and started to reduce gradually. The
optimum production and test periods on AMG activity were obtained after 6 weeks with 38.9
U/mg protein. The enzyme was produced optimally between 6 to 8 weeks; activity started to
decrease gradually beyond 9 and 10 weeks (37.4 and 35.1 U/mg protein).
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Figure 5.6. Effect of production period on AMG activity. The enzyme was incubated at 45°C for
1 h. All error bars are represented as the standard errors of the means (SEM).

5.3.4. Effect of pH on enzyme activity and stability

After gel filtration, fractions 36-40, corresponding to the peak of AMG activity, were pooled and
tested using reaction mixtures buffered at different pH values ranging from 1.0 to 9.0, for
optimal activity (Figure 5.7). The results showed that the highest activity of the purified enzyme
was obtained at pH 4.0, and more than 50% activity was retained between pH 4.0 to 6.0. At pH
5.0 (37°C) the enzyme was 100% stable over a period of 24 h, (Figure 5.8). Hence, the enzyme
displayed normal activity under acidic pH. AMG activity was also observed to be stable (above
50%) up to 6 h at a pH of 7.0 (37°C) but dropped rapidly after 12 h (Figure 5.8). The stability of
a range of pH between 4.0-7.0 could be one of the factors for its consideration for industrial

applications.
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Figure 5.7. Effect of pH on AMG activity. The enzyme was incubated at 45aC for 1 h. All error
bars are represented as the standard errors of the means (SEM).
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Figure 5.8. Effect of pH on AMG stability. The enzyme was pre-incubated (37cC) for 6, 12, 18,
24, and 30 h before the assay was carried out at 450C for 1 h. All error bars are represented as the
standard errors of the means (SEM).



5.3.5. Lffect of temperature on AMG activity and stability

The effect of temperature on AMG showed that the enzyme reached its optimum activity at a
temperature of 50°C (Figure 5.9). Lowest activities were observed at 4°C and 70°C, while no
apparent activity was recorded at 80°C (Figure 5.9). The enzyme also displayed its highest
stability at 37 and 45°C and was the least stable at 70°C (Figure 5.10). The enzyme retained at
least 65% of its original activity at a temperature between 37°C and 45°C up to 24 h, while less

than 60% activity was retained up to 12 h at a temperature of 50°C (Figure 5.10).

Figure 5.9. Effect of temperature on AMG activity. The enzyme was incubated at temperatures
between 4 to 80°C for 1 h (pH 5.0). All error bars are represented as the standard errors of the
means (SEM).

86



100

80
> 60 —4 -«-37°C
gj 45 oC
:3 40 i —-50aC
PH — 60aC

20 — 70aC

0 -
0 6 12 18 24 30

Pre-incubation time (h)

Figure 5.10. Effect of temperature on AMG stability. The enzyme was incubated at temperatures
of 37, 45, 50, 60, and 700C (pH 5.0). All error bars are represented as the standard errors of the
means (SEM).

5.3.6. Effect ofmetal ions and chemicals on the activity ofAMG

Table 5.2 shows the effect of metal ions on AMG activity measured at pH 5.0 and a temperature
of 450C. Assays were performed with the addition of each metal ion with the concentration
ranging from 1- 10 mM. The chloride salts of these metals were used. Manganese (Mn ) and
calcium (Ca ) had the highest relative activity values of 112 and 106% at 10 mM concentration.
Cobalt (Co2t), mercury (Hg2+), and cadmium (Cd2+) all inhibited the enzyme, with values of 77,
0.45, 4%, respectively, at the same concentration. Other metal ions tested did not have any
major effect on AMG activity. Table 5.3, on the other hand, shows the influence of other
chemicals on AMG activity. SDS had the highest inhibitory effect on the various concentrations
used, followed by EDTA at a concentration of 10 mM only, while other tested chemicals were
not inhibitory to AMG activity.
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Table 5.2. Effect of the presence of metal ions on AMG activity

Metal % Relative % Relative % Relative
Ion activity activity activity
(10 mM) (S mM) (1 mM)
Mg”' 98 + 4.7 99 + 6.33 100 + 3.87
Na' 102 +9.78 100+7.14 101+6.14
K’ 96 + 5.66 99 + 6.74 101 + 6.97
AT 86 + 3.05 95+ 5.68 100 + 4.27
Mn*" 112 +7.41 102+2.8 100 + 4.98
Ca*" 106 + 5.95 100+£2.17  100+231
Fe*' 98 +4.7 100+£1.18 100+ 1.28
Co?" 77 +3.51 954293 100 + 3.95
Hg™ 0.45+0.05 590+0.19 924223
Cd* 44023 66+ 2.17 100+ 3.16

The values are represented as means + SEM, n = 3 per treatment.

Table 5.3. Effect of the presence of other chemicals on AMG activity

Other % Relative % Relative % Relative
reagent activity activity activity
(10 mM) (S mM) (1 mM)
NaNj 100+ 7.28 102+ 4.99 101 £5.28
NH,4Cl 101 +£1.69 101 £4.25 101 + 8.05
EDTA 92 +£5.59 102+9.5 102+ 6.73
SDS 537+032 308+ 1.64 879+448
DMSO 99.7+8.12 101 £1.45 102+3.12
IAA 996+ 7.69 102 + 8.88 102 + 4.83

The values are represented as means + SEM, n = 3 per treatment.

5.3.7. Substrate specificity study

The substrate specificity study was conducted using starch, CMC, Avicel, beechwood xylan and
colloidal chitin. The result indicated only starch was a substrate of choice for AMG activity and
no activity was recorded for the other four tested substrates (Figure 5.11). However, in Figure

5.12 where some amylase-degrading substrates were employed, it was noticed that the enzyme
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hydrolysed all the substrates except BPNPG7 which could only be acted upon by a-amylase
(Figure 5.13). The results also showed that starch, amylose, amylopectin, glycogen and raw corn

starch were sufficiently hydrolysed.

45 A
40 A
35
30 -
25 A
20 A
I5
10
5 4

Specific activity (U/mg )

Starch CMC Avicel Beechwood Chitin

1
Substrate (1%) ryian

Figure 5.11. Substrate specificity study and determining AMG activity on different substrates to
confirm for other co-produced enzymes. All error bars are represented as the standard errors of
the means (SEM).
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Figure 5.12. Substrate specificity study and determining AMG activity on the various amylase-
degrading substrate to investigate AMG affinity for each substrate. All error bars are represented
as the standard errors of the means (SEM).
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Figure 5.13. Catalytic ability of AMG (Leohumicola sp.) and a-amylase (porcine pancreas) on
BPNPG7 (blocked ~-nitrophenyl-a-D-maltoheptaoside). All error bars are represented as the
standard errors of the means (SEM).

5.3.8. Starchyield (corn)
The result of starch yield in this investigation indicated that an average starch yield of 14.3% was
obtained with the slurry centrifugation method, while sedimentation at 4°C for 2 h gave a 22%

starch yield after 72 h of steeping and homogenisation (Table 5.4).

Table 5.4. The sedimentation methods and raw starch yield from corn after steeping and
homogenisation

Sedimentation method Starch yield (%)
Sedimentation at 40C 22.0+2.06
Centrifugation at 6000 x g 14.3+1.63

All values are presented as means = SEM, n = 3 per treatment.
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5.3.9. Enzyme kinetics (substrate affinities)

Figures 5.14 to 5.18 show the results of Michaelis-Menten plots using KaleidaGraph. K,
represents the Michaelis constant of the AMG enzyme and V., the maximum velocity achieved
by the AMG enzyme-starch reaction. The result indicated that AMG displayed the highest
affinity with a K,, value of 0.38 mg/ml on soluble starch, followed by glycogen, amylopectin,
amylose and raw corn starch with the K, values of 0.70, 0.76, 1.05 and 1.77 mg/ml, respectively.
The k.. values of 73, 70, 66, 57, and 32 s were obtained for raw corn starch, soluble starch,
amylopectin, glycogen and amylose, respectively (Table 5.5). The K,, and V. were used to
demonstrate the affinities between some starch-degrading substrates and the AMG. In this study,
a comparison was made between starch, amylose, amylopectin, glycogen and crude corn starch

to determine the affinity of AMG with these substrates (Table 5.5).

Table 5.5. Kinetics study of AMG against various substrates analysed using Michaelis-
Menten plots

Substrate K, V imax Catalytic Specificity
(mg/ml)  (umol/min/ml) constant, k.. (s™) constant
= Vinax (' mg! mI')
[E] = ke
K,

Starch (soluble) 0.38 22.56 70 184
Amylose 1.05 10.11 32 30
Amylopectin 0.76 21.29 66 87
Glycogen 0.70 18.40 57 81
Raw corn starch 1.77 23.52 73 41
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[S] (mg/m1)

Figure 5.14. Michaelis-Menten type kinetics of purified AMG enzyme versus soluble starch
concentration. All error bars are represented as the standard errors of the means (SEM) (ml =
Vimae and m2 = K,,).

[S] (mg/ml)

Figure 5.15. Michaelis-Menten type kinetics of purified AMG enzyme versus amylose
concentration. All error bars are represented as the standard errors of the means (SEM) (ml =
Vinae and m2 = K ;).
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[S] (mg/m1)

Figure 5.16. Michaelis-Menten type kinetics of purified AMG enzyme versus amylopectin
concentration. All error bars are represented as the standard errors of the means (SEM) (ml =
Vimae and m2 = K,,).

[S] (mg/ml)

Figure 5.17. Michaelis-Menten type kinetics of purified AMG enzyme versus glycogen
concentration. All error bars are represented as the standard errors of the means (SEM) (ml =
Vinae and m2 = K ;).
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[S] (mg/ml)

Figure 5.18. Michaelis-Menten type kinetics of purified AMG enzyme versus corn starch (raw)
concentration. All error bars are represented as the standard errors of the means (SEM) (ml =
Vimae and m2 = K,,).

5.4. Discussion and conclusion

AMG enzyme was produced under liquid-state fermentation conditions using a modified Melin-
Norkrans medium. The elution profile on Sephadex G-100 was sufficient to obtain a single
protein band which confirmed the purity of the enzyme (Figure 5.5). Size-exclusion
chromatography (gel filtration) is an established chromatographic technique for separating
proteins according to their size. This method is suitable for the purification and molecular weight
estimation of proteins (Nielsen and Borchert, 2000). In gel filtration, the separation depends on
the different abilities of the sample component to enter the pores within the gel beads. Molecules
larger than the pores in the beads will move through the column quickly in the shortest time;
however, small molecules that can enter the pores freely are retarded and therefore move more
slowly down the column by their molecular weight. Thus, molecules are eluted from the column
in decreasing size order (Nielsen and Borchert, 2000). Other resins that can be used are

Superdex, Sepharose and Superose. The TLC patterns of the hydrolysis products demonstrated
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that only glucose was produced as an end product of enzyme activity (Figure 5.3). Starch
hydrolysates were analysed by thin TLC using silica gel plates, where oligosaccharides spots
were identified by comparing their Ry values with those similarly obtained for spots of glucose,

maltose, maltotetraose, and maltopentaose (reference standards) (Campos and Felix, 1995).

The study corroborates the reports of some researchers that fungi can produce one or more
isoforms of AMG, depending on the species being tested (Kusuda et al., 2004; Negi and
Banerjee, 2009; Slivinski et al., 2011). The result of the crude extract of Leohumicola sp., using
the starch-SDS-PAGE zymography method of Martinez et al. (2000) revealed the formation of a
single amylolytic band on the starch-SDS gel. After gel filtration, the enzyme was found to be
homogeneous on SDS-PAGE (Figure 5.5), and also the SDS-PAGE result revealed many protein
bands with no amylase activity except a single band of AMG which had a molecular weight of
101 kDa (Figure 5.5). This agrees with some observations where the molecular weights of AMG
in most fungi were reported to be in a range of 11.5 - 118 kDa (Hur et al., 2001; Kusuda et al.,
2004; Nguyen et al., 2002; Slivinski et al., 2011; Yamasaki et al., 1977; Yamasaki and Suzuki,
1978).

In this study, all enzyme activities were expressed as specific activity (U/mg protein) except if
otherwise stated. All experiments were performed in triplicate and the standard errors of the
means calculated. The optimum and pH stability assays (Figures 5.6 and 5.7) showed that the
optimum pH for AMG was pH 4.0 and that the enzyme was most stable at a pH of 5.0. A change
in the pH of 1.0 unit resulted in decreased activity. These results were similar to the report of
Slivinski and co-workers (2011), who stated that the pH stability range for Aspergillus niger was
within 4.0-6.0 at temperatures between 40-60°C (Riaz et al., 2012; Slivinski et al., 2011).
Kusuda et al. (2004) also reported that the glucoamylase obtained from an ectomycorrhizal
tungus (Lyophyllum shimeji) was most active at around 40°C (pH 5.0) and stable at pH 4.5-6.5
for 30 min at 37°C. The AMG from Leohumicola sp. was found to exhibit stable activity at a
temperature of 37°C and 45°C, retaining over 65% of AMG activity up to 24 h at 45°C (Figure
5.9), while activity declined with an increase in temperature. The stability of the AMG at 45°C
was an improvement, considering the report of Hur et al. (2001) who reported that the a-amylase

and glucoamylase from Tricholoma matsutake were only stable at 4°C to 30°C for 30 min.
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The inhibition, activation, and stabilisation of microbial enzymes by metal ions are concentration
dependent (Coolbear et al., 1992). The maximum AMG activity occurred at a concentration of
10 mM for manganese and calcium ions, at this concentration, both metal ions were stimulatory
to the AMG activity of Leohumicola sp. indicating that bivalent cations were preferred for the
active and stabilisation sites (Table 5.2). This agrees with the findings of Kusuda et al. (2004)
that AMG was activated in the presence of calcium ions. Moreover, most of the metal ions (salt)
used were not inhibitory except for some metal ions at high concentrations. This stability could
be a function of the enzyme source (ERM fungus), which has been reported to be tolerant to
metal ions and being able to grow in soil contaminated with some of these metals (Martino et al.,
2000). Metal ions such as Co*", Hg*", Cd*" and AI’" have been reported to have an inhibitory
effect on biomolecules (Tamas et al., 2014). The inhibitory effect of these metal ions (Co®", Hg*"
and Cd*") on the AMG enzyme activity was significant to varying degrees across all the

concentrations tested (Table 5.2) and more pronounced at a concentration of 10 mM.

It has been suggested that inhibition by Hg”" and other heavy metal ions are not only related to
binding to the thiol groups but may be the result of interactions with tryptophan residues or the
carboxyl groups of amino acids in the enzyme (Selvakumar et al., 1996). For other chemicals,
the inhibitory effect of SDS on the AMG activity was the most significant (Table 5.3), this
merely indicated that SDS is a denaturant (Amako and Yasunaka, 1974), while other tested
chemicals were not inhibitory to the AMG activity. Also, SDS is an anionic detergent known for
its undesirable effect on enzymes activities, and only limited cases of enzyme activation have
been reported (Diamantidis et al., 2000). EDTA slightly inhibited activity at a concentration of
10 mM; this could be explained by the activity activation noticed with Mn*" and Ca*" ions. Both

cations may act as co-factor required to increase the AMG activity (Annamalai et al., 2011).

There was no noticeable hydrolytic activity against CMC, Avicel, beechwood xylan and
colloidal chitin (Figure 5.11). Therefore, the specificity noticed with AMG appeared to be
restricted to the a~(1,4 or 1,6) glycosidic linkages and not those of B-(1,3 or 1,4) linkages. Figure
5.13 showed the catalytic ability of AMG from Leohumicola sp. and a-amylase from porcine

pancreas on BPNPG7 which is a substrate specific for the determination of a-amylase activity.
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The result revealed that the AMG was an exo-acting enzyme that could not hydrolyse BPNPG7,
a substrate specific for only alpha-amylase (Cornaggia et al., 2016; McCleary et al., 2002;
Megazyme, 2017). Enzyme kinetics can be expressed using the K, and V.., where K,, is the
substrate concentration at Y2V, while V. is the maximum rate achieved by an enzyme at
enzyme-substrate saturation point. In another word, it reveals the number of substrate molecules
converted into a product by an enzyme per unit time when the enzyme is fully saturated with
substrate (Kaur et al., 2014). An enzyme with a small value of K,, means it will achieve its
maximum catalytic efficiency at low substrate concentration. Thus, the lower the value of K,
the more tightly the enzyme binds the substrate. Determining K, and V.. values require the rate
of catalysis (reaction velocity) for different substrate concentrations, which is V at various values

of [S] (Kaur et al. 2014).

Raw starch was generated from corn through the sedimentation technique before a substrate
affinity study (Table 5.5). The highest starch yield of 22% obtained by sedimentation at 4°C was
used as a substrate (raw corn starch). This corroborates the report that sedimentation (allowing
the slurry to stand at 4°C for at least 2 h) resulted in a greater starch yield than starch extracted
by using the centrifugation method (Ji et al., 2004; Sheriff et al., 2012). Table 5.5 shows that
AMG (Leohumicola sp.) had a high affinity with all substrates tested with the highest affinity
value on starch, followed by glycogen, amylopectin, amylose and raw corn starch. These results
agree with the report of Slivinski et al. (2011) who observed similar substrate affinities where
less substrate was required to reach enzyme-substrate saturation. Furthermore, some reports on
glucoamylase by L. shimeji (ECM fungus) and Rhizopus oryzae revealed that the amylase readily
hydrolysed the a-1,4 glucosidic linkage (amylose) and a-1,6 glucosidic linkage (amylopectin)
into glucose (Abdelwahab, 2015; Hur et al., 2001; Kusuda et al., 2004). Conversely, the AMG
could not hydrolyse BPNPG7 because it is an exo-acting enzyme. It is worthy to note that AMG
hydrolysed the raw starch extracted from corn with a K, value of 1.77 mg/ml and k., of 73 s7
which showed the potential of the AMG for industrial application for hydrolysing starch-based
feedstock. K, values of 0.38, 0.70, 0.76, 1.05 and 1.77 mg/ml obtained for soluble starch,
glycogen, amylopectin, amylose and raw corn starch, respectively, clearly indicated that soluble
starch was the substrate of choice for AMG hydrolysis. All results obtained from the substrate
affinity study agree with the report of Michelin et al. (2008). Furthermore, the AMG turnover
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number (k..) was 70 s™' on soluble starch compared well with those of Humicola and Aspergillus
species. Riaz et al. (2007) reported a k.o, value of 69 s™ for Humicola sp., and also a much higher
k.o value (343 s™) was reported for Aspergillus niger (Riaz et al., 2012). The K, and k. values
reported in this study were better than those reported by some authors. For example, 4.5 mg/ml
and 0.75 s™! were reported for Tetracladium sp. (Carrasco et al., 2017); 3.8 mg/ml and 41.7 s for

Paecilomyces variotii (Michelin et al., 2008).

In conclusion, the approach of sourcing enzymes from the environment proved to be useful in
producing novel enzymes that are suitable for the bio-economy. The Leohumicola sp. is just one
of many ericoid associated fungi that could be employed for the production of enzymes for the
bio-economy. This present study describes, for the first time, the purification and
characterisation of an AMG from Leohumicola sp. AMG is highly sought-after in industries for
the production of glucose, fructose syrup and bioethanol. Therefore, the results presented in this
study showed that this enzyme exhibits some promising properties such as temperature stability
over an extended period, stable to a wide range of chemicals and its high substrate affinity also

makes it an attractive candidate for future industrial applications.
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CHAPTER 6

6.0 Evaluation of the antibacterial properties of some ericoid mycorrhizas

6.1. Introduction

Mycorrhizal fungi are members of root endophytes that are capable of complex web interactions
with host plants (especially the ECM). They have been studied as new sources of novel bioactive
natural products. Fungi are known for their different critical processes that include viz
decomposition of organic materials, recycling and transportation of nutrients in the soil

environment. Thus they are major components of the ecosystem.

