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Summary

Filamentous fungi are critical for the production of many commercial enzymes and organic
compounds. Due to their decomposer lifestyle, they have a natural potential for large scale
production of proteins, many of these extracellular. The concept of this project was to
exploit the protein synthesis and secretory capability of a large number of indigenous fungi
as the basis to generate a new fungal expression platform. Filamentous fungi were obtained
from the culture collection (CMW) of the Forestry and Agricultural Biotechnology Institute
(FABI) University of Pretoria, South Africa. Screening of the isolates for extracellular protein
expression in malt extract liquid medium shake flasks, led to the identification of a
Clonostachys rosea 17970 isolate after internal transcribed spacer (ITS) sequencing and
morphological studies. A ~35 kDa protein secreted at high levels was identified through
LC-MS/MS as a cuticle-degrading serine protease (Cdsp). The optimum pH and
temperature for protein production were found to be 9.0 and 32°C respectively, after 96 h
of incubation on malt extract liquid media. Designed primers were used for the PCR
amplification of an internal fragment of the cdsp gene from chromosomal DNA. Sequence
data was used for further PCR-amplification of the up and downstream regions through
chromosome walking using Inverse and SiteFinding PCR technology. Analysis of the
assembled cdsp gene fragment (2,923 bp) revealed that the gene harbours a 5’ upstream
region (1,141 bp), coding region (1,300 bp) and 3’ downstream region (509 bp). The coding
region contains three introns. Reverse transcriptase-PCR of the coding region revealed a
1,140 bp open reading frame that encodes Cdsp. The putative cdsp signal peptide,
promoter and terminator regions were identified in silico and are predicted to be important
elements for the construction of an expression vector. Overall, these results demonstrate
that C. rosea 17970 could be a good source for extracellular protein production and is a
potential candidate for development as a new host-vector system based on its secretory

capability and identified regulatory regions via in silico analysis.
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CHAPTER 1:
LITERATURE REVIEW

“The expression system is not everything, but everything is nothing without a good expression system”

- DYADIC INTERNATIONAL, INC.

© University of Pretoria



1.1 General introduction

The establishment of recombinant DNA technology over thirty years ago (Cohen etal., 1973;
Cohen, 2013), coupled with the discovery of restriction endonucleases (Linn & Arber, 1968;
Rao et al., 2014), has enabled the transfer, replication and expression of genes of interest,
in a foreign organism. Both discoveries introduced techniques that allowed many organisms
to be explored as host organisms (Cohen, 2013). While some peptides, proteins and
numerous non-proteins (i.e.; organic acids and metabolites) are naturally produced in high
guantities, and subsequently isolated from natural sources, many others are either unstable
or present in amounts too low for commercial or research purposes (Mahmoud, 2007; Bill
et al., 2011). Using genetic engineering, Itakura et al. (1977) illustrated that 5 milligrams of
recombinant somatostatin, a mammalian hormone, produced from two gallons (~7.57 litres)
of Escherichia coli was equivalent to the amount extracted from 500,000 sheep brains. After
similar successful experiments with other recombinant genes, scientists realized the great

potential of biotechnology approaches.

As the building blocks of life, proteins are produced by all living organisms as part of their
innate metabolism and to contribute to cell signalling, immune response, and the cell cycle
(Demain & Vaishnav, 2009; Rosano & Ceccarelli, 2014). The interest in hosts that can over-
produce recombinant proteins is typically attributed to their natural ability to produce and/or
secrete high amounts of native protein (Bergquist et al., 2002; Sarrouh et al., 2012). In
addition, the choice of an expression system is influenced by the quality and quantity of the
recombinant product required. For example, commercial enzymes are often needed at
multi-grams per litre and human therapeutic proteins at microgram per litre levels (Gasser
& Mattanovich, 2007; Porro et al., 2011). Other factors for consideration to satisfy the needs
of both manufacturer and end user include, cell growth, expression level, cost of production,
ease of scale-up, Generally Regarded as Safe (GRAS) status and the need for post-
translational modifications (i.e.; phosphorylation, N- or O-linked glycosylation, disulphide
bridge formation, acylation, and fatty acid acetylation among others) required to ensure