Endophytes are abundant and useful sources of genetic diversity, and new species capable of
protecting plants against pathogens, herbivore, and insect attack. Although, some can cause
diseases to plants when the soil environment is stressed. These are an outstanding and diverse
group of fungi which colonise healthy plant tissues without causing any symptoms (Pawlowska
et al., 2014). They produce some secondary metabolites, which confer ecological benefits to their
host plants (Kusari et al., 2013). Some of these bioactive compounds are alkaloids, flavonoids,
terpenoids, phenols, tannins, cardiac glycosides, steroids, and saponins (Devi et al., 2012). The
metabolites produced by endophytic fungi are primarily used as a source of drugs. The use of
fungi for the production of bioactive compounds dates back to the first time when penicillin was
discovered from Penicillium notatum (Fleming, 1929). The discovery of novel bioactive
compounds is now being encouraged to solve the problem of pathogen-drug resistance. It’s been
shown that Alternaria alternata, Geotrichium albida, Penicillium frequentans, and Thielaviopsis
basicola have antibacterial activity when screened for antimicrobial and phytochemical

properties (Bhardwaj et al., 2015).

Bioactive compounds from mushrooms have been found to have antiviral, antidiabetic,

antitumor, antioxidant, radical scavenging and antibacterial effects (Zavastin et al., 2016). For
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example, basidiomycetes such as Boletus edulis, Fomes fomentarius, Inonotus obliquus,
Fomitopsis officinalis, and Piptoporus betulinus have been used to treat gastrointestinal disorders
and cancers (Nowacka et al., 2015; Zavastin et al., 2016). Searching for microorganisms with
unique and effective properties is highly desirable nowadays because of the burden of
contending with diseases (including cancers) that affect human welfare. Therefore, there is a
growing interest in investigations of natural antibacterial agents, which can provide a viable

alternative capable of inhibiting pathogenic organisms.

Issues such as antimicrobial resistance are worldwide, the development of new drugs and the
search for novel natural products will go a long way to support and improve human health.
Antibiotic-resistant has been reported with some strains of bacteria such as Staphylococcus
aureus, FEscherichia coli, and Klebsiella pneumoniae, the report indicated that antibacterial
resistance jeopardises the efficient use of drugs in prevention and treatment of different
infections caused by microorganisms (WHO, 2014). The Gram-positive bacterium, §. aureus is a
pathogen that has received considerable attention due to a combination of nasal carriage and the
bacterial immuno-evasive strategies it possesses. It can cause a range of illnesses, from minor
skin infections (pimples, impetigo, boils, cellulitis, carbuncles, and abscesses), to life-threatening

diseases (pneumonia, meningitis, osteomyelitis, and endocarditis) (Das et al., 2014).

The resistance of pathogenic bacteria to antimicrobial agents has been attributed to two major
properties. Firstly, intrinsic properties, such as the innate ability to degrade/inactivate a particular
antibiotic, possession of an efflux system for expelling antibiotics out of the cell, and alteration
of the antibiotic target site (Adimpong et al., 2012; European Food Safety Authority, 2012).
Secondly, acquiring resistance genes through plasmids, transposons, and mutation of a native

gene (Adimpong et al., 2012; European Food Safety Authority, 2012).

Symbionts, such as mycorrhizal fungi and other free-living endophytes form a critical
component of the rhizosphere, where different kinds of antagonistic, parasitic interaction occur.
Mycorrhizal fungi establishment and survival of hyphal networks, ensure a sustainable supply of
nutrients to their host plant, and they protect against invading pathogens (Jha et al., 2008). The

culture filtrate of mycorrhizal fungi, e.g. Suillus collinitus, Hebeloma mesophaeum and Paxillus
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sp. are reported to exhibit an antagonistic effect on mycelial growth and spore germination of
Fusarium oxysporum and Pythium vexan, this antifungal activity has been attributed to water-

soluble phenolic production (Yamaji et al., 2005).

Phenolic compounds (polyphenols) are secondary metabolites that play a crucial role in
maintaining human health and are known for their antioxidant properties (Aberoumand and
Deokule, 2008). Phenolic compounds consist of an aromatic ring bearing one or more hydroxyl
substituent; they range from a simple molecule to complex polymerised compounds
(Aberoumand and Deokule, 2008). Many phenolic compounds are found in nature, such as in
plants, foods and microorganism (particularly in endophytic fungi) and can be categorised into
different classes (Figure 6.1). They include phenolic acids, flavonoids, tannins, hydroxybenzoic
(vallinilic, gallic and syringic acids) and hydroxycinnamic acids (caffeic, ferulic, coumaric and
sinapic acids) (Balasundram et al., 2006). Phenolic compounds have health benefits derived from
consuming high levels of fruits and vegetables (Parr and Bolwell, 2000). Polyphenols provide a
lot of micronutrients in the human diet, which is evident in the prevention of cancer and

cardiovascular diseases (Manach et al., 2004).

Minimum inhibitory concentration (MIC) is a term used in resistance surveillance, comparative
testing of new antibacterial agents and the establishment of susceptibility of organisms where
disc test is insufficient and unreliable for clinical management (EUCAST, 2000). MIC involves a
dilution test of microorganisms where investigations are carried out to determine their ability to
produce visible growth on a series of broth dilutions or agar dilutions (increase geometrically) of
the antimicrobial agent with varying concentrations. The lowest concentration of the bioactive
agent that prevents the appearance of any visible growth is the MIC. Minimum bactericidal
concentration (MBC) on the other hand is the lowest concentration of an antimicrobial agent that
is needed to achieve a bactericidal effect and leading to a 100% reduction in the initial microbial
density. Among many sources of natural bioactive substances, mycorrhizas constitute a huge and
almost unexplored group. Because many micro and macro-fungi are already valuable sources of
bioactive compounds, we were encouraged to assess the antibacterial potential of ChemRU330
isolate belonging to the ERM fungi. The aim of the present study (Chapter 6) is to determine the
antibacterial properties of ChemRU330 isolate by performing MIC and MBC assays.

101



Figure 6.1. Structures of some bioactive compounds (Modified from Balasundram et al., 2006).
Hydroxybenzoic acids (gallic acid and protocatechuic acid); hydroxycinnamic acids (caffeic
acid, p-coumaric acid, ferulic acid and sinapic acid); flavonoids (flavone, flavanol and flavanone,

anthocyanidin); tannins (tannic acid).
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6.2. Materials and methods
6.2.1. Fungal cultivation and production of antibacterial agent

Five fungal isolates were used for the investigation. These were Acremonium implicatum (Nem
83), Chaetomium sp. (Nct91), Leohumicola sp. (ChemRU330), two unidentified fungi belonging
to Hyaloscyphaceae (EdRUO083), Leotiomycetes (EAJRUO002) were obtained from Rhodes
University, Grahamstown. These isolates were preserved on PDA as stated in other chapters. For
each actively growing fungal endophyte, two 5 mm mycelial mat was cultivated in a liquid
MMN medium. The organisms were incubated at 28°C for three weeks, with continuous shaking
at 150 rpm on a rotary shaker. After the incubation, the fermentation broth of each fungus was

homogenised and filtered through Whatman no. 1 filter paper to obtain cell-free crude filtrates.

6.2.2. Test bacteria

The crude extract of each of the fungal isolate was screened for antibacterial activity using some
bacterial strains as indicator organisms. The indicator bacteria included both Gram-positive
(Bacillus subtilis and Staphylococcus aureus) and Gram-negative (Escherichia coli, Serratia
marcescens, Proteus vulgaris, Shigella sonnei, and Klebsiella pneumoniae) bacteria were
obtained from the undergraduate laboratory of the Department of Biochemistry and
Microbiology, Rhodes University, Grahamstown. The bacterial isolates were already identified
cultures used for undergraduate demonstration. All cultures were adjusted to 0.5 McFarland
standards, which is visually comparable to a microbial suspension of approximately 1.5 x

108 CFU/ml.

6.2.3. Preparation of a 0.5 McFarland turbidity standard

McFarland turbidity standard was prepared by mixing 9.95 ml of 1% sulfuric acid (H,SO4) and
barium chloride dihydrate (BaCl,.2H,0), 0.05 ml of 1.175%, to obtain a solution with specific
optical densities (Figure 6.2). McFarland turbidity standard facilitates an optical density

comparable to the amount of a bacterial suspension 1.5x10° colony forming units (CFU/ml),
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Absorbance value of between 0.08 to 0.12 at 625 nm. The density of the suspension of bacterial
cells was compared to the McFarland turbidity standard by holding the McFarland turbidity
standard and suspension in front of light against a white background with contrasting black lines.
The bacterial density was adjusted to the density of the McFarland turbidity standard using either

saline or bacterial suspension.

Figure 6.2. The 0.5 McFarland microbial inoculum preparation by the direct colony suspension
according to Clinical and Laboratory Standard Institute (CLSI) guidelines (Modified from
Balouiri et al., 2016)

6.2.4. Preliminary screening (using crude fungal filtrate)

The initial screening of antibacterial activity was conducted using a well-dilution method. The
nutrient agar (NA) and Luria-Bertani (LB) media were poured into separate Petri plates and
inoculated with 50 pl of the bacterial suspension (1.5x10® CFU/ml) and spread uniformly by
using a sterile glass spreader. Wells (5 mm) were made on the agar media with a sterile core
borer, 50 ul crude filtrate of each of the fungal isolate was placed into each separate well, and the
controls [positive (chloramphenicol) and negative (uninoculated broth)]. Parafilm was used in

sealing the plates before incubation at 37°C for 24 h. Plates showing antibacterial activity were
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confirmed by visualisation, followed by measurement of inhibition zones. The average of three
repeated trials was taken to evaluate the antibacterial activity (Hema et al., 2015).

6.2.5. Extraction and concentration of bioactive metabolites

The bioactive compounds of the fungal filtrate(s) showing inhibition against some test organisms
(bacterial species) after preliminary screening were then extracted by solvent extraction
procedure using ethyl acetate as the organic solvent. To the filtrate, an equal volume of
extracting solution (ethyl acetate) was added (ratio 1:1), this was mixed thoroughly for 10 min
and kept for 5 min to obtained two clear immiscible layers. The upper tier (bioactive compound)
was separated using a separating funnel. The extracting solvent was then evaporated, and the
resultant compound was dried in a rotary vacuum evaporator (Buchi Rotavapor® R-200
Rotavapor System) to yield the crude metabolite (Sharma et al., 2016). The crude extract was
then dissolved in distilled water and kept at 4°C. A known weighed crude extract was dissolved

in distilled water before use to obtain a particular concentration.
6.2.6. Determination of MIC and MBC (cell viability assay using MTT)

The dried crude extract of ChemRU330 was adjusted to a final concentration of 16 mg/ml using
a sterile distilled water as the diluent. The test was carried out in duplicate. The MIC was
determined using the micro broth dilution method in a 96-well microplate. The test organisms
were grown for 24 h at 37°C. 100 ul of bacterial liquid culture [(optical density adjusted to match
0.5 McFarland standard (1.5 x 10° CFU/ml)], then distributed into a 96-well microtiter plate. The
crude extract preparations were diluted to contain different concentrations ranging from 16, 8, 4,
2, 1, 0.5, 025, 0.125, 0.0625 and 0.03125 mg/ml dilutions, and were added to the wells
containing the bacterial cells. A 5 pg/ml chloramphenicol was used as positive control, and
sterile distilled water was used as negative control for the test microorganisms, and the microtiter
plates were incubated at 37°C for 24 h (Sarker et al., 2007). A 40 pl (0.2 mg/ml) thiazolyl blue
tetrazolium bromide [methylthiazolyldiphenyl-tetrazolium bromide (MTT)] was added and at
37°C for 30 min to detect the MIC. The presence of viable bacterial cells reduced the yellow dye
to a pink colour. MIC is the lowest concentration that prevented change and inhibited bacterial

growth. MBC was determined by removing a portion of liquid (50 ul) from each well without
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colour change and placing it on NA, and LB agar then incubated at 37°C for 24 h. The lowest
concentration that yielded no growth after this culturing was regarded as the MBC. All

experiments were performed in duplicate (Alves et al., 2012).

6.2.7. Phytochemical screening

Phytochemical screening was conducted on the ethyl acetate extract to check for the presence of
the following secondary metabolites — alkaloids, flavonoids, phenols, saponins, steroids, cardiac
glycosides, tannins, and terpenoids. Alkaloids: an 80 mg of solid fungal extract was dissolved in
4 ml 2N HCI. The mixture was divided into two portions, one portion was treated with equal
amount of Wagner’s reagent, and the second portion was treated with equal amount of Mayers
reagent. Reactions showing the appearance of a brown precipitate indicated the presences of
alkaloids. Flavonoids (zinc hydrochloride reduction test): to a test-tube containing 1 ml of fungal
crude extract, 5-10 drops of dilute HCI, 0.5 g of zinc turnings were added, and the solution was
boiled for 2 min. A reddish pink or dirty brown colouration of the solution indicated the
presences of flavonoids in the extract. Phenols: a 40 mg crude extract was dissolved in 2 ml of
distilled water. Then, a few drops of neutral 5% FeCls solution was added. A dark green colour
indicated the presence of phenolic compounds. Saponins: The crude extract (1 ml) was combined
with 5 ml water and shaken for 2 min. The saponins are known to possess frothing activity, the
volume of froth was recorded every 10 min. Froth more than 1.5 cm indicated a positive result.
Steroids: steroid content was detected by using the Liebermann-Burchard reaction method. A 1
ml of the crude extract was placed in a tube containing an acetic anhydride, and a few drops of
sulphuric acid (H,SO4) was added. A bluish-green ring indicated the presence of steroids.
Cardiac glycosides: a 1 ml FeCl; reagent (a mixture of 1 volume of 5% FeCl; solution and 99
volumes of glacial acetic acid) was added to 1 ml of the crude extract and was later treated with a
few drops of H2SOy, carefully placed in a dropwise manner along the sides of the test tube. The
appearance of greenish blue colour within a few min indicated a positive result. Tannins: the
already prepared alcoholic FeCl; reagent was mixed with the crude extract. The mixture
produced a bluish-black colour, which disappears on the addition of a few drops of H,SO4 to
produce a yellowish brown precipitate indicates a positive result. Terpenoids: a 1 ml crude

extract was added to 1 ml of chloroform. Followed by addition of lor 2 drops of concentrated
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H>SO4 to form a layer. A reddish-brown precipitate at the interface indicated that terpenoids
were present (Devi et al., 2012; Singh et al., 2015).

6.3. Results

6.3.1. Preliminary screening

Table 6.1 shows the results of initial screening for bioactive compound producing isolates. Out
of all the five fungi employed for this study, only ChemRU330 and Chaetomium sp. (Nct91)
showed the potential for antibacterial production. In this experiment, crude extract from each
isolate was used. No noticeable inhibition was observed with Acremonium implicatum (Nem83)
and two other unidentified fungi belonging to Hyaloscyphaceae (EdRUO083), Leotiomycetes
(EdRU002), while only Chaetomium sp. had a slight activity against Serratia marcescens (Table
6.1). On the other hand, ChemRU330 inhibited two Gram-positive bacteria (Staphylococcus
aureus and Bacillus subtilis) and had mild activity against a Gram-negative bacterium, Profeus
vulgaris. Figures 6.3 — 6.5 also show the zones of inhibition of ChemRU330 against S. aureus, B.

subtilis, and P. vulgaris.

Table 6.1. Preliminary screening for antimicrobial activity of fungal isolates from root
endophytes against some bacterial species

= 3 S S 2
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] L 2 32 “ 3 RS
S = 2 5 T 3 3 = 2
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Q ST Q o & Q R DR
3 S X A 5 3 = = = 2
8S) “ 8 S5 A 8 A (% M S
Acremonium
implicatum - - - - - - -
Chaetomium sp. - - - + - - -
ChemRU330 ++ +4++ - - + - -
EJdRUS83 - - - - - - -
EJRUO002 - - - - - - -

- =no activity (5 mm); + = slight activity (6 - 10 mm); ++ = good activity (11-15 mm);
- +++=very good activity (< 15 mm).
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Figure 6.3. Agar well-diffusion method using Staphylococcus aureus against the crude extract
ChemRU330: (a) plate with uninoculated extract, (b) plates with positive control (well-C1),
negative control (well-C2), crude extract (well-A), and (c) plate with concentrated extract (16
mg/ml) in all the three wells.

Figure 6.4. Agar well-diffusion method using Bacillus subtilis against the crude extract of
ChemRU330: (a) plate with uninoculated extract, (b) plates with positive control (well-C1),
negative control (well-C2), crude extract (well-A), and (c) plate with concentrated extract (16
mg/ml) in all the three wells.
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Figure 6.5. Agar well-diffusion method using Proteus vulgaris against the crude extract of
ChemRU330: (a) plate with uninoculated extract, (b) plates with positive control (well-C1),
negative control (well-C2), crude extract (well-A), and (c) plate with concentrated extract (16
mg/ml) in all the three wells.

6.3.2. Determination ofMIC andMBC (cell viability assay usingMTT)

Table 6.2 shows that the MIC of the extracts ranged between 2 and 16 mg/ml. S. aureus had the
lowest MIC (1 mg/ml), followed by B. subtilis (2 mg/ml), and P. vulgaris (16 mg/ml) (Figure
6.6). The results of the MBC showed that the L. incrustata extract completely inhibited B.
subtilis and S. aureus at the concentrations of 2 and 4 mg/ml, respectively, while in the case ofP.
vulgaris, there was no growth (MBC = 0). The MBC was confirmed by sampling from wells
showing no visible growth as indicated by colour change and when subcultured on NA/LB

media.
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Figure 6.6. Determination of MIC for ChemRU330 against Staphylococcus aureus, Bacillus
subtilis, Serratia marcescens and Proteus vulgaris. Figure 6.6a is before the addition of MTT
dye while Figures 6.6 b and ¢ show results after MTT dye was added. Column ctl — confirms no
contamination occurred while preparing the plates. Column 11 is a negative control — shows no
change of MTT natural yellow colour. The highest extract concentration incorporated into the
plate is 16 mg/ml (column 1), and the lowest performed through twofold serial dilution is
0.03125 mg/ml (column 10).
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Table 6.2. The minimum inhibitory concentration (MIC) and minimum bactericidal
concentration (MBC) values of ChemRU330 extract against four bacterial isolates

Test organism MIC MBC
(mg/ml) (mg/ml)
Staphylococcus aureus 1.0 4.0
Bacillus subtilis 2.0 2.0
Sarratia marcescens 0 0
Proteus vulgaris 16.0 0

6.3.3. Qualitative phytochemical screening

Eight bioactive secondary metabolites that included alkaloids, flavonoids, phenols, saponins,
steroids, cardiac glycosides, tannins, and terpenoids were tested for in this experiment (Table
6.3). The result indicated that only alkaloids, flavonoids, phenols, saponins, cardiac glycosides,

and terpenoids were present while steroids and tannins were absent.

Table 6.3. Qualitative determination of a ChemRU330 extract for secondary metabolites

S/N  Phytochemical Result

compound
1. Alkaloids Positive
2. Flavonoids Positive
3. Phenols Positive
4. Saponins Positive
5. Steroids Negative
6. Cardiac Positive
Glycosides
7. Tannins Negative
8. Terpenoids Positive
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6.4. Discussion and conclusion

Some bacteria used were susceptible to the crude extract of ChemRU330. The results obtained
are promising and even bacteriostatic for a Gram-negative bacterium (P. vulgaris). The presence
of some phenolic compounds (phenolic acids and tannins) in the extracts was responsible for the
bioactivity. Some authors had already related the antimicrobial activity of different natural
matrixes with the presence and content of phenolic compounds (Alves et al., 2012; Alves et al.,
2013; Chowdhury et al., 2015; Sarker et al.,, 2007). It was observed that the majority of the
extracts did not show antimicrobial activity against the tested bacterial cells except for extract
from ChemRU330 and Chaetomium species that slightly inhibited S. marcescens. This agrees
with the results reported earlier on F. coli, K. pneumonia and P. aeruginosa (Alves et al., 2012;

Barros et al., 2008) who reported negative activity against some of these organisms.

The method microculture tetrazolium assay (MTA) was originally used to probe the relationships
between the cell survival, growth and differentiation; this relies on the cellular reduction of a
tetrazolium salt to their intensely coloured formazans in mammalian cells (Balouiri et al., 2016).
Tetrazolium salt reagent has now been used to distinguish live and dead bacteria because only
live bacteria can convert dye into an insoluble purple formazan. This method was adopted for
quantifying dead cells by MTT assay in the MIC method of bacterial differentiation (Patel et al.,
2013). There are suggestions that the lower the MIC, the more sensitive and promising the

extract (Alves et al., 2012; Gbolagade et al., 2007).

The MBC was investigated by removing 50 ul of the suspensions from the MIC wells, which did
not show any growth (i.e. no colour change) after incubation, and plates without bacterial growth
were taken as the MBC. This aligns with a report on MBC which described it as the lowest
concentration of extract that inhibited 100% bacterial growth (Cohen et al., 1998). The
increasing resistance rate of pathogenic microbes against various marketed drugs is highly
problematic and increases the need for the discovery of new antimicrobials. In this chapter, the
antimicrobial potential of a mycorrhizal fungus (ChemRU330) was investigated to determine the
MIC and MBC. The results showed that the fungus contains antibacterial compounds which

should be explored to complement the already available drugs for active disease treatment. Also,
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this isolate (ChemRU330) revealed the presence various bioactive compounds that include
phenolics, alkaloids, flavonoids, cardiac glycosides and terpenoids. The production of phenolic
compounds and other bioactive compounds in endophytic fungi (Bhardwaj et al., 2015; Devi et

al., 2012) and mushrooms (Alves et al., 2012; Nowacka et al., 2015) have been vastly reported.

In conclusion, bioactive compounds produced by endophytes are highly rated because they
possess superior biosynthetic capabilities, presumably due to their gene recombination with the
host while residing within the healthy plant tissues (Li et al., 2005). A high proportion of
endophytic fungi (80%) produce bioactive compounds in tests for antibacterial, fungicidal and
herbicidal activities (Schulz et al., 2002). The progressive exploration of new and novel
antimicrobial compounds is principally aimed at overcoming the difficulties associated with
resistant pathogens (Petersen et al., 2004). Thus, root endophytic fungi such as the ERM fungi
should be extensively researched, encouraged, and considered as additional sources of new

antimicrobial agents in drug and food preservation.

CHAPTER 7

113



7.0 Molecular identification of some ericoid associated isolates

7.1. Introduction

Erica species are plants commonly found in harsh edaphic conditions, belonging to the family
Ericaceae and subfamily Ericoideae (Bizabani, 2015). The subfamily consists of twenty-five
major genera such as Rhododendron, Erica, Calluna, Empetrum and Rhodothamnus (Bizabani,
2015). The genus FErica is the second largest genus in the Ericoideae, with approximately 865
identified species globally (McGuire and Kron, 2005). Ericaceous plants can be found in Africa,
Middle East, Madagascar and Europe (McGuire and Kron, 2005). Erica species reproduce both
sexually and asexually (Ojeda, 1998; Ojeda et al., 2005). The sexual reproduction of Erica
species involves seed germination while in the asexual sprouting is involved. The association
that exists between ericaceous plants and mycorrhizal fungi is obligated. Thus, forming a unique,
distinctive relation (Smith and Read, 2008). The fungal association plays a significant role in
determining taxonomy, ensuring the growth of the host plants under harsh conditions (Setaro et

al., 2006).

These relationships are characterised by the morphological structures formed by the fungi within
the hair roots. The ericoid mycorrhizal (ERM) association is the most common root-fungus
relationship in the ericaceous family (Smith and Read, 2008; Martino et al., 2007). Root-fungal
interactions that result in no apparent morphological structures are also common in the
Ericaceae. They occasionally co-occur with other mycorrhizal associations (Sadowsky et al.,
2012) in non-ericaceous host plants (Chambers et al., 2008). Ericaceae roots have fine roots
known as ‘hair roots’. The ERM fungi penetrate individual cortical cells of the hair roots,
forming thin hyphal coils (Bergero et al., 2003; Smith and Read, 2008). It has been suggested
that coexisting plants in natural habitats act as a repository for ERM inocula (Chambers et al.,
2008). Fungal host recognition is facilitated by the secretion of mucilage via the root tip
(Peterson and Massicotte, 2004). Degrading hydrolytic enzymes such as cellulase and pectinase
break down the epidermal cell walls and allows the fungi to penetrate the hair root cells. After

that, fungal hyphae colonise the epidermal cells to form ericoid coils within individual epidermal
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cells (Smith and Read, 2008). Leohumicola species are distinguished members of ericoid
mycorrhizal fungi (Nguyen and Seifert, 2008). They produce two-celled aleurioconidia (single
cell conidia formed by projection from the conidiophores) with a spherical to ellipsoidal, dark-
brown terminal cells coupled with slightly thickened walls, and cylindrical or cupulate basal
cells. They grow slowly on PDA, MEA and MMN media and are naturally found in soil,
particularly, at the root of the ericaceous plants (Nguyen and Seifert, 2008).

Hambleton et al. (2005) described four Leohumicola species (L. verrucosa, L. minima, L.
terminalis, and L. lenta) belonging to a new genus of heat-resistant hyphomycetes. Nuclear
ribosomal small subunit (SSU) ribosomal DNA sequences have been used to reveal that
Leohumicola is a monophyletic group in the Leotiomycetes, distinct from Humicola and
Trichocladium (Sordariales), and Thermomyces (Eurotiales) (Hambleton et al., 2005). Internal
transcribed spacer sequence (ITS) aids in recognition of some Leohumicola species with unique
cultural and morphological characteristics (Hambleton et al., 2005). The ITS region and
cytochrome oxidase subunit I (Cox/) mitochondrial gene sequences have been used to identify
Leohumicola species and the results obtained gave satisfactory resolution (Chen et al., 2009;
Nguyen and Seifert, 2008). Molecular techniques have helped a great deal in unravelling the
ERM fungal diversity when compared to cultural methods of identification. The molecular
analysis allows for precise individual taxonomic identification of sporulating and non-
sporulating fungi that are difficult to identify based on cultural and morphological characters.
The objective of this study was to molecularly identify to species level the three key isolates used
in this study. The molecular identification is coming at the later stage of the thesis because we
wanted to identify to species and genus levels these unique fungal isolates which have been

previously studied by Bizabani (2015).
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7.2. Materials and methods

7.2.1. Fungal isolates

Pure fungal mycelia of Leohumicola sp. (ChemRU330), and two unidentified fungi belonging to
Hyaloscyphaceae (EdJRU083) and Leotiomycetes (EJRU002) were obtained and grew on PDA

as described earlier. These are some of the isolates already reported by Bizabani (2015).

7.2.2. DNA extraction

Genomic DNA was extracted from pure fungal mycelia using the ZR Fungal/Bacterial DNA
Mini-Prep kit (Catalogue # D6005) according to manufacturer’s instructions. DNA concentration
was determined by NanoDrop 2000 spectrophotometer (Thermo Scientific, Wilmington,
Delaware, USA) and preparations were diluted to make 1-5 ng/ul of DNA template. The
integrity of the isolated DNA was evaluated by electrophoresis in a 1% (w/v) agarose gel at 100
V for 75 min in 1X Tris-borate-EDTA (TBE) buffer, stained with 2 pl (concentration 0.5 pg/ml)
ethidium bromide and visualised under a Bio-Rad ChemiDoc X-Ray Spectrometer (XRS)

system.

7.2.3. Amplification of the I1S and Cox1 gene regions

The method described by Nguyen and Seifert (2008) was used, where the ITS region was
amplified using the following primers ITS1, ITS4 and ITSS (White et al., 1990) and KAPA Tag
ReadyMix (2X). The KAPA 7aq ReadyMix (2X) is a ready-to-use cocktail containing all
components for PCR, except primers and template. The 2X ReadyMix contains KAPA 7ag DNA
Polymerase (1 U per 50 ul reaction), KAPA 7aq Buffer, ANTPs (0.2 mM of each dNTP at 1X),
MgCl, (1.5 mM at 1X) and stabilisers (Kapabiosystems, 2013). PCR master mix was made up in
a total reaction volume of 50 pl comprising of 25 pul KAPA 7ag ReadyMix PCR kit (KAPA
Biosystems, Catalogue # KK1006), 5 ul template DNA, 2 ul each of both primers (forward and
reverse), and 16 ul of water. Amplification was conducted in an automated Applied Biosystems

2720 Thermal Cycler. The cycling parameters used were as follows: initial denaturation at 95°C
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for 3 min, 40 cycles at 95°C for 45 s (denaturing), annealing temperature at 60°C for 45 s,
followed by extension at 72°C for 1.5 min, and finally 72°C for 8 min (final elongation). After
that, electrophoresis was used as previously described to determine the size of the amplified
bands. The Cox/ gene region was amplified using primers designed for the Cox/ gene of the
Pezizomycotina, PezizF (5-TCAGGRTTAYTAGGWACAGCATTT-3") and PezizR (5'-
ACCTCAGGRTGYCCGAA GAAT-3") (Nguyen and Seifert, 2008). The PCR amplification
was conducted in a total reaction volume of 25 ul comprising of 12.5 ul KAPA HiFi HotStart
ReadyMix PCR kit (KAPA Biosystems, Catalogue # KK2605), 5 ul template DNA, 0.75 ul each
of both primers (forward and reverse), and 6 ul of water. Amplification was conducted in an
automated Applied Biosystems 2720 Thermal Cycler. The following parameters were used:
95°C for 3 min (initial denaturation), 40 cycles at 95°C for 1 min (denaturation), 51°C for 1 min
(annealing), 72°C for 1.5 min (extension), then 72°C for 8 min (final elongation) (Nguyen and
Seifert, 2008). After that, electrophoresis was used as previously described to determine the size

of the amplified bands.

7.2.4. Sequencing and analysis of the ITS and Cox1 gene regions

After amplification of ITS and Cox/ barcode regions, the PCR products clean-up were
performed using a Wizard SV gel, and PCR clean-up kit (Promega, Catalogue # A9281) and the
protocol outlined by the manufacturer of the kit was followed. The purified PCR products were
sent to Inqaba Biotechnology, Pretoria, South Africa for Sanger sequencing. The sequencing
reaction was carried out using ITS1, ITS4 and ITSS (ITS region); pezizF and pezizR (Cox/ gene)
(Beeck et al., 2014; Porter and Golding, 2011). Nucleotide sequence chromatograms were
analysed and edited using Chromas Lite software and compared to sequences in National Centre
for Biotechnology Information (NCBI) http://www.ncbi.nlm.nih.gov (Altschul et al. 1997) and
UNITE http://www.unite.ut.ee (Kdljalg et al., 2005) databases using Basic Local Alignment
Search Tool (BLAST) program. Sequences derived from the study and their respective closest
matches with homology greater than 95% were pre-aligned in Chromas version 2.6.4
(www technelysium.com.au) before alignment using BioEdit sequence alignment editor version

6 (Hall, 1999).
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7.2.5. Phylogenetic analysis

To test for phylogenetic relationships, the ChemRU330 sequence and those of species in the
genera Leohumicola (available in GenBank) were aligned using the ClustalX Version 1.81
(Thompson, 1997). Phylogenetic analysis of Cox/ barcode region was performed using
molecular evolutionary genetics analysis version 7 (MEGA 7) (Kumar et al., 2016). The
evolutionary history was inferred using Neighbor-Joining (NJ) statistical method (Saitou and
Nei, 1987). The percentage of replicate trees in which the associated taxa clustered together in
the bootstrap test (1000 replicates) were shown next to the branches (Felsenstein, 1985).
Bootstrap support values above 50% from 1000 replicates search. The evolutionary distances
were computed using Maximum Composite Likelihood method (Tamura et al., 2004) and were
expressed as the units of the number of base substitutions per site. The analysis involved 25
nucleotide sequences. Codon positions included were 1st+2nd+3rd+Noncoding. All positions
containing gaps and missing data were eliminated. There were a total of 628 positions in the final
dataset. Myxotrichum deflexum was chosen as an outgroup to analysis because of its position as

near neighbour to Leohumicola clade in the 18S analyses (Hambleton et al., 2005).

7.3. Results

7.3.1. Molecular identification

In the current study, ChemRU330, EARU083 and EJRU002 were some of the isolates previously
studied using ITS barcode region (ITS1F and ITS4) (Bizabani, 2015). ChemRU330 was
identified as Leohumicola sp. while EdJRUO83 and EdRUO002 are two unidentified fungi
belonging to Hyaloscyphaceae and Leotiomycetes, respectively (Bizabani, 2015). To give an
explanation to the source of the isolates used in this study, Table 7.1 which shows the
identification of isolates from six Erica species classified in operational taxonomic units (OTUs)

by Bizabani (2015) was included.
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Here, Cox/ gene and ITS (ITS1 and ITS4) barcode regions were used to identify them to species
and genus levels. The BLAST analysis was sufficient to resolve the organism to a particular
name of the ERM fungus. ChemRU330, EQRUO083, and EARU002 (Figure 7.2) were identified to
have percentage similarities of 99 (GenBank), 97.13 and 99.55% (UNITE), respectively. Cox/
gene sequences matched reference Leohumicola sequences in GenBank using BLAST searches.
The closest match to isolate ChemRU330 is with accession number EU678437 and a barcode
region of cytochrome oxidase subunit 1 (Cox/) of 628 bp (Figures 7.3 and 7.4). EQRU083
(Leohumicola sp.) and EARU002 (Oidiodendron sp.) closest GenBank matches are EU678450
and DQ398091, respectively. For EARUO083 isolate, we could not infer that the isolate belongs to
Leohumicola atra which its closest match in GenBank with just 92% coverage. The quality of
DNA sequences obtained from ITSS and ITS4 was insufficient and was disregarded. The internal
transcribed spacer sequence was estimated as 590 bp for ITS1-ITS4 (Figures 7.2 and 7.4). The
ITS sequence reads obtained in the current study had between 495-523 bp which were sufficient

to allow taxonomic identification of these fungi to genus level.

Figure 7.1. The photographs showing pure cultures of some ericoid associated fungi on potato
dextrose agar (PDA) after 4 weeks of incubation at 28°C (a = EdRU002, b = EdRU083 and ¢ =
ChemRU330).
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Figure 7.2. PCR products from DNA extracted from ChemRU330, amplified using primers ITS1
and ITS4, stained with ethidium bromide and separated by agarose gel electrophoresis. Lanes 1

and 5 are 100 kb DNA ladder; lanes 2 to 4 are genomic DNA; lane 6 is primer control; lane 7 is
amplified ITS sequence.

Figure 7.3. PCR products from DNA extracted from ChemRU330, amplified using primers
PezizF-PezizR, stained by ethidium bromide and separated by agarose gel electrophoresis. Lanes

1 and 5 are 100 kb DNA ladder; lanes 2 to 4 are genomic DNA; lane 6 is amplified Cox/ gene
sequence.
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Figure 7.4. PCR products from DNA extracted from two ericoid mycorrhizas, amplified using
primers ITS1-ITS4 (lanes 1-2) and PezizF-PezizR (lanes 5-6), stained with ethidium bromide
and separated by agarose gel electrophoresis. Lanes 3 and 4 are 100 kb DNA ladder, lanes 1 and
5 (EdRUO083), lanes 2 and 6 (EJRU002).

Table 7.1. Identification of isolates from six Erica species classified in operational
taxonomic units (OTUs) (Adopted from Bizabani, 2015)
OTUs No.of Genbank Closest GenBank  Coverage / Source of Host plant
isolates Accession OTU BLAST Accession  Similarity closest match  species
Representative  match closest (%)
match
2 7 KC979127 Leohumicola JX912155 100/98 Erica carnea E. nemorosa,
Sp. (Austria) E. caffra, F.
chamissonis
8 8 KM678348 Oidiodendron  KC180732 100/95 Gaultheria E. nemorosa,
cf. maius poeppigii (Arg  E. caffra, E.
entina) chamissonis,
E. demissa, E.
cerinthoides,

E. glumiflora.
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Table 7.1. Identification of some ericaceous plant roots associated fungi

Isolate Primer Genbank Closest GenBank  Percentage Percentage Source of
target  accession BLAST accession coverage / coverage/  closest
region  no. match closest similarity similarity = match

match (GenBank) (UNITE)

ChemRU330 Cox! MF374380  Leohumicola EU678437  100/99 ND South

incrustata Africa
ITS MG209608  Leohumicola KM678361 97/99 99.38 South
sp. Africa

EdRU083 Coxl MG132079  Leohumicola EU678450  100/92 ND South

atra Africa
ITS MG209609  Helotiales FN298703  99/97 97.13 Australia

EdRU002 Coxl NA NA NA NA NA NA
ITS MG209610  Oidiodendron DQ398091 ND 99.55 Australia

sp.

ND = not detected, NA = not applicable.

7.3.2. Phylogenetic analysis

The maximum composite likelihood analysis of Cox/ sequences alignment revealed that the
Leohumicola species form a monophyletic group of consensus trees (Figure 7.5). The Cox/
sequence analysis was supported by the bootstrap value of 78%, thus inferred that the isolates
(ChemRU330) belong to the Leohumicola clade (Figure 7.5). The phylogenetic tree further
showed that all Leohumicola species formed a single clade including EARUOS3 isolate, while
phylogenetic relationships inferred from the ITS region sequences (not shown) did not give

sufficient information.
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Figure 7.5. Phylogenetic tree generated from cytochrome oxidase 1 (Cox/) gene sequences using
the Neighbour-Joining statistical method.
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7.4. Discussion and conclusion

A sizable number of Ericaceae root-associated fungi have been identified through culture-based
techniques and molecular analysis (Bizabani, 2015). But, there are still limited reports available
on the identity of Leohumicola species using sequences generated through the ITS barcode
region analysis. Subsequently, the Cox/ barcode region was adopted to facilitate identification to
species level allowing the specific name of the organism to be inferred. ChemRU330 isolate was
inferred to be L. incrustata. Similar, Nguyen and Seifert (2008) reported three new species (L.
levissima, L. atra and L. incrustata) from the United States and South Africa using both the
ribosomal internal transcribed spacer (ITS) and cytochrome oxidase 1 (Cox/) as DNA barcodes
for the identification of Leohumicola species, and also this observation was made by Hambleton
et al. (2005). Other two isolates belonging to Hyloscyphaceae (EARUO83) and Leotiomycetes
(EdRUO002) used earlier for the production of amylase and cellulase enzymes (Chapter 3) were
inferred to be Leohumicola and Oidiodendron sp., respectively. All results obtained in this
investigation were either obtained from GenBank or UNITE databases. A large proportion of the
ERM fungi and related fungi are now being identified using both GenBank and UNITE
databases (Hambleton et al., 2005; Toju et al., 2012). It should be noted that UNITE database
contains ITS sequences generated from identified fungal sporocarp voucher specimens (Kdljalg

et al., 2005) and are suitable for identifying mycorrhizal fungi.

For phylogenetic relationships, the taxonomic status of two isolates (ChemRU330 and
EdRUO083) were inferred only from the Cox/ gene sequences while ITS sequences generated in
this study were inadequate for this purpose and were disregarded. Also, the results here showed
that NJ statistical method is capable of producing a reasonably accurate parsimonious tree
(Tamura et al., 2004). Finally, there is the need to explore the soil and rhizosphere to discover
more species of ERM associations due to their role in the environment and especially the
nutritional benefit that ericaceous plants derive from them, and now the possibility of using them

to produce enzymes for the bio-economy.
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CHAPTER 8

8.0 General discussion and conclusion

8.1. Discussion

The bio-economy is the knowledge-based production and application of renewable resources to
make products, processes and services available for various economic sectors (European
Commission, 2015). It makes a significant contribution by linking economic growth with
environmental sustainability (European Commission, 2015). Our approach to this involved the
use of mycorrhizal fungi (root endophytes) for the production of amylases, cellulases and
xylanases to hydrolyse agro-based materials. This study was an opportunity for profiling some

ERM fungi and examining their potential for the bio-economy.