14
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complete biological activity of most eukaryotic proteins (Nevalainen et al., 2005; Sgrensen,
2010). Proteins obtained from different biological expression systems continue to contribute
to the biopharmaceutical, agricultural, biofuel, food, and beverage industries. Generally,
prokaryotic expression systems are often the first choice microorganisms as they are well
established and cost effective; whereas eukaryotes are used for specialized applications
(Ferrer-Miralles et al., 2009). The host/vector systems can be bacteria (e.g.; Gram negative
Escherichia coli and Gram positive Bacillus spp.), yeasts (e.g.; Saccharomyces cerevisiae,
Pichia pastoris and Hansenula polymorpha), flamentous fungi (e.g.; species of Aspergillus,
Trichoderma, Fusarium, and Penicillium), microalgae (Chlamydomonas reinhardtii), insect
cell lines (e.g.; Baculovirus vector), transgenic plants (e.g.; Nicotiana tabacum), protozoa
(Dictyostelium discoideum), transgenic animals (mice, pigs, sheep, cows, and goats),
mammalian cell lines (e.g.; Chinese hamster ovary (CHO), baby hamster kidney (BHK),
hybridoma cells and cell-free systems (Nevalainen et al., 2005; Merten, 2006; Terpe, 2006;
Gong et al., 2011; Rosano & Ceccarelli, 2014; Specht & Mayfield, 2014). To date, there is
no universal expression system for the production of heterologous proteins because all
systems have considerable advantages and disadvantages (Sgrensen, 2010; Corchero et
al., 2013). As a result, scientists are constantly working towards optimizing existing systems

and/or developing new systems to overproduce existing and new proteins.

The first recombinant human protein, insulin was produced in E. coli by Herbert Boyer
(1977) and it became a successful biopharmaceutical product, Humulin™ (licenced by
Genentech to Eli Lilly & Co.) in 1982 (Altman, 1982; Genentech, 1982; Porro et al., 2011).
Prior to this, insulin could only be extracted from bovine (cow) and porcine (pig) pancreases
from slaughterhouses (Johnson, 1983; Walsh, 2005). Since the approval of Humulin™ by
the US Food and Drug administration, similar or modified recombinant human insulin
formulations are still being used for the treatment of diabetes. Many other recombinant
protein-based biopharmaceuticals (e.g.; monoclonal antibodies, interferons, growth

hormones, erythropoietin, coagulating factors, and vaccines, etc.) for the treatment of a

15
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wide spectrum of human disorders, have been commercialized in parallel with the
optimization of the E. coli system, as well as the development of alternative expression

systems.

Recombinant protein production is a multi-billion dollar industry, largely comprising
biopharmaceutical products and enzymes used for industrial purposes, provided by over
4,200 biotechnology companies worldwide (Adrio & Demain, 2014). Thus far, over 150
biopharmaceuticals have acquired FDA approval and about 200 more are predicted to be
available over the next few years (Zhu, 2012; Bill, 2014b). Approximately one third of these
biopharmaceuticals are produced in E. coli, half in mammalian cell lines and hybridomas,
and the rest in yeasts (mostly S. cerevisiae) (Mattanovich et al., 2012; Bill, 2014a). The
global market for recombinant protein drugs had revenues of nearly $95.2 billion and $151.9
billion in 2008 and 2013, respectively. A leading market research company, BBC Research,
predicted the market to reach a value of $179.1 billion by 2018 with a five-year compound

annual growth rate (CAGR) of 5.6% from 2013 to 2018 (BBC Research, 2014a).

Similarly, the production of biological catalysts have flourished since their introduction to the
commercial market, i.e.; approximately 90% of industrial enzymes are recombinant forms
produced in fungi and bacteria (Adrio & Demain, 2014), and the rest are obtained from
natural sources. These enzymes (e.g.; proteases, amylases, lipases, and cellulases,
peroxidases, etc.) are products of microbial fermentation in large-scale bioreactors, and are
used in approximately 150 industrial processes, e.g.; as bulk enzymes in the biofuel, paper
and pulp, detergent, food, beverages, animal feed, leather, cosmetics, wastewater
treatment and textile industries (Adrio & Demain, 2014). A list of commercial enzymes
(updated in April, 2014; used for feed, food and technical applications) published by the
Association of Manufacturers and Formulators of Enzyme Products (AMFEP;
http://www.amfep.org/content/list-enzymes) is a good indication of the status of certain host
strains and the enzymes they provide. The global market for industrial enzymes is predicted

to reach US$7.1 billion by 2018 with a five-year CAGR of 8.2%, from 2013 to 2018. The

16
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largest growth is expected to be recorded in the detergent enzyme segment with 11.3%
CAGR over the 5-year forecast period (BBC Research, 2014b). The industrial enzyme
market is very competitive. The major producers are in Western Europe, USA, and Japan.
Whereas, emerging markets are identified as China, Eastern Europe, India, and with Africa

lagging far behind (Demain, 2007; Sarrouh et al., 2012; Adrio & Demain, 2014).