Enzymes are vital for processing industrial, pharmaceutical and biotechnological products
(Sanchez and Demain, 2011). Enzyme production has been tested in some ERM fungi other than
H. ericae, root endophytic fungi and ECM fungi using agar screening methods (Peretto et al .,
1993; Read and Perez-Moreno, 2003; Smith, 2009). Leohumicola incrustata (ChemRU330) was

carefully selected and exploited in this study to determine its suitability for the bio-economy.

This study revealed that a comprehensive method of bioprospecting for new enzymes should
involve the use of agar screening (Chapter 2) and optimisation of growth conditions to ensure
optimum yield. The sequential subculturing assessment provided an insight into the consistency
of producing biocatalysts of interest after several transfers (in vifro subculturing events) and
separation from the symbiotic partner. Here, the emphasis was placed on an ericoid associated
fungus with the ability to produce enzymes that would be secreted consistently without recourse
to the symbiotic partner. Amylases and xylanases (co-produced with cellulases) were constantly
produced throughout the monitoring period, hence their selection for purification and
characterisation. For cellulases, there was a decreased production after several subculturing
events. This could be attributed to the change in environment and form/type of carbon source

supplied to the ERM fungus in the compounded medium (e.g., may prefer the form of carbon
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provided by its symbiotic partner for cellulose production). This study suggested that production
of amylases, cellulases and xylanases from L. incrustata might be under different regulatory
controls. Enzyme production and activity by microorganisms can either be affected positively or
negatively by the forms/types of energy sources in the growth medium (Srinivasan et al., 2001).
Therefore, the regulatory mechanisms suggest that the cellulase system was repressed by the
presence of cellulose while soluble starch and cellulose induced amylases and xylanases
production, respectively, over a period (Beguin and Aubert, 1994). However, little or no
information is available about the enzyme regulatory mechanisms of ERM fungi, and further

investigations are required.

In Chapter 3, optimisation of nutrient parameters for maximisation of amylase and cellulase
production was performed using a multi-objective approach for obtaining best yield regarding the
mycelial biomass and the corresponding enzymes. Process parameters such as temperature, pH,
different carbon and nitrogen supplements, and metal ions were investigated to improve amylase
and cellulase activities using a one-factor at a time approach. This showed the effectiveness of
selected ERM fungal isolates in the production of amylases and cellulases. The tested strains
responded differently to various environmental and nutritional conditions, thus displaying
enzyme activities that correlated with mycelial biomass yields. The L. incrustata (ChemRU330),
Leohumicola sp. (EARUO083) and Oidiodendron sp. (EJRU002) were able to produce
significantly higher biomass and enzyme activity in glucose when compared to their respective
controls. This could be because these organisms require glucose as a source of energy for growth
which is typically supplied by their symbiotic partners (ericaceous plants) in the natural

environment (Rodriguez et al., 2009; Smith and Read, 2008).

Most microorganisms are capable of producing cellulases and xylanases. However, fungi (e.g.
Trichoderma, and Aspergillus species) are mostly used in industries. They can be cultivated in
mineral salt media, and production is induced by incorporation of required substrates (Bhat,
2000; Jampala et al., 2017; Kang et al., 2004; Sohail et al., 2009; Takahashi et al., 2013).
Moreso, an MMN medium composition of pH 5.0 with 0.5% glucose, 1% yeast extract or
peptone and either calcium or manganese ion was adequate for the production of either amylases

or cellulases from ERM and related root endophytic fungi. Concurrent production of cellulase
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and xylanase in liquid culture of L. incrustata was also observed. In the present study, all the
three enzymes mentioned can be produced by the indigenous L. incrustata strain which was
capable of growing on mineral salt media. L. incrustata utilised either glucose, cellobiose,
maltose, CMC or starch, but not Avicel as a carbon source, for growth and biocatalyst
production. Additionally, this investigation provides valuable information that could be valuable
in the production of mycelial biomass of selected starter cultures for better mycorrhizal fungal

inoculum production.

Xylanases play a significant role in processing biomass through advancement in biotechnology.
The design and the application of xylanases require an understanding of the activities of these
enzymes. A large number of microbes are capable of producing xylanases; however, fungi are
considered most active against the hemicellulose which is a natural polymer. L. incrustata is a
mycorrhizal fungus capable of producing endo-1,4-B-xylanase, and its usefulness for commercial
production was tested for the first time. Chapter 4 revealed that the partially purified endo-1,4-f-
xylanase exhibited tolerance to a varied range of pH values (pH 4.0-7.0) and was stable at 50°C.
Therefore, could be considered for inclusion in future industrial pentose production, fruit-juice
clarification, bio-bleaching in textile, paper and pulp industries, improving rumen digestion and
the bioconversion of lignocellulosic agricultural residues to ethanol (Nigam, 2013). However,

further purification to homogeneity will improve its efficiency.

Starch processing in industrial settings requires an enzyme with excellent thermostability, raw-
starch degradation ability and high glucose yield (Hua et al., 2014). Aspergillus niger is one of
the most widely used microbes for the production of AMG with the optimal enzyme
temperatures ranging between 45-65°C (Michelin et al., 2008). The AMG from L. incrustata, as
observed in this study (Chapter 5), had an optimum temperature and stability comparable to
those of currently used saprophytic fungi. The AMG can function at temperatures that would
decrease the possibility of microbial contamination in large-scale industrial reactions of
prolonged duration. The enzyme retained stability over a prolonged period of processing at a
temperature ranging from 45-50°C. Although the catalytic rate of A. niger AMG is higher than
the one reported in this study, L. incrustata AMG compared well with most saprophytic fungi

and better than those of other fungi such as P. variotii and Tetracladium sp. (Carrasco et al.,
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2017; Michelin et al., 2008). Also, the AMG directly hydrolysed raw starch to glucose as the sole
product, this is crucial for starch processing and will reduce energy consumption during the

production of starch-based industrial products.

Additionally, analysis of the antibacterial properties of selected root-associated fungal isolates
was conducted in chapter 6. Some ECM fungi and mushrooms are known producers of
antibacterial compounds (Gbolagade et al., 2007, Sharma et al., 2014), while yeasts,
phycomycetes and slime moulds rarely produce bioactive compounds (Bérdy, 2005). In this
study, L. incrustata has shown the ability for its inclusion as a bioactive compound producer
(Chapter 6). The results disclosed that the tested bioactive compounds had varying antimicrobial
effects against pathogenic bacteria. Both Gram-negative and Gram-positives bacteria were
observed to have varying degrees of antimicrobial susceptibility following 24 h of incubation.
These variations showed the differences in cell surface structures between Gram-negative and
Gram-positive bacteria (Puupponen-Pimia et al., 2001). The outer membrane of Gram-negative
bacteria functions as a preventive barrier against hydrophobic compounds (Puupponen-Pimia et
al., 2001). The results of this study demonstrated that the sensitivity of the pathogenic bacteria to
phenolic compounds depends on bacterial species and the bioactive compounds. Thus, the usage
of L. incrustata antimicrobial compounds could be alternatives for chemicals used in the
preservation of food. However, further experimentation is required to determine the structures
and individual components of the bioactive compounds using nuclear magnetic resonance
(NMR) spectroscopy and liquid chromatography-mass spectrometry (LC-MS) methods (Liu et
al., 2012).

The three isolates (ChemRU330, EARU83 and EdRUO002) used for the production of enzymes
and antibacterial agents (Chapter 3-6) were identified to genus and species levels using both ITS
and Cox/ gene barcode regions. The molecular analysis results indicated that these ERM
mycorrhizal fungi were similar to those successfully described by some researchers in South
Africa and Australia. The PezizF/PezizR primer pairs resulted in robust amplification reactions

for all DNA extracted.
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For clarity sake, we only worked with some of the fungi already isolated by Bizabani (2015)
from Albany Centre of Endemism, South Africa, and a pot trial as demonstrated by Bizabani
(2015) showed that the Leohumicola sp. (ChemRU330) belongs to ericoid mycorrhizal fungi.
Also, the current study is exploratory, and the suitability of these fungi for the bio-economy and

bioremediation is an ongoing project.

8.2. Future perspectives

The advancement of modern biotechnology (e.g., protein engineering) has provided a platform
for purifying and stabilising enzymes. Their application to fungal amylases and xylanases studies
are advantageous and could lead to better stability and effectiveness towards starch and xylans
hydrolysis which would make these biomolecules amenable to the specific industrial application.
sAlso, increased awareness about environmental implications of the use of chemicals in many
industries has opened up a way to explore new microbial enzymes for more energy efficient,
cost-effective, and environmentally friendly means. This would help to speed up the research and
understanding of mycorrhizal enzyme production. The upsurge of bioinformatics and access to
complete genome sequences make it possible to design amylases and xylanases with industrially
desirable features. Consequently, for future study, the following can be performed to improve
efficiency: (1) molecular characterisation of the DNA sequences of AMG and endoxylanase; (ii)
molecular cloning and expression of the ERM mycorrhizal genes. The recombinant DNA
techniques will help in cloning the AMG gene into a competent cell of either E. coli or
Saccharomyces cerevisiae, which can facilitate production under reduced growth periods.
Though this method has not been applied to study any ERM biocatalyst genes, using the
knowledge of earlier successful technologies (e.g., A. niger and Lentinula edodes), could direct
this line of research (Hmida-Sayari et al., 2012). Some other AMG-encoding fungal gene already
cloned include; A. awamori (Goto et al., 1994), A. oryzae (Hata et al., 1991) and Neurospora
crassa (Stone et al., 1993).

8.3. Conclusion
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The bioprospecting for amylases, cellulases and xylanases in mycorrhizal fungi provides
essential characteristics that would further enhance their use in the agricultural sector, could play
a significant role in bioremediation purposes, as well as encourage their use in food and biodiesel
industries. This study is a pilot investigation to producing mycorrhizal enzymes for commercial
purposes. Most studies on mycorrhizal biocatalysts have focused mainly on their use as a
strategy for nutrient acquisition and the role they play in ecosystems. There is a need for future
research into these biomolecules which will be beneficial to humanity. The physicochemical
properties, hydrolysis end-products, and being non-pathogenic make AMG and endo-1,4-f-
xylanase potential candidates for future applications as additives in the food industry for the
production of glucose, glucose syrups, high-fructose corn syrups, as well as the production of
ethanol. Finally, the results underpin the hypothesis that if the right conditions of growth are met,
some ericoid mycorrhizas and root endophytic fungi can be used in the production of the desired

amylases, cellulases and xylanases using chemically defined media.

130



References

Abdelwahab, S A, 2015. Production of glucoamylase enzyme by a Rhizopus oryzae strain. Asian
J. Biotechnol. 7, 32-38. doi:10.3923/ajbkr.2015.32.38

Abbas, A., Ahmad, S., Mushtaq, Z., Jamil, A., 2012. Partial purification and characterisation of
xylanase from 7richoderma harzianum. J. Chem. Soc. Pak. 34, 1455-1459.

Aberoumand, A., Deokule, S.S., 2008. Comparison of phenolic compounds of some edible plants

of Iran and India. Pakistan J. Nutr. 7, 582-585.

Adeniran, A., Abiose, S., 2010. Amylolytic potentiality of fungi isolated from some Nigerian
agricultural wastes. African J. Biotechnol. 8, 667-672. doi:10.1007/s11947-008-0141-3

Adeoyo, OR., Pletschke, B.I.,, Dames, J.F., 2017. Improved endoglucanase production and
mycelial biomass of some ericoid fungi. AMB Express 7, 15. doi:10.1186/s13568-016-
0312-y

Adimpong, D.B., Serensen, K.I., Thorsen, L., Stuer-Lauridsen, B., Abdelgadir, W.S., Nielsen,
D.S., Derkx, PMF_, Jespersen, L., 2012. Antimicrobial susceptibility of Bacillus strains
isolated from primary starters for African traditional bread production and characterisation
of the bacitracin operon and bacitracin biosynthesis. Appl. Environ. Microbiol. 78, 7903—

7914. doi:10.1128/AEM.00730-12
Aiyer, P. V, 2005. Amylases and their applications. African J. Biotechnol. 4, 1525-1529.

Alcazar-Alay, S.C., Meireles, M.A.A., 2015. Physicochemical properties, modifications and
applications of starches from different botanical sources. Food Sci. Technol. 35, 215-236.

doi:10.1590/1678-457X.6749

Ali, SM., Omar, S.H., Soliman, N.A., 2013. Co-production of cellulase and xylanase enzymes

131



by thermophilic Bacillus subtilis 276NS. Internat. J. Biotech. Wellness Industr. 2, 65-74.

Altschul, S.F., Madden, T.L., Schiffer, A A, Zhang, J., Zhang, Z., Miller, W, Lipman, D.J,,
1997. Gapped BLAST and PSI-BLAST: A new generation of protein database search
programs. Nucleic Acids Res. 25, 3389-3402. doi:10.1093/nar/25.17.3389

Alves, M.J., Ferreira, LC F R., Froufe, HJ.C., Abreu, R M. V, Martins, A., Pintado, M., 2013.
Antimicrobial activity of phenolic compounds identified in wild mushrooms, SAR analysis

and docking studies. J. Appl. Microbiol. 115, 346-357. doi:10.1111/jam.12196

Alves, M.J., Ferreira, L.C F R., Martins, A., Pintado, M., 2012. Antimicrobial activity of wild
mushroom extracts against clinical isolates resistant to different antibiotics. J. Appl.

Microbiol. 113, 466—475. doi:10.1111/5.1365-2672.2012.05347 x

Amako, K., Yasunaka, K., 1974. Effects of sodium dodecyl sulphate on the structure of purified
pyocin sheaths. J. Gen. Microbiol. 80, 443-50.

Annamalai, N., Thavasi, R., Vijayalakshmi, S., Balasubramanian, T., 2011. Extraction,
purification and characterisation of thermostable, alkaline tolerant alpha-Amylase from

Bacillus cereus. Indian J. Microbiol. 51, 424-429. doi:10.1007/s12088-011-0160-z

Assaad, H.I1., Zhou, L., Carroll, R.J., Wu, G., 2014. Rapid publication-ready MS-word table for
one-way ANOVA. SpringerPlus 3:474. doi:org/10.1186/2193-1801-3-474

Balasundram, N., Sundram, K., Samman, S., 2006. Phenolic compounds in plants and agri-
industrial by-products: Antioxidant activity, occurrence, and potential uses. Food Chem. 99,

191-203. do1:10.1016/j.foodchem.2005.07.042

Baldrian, P., 2009. Ectomycorrhizal fungi and their enzymes in soils: Is there enough evidence
for their role as facultative soil saprotrophs? Oecologia 161, 657-660. doi:10.1007/s00442-
009-1433-7

Baldrian, P., 2003. Interactions of heavy metals with white-rot fungi. Enzyme Microb. Technol.

32, 78-91. doi:10.1016/S0141-0229(02)00245-4

132



Baldrian, P., Gabriel, J., 2002. Copper and cadmium increase laccase activity in Pleurotus

ostreatus. FEMS Microbiol. Lett. 206, 69-74.

Baldrian, P., Valaskova, V., 2008. Degradation of cellulose by basidiomycetous fungi. FEMS
Microbiol. Rev. 32, 501-521. doi:10.1111/5.1574-6976.2008.00106.x

Balouiri, M., Sadiki, M., Ibnsouda, S.K., 2016. Methods for in vitro evaluating antimicrobial
activity: A review. J. Pharm. Anal. 6, 71-79. doi:10.1016/; jpha.2015.11.005

Bano, S.A., Ashfaq, D., 2013. Role of mycorrhiza to reduce heavy metal stress. Nat. Sci. 5, 16—
20. doi:10.4236/ns.2013.512A003

Barros, L., Cruz, T., Baptista, P., Estevinho, L. M., Ferreira, . C.F.R., 2008. Wild and commercial
mushrooms as source of nutrients and nutraceuticals. Food Chem. Toxicol. 46, 2742-2747.

doi:10.1016/;.fct.2008.04.030

BCCReseach, 2014. Global markets for enzymes in industrial applications (BIO0O30H). BCC
Research, 49 Walnut Park, Building 2 Wellesley, MA 02481 USA (Date accessed: 18-09-
2017).

Beeck, M.O.D, Lievens, B., Busschaert, P., Declerck, S., Vangronsveld, J., Colpaert, J.V., 2014.
Comparison and validation of some ITS primer pairs useful for fungal metabarcoding

studies. PloS one 9, €97629.

Beg, Q.K., Kapoor, M., Mahajan, L., Hoondal, G.S., 2001. Microbial xylanases and their
industrial applications: A review. Appl. Microbiol. Biotechnol. 56, 326-338.

doi:10.1007/s002530100704

2

Beguin, P., Aubert, J.P., 1994. The biological degradation of cellulose. FEMS Microbiol. Rev.
13, 25-58.

Begum, F., Absar, N., 2009. Purification and characterisation of intracellular cellulase from
Aspergillus oryzae ITCC-4857.01. Mycobiology 37 121-127.
doi1:10.4489/MYC0.2009.37.2.121

2

133



Bending, G.D., Read, D.J., 1997. Lignin and soluble phenolic degradation by ectomycorrhizal
and ericoid mycorrhizal fungi. Mycol. Res. 101 1348-1354.

doi:10.1017/S0953756297004140

2

Bérdy, J., 1-26.

doi:10.1038/ja.2005.1

2005. Bioactive microbial metabolites. J. Antibiot. (Tokyo). 58

2

Bergero, R., Girlanda, M., Bello, F., Luppi, AM., Perotto, S., 2003. Soil persistence and
biodiversity of ericoid mycorrhizal fungi in the absence of the host plant in a Mediterranean

ecosystem. Mycorrhiza 13, 69-75. doi:10.1007/s00572-002-0202-9

Bergero, R., Perotto, S., Girlanda, M., Vidano, G., Luppi, A.M., 2000. Ericoid mycorrhizal fungi
are common root associates of a Mediterranean ectomycorrhizal plant (Quercus ilex). Mol.

Ecol. 9, 1639-1649. doi:10.1046/.1365-294X.2000.01059 x

Berthelot, C., Leyval, C., Foulon, J., Chalot, M., Blaudez, D., 2016. Plant growth promotion,
metabolite production and metal tolerance of dark septate endophytes isolated from metal-
polluted poplar phytomanagement sites. FEMS Microbiol. Ecol. 92, 1-14.

doi:10.1093/femsec/fiw144

2

Bhagobaty, R K., Joshi, S.R., 2012. Enzymatic activity of fungi endophytic on five medicinal
plant species of the pristine sacred forests of Meghalaya, India. Biotechnol. Bioprocess Eng.

17, 33-40. doi:10.1007/s12257-011-0453-4

Bhardwaj, A., Sharma, D., Jadon, N., Agrawal, P.K., 2015. Antimicrobial and phytochemical
screening of endophytic fungi isolated from spikes of Pinus roxburghii. Arch. Clin.

Microbiol. 6, 1-9.

Bhat, M.K., 2000. Cellulases and related enzymes in biotechnology. Biotechnol. Adv. 18, 355—
383.

Bijttebier, A., Goesaert, H., Delcour, J.A., 2008. Amylase action pattern on starch polymers.
Biologia (Bratisl). 63, 989-999. doi:10.2478/s11756-008-0169-x

Bizabani, C., Dames, J.F., 2016. Assimilation of organic and inorganic nutrients by Erica root

134



fungi from the fynbos ecosystem. Fungal Biol. 120, 370-375.

Bizabani, C., 2015. The diversity of root fungi associated with Erica species occurring in the

Albany Centre of Endemism (PhD thesis). Rhodes University, South Africa.