1.2 Microbial expression systems

1.2.1 Bacterial expression systems

1.2.1.1 E. coli

E. coli, a Gram-negative y-proteobacterium is the earliest, mostly used prokaryotic
expression system for pharmaceutical and industrial protein production. Characteristics that
have kept it as a workhorse for over 40 years include, its rapid doubling time, ease of
cultivation in affordable growth medium, well-studied physiology, and high level protein
production capability (i.e.; up to 50% of total biomass) (Terpe, 2006; Chou, 2007,
Sagmeister et al., 2014). Currently, E. coli is used to produce about 50% of commercial
recombinant proteins and over 70% for research purposes (Bill, 2014a). Additionally,
numerous E. coli production strains, have acquired approval from the U.S. FDA for the
synthesis of gene products that are safe for human use. In fact, the continuous use of this
system has led to the accumulation of its whole genome sequence, which greatly simplified

gene cloning and expression (Marisch et al., 2013; Sagmeister et al., 2014).

There are drawbacks that must be considered when using this expression system. E. coli
usually over-expresses eukaryotic proteins as protein aggregates called inclusion bodies,
which often protect from proteolytic degradation from host enzymes. Proteins trapped in
inclusion bodies are often insoluble, biologically inactive and incorrectly folded; requiring
costly and labour intensive solubilisation, in vitro protein folding and purification steps, which
altogether may result in reduced protein yields (Ferrer-Miralles et al., 2009; Sgrensen,

2010). Additionally, eukaryotic codons are commonly inefficiently expressed and important
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post-translational modifications, particularly glycosylation present in most eukaryotic
proteins cannot be achieved in E. coli (Sgrensen, 2010; Bachran et al., 2013). However,
Valderrama-Rincon et al. (2012) have made some progress in engineering glycosylation
pathways in E. coli. Alternatively, an authentic protein can be obtained using mammalian
cell lines. However, these expression systems are complex, expensive to cultivate, require
highly-trained personnel and relatively low protein yields are often obtained (Agrawal & Bal,
2012; Kaufman, 1990a; Kaufman, 1990b). For recombinant proteins that do not require
post-translational modifications (i.e.; non-glycosylated insulin, growth hormones
(somatotropines), interferons (alpha, beta, gamma, or mutein) etc.), E. coli is often a good

choice (Jeong et al., 2014).

Recombinant protein production in E. coli occurs either in the cytoplasm, periplasm or
secreted into the culture medium. For the production of most recombinant proteins,
extracellular secretion is preferred because downstream processing (i.e.; cell lysis,
solubilisation, refolding, purification etc.) is avoided. In addition, the target proteins may be
in a soluble, properly folded, and active form (Choi & Lee, 2004). Efforts to guarantee
complete extracellular protein secretion have been challenging. E. coli may also produce
recombinant proteins contaminated with toxic pyrogens resulting from cell lysis. These
endotoxins can have an immunogenic effect on humans and can be difficult to eliminate

during purification steps (Rai & Padh, 2001; Lagoumintzis et al., 2014).

Obtaining a soluble and active form of recombinant protein is perhaps the biggest challenge
when using E. coli. This expression system is not naturally capable to produce target
proteins that are not aggregated or intracellular. These challenges are often associated with
the expression vector, induction parameters, and growth conditions (i.e.; temperature) used
(Sahdev et al., 2008; Voulgaridou et al., 2013). Fusion expression tags (e.g.; glutathione-
S-transferase (GST), thioredoxin (TRX), and maltose-binding protein (MBP) etc.) have been
used to facilitate protein solubility. Many experiments, have identified MBP as a superior

and most effective expression strategy because it also facilitated the formation of disulphide
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bonds (Kapust & Waugh, 1999; Voulgaridou et al., 2013). In addition, lowering the
temperature of the culture (Semba et al., 2010) or co-expression with molecular folder
chaperones (DnakK, DnaJ or GrpE together with either GroES or GroEL co-chaperons) can
also facilitate protein solubility and subsequent protein folding (Schumann W. and Fereira

L. C., 2004; Yin et al., 2007; Voulgaridou et al., 2013).

1.21.2 Alternative bacterial expression systems

Bacterial hosts other than E. coli have received attention as developing host-vector
expression systems due to their metabolic diversity and/or improved protein secretion
capabilities, mainly owing to their ability to thrive in different environments, some of them
extreme (Ferrer-miralles & Villaverde, 2013). In fact, the use of E. coli cell factories has
been decreasing in the past 8 years (Bill, 2014a). Alternative bacterial expression systems
include:

0] Lactococcus lactis, a Gram-positive lactic acid bacterium, which has acquired GRAS
status and is used for the intracellular or extracellular production of prokaryotic and
eukaryotic interleukins (IL-2, IL-6, IL-12, and IL-10 from mice), enzymes (lipase from
Staphylococcus hyicus, lysozyme from hen egg white, neutral protease from Bacillus
subtilisin and others), antigens, and membrane proteins, among others (Loir et al.; Kuipers
etal., 1997; Bill et al., 2011).

(i)  Bacillus subtilis, which is also a Gram-positive bacterium, is the most well-characterised
Gram-positive bacterium. It has GRAS status, has high product yields (20-25 g/l), and is
used for the large-scale fermentation of recombinant amylases, pectate lyase, and more
recently, riboflavin (vitamin B2) for the food industry (Yin et al., 2007; Dijl & Hecker, 2013).

(i)  Streptomyces lividans, which is an effective secretor of a recombinant cellulase from
Streptomyces. coelicolor (up to 350 mg/l) and antigens from Mycobacterium tuberculosis
(Dubé et al., 2008; Anne et al., 2012), (iv) Corynebacterium glutamicum, which is a

secretor of recombinant protein-glutaminase (Kikuchi et al., 2008).
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(iv) Pseudomonas aeruginosa, which is an efficient secretor of Penicillin G acylase (Krzeslak
etal., 2009; Retallack et al., 2011), among others. Both Gram-positive and Gram-negative

systems have protein production limitations that can be avoided by using eukaryotic cells.

1.2.2 Yeast expression systems
1.2.2.1 Saccharomyces cerevisiae

This budding yeast is a versatile, single-cell form of fungi that offers definite advantages
over E. coli as an effective protein production platform since the early 1980s (Hitzeman et
al., 1981; Bill, 2014a). It is one of the simplest forms of fungi belonging to the phylum
Ascomycota. This microorganism is also referred to as Brewer’s or Baker’s yeast due of its
use in the preparation of alcoholic beverages and bread, respectively. Ilts GRAS status has
also enabled it to be used for the production of various pharmaceutical proteins, e.g.;
following the success of Humulin™, an American biotechnology company, Novo Nordisk
received approval to commercialise the first recombinant human insulin (Novolin®)
produced in S. cerevisiae (Thim et al., 1986; Bill, 2014a). Other recombinant commercial
products made in S. cerevisiae include; human papilloma virus vaccines, a-acetolactate
decarboxylase, Hepatitis B surface antigen, a-galactosidase, urate oxidase, glucagon,
hirudin, platelet-derived growth factor, and granulocyte macrophage colony stimulating
factor (Demain & Vaishnav, 2009; Ferrer-Miralles et al., 2009; Martinez et al., 2012; AMFEP,
2014). Major advantages of using S. cerevisiae for protein production include, (i) a short
generation time compared to other eukaryotic hosts, (ii) established fermentation strategies,
(i) capability to grow to a high cell density, (iv) high product yield, (v) available annotated
genome sequence, (vi) well-established vector systems and (vii) usage as a model
organism to understand eukaryotic cellular mechanisms and metabolic pathways (Goffeau

et al., 1996; Cereghino & Cregg, 1999; Demain & Vaishnav, 2009; Favaro et al., 2013).
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Unlike E. coli, S. cerevisiae can secrete proteins devoid of toxic cell wall pyrogens or
oncogenes into the culture medium. S. cerevisiae can also produce glycosylated
recombinant proteins. However, the mode of glycosylation (both N- and O- linked
conformations) in yeasts is restricted to the addition of mannose sugars, whereas
mammalian proteins only require sialylated O-linked chains (Demain & Vaishnav, 2009). S.
cerevisiae is known to hyper-glycosylate recombinant proteins by adding up to 200 a-1, 3-
linked mannose residues to N-linked glycan structures (Conde et al., 2004). Pharmaceutical
proteins produced this way have a shortened in vivo half-life and low stability, and may
cause an unwanted immunogenic response in patients (Gerngross, 2004). This form of
glycosylation also affects folding, function, and translocation of the recombinant protein to
the extracellular space (Needham et al., 2011). Therefore, recombinant proteins produced
in S. cerevisiae are often fused to an a-mating factor (a-MF1) secretion signal peptide to
facilitate secretion into the culture medium, e.g.; the secretion of a single-chain antibody
fragment (scFv) was higher (16-fold in the best case) when a mutant a-MF1 signal peptide
was used (Rakestraw et al., 2009). High-level protein production is often obtained by the
use of expression vectors which integrate within the genome by homologous recombination.
Even though these integrative vectors are available at lower copy numbers, compared to
the autonomously replicating episomal vectors (up to 200 copies per cell), genome
integration results in stable cultures that produce the recombinant protein at consistent

levels (Partow et al., 2010).