Bizabani, C., Dames, J., 2015. Effects of inoculating Lachnum and Cadophora isolates on the
growth of Vaccinium corymbosum. Microbiol. Res. 181 68-74.

doi:10.1016/j.micres.2015.08.005

2

Bott, R., Saldajeno, M., Cuevas, W., Ward, D., Scheffers, M., Aehle, W., Karkehabadi, S.,
Sandgren, M., Hansson, H., 2008. Three-dimensional structure of an intact glycoside
hydrolase family 15 glucoamylase from Hypocrea jecorina. Biochemistry 47, 5746-5754.
doi:10.1021/bi702413k

Bradford, M.M., 1976. A rapid and sensitive method for the quantitation microgram quantities of
protein utilising the principle of protein-dye binding. Anal. Biochem. 72, 248-254.

Brundrett, M., 2004. Diversity and classification of mycorrhizal associations. Biol. Rev. 79, 473—

495. doi:10.1017/81464793103006316

Brundrett, M.C., 2009. Mycorrhizal associations and other means of nutrition of vascular plants:
Understanding the global diversity of host plants by resolving conflicting information and
developing reliable means of diagnosis. Plant Soil 320, 37-77. doi:10.1007/s11104-008-
9877-9

Burke, D.J., Smemo, K.A., Hewins, C.R., 2014. Ectomycorrhizal fungi isolated from old-growth
northern hardwood forest display variability in extracellular enzyme activity in the presence

of plant litter. Soil Biol. Biochem. 68, 219-222. do0i:10.1016/}.s50ilb10.2013.10.013

Burke, D.J., Weintraub, M.N., Hewins, C.R., Kalisz, S., 2011. Relationship between soil enzyme
activities, nutrient cycling and soil fungal communities in a northern hardwood forest. Soil

Biol. Biochem. 43, 795-803. doi:10.1016/j.s011b10.2010.12.014

Burke, RM., Cairney, JW.G., 1998. Carbohydrate oxidases in ericoid and ectomycorrhizal

fungi: A possible source of Fenton radicals during the degradation of lignocellulose. New

135



Phytol. 139, 637-645. do1:10.1046/j.1469-8137.1998.00235 x

Burke, R M., Cairney, J.W.G., 1997a. Purification and characterisation of a 3-1,4-endoxylanase
from the ericoid mycorrhizal fungus Hymenoscyphus ericae. New Phytol. 135, 345-352.
doi:10.1017/S0953756297003821

Burke, R M., Cairney, JW.G., 1997b. Carbohydrolase production by the ericoid mycorrhizal
fungus Hymenoscyphus ericae under solid-state fermentation conditions. Mycol. Res. 101,

1135-1139.

Buzzini, P., Martini, A., 2002. Extracellular enzymatic activity profiles in yeast and yeast-like
strains isolated from tropical environments. J. Appl. Microbiol. 93, 1020-1025.
doi:10.1046/;.1365-2672.2002.01783 .x

Cairney, J.W.G., 2000. Evolution of mycorrhiza systems. Naturwissenschaften 87, 467—475.
doi:10.1007/s001140050762

Cairney, JW.G., Burke, R M., 1998. Extracellular enzyme activities of the ericoid mycorrhizal
endophyte Hymenoscyphus ericae (Read) Korf and Kernan: Their likely roles in
decomposition of dead plant tissue in soil. Plant Soil 205, 181-192.
doi:10.1023/A:1004376731209

Cairney, J W.G., Burke, R M., 1994. Fungal enzymes degrading plant cell walls: their possible
significance in the ectomycorrhizal symbiosis. Mycol. Res. 98, 1345-1356.

doi:10.1016/S0953-7562(09)81062-9

2

Cairney, J.W.G., Chambers, S M., 1999. Ectomycorrhizal fungi: key genera in profile. Springer-
Verlag Berlin Heidelberg GmbH, pp. 1-376. doi:10.1007/978-3-662-06827-4

Cairney, J.W.G., Meharg, A A., 2003. Ericoid mycorrhiza: a partnership that exploits harsh
edaphic conditions 54, 735-740. doi:10.1046/;.1365-2389.2003.00555 x

Caldwell, B.A., Jumpponen, A., Trappe, JM., Caldwell, B.A., Hall, R., 2000. Utilisation of
major detrital substrates by dark-septate, root endophytes utilisation of major detrital

substrates by dark-septate, root endophytes. Mycologia 92, 230-232. doi:10.2307/3761555

136



Carrasco, M., Alcaino, J., Cifuentes, V., Baeza, M., 2017. Purification and characterisation of a
novel cold-adapted fungal glucoamylase. Microb. Cell. Fact. 16, 1-10. doi:10.1186/s12934-
017-0693-x

Campos, L., Felix, CR., 1995. Purification and characterisation of a glucoamylase from
Humicola grisea. Appl. Environ. Microbiol. 61, 2436-2438. doi:10.1016/0308-

8146(91)90114-4

2

Cao, W.G., Crawford, D.L., 1993. Carbon nutrition and hydrolytic and cellulolytic activities in
the ectomycorrhizal fungus Pisolithus tinctorius. Can. J. Microbiol. 39, 529-535.

Chakdar, H., Kumar, M., Pandiyan, K., Singh, A., Nanjappan, K., Kashyap, P L., Srivastava,
A K. 2016. Bacterial xylanases: biology to biotechnology. 3 Biotech 6, 1-15.
doi:10.1007/s13205-016-0457-z

Chakravarty, C., Peterson, R.L., Ellis, B.E., 1991. Interaction between the ectomycorrhizal
fungus Paxillus involutus, damping-off fungi and Pinus resinosa seedlings. J. Phytopathol.

Zeitschrift 132, 207-218. doi:10.1111/;.1439-0434.1991.tb00113 x

Chakravarty, P., Hwang, S.F., 1991. Effect of an ectomycorrhizal fungus, Laccaria laccata, on
Fusarium damping-off in Pinus banksiana seedlings. Eur. J. For. Pathol. 21, 97-106.
doi:10.1111/5.1439-0329.1991 .tb00949 x

Chambers, SM., Curlevski, NJ. A, Cairney, J.W.G., 2008. Ericoid mycorrhizal fungi are
common root inhabitants of non-Ericaceae plants in a south-eastern Australian sclerophyll

forest. FEMS Microbiol. Ecol. 65, 263-270. doi:10.1111/1.1574-6941.2008.00481 x

Chandel, K., Jandaik, S., Kumari, V., Sarswati, S., Sharma, A., Kumar, D., Kumar, N., 2013.
Isolation, purification and screening of cellulolytic fungi from mushroom compost for

production of an enzyme (cellulase). Int. J. Curr. Res. 5, 222-229.

Chapin, F.S., Matson, P. A., Mooney, H. A., 2002. Principles of terrestrial ecosystem ecology,
pp. 183-204. doi:10.1007/978-1-4419-9504-9

Chapin, F.S.,, Walker, L R., Fastie, C.L., Sharman, L.C., 1994. Mechanism of primary

137



succession. Ecol. Monogr. pp. 149-175.

Chen, H., 2014. Biotechnology of lignocellulose: Theory and practice, Biotechnology of
Lignocellulose: Theory and Practice. pp. 25-71. doi:10.1007/978-94-007-6898-7

Chen, HG,, Yan, X, Liu, X.Y., Wang, M.D., Huang, HM,, Jia, X.C., Wang, J.A., 2006.
Purification and characterisation of novel bifunctional xylanase, Xynlll, isolated from

Aspergillus niger A-25.J. Microbiol. Biotechnol. 16, 1132—-1138.

Chen, J., Meng, Z.-X., Chen, X-M., Lv, Y.-L., Zhang, F.-S., Li, X.-D., Guo, S.-X., 2009.
Leohumicola, a genus new to China. Mycotaxon 108, 337-340.

Choi, Y.W., Hodgkiss, 1.J., Hyde, K.D., 2005. Enzyme production by endophytes of Brucea
Javanica. Water pp. 55-66.

Chowdhury, MM H., Kubra, K., Ahmed, S.R., 2015. Screening of antimicrobial, antioxidant
properties and bioactive compounds of some edible mushrooms cultivated in Bangladesh.

Ann. Clin. Microbiol. Antimicrob. 14, 1-6. doi:10.1186/s12941-015-0067-3

Chung, HJ., Liu, Q., 2009. Impact of molecular structure of amylopectin and amylose on
amylose chain association during cooling. Carbohydr. Polym. 77, 807-815.
doi:10.1016/).carbpol.2009.03.004

Clay, K., Holah, J., 1999. Fungal endophyte symbiosis and plant diversity in successional fields.
Science. 285, 1742—-1744. doi:10.1126/science.285.5434.1742

Cohen, M.A., Huband, M.D., Yoder, S.L., Gage, J W., Roland, G.E., 1998. Bacterial eradication
by clinafloxacin, CI-990, and ciprofloxacin employing MBC test, in vitro time-kill and in

vivo time-kill studies. J. Antimicrob. Chemother. 41, 605-614. doi:10.1093/jac/41.6.605

Collins, T., Gerday, C., Feller, G., 2005. Xylanases, xylanase families and extremophilic
xylanases. FEMS Microbiol. Rev. 29, 3-23. doi:10.1016/j.femsre.2004.06.005

Coolbear, T., Whittaker, J. M., Daniel, RM., 1992. The effect of metal ions on the activity and

thermostability of the extracellular proteinase from a thermophilic Bacillus strain EA.1.

138



Biochem. J. 287, 367-374.

Cornaggia, C., Ivory, R., Mangan, D., McCleary, B. V., 2016. Novel assay procedures for the
measurement of a-amylase in weather-damaged wheat. J. Sci. Food Agric. 96, 404—412.

doi:10.1002/jsfa.7103

Corral, L.O., Villasefior-Ortega, F., 2006. Xylanases. Adv. Agric. Food Biotechnol. 661, 305-
322.

Cullings, K., Courty, P.E., 2009. Saprotrophic capabilities as functional traits to study functional
diversity and resilience of ectomycorrhizal community. Oecologia 161, 661-664.

doi:10.1007/s00442-009-1434-6

Dahlberg, A., Finlay, R.D., 1999. Suillus. In: Cairney, JW.G., Chambers, SM. (eds)
Ectomycorrhizal fungi: key genera in profile. Springer, Berlin Heidelberg New York, pp.
33-64.

Dalpe, Y., Litten, W, Sigler, L., 1989. Scytalidium vaccinii sp. nov., an ericoid endophyte of

Vaccinium angustifolium roots. Mycotaxon 35, 371-377.

Damager, 1., Engelsen, S.B., Blennow, A., Meller, B.L.., Motawia, M.S., 2010. First principles
insight into the a-glucan structures of starch: their synthesis, conformation, and hydration.

Chem. Rev. 110, 2049-2080.

Dar, G.H,, Beig, M.A., Ahanger, F.A., Ganai, N.A., Ahangar, M.A., 2011. Management of root
rot caused by Rhizoctonia solani and Fusarium oxysporum in blue pine (Pinus wallichiana)
through use of fungal antagonists. Asian J. Plant Pathog. 5, 62-74.

doi:10.3923/ajppaj.2011.62.74

2

Das, M.C., Biswas, A., Chowdhury, M., Saha, J., 2014. Screening antimicrobial susceptibility of
gentamicin, vancomycin, azithromycin, chloramphenicol and cefotaxime against selected

gram positive and gram negative bacteria. Int. J. Pharma Res. Heal. Sci. 2, 324-331.

Das, S., Singh, S., Sharma, V., Soni, M.L., 2011. Biotechnological applications of industrially
important amylase enzyme. Int. J. Pharma Bio Sci. 2, 486—496.

139



Das, SK., Varma, A., 2011. Role of enzymes in maintaining soil health, in: Shukla, G., Varma,
A. (Eds.), soil enzymology. Springer-Verlag Berlin Heidelberg, pp. 25-42.
doi:10.1007/978-3-642-14225-3 2

Dearnaley, J.D.W., 2007. Further advances in orchid mycorrhizal research. Mycorrhiza 17, 475—
486. doi:10.1007/s00572-007-0138-1

de Carvalho, LM.J., da Silva, C.A., 2010. Clarification of pineapple juice by microfiltration.
Ciéncia e Technol. Aliment. 30, 828-832. doi:10.1590/S0101-20612010000300040

Devi, N.N,, Prabakaran, J.J., Wahab, F., 2012. Phytochemical analysis and enzyme analysis of
endophytic fungi from Centella asiatica. Asian Pac. J. Trop. Biomed. 2, 1280-1284.
doi:10.1016/S2221-1691(12)60400-6

Diamantidis, G., Effosse, A., Potier, P., Bally, R., 2000. Purification and characterisation of the
first bacterial laccase in the rhizospheric bacterium Azospirillum lipoferum. Soil Biol.

Biochem. 32, 919-927. doi:10.1016/S0038-0717(99)00221-7

Dickie, 1., Martinez-Garcia, L.B., Koele, N, Grelet, G., Tylianakis, J M., Peltzer, D,
Richardson, S.J., 2013. Mycorrhizas and mycorrhizal fungal communities throughout

ecosystem development. Plant Soil 367, 11-39. doi:10.1007/s11104-013-1609-0

Doolotkeldieva, T.D., Bobusheva, S.T., 2011. Screening of wild-type fungal isolates for
cellulolytic activity. Microbiol. Insights 4, 1-10. doi:10.4137/MBIL1.S6418

Duong-Ly, K.C., Gabelli, SB., 2014. Salting out of proteins using ammonium sulphate
precipitation, 1st ed, Methods in Enzymology. Elsevier Inc. 541, 85-95. doi:10.1016/B978-
0-12-420119-4.00007-0

Ekinci, M.S., Ozkése, E., Akyol, 1., 2006. Effects of sequential sub-culturing on the survival and
enzyme activity of Neocallimastix hurleyensis. Turkish J. Biol. 30, 157-162.

El-Hadi, A A., El-Nour, S.A., Hammad, A., Kamel, Z., Anwar, M., 2014. Optimisation of
cultural and nutritional conditions for carboxymethyl cellulase production by Aspergillus

hortai. J. Radiat. Res. Appl. Sci. 7, 23-28. doi:10.1016/ jrras.2013.11.003

140



Elisashvili, V., Penninckx, M., Kachlishvili, E., Tsiklauri, N., Metreveli, E., Kharziani, T.,
Kvesitadze, G., 2008. Lentinus edodes and Pleurotus species lignocellulolytic enzymes
activity in submerged and solid-state fermentation of lignocellulosic wastes of different

composition. Bioresour. Technol. 99, 457-462. doi:10.1016/j.biortech.2007.01.011

Encarnacién, AJ., Vicente, B.R., Deisi, AV, Rita, de C., Siqueira, C.V,, 2011. Effectiveness of
starch removal in a bath-substrate-flow (BSF) device using surfactants and a-amylase. Food

Hydrocoll. 25, 647-653. doi:10.1016/j.foodhyd.2010.07.031

EUCAST, 2000. Determination of minimum inhibitory concentrations (MICs) of antibacterial
agents by agar dilution. European Society of Clinical Microbiology and Infectious Diseases

(ESCMID). 6, 509-515. doi:10.1046/5.1469-0691.2000.00142 x

European Commission, 2015. Bioeconomy in everyday life, in: Catalogue Bioeconomy

Apartment Exhibition. Berlin, Germany, pp. 2—44.

European Food Safety Authority, 2012. Guidance on the assessment of bacterial susceptibility to
antimicrobials of human and veterinary importance. EFSA J. 10, 1-10.

doi:10.2903/.efsa.2012.2740.

2

Felsenstein, J., 1985. Confidence limits on phylogenies: An approach using the bootstrap.

Evolution 39, 783-791.

Finlay, R.D., 2008. Ecological aspects of mycorrhizal symbiosis: with special emphasis on the
functional diversity of interactions involving the extraradical mycelium. J. Exp. Bot. 59,

1115-1126. doi:10.1093/jxb/ern059

Fleming, A., 1929. The antibacterial action of cultures of a penicillium, with special reference to
their use in the isolation of B. influenzae. Br. J. Exp. Pathol. 10, 226-236.
doi:10.1038/146837a0

Florencio, C., Couri, S, Farinas, C.S., 2012. Correlation between agar plate screening and solid-
state fermentation for the prediction of cellulase production by 7richoderma strains.

Enzyme Res. 2012, 1-7. doi:10.1155/2012/793708

141



Freixo, M.R., De Pinho, M.N., 2002. Enzymatic hydrolysis of beechwood xylan in a membrane
reactor. Desalination 149, 237-242. doi:10.1016/S0011-9164(02)00769-5

Garrido, N., Becerra, J., Marticorena, C., Oehrens, E., Silva, M., Horak, E., 1982. Antibiotic
properties of ectomycorrhizae and saprophytic fungi growing on Pinus radiata D. Don 1.

Mycopathologia 77, 93-98. doi:10.1007/BF00437390

Gautam, S.P., Bundela, P.S., Pandey, AK., Khan, J., Awasthi, M K., Sarsaiya, S., 2011.
Optimisation for the production of cellulase enzyme from municipal solid waste residue by

two novel cellulolytic fungi. Biotechnol. Res. Int. 2011, 1-8. do0i:10.4061/2011/810425

Gbolagade, J., Kigigha, L., Ohimain, E., 2007. Antagonistic effect of extracts of some Nigerian
higher fungi against selected pathogenic microorganisms. Am. J. Agric. Environ. Sci. 2,

364-368.

Genney, DR, 2000. Exclusion of grass roots from soil organic layers by Calluna: the role of

ericoid mycorrhizas. J. Exp. Bot. 51, 1117-1125. doi:10.1093/jexbot/51.347.1117

Gibson, B.R., Derek, T.M., 2005. Phosphatase or ericoid mycorrhizal fungi: kinetic properties
and the effect of copper on activity. Mycol. Res. 109, 478-486.

Girio, F.M., Fonseca, C., Carvalheiro, F., Duarte, L.C., Marques, S., Bogel-Lukasik, R., 2010.
Hemicelluloses for fuel ethanol: A review. Bioresour. Technol. 101, 4775-4800.

doi:10.1016/].biortech.2010.01.088

2

Goncalves, G.A L., Takasugi, Y., Jia, L., Mori, Y., Noda, S., Tanaka, T., Ichinose, H., Kamiya,
N., 2015. Synergistic effect and application of xylanases as accessory enzymes to enhance

the hydrolysis of pretreated bagasse. Enzyme Microb. Technol. 72, 16-24.
doi:10.1016/j.enzmictec.2015.01.007

Golicnik, M., 2011. Exact and approximate solutions for the decades-old Michaelis-Menten
equation: progress-curve analysis through integrated rate equations. Biochem. Mol. Biol.

Educ. 39, 117-125. doi:10.1002/bmb.20479

Gopinath, S.CB., Anbu, P., Arshad, M K. M., Lakshmipriya, T., Voon, C.H., Hashim, U,

142



Chinni, S. V., 2017. Biotechnological processes in microbial amylase production. Biomed

Res. Int. 2017, 1-9. d01:10.1155/2017/1272193

Goto, M., Semimaru, T., Furukawa, K., Hayashida. S., 1994. Analysis of the raw starch-binding
domain by mutation of a glucoamylase from Aspergillus awamori var. kawachi expressed in

Saccharomyces cerevisiae. Appl. Environ. Microbiol. 60, 3926-3930.

Gurung, N, Ray, S., Bose, S., Rai, V., 2013. A broader view: microbial enzymes and their
relevance in industries, medicine, and beyond. Biomed Res. Int. 2013, 1-18.

doi:10.1155/2013/329121

Hall, T.A., 1999. BioEdit: a user-friendly biological sequence alignment editor and analysis
program for windows 95/98/NT. Nucleic Acids Symp. Ser. 41, 95-98. doi:citeulike-article-
1d:691774

Hambleton, S., Nickerson, N.L., Seifert, K.A., 2005. Leohumicola, a new genus of heat-resistant
hyphomyecetes. Stud. Mycol. 53, 29-52. doi:10.3114/sim.53.1.29

Hanes, C.S., 1932. Studies on plant amylases: The effect of starch concentration upon the

velocity of hydrolysis by the amylase of germinated barley. Biochem. J. 26, 1406-1421.