1.2.2.2 Alternative yeast host systems
Similar to S. cerevisiae, Pichia pastoris can perform posttranslational modifications, such
as protein folding, proteolytic processing, disulphide bond formation and glycosylation. This
yeast is fast becoming more popular than S. cerevisiae due to its easy cultivation in cheap
mineral salt medium, efficient extracellular secretion and ability to grow at relatively higher
cell densities (Sgrensen, 2010; Gasser et al., 2013). In addition, this yeast produces up to

350 different recombinant proteins for a variety of applications in both food and
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pharmaceuticals (Yu et al., 2010; Bill, 2014a). P. pastoris produced foreign proteins that
undergo less extensive hyper-glycosylation and some strains have been glycoengineered
to carry out human-type N-linked glycosylation (Hamilton et al., 2003, 2006). This system is
commercially available under the brand name, PichiaPink™ from Life Technologies
Corporation (USA) (http://www.lifetechnologies.com). Other upcoming expression hosts

include:

(i)  Schizosaccharomyces pombe, which is referred to as a fission yeast, is capable of
producing proteins that require challenging glycosylation arrangements and is currently
used to study human G-protein coupled receptors (GPCRs) and olfactory receptors
(Ladds et al.,, 2003; Davey & Ladds, 2011; Emmerstorfer et al.,, 2014). Efforts to
understand its secretory pathway, develop protease-deficient strains and design new
vector systems are underway (ldiris et al., 2010; Matsuzawa et al., 2013).

(i)  Hansanuela polymorpha, which is a thermo-tolerant methylotrophic yeast, has mutant
strains that are glycoengineered to effectively produce complex human proteins e.g.; -
1,2-N-acetylglucosaminyltransferase | (GnTI) (Cheon et al., 2012) at high temperatures.

(i)  Kluyveromyces lactis, which has currently been shown to over-produce the gene encoding
the Aequorea victoria (jellyfish) enhanced green fluorescent reporter protein (EGFP)
under the regulation of different promoters and/or signal peptides derived from various
filamentous fungi (Madhavan & Sukumaran, 2014, 2015). On a commercial scale, K. lactis
produces lactase (B-galactosidase) from a Kluyveromyces sp. and milk clotting enzyme

(bovine chymosin) (AMFEP, 2014).

1.2.3 Filamentous fungal expression systems

Filamentous fungi are a diverse group of eukaryotes that are ubiquitous in nature. They are
typically saprophytic microorganisms, growing on and deriving nourishment from dead or
decaying organic matter. To do so, they naturally produce and secrete hydrolytic enzymes

involved in decomposition and nutrient cycling of complex biopolymers from the
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environment outside the growing hyphae (Ward, 2012). Many fungi can also be detrimental
to the health of plants (as rusts, smuts, wilts, etc.), animals (as mycoses and mycotoxins)
and other fungi (as mycoparasites) (Bennett, 1998; Sette et al., 2013). In addition, they are
varied in morphology, i.e.; they can exists as microscopic (e.g.; moulds and yeasts) or

macroscopic (e.g.; mushrooms and truffles) forms (Sette et al., 2013).

Their natural ability to produce proteins continues to play an important role in the industrial
production of products from fungal and non-fungal origin, such as human therapeutics,
organic acids, pigments, several food additives, and commercial enzymes (Saunders et al.,
1989; Punt et al., 2002). For example, Trichoderma reesei can produce homologous
hydrolases up to 100 g/l into the culture medium (Durand et al., 1988; Saloheimo & Pakula,
2012). Among the diverse fungal species, some produce polysaccharides, bio-surfactants
and additives used in the manufacturing of bread, cheese, alcoholic beverages and
foodstuffs (e.g.; mushrooms, single cell protein/biomass (SCP) or lipid-rich biomass) (Ward,
2012). Their ability to thrive on simple and inexpensive substrates (Krull et al., 2013) has
made them popular as cell factories in the production and secretion of various extracellular
enzymes (Nevalainen et al., 2005; Sharma et al., 2009; Ward, 2012). Their use has resulted
in several species gaining GRAS status by the U.S. FDA (Conesa et al., 2001). A large
number of fungal enzymes are commercially available and their applications extend beyond
their traditional uses in biopharmaceutical and food processing industries. Therefore, the
development of new expression systems is a continuing desire for many biotechnology
companies and research labs (Fowler & Berka, 1991; Punt et al., 2002). Currently, the
production of microbial enzymes is a rapidly growing sector of the fermentation industry (El-
Enshasy et al., 2007) and filamentous fungi are the sources for over 40% of the available
industrial enzymes (Archer et al., 1997; Lubertozzi & Keasling, 2009; Adrio & Demain,
2014). Most of these are hydrolysing enzymes used as aids in the bioprocessing of animal
feed, detergent, textile, paper and pulp, biofuels, food and other industries (FleiRner &