Hansen, N.M.L., Plackett, D., 2011. Synthesis and characterisation of birch wood xylan
succinoylated in 1-n-butyl-3-methylimidazolium chloride. Polym. Chem. 2, 2010-2020.
doi:10.1039/c1py00086a

Hata, Y., Tsuchiya, K., Kitamoto, K., Gomi, K., Kumagai, C., Tamura, G., Hara, S., 1991.
Nucleotide sequence and expression of the glucoamylase-encoding gene (glaA) from

Aspergillus oryzae. Gene 108, 145-150.

Hawkes, C. V, DeAngelis, K.M., Firestone, M K., 2007. Root interactions with soil microbial

communities and processes. Rhizosph. An Ecol. Perspect. pp. 1-25.

Hawley, G.L., 2006. Ectomycorrhizal characterisation, species diversity and community

dynamics in Pinus patula Schelcht (PhD thesis).

143



Hayward, J., Horton, T.R., Pauchard, A., Nufiez, M.A., 2015. A single ectomycorrhizal fungal
species can enable a Pinus invasion. Ecology 96, 1438—1444. do1:10.1890/14-1100.1

He, J., Yu, B., Zhang, K., Ding, X., Chen, D., 2009. Expression of endo-1,4-f-xylanase from
Trichoderma reesei in Pichia pastoris and functional characterisation of the produced

enzyme. BMC Biotechnol. 9, 56. doi:10.1186/1472-6750-9-56

Hema, P., Murali, M., Thriveni, M.C., Prathibha, M., Jayaramu, S.C., Amruthesh, K.., 2015.
Phytochemical analysis and antibacterial activity of endophytic fungi isolated from Basella

rubra L. - A medicinal plant. J. Pure Appl. Microbiol. 9, 2971-2978.

Hizukuri, S., Takeda, Y., Yasuda, M., Suzuki, A., 1981. Multi-branched nature of amylose and
the action of debranching enzymes. Carbohydr. Res. 94, 205-213. doi:10.1016/S0008-
6215(00)80718-1

Hmida-Sayari, A., Taktek, S., Elgharbi, F., Bejar, S., 2012. Biochemical characterisation,
cloning and molecular modelling of a detergent and organic solvent-stable family 11

xylanases from the newly isolated Aspergillus niger US368 strain. Process Biochem. 47,

1839-1847. do1:10.1016/j.procbio.2012.06.010

Hong, P.Y ., lakiviak, M., Dodd, D., Zhang, M., Mackie, R.1., Cann, 1., 2014. Two new xylanases
with different substrate specificities from the human gut bacterium Bacteroides intestinalis

DSM 17393. Appl. Environ. Microbiol. 80, 2084-2093. doi:10.1128/AEM.03176-13

Horn, S., Vaaje-Kolstad, G., Westereng, B., Eijsink, V.G., 2012. Novel enzymes for the
degradation of cellulose. Biotechnol. Biofuels 5, 45. doi:10.1186/1754-6834-5-45

Hou, X.Q., Guo, S.X., 2009. Interaction between a dark septate endophytic isolate from
Dendrobium sp. and roots of D. nobile seedlings. J. Integr. Plant Biol. 51, 374-381.
doi:10.1111/5.1744-7909.2008.00777 .x

Hua, H., Luo, H, Bai, Y., Wang, K., Niu, C., Huang, H., Shi, P, Wang, C., Yang, P., Yao, B,
2014. A thermostable glucoamylase from Bispora sp. MEY-1 with stability over a broad pH
range and significant starch  hydrolysis capacity. PLoS One 9, 1-17.

doi:10.1371/journal .pone.0113581

2

144



Hur, T, Ka, K., Joo, S., Terashita, T., 2001. Characteristics of the amylase and its related
enzymes produced by ectomycorrhizal fungus 7richoloma matsutake. Mycobiology 29,

183-189.

Hwang, 1., Lim, H., Cho, S., Kim, D, Song, H'Y, Lee, K.I, Park, N.J., 2012. Characterisation of
KRICT PX2 xylanase from the Paenibacillus sp. HPL-002 for utilisation of plants bio-
resources. Pak. J. Weed Sci. Res. 18, 215-227.

Hwang, SF., Chakravarty, P., Chang, K.F., 1995. The effect of two ectomycorrhizal fungi,
Paxillus involutus, Suillus tomentosus, and of Bacillus subtilis on Fusarium damping-off in

jack pine seedlings. Phytoprotection 762, 57-66. doi:10.7202/706085ar

Ja’afaru, M.1, 2013. Screening of fungi isolated from environmental samples for xylanase and

cellulase production. ISRN Microbiol. 2013, 1-7. doi:10.1155/2013/283423

Jampala, P., Tadikamalla, S., Preethi, M., Ramanujam, S., Uppuluri, K.B., 2017. Concurrent
production of cellulase and xylanase from 7richoderma reesei NCIM 1186: enhancement of
production by the desirability-based multi-objective method. 3 Biotech 7, 14.
doi:10.1007/s13205-017-0607-y

Jha, B.N,, Sharma, G.D., Shukla, A K., 2008. Effect of ectomycorrhizal development on growth
in pine seedlings. J. Plant Sci. 3, 77-84.

Ji, Y., Seetharaman, K., White, P.J., 2004. Optimising a small scale corn starch extraction

method for use in the laboratory. Cereal Chem. 81, 55-58.

Jimenez, A., Fabra, M.J., Talens, P, Chiralt, A., 2012. Edible and biodegradable starch films: a
review. Food Bioprocess Technol. 5, 2058-2076. do1:10.1007/s11947-012-0835-4

Jonathan, S.G., Adeoyo, O.R., 2011. Evaluation of ten wild Nigerian mushrooms for amylase

and cellulase activities. Mycobiology 39, 103—-108. doi:10.4489/MYCO.2011.39.2.103

Jumpponen, A., Trappe, J.M., 1998. Dark septate endophytes: a review of facultative biotrophic
root-colonising fungi. New Phytol. 140, 295-310. doi:10.1046/j.1469-8137.1998.00265 x

145



Juturu, V., Wu, J.C, 2011. Microbial xylanases: Engineering, production and industrial

applications. Biotechnol. Adv. 30, 1219-1227. doi:10.1016/j biotechadv.2011.11.006

Kamble, R.D., Jadhav, AR., 2012. Isolation, purification, and characterisation of xylanase
produced by a new species of Bacillus in solid state fermentation. Int. J. Microbiol. 2012, 1-

8. do1:10.1155/2012/683193

Kang, SW,, Park, Y.S., Lee, J.S., Hong, S.I, Kim, SW., 2004. Production of cellulases and
hemicellulases by Aspergillus niger KK2 from lignocellulosic biomass 91, 153-156.
doi:10.1016/S0960-8524(03)00172-X

Kapabiosystems, 2013. Technical Data Sheet KAPA Taq ReadyMix PCR Kit. Boston,
Massachusetts, United States pp. 1-2.

Kaur, R., Kaur, N., Gupta, AK., 2014. Structural features, substrate specificity, kinetic
properties of insect a-amylase and specificity of plant o-amylase inhibitors. Pestic.

Biochem. Physiol. 116, 83-93. doi:10.1016/].pestbp.2014.09.005

Kdljalg, U., Larsson, K. H., Abarenkov, K., Nilsson, R.H., Alexander, 1.J., Eberhardt, U., Erland,
S., Hoiland, K., Kjoller, R., Larsson, E., Pennanen, T., Sen, R., Taylor, A.F.S., Tedersoo,
L., Vralstad, T., Ursing, B.M., 2005. UNITE: A database providing web-based methods for
the molecular identification of ectomycorrhizal fungi. New Phytol. 166, 1063-1068.
doi:10.1111/5.1469-8137.2005.01376.x

Kovacs, T., Naish, V., O’Connor, B., Blaise, C., Gagné, F., Hall, L., Trudeau, V., Martel, P,
2010. An ecotoxicological characterisation of nanocrystalline cellulose (NCC).

Nanotoxicology 4, 255-270. doi:10.3109/17435391003628713

Krishnan, A., Convey, P., 2016. Production of extracellular hydrolase enzymes by fungi from

King George Island. Polar Biol. pp. 65-76. doi:10.1007/s00300-014-1606-7

Kron, K. a, Judd, W., Stevens, P., 2002. Phylogenetic classification of Ericaceae: molecular and
morphological evidence. Bot. Rev. 68, 335-423. doi:10.1663/0006-
8101(2002)068[0335:PCOEMA]2.0.CO;2

146



Kumar, R., Singh, S., Singh, O. V_, 2008. Bioconversion of lignocellulosic biomass: biochemical

and molecular perspectives. J. Ind. Microbiol. Biotechnol. 35, 377-391.
doi:10.1007/s10295-008-0327-8

Kumar, S., Stecher, G., Tamura, K., 2016. MEGA7: molecular evolutionary genetics analysis

version 7.0 for bigger datasets. Mol. Biol. Evol. 33, 1870-1874.
doi:10.1093/molbev/msw054

Kusari, S., Pandey, S.P., Spiteller, M., 2013. Untapped mutualistic paradigms linking host plant
and endophytic fungal production of similar bioactive

Phytochemistry 91, 81-87. doi1:10.1016/j.phytochem.2012.07.021

secondary metabolites.

Kusuda, M., Nagai, M., Hur, T.C., Ueda, M., Terashita, T., 2003. Purification and some
properties of o-amylase from an ectomycorrhizal fungus,

Mycoscience 44, 311-317. doi:10.1007/s10267-003-0116-1

Tricholoma matsutake.

Kusuda, M., Ueda, M., Konishi, Y., Matsuzawa, K., Shirasaka, N., Nakazawa, M., Miyatake, K.,

Terashita, T., 2004. Characterisation of extracellular glucoamylase from the

ectomycorrhizal ~mushroom  Lyophyllum  shimeji. Mycoscience 45, 383-389.
doi:10.1007/s10267-004-0196-6

Kusuda, M., Ueda, M., Konishi, Y., Yamanaka, K., Terashita, T., Miyatake, K., 2007. Effects of
carbohydrate substrate on the vegetative mycelial growth of an ectomycorrhizal mushroom,
Tricholoma  matsutake, isolated from  Quercus.

doi:10.1007/s10267-007-0384-2

Mycoscience 48, 358-364.

2

Laemmli, UK., 1970. Cleavage of structural proteins during the assembly of the head of
bacteriophage T4. Nature 227, 680—685. doi:10.1038/227680a0

Lange, L., 2014. The importance of fungi and mycology for addressing major global challenges.
IMA Fungus 5, 463—471. doi:10.5598/imafungus.2014.05.02.10

Leake, J.R., Miles, W., 1996. Phosphodiesterase as mycorrhizal P sources: phosphodiesterase
production and the utilisation of DNA as a phosphorus source by the ericoid mycorrhizal
fungus Hymenoscyphus ericae. New Phytol. 132, 435-443. doi:10.1111/5.1469-

147



8137.1996.tb01863 x

Lee, J., Tan, W, Ting, A., 2014. Revealing the antimicrobial and enzymatic potentials of
culturable fungal endophytes from tropical pitcher plants (Nepenthes spp.). Mycosphere 5,
364-377. doi:10.5943/mycosphere/5/2/10

Leigh, E.G.J., Davidar, P., Dick, CW_, Terborgh, J., Puyravaud, J.P., Steege, H., Wright, S.J,
2004. Why do some tropical forests have so many species of trees? Biotropica 36, 447—473.
doi:10.1111/5.1744-7429.2004 .tb00342 x

Li, Y., Song, Y.C, Liu, J.Y., Ma, YM,, Tan, R X, 2005. Anti-Helicobacter pylori substances
from endophytic fungal cultures. World J. Microbiol. Biotechnol. 21, 553-558.
doi:10.1007/s11274-004-3273-2

Liao, H., Zheng, H., Li, S, Wei, Z., Mei, X., Ma, H,, Shen, Q., Xu, Y., 2015. Functional
diversity and properties of multiple xylanases from Penicillium oxalicum GZ-2. Sci. Rep. 5,

12631. doi:10.1038/srep12631

Liu, L., Wang, L., Zhang, Z., Guo, X, Li, X., Chen, H,, 2012. Domain-swapping of mesophilic
xylanase with hyper-thermophilic glucanase. BMC Biotechnol. 12, 1-7. doi:10.1186/1472-
6750-12-28

Liu, X, Bolla, K., Ashforth, EJ., Zhuo, Y., Gao, H., Huang, P., Stanley, S.A., Hung, D.T,
Zhang, L., 2012. Systematics-guided bioprospecting for bioactive microbial natural
products. Antonie van Leeuwenhoek, Int. J. Gen. Mol. Microbiol. 101, 55-66.

doi:10.1007/s10482-011-9671-1

2

Lopez, C.G., Rogers, S.E., Colby, RH., Graham, P., Cabral, J.T., 2014. Structure of sodium
carboxymethyl cellulose aqueous solutions: a SANS and rheology study. J. Polym. Sci. Part
B Polym. Phys. 53, 492-501. doi:10.1002/polb.23657

Lynd, LR, Weimer, PJ., Zyl, WH. Van, Pretorius, LS., 2002. Microbial utilisation :
fundamentals and biotechnology. Microbiol. Mol. Biol. Rev. 66, 506-577.

doi:10.1128/MMBR .66.3.506

2

148



Maijala, P., 2000. Heterobasidion annosum and wood decay: enzymology of cellulose,
hemicellulose, and lignin degradation. (Academic dissertation, University of Helsinki,

Finland). 90 pages.

Manach, C., Scalbert, A., Morand, C., Rémésy, C., Jiménez, L., 2004. Polyphenols: food sources
and bioavailability. Am. J. Clin. Nutr. 79, 727-47.

Mandyam, K., Jumpponen, A., 2005. Seeking the elusive function of the root-colonising dark

septate endophytic fungi. Stud. Mycol. 53, 173-189. doi:10.3114/sim.53.1.173

Mandyam, K., Loughin, T., Jumpponen, A., 2010. Isolation and morphological and metabolic
characterisation of common endophytes in annually burned tallgrass prairie. Mycologia 102,

813-821. doi:10.3852/09-212

Marlida, Y., Saari, N., Hassan, Z., Radu, S., 2000. Raw starch-degrading enzyme from newly
isolated strains of endophytic fungi. World J. Microbiol. Biotechnol. 16, 573-578.
doi:10.1023/A:1008935814516

Martinez, T.F., Alarcon, F.J., Moyano, M.D.F.J., 2000. Improved detection of amylase activity
by sodium dodecyl sulphate-polyacrylamide gel electrophoresis with copolymerised starch.

Electrophoresis 21, 2940-2943.

Martino, E., Murat, C., Vallino, M., Bena, A, Perotto, S., Spanu, P., 2007. Imaging mycorrhizal
fungal transformants that express EGFP during ericoid endosymbiosis. Curr. Genet. 52, 65—

75. doi:10.1007/s00294-007-0139-9

Martino, E., Turnau, K., Girlanda, M., Bonfante, P., Perotto, S., 2000. Ericoid mycorrhizal fungi
from heavy metal polluted soils: their identification and growth in the presence of zinc ions.

Mycol. Res. 104, 338-344. doi:10.1017/S0953756299001252

Marx, D H., 1969. The influence of ectotrophic mycorrhizal fungi on the resistance of pine roots
to pathogenic infections. I. Antagonism of mycorrhizal fungi to root pathogenic fungi and

soil bacteria. Phytopathology 59, 153-163.

McCleary, B. V., McNally, M., Monaghan, D., 2002. Measurement of alpha-amylase activity in

149



white wheat flour, milled malt, and microbial enzyme preparations, using the Ceralpha

assay: collaborative study. J. AOAC Int. 85, 1096-1102.

McGuire, A F., Kron, K.A., 2005. Phylogenetic relationships of European and African ericas.
Int. J. Plant Sci. 166, 311-318. doi:10.1086/427478

Megazyme, 2017. Alpha-amylase assay procedure (Ceralpha method) for the measurement of

plants and microbial alpha-amylases. 20 pages.

Meharg, A.A., Cairney, JW.G., 2000. Co-evolution of mycorrhizal symbionts and their hosts to
metal-contaminated environments. Advances in Ecological Research. pp. 70-102.

doi:10.1016/S0065-2504(08)60017-3

Michelin, M., Ruller, R, Ward, R.J., Moraes, L.AB., Jorge, J.A, Terenzi, HF., Polizeli,
MD.LTM. 2008. Purification and biochemical characterisation of a thermostable
extracellular glucoamylase produced by the thermotolerant fungus Paecilomyces variotii. J.

Ind. Microbiol. Biotechnol. 35, 17-25. doi:10.1007/s10295-007-0261-1

Miller, G.L., 1959. Use of dinitrosalicylic acid reagent for determination of reducing sugar. Anal.

Chem. 31, 426-428. d01:10.1021/ac60147a030

Mitchell, D.T., Gibson, B.R., 2006. Ericoid mycorrhizal association: ability to adapt to a broad
range of habitats. Mycologist 20, 2-9. doi:10.1016/;.mycol.2005.11.015

Moreno, M.D L., Pérez, D., Garcia, M.T., Mellado, E., 2013. Halophilic bacteria as a source of
novel hydrolytic enzymes. pp. 38-51. doi:10.3390/1ife3010038

Morin, C., Samson, J., Dessureault, M., 1999. Protection of black spruce seedlings against
Cylindrocladium root rot with ectomycorrhizal fungi. Can. J. Bot. 77, 169-174.
doi:10.1139/¢jb-77-1-169

Morita, H., Fujio, Y., 2000. Effect of organic nitrogen sources on raw starch-digesting
glucoamylase production of Rhizopus sp. MKU 40. Starch/Starke 52, 18-21.
doi:10.1002/(SICT)1521-379X(200001)52:1<18::AID-STAR18>3.0.CO;2-L

150



Naraian, R., Ram, S, Srivastava, J., Kumar, J., Singh, K.P., Garg, SK., 2010. Influence of metal
ions on growth and enzyme profile of white-rot fungus Pleurotus florida. (ITCC 3308) Res.
Environ. Life Sci. 3, 61-66.

Negi, S., Banerjee, R., 2009. Optimisation of extraction and purification of glucoamylase
produced by Aspergillus awamori in solid-state fermentation. Biotechnol. Bioprocess Eng.

14, 60—66. doi:10.1007/s12257-008-0107-3

Nguyen, HD.T., Seifert, K.A., 2008. Description and DNA barcoding of three new species of
Leohumicola from South Africa and the United States. Persoonia Mol. Phylogeny Evol.
Fungi 21, 57-69. doi:10.3767/003158508X361334

Nguyen, Q.D., Rezessy-Szabo, ] M., Claeyssens, M., Stals, 1., Hoschke, A., 2002. Purification
and characterisation of amylolytic enzymes from thermophilic fungus Thermomyces
lanuginosus ~ strain  ATCC 34626. Enzyme Microb. Technol. 31, 345-352.
doi:10.1016/S0141-0229(02)00128-X

2

Nielsen, J.E., Borchert, T.V., 2000. Protein engineering of bacterial a-amylases. Biochim.
Biophys. Acta - Protein Struct. Mol. Enzymol. 1543, 253-274. doi:10.1016/S0167-
4838(00)00240-5

Nigam, P.S., 2013. Microbial enzymes with special characteristics for biotechnological

applications. Biomolecules 3, 597-611.

Norouzian, D, 2008. Effect of different factors on fermentative production of enzymes by fungi.

Dyn. Biochem. Process Biotechnol. Mol. Biol. 2, 14-18.

Nowacka, N., Nowak, R., Drozd, M., Olech, M., Los, R.,, Malm, A., 2015. Antibacterial,
antiradical potential and phenolic compounds of thirty-one polish mushrooms. PLoS One

10, 1-13. doi:10.1371/journal.pone.0140355

OECD, 2009. The Bioeconomy to 2030: designing a policy agenda. Multi-Disciplinary Issues,
International Futures Programme. Paris, France (Date accessed 09-10-2017).

http://www.oecd.org/futures/bioeconomy/2030

151


http://www.oecd.org/futures/bioeconomy/2030

Ojeda, F., 1998. Biogeography of seeder and resprouter Erica species in the Cape Floristic
Region - where are the resprouters? Biol. J. Linn. Soc. 63, 331-347. doi1:10.1111/1.1095-
8312.1998.tb01521 x

Ojeda, F., Brun, F.G., Vergara, J.J., 2005. Fire, rain and the selection of seeder and resprouter
life-histories in fire-recruiting, woody plants. New Phytol. 168, 155-165.

doi:10.1111/5.1469-8137.2005.01486.x

2

Omemu, A M., Bankole, M.O., Akpan, 1., 2008. Production and characterisation of extracellular
amyloglucosidase from Aspergillus niger CA-19 by solid-state fermentation. Res. J.

Microbiol. 3, 129-135.

Parr, AJ., Bolwell, G.P., 2000. Phenols in the plant and man. The potential for possible
nutritional enhancement of the diet by modifying the phenols content or profile. J. Sci. Food
Agric. 80, 985-1012. doi:10.1002/(SICI)1097-0010(20000515)80:7<985:: AID-
JSFA572>3.0.CO;2-7

Patel, N., Oudemans, P. V., Hillman, B.I., Kobayashi, D.Y., 2013. Use of the tetrazolium salt
MTT to measure cell viability effects of the bacterial antagonist Lysobacter enzymogenes on
the filamentous fungus Cryphonectria parasitica. Antonie van Leeuwenhoek, Int. J. Gen.

Mol. Microbiol. 103, 1271-1280. do1:10.1007/s10482-013-9907-3

Pauly, M., Keegstra, K., 2008. Cell-wall carbohydrates and their modification as a resource for
biofuels. Plant J. 54, 559-568. doi:10.1111/1.1365-313X.2008.03463 x

Pavezzi, F.C., Gomes, E., da Silva, R., 2008. Production and characterisation of glucoamylase
from fungus Aspergillus awamori expressed in yeast Saccharomyces cerevisiae using
different carbon sources. Braz. J. Microbiol. 39, 108-114. doi:10.1590/S1517-

838220080001000024

2

Pawtowska, J., Wilk, M., Sliwinska-Wyrzychowska, A., Metrak, M., Wrzosek, M., 2014. The
diversity of endophytic fungi in the above-ground tissue of two Lycopodium species in

Poland. Symbiosis 63, 87-97. do1:10.1007/s13199-014-0291-1

Peretto, R., Bettini, V., Bonfante, P., 1993. Evidence of two polygalacturonases produced by a
152



mycorrhizal ericoid fungus during its saprophytic growth. FEMS Microbiol. Lett. 114, 85—
91. doi:10.1111/j.1574-6968.1993 tb06555 x

Petersen, P.J., Wang, T.Z., Dushin, R.G., Bradford, P.A., 2004. Comparative in vifro activities of
AC98-6446, a novel semisynthetic glycopeptide derivative of the natural product
mannopeptimycin alpha, and other antimicrobial agents against Gram-positive clinical
isolates. Antimicrob. Agents Chemother. 48, 739-746. doi:10.1128/AAC.48.3.739-
746.2004

Peterson, R.L., Massicotte, H.B., 2004. Exploring structural definitions of mycorrhizas, with

emphasis on nutrient-exchange interfaces. Can. J. Bot. 82, 1074-1088. doi:10.1139/b04-071

Pfister, B., Zeeman, S.C., 2016. Formation of starch in plant cells. Cell. Mol. Life Sci. 73, 2781—
2807. doi:10.1007/s00018-016-2250-x

Pointing, S.B., 1999. Qualitative methods for the determination of lignocellulolytic enzyme

production by tropical fungi. Fungal Divers. 2, 17-33.

Polizeli, M.L.T.M,, Rizzatti, A.C.S., Monti, R, Terenzi, HF, Jorge, J.A., Amorim, D.S., 2005.
Xylanases from fungi: properties and industrial applications. Appl. Microbiol. Biotechnol.

67, 577-591. doi:10.1007/s00253-005-1904-7

Pollet, A., Delcour, J., Courtin, C.M., 2010. Structural determinants of the substrate specificities
of xylanases from different glycoside hydrolase families. Crit. Rev. Biotechnol. 30, 176—
191. doi:10.3109/07388551003645599

Porter, T M., Golding, G.B., 2011. Are similarity- or phylogeny-based methods more appropriate
for classifying internal transcribed spacer (ITS) metagenomic amplicons? New Phytol. 192,

T75-782.

Prade, R.A., 1996. Xylanases: from Biology to Biotechnology. Biotechnol. Genet. Eng. Rev. 13,
101-132. doi:10.1080/02648725.1996.10647925

Pritsch, K., Garbaye, J., 2011. Enzyme secretion by ECM fungi and exploitation of mineral
nutrients from soil organic matter. Ann. For. Sci. 68, 25-32. doi:10.1007/s13595-010-0004-

153



Puupponen-Pimia, R., Nohynek, L., Meier, C., Kahkonen, M., Heinonen, M., Hopia, A.,
Oksman-Caldentey, K., 2001. Antimicrobial properties of phenolic compounds from

berries. J. Appl. Microbiol. 90, 494-507.

Rani, K., 2012. Comparative study of kinetic parameters of bacterial and fungal amylases. J. Bio.

Innov 1, 48-57.

Rao, M. A, Scelza, R., Gianfreda, L., 2014. Soil enzymes, in: Gianfreda, L., Rao, A M. (Eds.),
enzymes in Agricultural Sciences. Omics Group eBooks, Foster City, USA. pp. 10-43.

Ratanakhanokchai, K., Kyu, K L., Tanticharoen, M., 1999. Purification and properties of a
xylan-binding endoxylanase from alkaliphilic Bacillus sp. strain K-1. Appl. Environ.

Microbiol. 65, 694-697.

Read, D.J., 1991. Mycorrhizas in  ecosystems. Experientia. 47, 376-379.

doi:10.1007/BF01972080

2

Read, D.J., Perez-Moreno, J., 2003. Mycorrhizas and nutrient cycling in ecosystems, a journey

towards relevance? New Phytol. 157, 475-492. doi:10.1046/j.1469-8137.2003.00704 x

Redecker, D., Schufller, A., Stockinger, H., Stirmer, S.L., Morton, J.B., Walker, C., 2013. An
evidence-based consensus for the classification of arbuscular mycorrhizal fungi

(Glomeromycota). Mycorrhiza. 23, 515-531. doi:10.1007/s00572-013-0486-y

Riaz, M., Rashid, M.H., Sawyer, L., Akhtar, S., Javed, M.R., Nadeem, H., Wear, M., 2012.
Physiochemical properties and kinetics of glucoamylase produced from a deoxy-glucose

resistant mutant of Aspergillus niger for soluble starch hydrolysis. Food Chem 130, 24-30.
doi:10.1016/j.foodchem.2011.06.037

Riaz, M., Perveen, R., Javed, M R., Nadeem, H.U., Rashid, M.H., 2007. Kinetics and
thermodynamics of a novel glucoamylase from Humicola sp. Enzyme Microb. Technol. 41,

558-564.10.1016/j.enzmictec.2007.05.010

154



Rinaldi, A.C., Comandini, O., Kuyper, T.W_, 2008. Ectomycorrhizal fungal diversity: separating
the wheat from the claff. Fungal Divers. 33, 1-45.

Rodriguez, R.J., White, J.F., Arnold, A E., Redman, R.S., 2009. Fungal endophytes: diversity
and functional roles. New Phytol. 182, 314-330. doi:10.1111/5.1469-8137.2009.02773 x

Rodwell, J.S., 2001. Maritime communities and vegetation of open habitats. Edinb. J. Bot. 5,
175-176.

Sadowsky, J.J., Hanson, E.J., Schilder, a. M.C., 2012. Root colonisation by ericoid mycorrhizae
and dark septate endophytes in organic, conventional blueberry fields in Michigan. Int. J.

Fruit Sci. 12, 169-187. do1:10.1080/15538362.2011.619346

Saha, B.C., 2003. Hemicellulose bioconversion. J. Ind. Microbiol. Biotechnol. 30, 279-291.
doi:10.1007/810295-003-0049-x

Saitou, N., Nei, M., 1987. The neighbour-joining method: a new method for reconstructing

phylogenetic trees’. Mol. Biol. Evol. 4, 406-425.

Sakthiselvan, P., Naveena, B., Partha, N., 2014. Molecular characterisation of a xylanase-
producing fungus isolated from fouled soil. Brazilian J. Microbiol. 45, 1293-1302.
doi:10.1590/81517-83822014000400020

Sanchez, S., Demain, A L., 2011. Enzymes and bioconversions of industrial, pharmaceutical, and

biotechnological significance. Org. Process Res. Dev. 15, 224-230. doi:10.1021/0p100302x

Saranraj, P., Stella, D., 2013. Fungal amylase - a review. Int. J. Microbiol. Res. 4, 203-211.
doi:10.5829/idosi.ijmr.2013.4.2.75170

Sarker, S.D., Nahar, L., Kumarasamy, Y., 2007. Microtitre plate-based antibacterial assay
incorporating resazurin as an indicator of cell growth, and its application in the in vitro
antibacterial screening of phytochemicals. Methods 42 321-324.

doi:10.1016/j.ymeth.2007.01.006

2

Sauer, J., Sigurskjold, B.W., Christensen, U., Frandsen, T .P., Mirgorodskaya, E., Harrison, M.,

155



Roepstor, P., Svensson, B., 2000. Glucoamylase: structure/function relationships, and

protein engineering. Biochim. Biophys. Acta 1543, 275-293.

Saxena, J., Pant, V., Sharma, M.M., Gupta, S., Singh, A., 2015. Hunt for cellulase producing
fungi from soil samples. J. Pure Appl. Microbiol. 9, 2895-2902.

Schirmer, M., Hochstotter, A., Jekle, M., Arendt, E., Becker, T., 2013. Physicochemical and
morphological characterisation of different starches with variable amylose/amylopectin

ratio. Food Hydrocoll. 32, 52-63. doi:10.1016/j.foodhyd.2012.11.032

Schmidt, O., 2006. Wood cell wall degradation. in: wood and tree fungi, biology, damage,
protection, and use. pp. 87-99.

Schmidt, S., Raven, J. A, Paungfoo-Lonhienne, C., 2013. The mixotrophic nature of
photosynthetic plants. Funct. Plant Biol. 40, 425-438. doi:10.1071/FP13061

Schubler, A., Schwarzott, D., Walker, C., 2001. A new fungal phylum, the Glomeromycota:
phylogeny and evolution. Mycol. Res. 105, 1413—-1421. doi:10.1017/S0953756201005196

Schulein, M., 2000. Protein engineering of cellulases. Biochim. Biophys. Acta 1543, 239-252.

Schulz, B., Boyle, C., Draeger, S., Rommert, A., Krohn, K., 2002. Endophytic fungi: a source of
novel biologically active secondary metabolites. Mycol. Res. 106, 996-1004.

doi:10.1017/S0953756202006342

2

Schumann, D., Kirsten, G., 1992. Ericas of the Cape Peninsula. pp. 126-127.

Schwarze, FW.M R, 2007. Wood decay under the microscope. Fungal Biol. Rev. 21, 133-170.
doi:10.1016/}.fbr.2007.09.001

Selosse, M.A ., Setaro, S., Glatard, F., Richard, F., Urcelay, C., Weil3, M., 2007. Sebacinales are
common mycorrhizal associates of FEricaceae. New Phytol. 174, 864-878.

doi:10.1111/5.1469-8137.2007.02064.x

2

Selvakumar, P.1., Ashakumary, L., Helen, A., Pandey, A., 1996. Purification and characterisation
of glucoamylase produced by Aspergillus niger in solid state fermentation. Lett. Appl.

156



Microbiol. 23, 403-6.

Setaro, S., Weif}, M., Oberwinkler, F., Kottke, 1., 2006. Sebacinales form ectendomycorrhizas
with Cavendishia nobilis, a member of the Andean clade of Ericaceae, in the mountain rain
forest of southern Ecuador. New Phytol. 169, 355-365. doi:10.1111/5.1469-

8137.2005.01583.x

Sharada, R., Venkateswarlu, G., Venkateshwar, S., Rao, M.A., 2013. Production of cellulase — a
review. Int. J. Pharm. Chem. Biol. Sci. 3, 1070-1090.

Sharma, A K., Jana, A M., Srivastav, A., Gupta, M., Gill, S.S., 2014. Antimicrobial properties of
some edible mushrooms: A review. World J. Pharm. Pharm. Sci. 3, 1009-1023.

Sharma, D., Pramanik, A., Agrawal, P.K., 2016. Evaluation of bioactive secondary metabolites
from endophytic fungus Pestalotiopsis neglecta BAB-5510 isolated from leaves of
Cupressus torulosa D Don. 3 Biotech 6, 1-14. doi:10.1007/s13205-016-0518-3

Sheriff, M., Zainab, K.A., Laminu, H.G., Maisaratu, A., 2012. Hydrolysis of gelatinized maize,
millet and sorghum starch by amylases of Aspergillus niger. Biosci. Res. 9, 92-98.

Sieber, T.N., 2007. Endophytic fungi in forest trees: are they mutualists? Fungal Biol. Rev. 21,
75-89. doi:10.1016/1.tbr.2007.05.004

Singh, A., Kuhad, R.C., Ward, O.P., 2007. Industrial application of microbial cellulases. In:
Lignocellulose Biotechnology: Future Prospect, Kuhad, R.C., Singh, A. (Eds). LK.
International Publishing House Pvt. Ltd., New Delhi, pp. 345-358.

Singh, N., Eckhoff, SR., 1996. Wet milling of corn - a review of laboratory-scale and pilot
plant-scale procedures. Cereal Chem. 73, 659-667.

Singh, N., Singh, J., Kaur, L., Sodhi, N.S., Gill, B.S., 2003. Morphological, thermal and
rheological properties of starches from different botanical sources. Food Chem. 81, 219-

231. doi:10.1016/S0308-8146(02)00416-8

Singh, R., Singh, D., Rathod, V., Naaz, S.A., Kumar, A., Siddique, S., Kainath, D., 2015.

157



Phytochemical analysis and antibacterial studies of the crude extracts of endophytic fungi,
Colletotrichum sp. and Alternaria sp. from the medicinal plant 7ridax procumbens (L). Int.

J. Nat. Prod. Res. 5, 27-33.

Slivinski, C.T., Machado, A.V.L., Tulek, J., Ayub, R.A., de Almeida, M.M., 2011. Biochemical
characterisation of a glucoamylase from Aspergillus niger produced by solid-state
fermentation. Brazilian Arch. Biol. Technol. 54, 559-568. doi:10.1590/S1516-

89132011000300018

2

Smith, J.E., 2009. Mycorrhizal Symbiosis (Third Edition). Soil Sci. Soc. Am. J. 73, 694.
doi:10.2136/ss52j2008.0015br

Smith, S.E., Read, D.J., 2008. Ericoid, orchid and mycoheterotrophic mycorrhizas, in:
Mycorrhizal Symbiosis. Academic Press, pp. 387-507. doi:10.1016/B978-0-12-370526-
6.50002-7

Sohail, M., Siddiqi, R., Ahmad, A., Khan, S.A., 2009. Cellulase production from Aspergillus
niger MS82: effect of temperature and pH. N. Biotechnol. 25, 437-441.

doi:10.1016/;.nbt.2009.02.002

2

Solaiman, Z., Mickan, B., 2014. Use in sustainable agriculture and land restoration, in:
Mycorrhizal Fungi. Springer-Verlag Berlin Heidelberg, pp. 89-113. doi:10.1007/978-3-
662-45370-4

Srinivasan, K., Murakami, M., Nakashimada, Y., Nishio, N., 2001. Efficient production of
cellulolytic and xylanolytic enzymes by the rumen anaerobic fungus, Neocallimastix

frontalis, in a repeated batch culture. J. Biosci. Bioeng. 91, 153-158.

Stone, P. J., Makoff, A. J.,, Parish, J. H., Radford, A., 1993. Cloning and sequence analysis of the

glucoamylase gene of Neurospora crassa. Curr. Genet. 24, 205-211.

Stone, J K., Polishook, J.D., White, J.F.J., 2004. Inventory and monitoring methods, in: Mueller,
G, Bills, M., Gerald, F. (Eds.), Biodiversity of Fungi. Elsevier Academic Press, pp. 241—
270. doi:9780125095518

158



Straker, C.J., 1996. Ericoid mycorrhiza: Ecological and host specificity. Mycorrhiza 6, 215-225.
doi:10.1007/s005720050129

Subramaniyan, S., Prema, P., 2002. Biotechnology of microbial xylanases: enzymology,

molecular biology and application. Crit. Rev. Biotechnol. 22, 33-46.

Sunitha, V., Devi, D.N,, Srinivas, C., 2013. Extracellular enzymatic activity of endophytic fungal
strains  isolated from medicinal plants. World J. Agric. Sci. 9, 1-9.

doi:10.5829/1dosi.wjas.2013.9.1.72148

2

Sunitha, V.H., Ramesha, A., Savitha, J., Srinivas, C., 2012. Amylase production by endophytic
tungi Cylindrocephalum sp. isolated from medicinal plant Alpinia calcarata (Haw.) Roscoe.

Brazilian J. Microbiol. 43, 1213-1221. doi:10.1590/S1517-83822012000300049

Sylvia, D.M., Sinclair, W.A., 1983. Phenolic compounds and resistance to fungal pathogens
induced in primary roots of Douglas-Fir seedlings by the ectomycorrhizal fungus Laccaria

laccata. Phytopathology 73, 390-397.

Takahashi, Y., Kawabata, H., Murakami, S., 2013. Analysis of functional xylanases in xylan
degradation by Aspergillus niger E-1 and characterisation of the GH family 10 xylanase
XynVIIL Springerplus 2, 447. doi:10.1186/2193-1801-2-447

Tamas, M.J., Sharma, SK., Ibstedt, S., Jacobson, T., Christen, P., 2014. Heavy metals and
metalloids as a cause for protein misfolding and aggregation. Biomolecules 4, 252-67.

doi:10.3390/biom4010252

Tamura, K., Nei, M., Kumar, S., 2004. Prospects for inferring very large phylogenies by using
the neighbor-joining method. Proc. Natl. Acad. Sci. 101, 11030-11035.

doi:10.1073/pnas.0404206101

2

Tan, T K., Leong, W.F., 1986. Screening for extracellular enzymes of fungi from manufacturing

wastes. MIRCEN J. Appl. Microbiol. Biotechnol. 2, 445-452.

Teather, R M., Wood, P.J., 1982. Use of Congo red-polysaccharide interactions in enumeration

and characterisation of cellulolytic bacteria from the bovine rumen. Appl. Environ.

159



Microbiol. 43, 777-780. do1:0099-2240/82/040777-04$02.00/0

Thompson, J.D., Gibson, T.J., Plewniak, F., Jeanmougin, F., Higgins, D.G., 1997. The
CLUSTAL_ X windows interface: flexible strategies for multiple sequence alignment aided

by quality analysis tools. Nucleic Acids Res. 25, 4876-4882.

Timell, TE., Syracuse, N.Y., 1967. Recent progress in the chemistry of wood hemicelluloses
Wood Sci. Technol. 1, 45-70.

Toju, H., Tanabe, A.S., Yamamoto, S., Sato, H., 2012. High-coverage ITS primers for the DNA-
based identification of ascomycetes and basidiomycetes in environmental samples. PLoS

One pp. 1-11. doi:10.1371/journal.pone.0040863

Tran, HB.Q., Mcrae, J M., Lynch, F., Palombo, E. A, 2010. Identification and bioactive
properties of endophytic fungi isolated from phyllodes of Acacia species. Appl. Microbiol.
377-382.

van der Heijden, M.G.A., Martin, F.M., Selosse, M.A.A., Sanders, LR., 2015. Mycorrhizal
ecology and evolution: the past, the present, and the future. New Phytol. 205, 1406-1423.
doi:10.1111/nph.13288

Varma, A., Bonfante, P, 1994. Utilisation of cell-wall related carbohydrates by ericoid
mycorrhizal endophytes. Symbiosis 16, 301-313.