Dersch, 2010; Visser et al., 2011; Adrio & Demain, 2014).
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Extracellular protein production of proteins has several advantages over intracellular
secretion. The secreted protein of interest into culture media usually remains induced longer
and this is a preferred mode of expression if the protein produced is toxic to the host cell
(Palomares et al., 2004). In addition, working with extracellular proteins lessens the burden
of difficult downstream processing steps, since post harvesting, and cell disruption steps
are avoided. The protein produced is often active and properly folded, because protein
folding requires oxidative conditions which occur outside the cytoplasm (Meyer &

Schmidhalter, 2012).

The most commonly used fungi include commercial strains such as Aspergillus niger, A.
oryzae, Trichoderma reesei and Myceliophthora thermophila (previously known as
Chrysosporium lucknowense C1) (Visser et al., 2011). These commercially successful host
expression systems have all been whole-genome sequenced. This milestone has led to the
use of genomics, proteomics, synthetic biology and metabolomics techniques to understand
fungal physiology and to enhance protein productivity (Nevalainen & Peterson, 2014). For
instance, the information obtained from the different fields of study could improve areas of
bioprocessing, i.e.; discovery of novel enzymes, strain improvement strategies,

understanding of secretory and metabolic pathways (Ward, 2012).

Aspergillus oryzae (also called, koji mold) is used for the production of fermented foods,
e.g.; sake (rice wine), miso (soybean paste) and shoyou (soy sauce) in Asia (Machida,
2008). Its native enzyme, Taka-diastase was the first microbial enzyme to be patented (U.S.
Patent 525,823) in 1894 (Ward, 2012). It is used for the production of recombinant enzymes,
e.g.; glucose oxidase from other A. niger spp., laccase from Myceliophthora sp. and
Polyporus sp., and endo-1,3(4)-B-glucanase from Thermoascus sp. (AMFEP, 2014).
Aspergillus. niger is mainly used for the recombinant production of glucose oxidase from
Penicillium sp., lipase from Candida sp. and phospholipase from porcine pancreas (AMFEP,
2014). Both Aspergillus strains are capable of producing correctly folded recombinant

human proteins, e.g.; lactoferrin, single-chain variable region fragment (scFv) and lysozyme
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(Gomi et al., 2000) by A. oryzae, and interferon-a-2 (MacRae et al., 1993), mucus
proteinase inhibitor (Mikosch et al., 1996) and granulocyte macrophage colony stimulating

factor (G-CSF; Davies, 1994) by A. niger.

Trichoderma reesei is used for the hyper-secretion of cellulases and other plant cell wall
degrading enzymes (20-100 g/I; Seiboth et al., 2011). These enzymes are important for the
development of biofuels (Bouws et al., 2008; Wilson, 2009; Schuster & Schmoll, 2010). In
fact, it is a model organism for the regulation, biochemistry and expression of (hemi-)
cellulose-degrading pathways and enzymes (Schuster & Schmoll, 2010; Jgrgensen et al.,
2014). In addition, T. reesei is able to glycosylate in a manner similar to that in mammalian
cells (Salovouri et al., 1987). Itis used to produce commercial enzymes, e.g.; xylanase from
Actinomadura sp. and Aspergillus sp., amylases, phospholipase B, catalase, a-glucanase,
pectin lyase, pectin methylesterase or pectinesterase, phospholipase A2, phytase and
polygalacturonase or pectinase, from Aspergillus sp., cellulase from Staphylotrichum sp.,

laccase from Thielavia sp. and phytase from Buttiauxella sp. (AMFEP, 2014).

Myceliophthora thermophila can hyper-produce a wide variety of extracellular homologous
cellulases (mixture of cellobiohydrolases and endo-1,4-B-glucanases) up to 100 g/l, on par
with T. reesei (Visser et al., 2011). It has been used to produce heterologous fungal
enzymes (xylanase, amylase, cellulase, endo-polygalacturonase, oxidase and phytase);
bacterial enzymes (xylosidase, and cellulase) and a human protein (immunoglobulin, IgG1
against tumour necrosis factor (TNF-a) at g/l level. The protein was biologically active and

not hyper-glycosylated (Visser et al., 2011).