Vohnik, M., Lukancic, S., Bahor, E., Regvar, M., Vosatka, M., Vodnik, D., 2003. Inoculation of
Rhododendron cv. Belle-Heller with two strains of Phialocephala fortinii in two different

substrates. FOLIA Geobot. 38, 191-200. doi:10.1007/BF02803151

Vohnik, M., Sadowsky, J.J., Kohout, P., Lhotakova, Z., Nestby, R., Kolarik, M., 2012. Novel
root-fungus symbiosis in Ericaceae: sheathed ericoid mycorrhiza formed by a hitherto
undescribed basidiomycete with affinities to trechisporales. PLoS One 7, 1-16.
doi:10.1371/journal .pone.0039524

Vralstad, T., Schumacher, T., Taylor, A.F.S., 2002. Mycorrhizal synthesis between fungal strains

of the Hymenoscyphus ericae aggregate and potential ectomycorrhizal and ericoid hosts.

160



New Phytol. 153, 143—152. doi:10.1046/.0028-646X.2001.00290.x

Wang, W., Liu, QJ., Cui, H, 2007. Rapid desalting and protein recovery with phenol after
ammonium sulfate fractionation. Electrophoresis 28 2358-2360.

doi:10.1002/elps.200600743

2

Webster, J., Weber, R W.S., 2007. Introduction to fungi, Third. ed. Cambridge University Press,
New York. pp.1-841.

White, T. J,, Bruns, T. D, Lee, S. B., Taylor, J. W., 1990. Amplification and direct sequencing
of fungal ribosomal RNA genes for phylogenetics, in: PCR Protocol: A guide to methods
and applications. pp. 315-322.

WHO, 2014. Antimicrobial resistance. Bull. World Health Organ. 61, 383-94.

doi:10.1007/s13312-014-0374-3

2

Wipusaree, N., Sihanonth, P., Piapukiew, J., Sangvanich, P., Karnchanatat, A., 2011. Purification
and characterisation of a xylanase from the endophytic fungus Alternaria alternata isolated
from the Thai medicinal plant, Croton oblongifolius Roxb. African J. Microbiol. Res. 5,
5697-5712. doi:10.5897/AJMR11.1037

Yamaji, K., Ishimoto, H., Usui, N., Mori, S., 2005. Organic acids and water-soluble phenolics
produced by Paxillus sp. together show antifungal activity against Pythium vexans under

acidic culture conditions. Mycorrhiza 15, 17-23. doi:10.1007/s00572-003-0287-9

Yamasaki, Y., Suzuki, Y., 1978. Purification and properties of a-glucosidase and glucoamylase
from Lentinus edodes (Berk.)) Sing. Agric. Biol. Chem. 42, 971-980.
doi:10.1271/bbb1961.42 971

2

Yamasaki, Y., Tsuboi, A., Suzuki, Y., 1977. Two forms of glucoamylase from Mucor rouxianus.

Agric. Biol. Chem. 41, 2139-2148. doi:10.1080/00021369.1977.10862828

Yazdi, M.T., Woodward, J R., Radford, A., 1990. The cellulase complex of Neurospora crassa:
activity, stability and release. J. Gen. Microbiol. 136, 1313-1319. doi:10.1099/00221287-
136-7-1313

161



Yun, K., Yopi, Meryandini, A., 2015. Characterisation of xylanase activity produced by
Paenibacillus sp. XJ18 from TNBD Jambi, Indonesia. Hayati J. Biosci. 22, 20-26.
doi:10.4308/hjb.22.1.20

Zambare, V., 2010. Solid state fermentation of Aspergillus oryzae for glucoamylase production

on agro residues. Int. J. Life Sci. 4, 16-25. doi:10.3126/ij1s.v410.2892

Zavastin, D E., Bujor, A., Tuchilug, C., Mircea, C.G., Gherman, S.P., Aprotosoaie, A.C., Miron,
A., 2016. Studies on antioxidant, antihyperglycemic and antimicrobial effects of edible

mushrooms Boletus edulis and Cantharellus cibarius. J. Plant Dev. 23, 87-95.

Zhang, J., Siika-aho, M., Tenkanen, M., Viikari, L., 2011. The role of acetyl xylan esterase in the
solubilisation of xylan and enzymatic hydrolysis of wheat straw and giant reed. Biotechnol.

Biofuels 4, 60. doi:10.1186/1754-6834-4-60

Professor Joanna Dames email: j.dames(@ru.ac.za (Supervisor)

Professor Brett Pletschke e-mail: b.pletschke@ru.ac.za (Co-supervisor).

162


mailto:j.dames@ru.ac.za
mailto:b.pletschke@ru.ac.za

Appendices

Appendix A

Modified Melin Norkrans (MMN) Marx, 1969

Glucose

Malt extract

Ammonium tartrate [(NH4)2C4H4O¢]

KH,PO4
MgSO4.7H20
CaCl,

FeCl; (1% solution)

NaCl
Thiamine-HCl
Agar

Distilled water

100 g
30g
025¢
05g
015¢g
005¢g
1.2 ml
0025¢g
100.0 pg
1.5%
1.0L



Autoclave at 121°C for 15 min

Appendix B

Dinitrosalicylic acid (DNSA) reagent

Sodium hydroxide (NaOH) 10g
Potassium sodium tartrate (KNaC4H4O4-4H,O) 200¢g
3,5-Dinitrosalicylic acid (C;H4N,O7) 02g
Phenol (C¢HgO) 005¢g
Sodium metabisulfite (Na2S205) 100 ml

Bradford assay protocol

Preparation of 10 ml of a 1-10 ng/ml protein sample
1 mg/ml =0.001 g BSA

10 mg/ 10 ml =0.01 g BSA

Therefore, dissolve 0.01 g BSA in 10 ml buffer

Add, 100 pl BSA to 9900 pL buffer

Final concentration (BSA stock) =10 pg/ml

BSA concentrations were prepared as shown in table bellow

Protein Volume of Volume
concentration BSA of buffer
(ug/ml) stock (u)  (ul)

0 0 1000

1 100 900

2 200 800

4 400 600

6 600 400

8 800 200

10 1000 0

A 96-well microassay protocol

1. The Bradford reagent was gently mixed in the bottle and brought to room temperature.
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2. Protein standards were prepared in buffer ranging from 1-10 pg/ml using a BSA standard.

3. A 150 pl of each protein standard was added to separate tubes, and to the blank, 150 ul of
buffer was added.

4. The unknown sample(s) with an approximate concentration of 1-10 ng/ml was prepared, and
150 ul of each sample was added to separate tubes.

5. A 150 pl of the Bradford reagent was added to each of the tube and mixed.

6. The samples were incubated at room temperature for 30 minutes.

7. Samples were transferred into a 96-well microtitre plate, and the absorbance read at 595 nm.

8. The net absorbance was plotted against the protein concentration of each standard to construct
a standard cure.

9. The protein concentration determination of the unknown samples were extrapolated from the

standard curve.

Glucose/xylose standard

A 10 mg/ml stock solution was prepared using 0.1 g glucose/xylose in 10 ml citrate phosphate
buffer (pH 5.0), and various concentrations of glucose were prepared as shown in the table
below. A magnetic rod was inserted into the Schott bottle containing the substrate and was

placed on a revolver until the substrate were each dissolved.

Glucose/xylose concentrations table

Concentration Volume of Volume

(mg/ml) stock of buffer

used (ul) (uh)

0 0 1000
0.1 10 990
0.2 20 980
03 30 970
0.4 40 960
0.5 50 950
0.6 60 940
0.7 70 930
0.8 80 920
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0.9 90 910
1.0 100 900

0.18
0.16
0.14
0.12

0.1
0.08
0.06
0.04
0.02

y =0.0189x
R2=0.9951

Absorbance at 595 nm

0 2 4 6 8 10

Concentration (pg/ml)

Protein standard curve (BSA)
4.0 A

3.5 1

y =3.9185x - 0.3375

30 R%=0.9989

2.5
2.0

1.5

Absorbance at 540 nm

1.0 -~
0.5 -

0.0 .

12

0.0 0.2 0.4 0.6 0.8 1.0

Concentration (mg/ml)
Glucose standard curve
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(98]
i
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(98]
1

y =2.8737x - 0.2749
R2=0.9982

N
i
1

\®]
1

Absorbance (540 nm)
- &

e
i
1

O 1 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4

Concentration (mg/ml)

Xylose standard curve

Appendix C

SDS-PAGE of proteins and reagent recipes

10X Running bufter

Tris base 300¢g
Glycine 1440 ¢
SDS 100 g
Distilled water 1000 ml
pH 8.3

4X Stacking gel buffer

Tris base 605¢g

Distilled water 850 ml

The pH was adjusted to 6.8 with 6M HCI. Water was added to make 1000 ml and was stored at
4°C.

4X Resolving gel buffer
Tris base 1815¢g
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Distilled water 850 ml
The pH was adjusted to 8.8 with 6M HCI. Water was added to make 1000 ml and was stored at
4°C.

2X SDS-PAGE sample buffer

4X stacking gel buffer 2.0 ml
Glycerol 1.6 ml
10% SDS 3.2 ml
2-mercaptoethanol 0.8 ml
1.0% bromophenol blue 0.4 ml

n-Butanol (H,O-saturated)
n-butanol 50 ml

Distilled water 50 ml

Ammonium persulfate (10%)
Ammonium persulfate 10g
Distilled water 10 ml

The stock solution was prepare every 2-3 weeks.

30% Acrylamide stock solution

Acrylamide 2922 g
Bisacrylamide 078 g
Distilled water 100 ml

The stock solution was filtered and store at 4°C.

Coomassie gel stain

Coomassie blue R250 10g

Methanol 450 ml
Distilled water 450 ml
Glacial acetic acid 100 ml
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Coomassie gel destain

Methanol 100 ml
Glacial acetic acid 100 ml
Distilled water 800 ml
Appendix D

DNA Extraction protocol (Zymo Research)

1.

10.

About 40 mg wet fungal mycelia were weighed and placed in a ZR BashingBead™ lysis
tube (0.1 and 0.5 mm). A 750 ul lysis solution was added to the tube.

The tube was secure in a bead beater fitted with a 2 ml tube holder assembly and was
processed at maximum speed for 5 min.

The ZR BashingBead™ lysis tube (0.1 and 0.5 mm) was centrifuged in a microcentrifuge
at 10,000 x g for 1 min.

A 400 pl supernatant was transferred to a Zymo-Spin™ IV spin filter (orange top) in a
collection tube. The base of the filter was snapped off and centrifuged at 7,000 x g for 1
min.

A 1,200 pl of genomic lysis buffer was added to the filtrate in the collection tube from
Step 4.

An 800 ul was transferred off the mixture from Step 5 to a Zymo-Spin™ IC column in a
collection tube and centrifuge at 10,000 x g for 1 min.

The flow-through was discarded from the collection tube and step 6 repeated.

A 200 pl DNA pre-wash buffer was added to the Zymo-Spin™ IC column in a new
collection tube and centrifuged at 10,000 x g for 5 min.

A 500 ul g-DNA wash buffer was added to the Zymo-Spin™ IC column and centrifuged
at 10,000 x g for 1 min.

The Zymo-Spin™ IC column was transferred to a clean 1.5 ml microcentrifuge tube, and
50 ul DNA elution buffer was added directly to the column matrix. The sample was
incubated at room temperature for 1 min and then centrifuged at 10,000 x g for 30

seconds to elute the DNA.
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DNA purification protocol (Promega)

A. Dissolving the gel slice
1. DNA band was excised from the gel and placed in a 1.5 ml microcentrifuge tube.
2. A 10 yl membrane binding solution per 10 mg of gel slice was added. The mixture was
vortexed and incubated at 50-65°C until gel slice was completely dissolved.
B. Processing PCR Amplifications
1. An equal volume of membrane binding solution was added to the PCR amplification.
Binding of DNA
1. SV minicolumn was into the collection tube.
2. The dissolved gel mixture or prepared PCR product was transferred to the Minicolumn
assembly and incubated at room temperature for 1 min.
3. The sample was centrifuge at 16,000 x g for 1 min. The flowthrough was discarded, and
SV minicolumn reinserted into the collection tube.
Washing
4. A 700 pyl membrane wash solution (ethanol added) was added to the SV minicolumn.
Centrifuged at 16,000 x g for 1 min. The flowthrough was discarded, and SV minicolumn
reinserted into the collection tube.
5. Step 4 was repeated with 500 ul membrane wash solution. Centrifuged at 16,000 x g for
5 min.
6. The collection tube was emptied and the column assembly recentrifuged for 1 min with
the microcentrifuge lid open (or off) to allow evaporation of any residual ethanol.
Elution
7. The SV minicolumn was carefully transferred to a clean 1.5 ml microcentrifuge tube.
8. A 50 pl of nuclease-free water was added to the minicolumn and incubated at room
temperature for 1 min. Centrifugation was performed at 16,000 x g for 1 min.

9. The minicolumn was discarded and DNA stored at —20°C.

Agarose gel (1%)
Agarose powder lg
Distilled water 100 ml

EDTA (0.5 M, pH 8.0)
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Disodium EDTA 2H20 186.1¢g
Distilled water 800 ml
Stir vigorously on a magnetic stirrer and adjust the pH with NaOH pellets.

TE (Tris/ EDTA) Buffer (pH 8.0)
Tris/ HCI (10 mM), EDTA (10 mM)

Preparation of SX TBE (Tris-EDTA) Buffer

Tris base 53¢
Boric acid 275¢
EDTA (0.5M, pH 8.0) 20 ml
Distilled water 1000 ml
1X TBE Buffer (working solution)

SX TBE 200 ml
Distilled water 800 ml

Primers information

S/N  Primer Sequence Tm°C
1 PezizF S'-TCAGGRTTAYTAGGWACAGCATTT-3' 539
2 PezizR 5'-ACCTCAGGRTGYCCGAAGAAT-3' 582
3 ITS1 5S'-TCCGTAGGTGAACCTGCGG-3' 59.6
4 1TS4 S'-TCCTCCGCTTATTGATATGC-3' 52.1

>Cox ! [ChemRU330]
GGGTTCAATATATTGCGGATAATCAATTATATAATAGTATCATTACTGCTCATGCTAT
ATTAATGATATTCTTTATGGTTATGCCTGCTTTAATCGGAGGTTTTGGTAATTTCTTA
TTACCCTTGTTAGTAGGGGGACCGGATATGGCATTTCCTAGACTAAATAATATAAGT
TTTTGATTATTGCCACCTAGTTTATTATTATTTTTATTTGCTAGTGGTATAGAAAATG
GTGCAGGTACAGGTTGAACTCTTTATCCTCCTTTAGCTGGAGTACAAAGTCACAGTG
GACCAAGTGTAGACTTAGCTATATTTGCTCTGCATTTATCTGGTATAAGTAGTTTATT
AGGAGCTATTAATTTCATAACTACTATACTTAATATGAGAAGTCCAGGTATCAGATT
ACATAAATTAGCTTTATTTGGATGAGCTGTAATTGTTACAGCTGTTTTATTATTATTA
TCATTACCTGTATTAGCCGGTGCAATTACTATGGTTTTAACAGATAGAAATTTTAATA
CTTCATTCTTTGAAGCAGCAGGTGGTGGTGATCCTATACTTTATCAACATCTTTTCTG
ATTCTTCGGACATCCCTGAGGT
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>ITS[ChemRU330]
CTTCCGTAGGTTGAACCTGCGGAAGGATCATTACAGAGTTCATGCCCTCACGGGTAG
ATCTCCCCACCCTTGAATACTATACCATTGTTGCTTTGGCGGGCCGCTTCGGCTACTG
GCTCCAGCTGGTGAGTGCCCGCCAAAGGATCTCAAAACTCTGAATATTAGTGTCGTC
TGAGTACTATATAATAGTTAAAACTTTCAACAACGGATCTCTTGGTTCTGGCATCGA
TGAAGAACGCAGCGAAATGCGATAAGTAATGTGAATTGCAGAATTCAGTGAATCAT
CGAATCTTTGAACGCACATTGCGCCCCTTGGTATCCCGAGGGGCATGCCCGTTCGAG
CGTCATTATAACCCCTCAAGCCTAGCTTGGTGTTGGGGCCTGCTGTTCGCAGCAGCC
CTTAAAATCAGTGGCGGTGCCATCTGGCTCTAAGCGTAGTAATACTTCTCGCTACAG
GGTCCCGGTGGATGCTTGCCATCAACCCCTAAATTTCTATG

>Cox1 [EdRU0S3]
ACAGCATTTTCTGTTTTAATTAAATTAGAATTAAGTGGACCTGGGGTTCAATATATTG
CGGATAATCAATTATATAATAGTATCATTACTGCTCATGCTATATTAATGATATTCTT
TATGGTTATGCCTGCTTTAATCGGAGGTTTTGGTAATTTCTTATTACCCTTGTTAGTA
GGGGGACCGGATATGGCATTTCCTAGACTAAATAATATAAGTTTTTGATTATTGCCA
CCTAGTTTATTATTATTTTTATTTGCTAGTGGTATAGAAAATGGTGCAGGTACAGGTT
GAACTCTTTATCCTCCTTTAGCTGGAGTACAAAGTCACAGTGGACCAAGTGTAGACT
TAGCTATATTTGCTCTGCATTTATCTGGTATAAGTAGTTTATTAGGAGCTATTAATTT
CATAACTACTATACTTAATATGAGAAGTCCAGGTATCAGATTACATAAATTAGCTTT
ATTTGGATGAGCTGTAATTGTTACAGCTGTTTTATTATTATTATCATTACCTGTATTA
GCCGGTGCAATTACTATGGTTTTAACAGATAGAAATTTTAATACTTCATTCTTTGAAG
CAGCAGGTGGTGGTGATCCTATACTTTATCAACATCTTTTCTGATTCTTCG

>ITS [EdRU083]
TTTTACGGGTAGATCTCCCACCCTATGTTATCATTACCATTGTTGCTTTGGCGGGCCG
TCAGGCCTTGGTCAGGCTACCGGCTCCGGCTAGTAAGCGCCCGCCAGAGGACCCCA
AACTCTGAATGTTAGTGTCGTCTGAGTACTATATAATAGTTAAAACTTTCAACAACG
GATCTCTTGGTTCTGGCATCGATGAAGAACGCAGCGAAATGCGATAAGTAATGTGA
ATTGCAGAATTTAGTGAATCATCGAATCTTTGAACGCACATTGCGCCCCTTGGTATT
CCGAGGGGCATGCCTGTTCGAGCGTCATTACAACCCTCAAGCAATGCTTGGTATTGG
GCTCCGCTGCTCATCTAGCGGGCCTTAAAATCAGTGGCGGTGCCGTCGGGCCCTGAG
CGTAGTAAATACCCTCGCTACAGGGACTCGGTGGACGCTGGCCATCAACCCCCCCAC
TCTCCAAGTTTGACCTCGGATCAGGTAGGGATACCCGCTGAACTTAAGCATATCAAT

AGCCGGAGGAA

>ITS [EdRU002]
CGGCCGCCGGCTCCGGCTGGCGCGTGCCCGCCAGAGGCTCCACAGACTCTGAATGTT
AGTGTCGTCCGAGTAAACTATATAATCGTTAAAACTTTCAACAACGGATCTCTTGGT
TCTGGCATCGATGAAGAACGCAGCGAAATGCGATAAGTAATGCGAATTGCAGAATT
CAGTGAGTCATCGAATCTTTGAACGCACATTGCGCCCTGTGGTATTCCGCAGGGCAT
GCCTGTTCGAGCGTCATTTCAACCCTCAAGCCCAGCTTGGTGTTGGGCCCTGCCCGT
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CGTGGCTGGCCCTAAAGACAGTGGCGGCGCCGCCTGGCCCTCAGCGTAGTACAACT
CTCGCTCCAGGGTCCGGCGGTGGCCTGCCAGAACCCCCCAACTCTGTGGTTGACCTC
GGATCAGGTAGGGATACCCGCTGAACTTAAGCATATCAATAAGCGGAGGA
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