1.2.4 Overview of commonly used host expression systems

Table 1.1 shows different features that are considered important when selecting an

expression system for the production of a heterologous protein.
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(@

Table 1.1. Comparison of the different expression systems used for the production of heterologous proteins (Saunders et al., 1989; Yin et al., 2007; Ferrer-Miralles et al.,
2009; Ferrer-miralles & Villaverde, 2013)

Characteristics E. coli Bacillus sp. S. cerevisiae P. pastoris Aspergillus T. reesei Insect cell Mammalian Plant cell
sp. lines cell lines culture

Duration of 2-3 days 2-3 days 4-5 days 4-5 days 5-7 days 5-7 days 5-7 days 15-20 days > 30 days

fermentation

Complexity of Minimum Minimum Minimum Minimum Minimum to Minimum to Complex Complex Complex

growth media complex complex

Cost of growth Low to high Low to high Low to high Low to high Low to high Low to high Lowto high  High High

media

Recombinant Low to high Low to high Low to high Low to high Low to high Low to high Low to high  Low to moderate  High

protein

expression level

Destination of

Extracellular/

Extracellular/

Extracellular/

Extracellular

Extracellular

Extracellular

Extracellular

Extracellular

Extracellular

product intracellular intracellular intracellular
Ease of molecular Excellent Excellent Excellent Excellent Excellent Excellent Good Sufficient Good
cloning
Up scaling Excellent Excellent Excellent Excellent Excellent Excellent Sulfficient Poor Poor
Production cost Low Low Low Low to Moderate Moderate High Highest Moderate
moderate
Stage of Production Production Production Production  Production/ Production/ Production/  Production Research/
development development development development development
Post-translational Modifications
Protein folding Refolding Refolding Refolding Refolding Refolding might  Refolding Proper Proper refolding Proper
usually required usually required might be might be be required might be refolding refolding
required required required
N-linked None No High mannose Less Yes* Yes* Yes* Yes Yes*
glycosylation mannose
O-linked No No Yes* Yes* Yes* Yes* Yes Yes Yes
glycosylation
Phosphorylation No No Yes Yes Yes Yes Yes Yes Yes
Acetylation No No Yes Yes Yes Yes Yes Yes Yes
Acylation No No Yes Yes Yes Yes Yes Yes Yes
Y-carboxylation No No No No No No No Yes Yes
Disulphide bridge No No Yes Yes Yes Yes Yes Yes Yes
*Differs from mammalian;
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1.3 Requirements for the development of a new host-vector system

The general features of a successful fungal gene expression system are similar to those
developed for both yeasts and bacteria. The three basic components are: (i) a suitable host
strain, (ii) an expression cassette (which comprises of regulatory elements originating from the
host or other organism, fused to DNA/cDNA sequences that encode the protein of interest),
and (iii) a suitable transformation method to introduce the expression vector inside the host

(Berka & Barnett, 1989; Valencia & Chambergo, 2013a).

For the scope of this study, five major requirements for the development of a new-host vector
system will be considered, i.e.; (i) identification of a new fungal isolate, (ii) identification of
optimum growth conditions, (iii) discovery of regulatory gene regions for a prospective vector
system, (iv) methods to improve the host, and (v) identification of a suitable transformation

method.

1.3.1 Screening of fungal culture collections and identification of a high protein producing

isolate

The fungal kingdom is estimated to contain at least 1.5 million species (Hawksworth, 2012)
divided into four phyla (divisions): Ascomycota, Zygomycota, Basidiomycota, and
Chytridiomycota. Filamentous (mould) fungi are mainly found in Ascomycota and Zygomycota.
Most mushrooms belong to Basidiomycota; however, some are classified as ascomycetes,
e.g.; truffles and morels. Fungi belonging to the phylum Chytridiomycota (also called chytrids)
are known as the oldest and the only phylum that produces motile spores (zoospores) (Barr,

1978; Letcher & Powell, 2014).

The initial step towards designing a new fungal expression system involves the identification
of a putative candidate with a natural ability to produce high levels of protein extracellularly.
On average, 1,200 new fungal species are described yearly and most of these are preserved

in microbial culture collections (Sette et al., 2013). Culture collections may vary in size and
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functions, i.e.; some are private, public or maintained by a research institution affiliated either
to a university, national laboratory or non-profit organisation. These culture collections are
great resources for the discovery of novel organisms and the compounds they produce (Smith,
2012). In this study, filamentous fungi were obtained from the culture collection (CMW) of the
Forestry and Agricultural Biotechnology Institute (FABI) University of Pretoria, South Africa.
The CMW culture collection houses more than 40,000 isolates which are obtained locally and
globally from plant material, insects or soil for research purposes mainly related to tree health
(http://www.fabinet.up.ac.za). For the scope of this study, only fungi indigenous to South Africa

were screened.

Many screening programs have been developed to exclusively target a particular fungal
extracellular hydrolytic enzyme, e.g.; lipase, cellulase, amylase, protease, chitinase, etc.
(Hankin & Anagnostakis, 1975; Saritha et al., 2012). This involves the cultivation of fungi on
basal media supplemented with a carbon or nitrogen source (substrate) that can be degraded.
After several days post inoculation, the plates are flooded with a dye that will detect a
hydrolysis zone representing enzyme activity following destaining and washing steps.
Potential isolates could then be selected on the diameter size of the clear zones surrounding
the colonies. Quantitative assays can then be performed on positive isolates. For example,
screening for lignocellulolytic fungi involves the cultivation on basal media containing
carboxymethyl cellulose (CMC) as sole carbon source, and Congo red for detection of yellow
clear zones against a red background of the dye (Teather & Wood, 1982; Khokhar et al., 2013).
The major drawback in using qualitative assays, is the lack of standardized methods for the

detection of a particular enzyme (Pointing, 1999; Yuan et al., 2011).

For this study, screening for an efficient protein producer is carried out in shake flasks
containing malt extract liquid medium. Thereafter, proteomics techniques are used to select
potential isolates. Extracellular proteins from culture supernatants are precipitated and
separated on SDS-PAGE (sodium dodecyl sulphate polyacrylamide gel electrophoresis) gels.

Promising fungal candidates are then chosen on the basis of observed dark-blue Coomassie-
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stained bands indicating highly expressed proteins. Protein bands are excised and sent for
liquid chromatography-tandem mass spectroscopy (LC/MS-MS) peptide sequencing. Itis often
necessary to separate proteins of interest with 2-D gel electrophoresis to obtain better
separation of proteins prior to sequencing, due to separation of proteins in two dimensions
(>200 protein spots) by size and isoelectric point (Jun et al., 2011). However, due to the small
number of bands observed in the culture supernatants and only highly concentrated proteins
being targeted in this study; 1-D gel electrophoresis was sufficient for separating the proteins

by size only.

In this study, the isolate Clonostachys rosea was identified as a potential fungal candidate for
protein production. C. rosea (Link: Fr.) Schroers, Samuel, Seifert, & Gams; formerly known as
Gliocladium roseum, is the asexual stage and often preferred name of the telemorph Bionectria
ochroleuca (Schw.) Schroers & Samuels (Schroers et al., 1999). C. rosea belongs to the order
Hypocreales and the family Bionectriaceae. C. rosea is a common facultative soil saprophyte
that is found in a broad range of habitats in tropical, temperate, sub-arctic and desert regions,
particularly soils with pH values of neutral to alkaline (Sutton et al., 1997; Schroers, 2001).
Although it is naturally found in soil, it also colonizes plant debris (e.g.; leaves, roots, stems,
and seeds) (Sutton et al., 1997). It has been reported as a potential biocontrol agent against
fungal plant pathogens and parasitic nematodes, which infect plants and animals (Lahlali &

Peng, 2014).

It has also been shown to suppress disease symptoms of clubroot caused by Plasmodiophora
brassicae in canola roots (Lahlali & Peng, 2014), leaf and head rot caused by Pythium
tracheiphilum in Chinese cabbage (Mgller et al., 2003) and grey mould/Botrytis blight caused
by Botrytis cinerea in several crops e.g.; strawberry, rose and eucalyptus (Sutton et al., 1997,
Cota et al., 2009). To suppress infections by other fungi (mycoparasites), this fungus releases
cell-wall degrading extracellular hydrolytic enzymes such as chitinases, glucanases, and
volatile secondary metabolites to carry out mycoparasitism (Roberti et al., 2008; Chatterton &

Punja, 2009; Kosawang et al., 2014). As a nematophagous fungus, C. rosea can trap and
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suppress infections caused by plant or animal associated nematode diseases by releasing
cuticle-degrading proteases, i.e.; serine proteases (Yang et al., 2007; Liang et al., 2011,

Ahmed et al., 2014).

The ability of C. rosea strains to produce extracellular homologous hydrolytic enzymes has
contributed to their involvement in the development of alternative biological control agents
(BCAs) (Lahlali & Peng, 2014). For example, Clonostachys rosea f. catenulata (Gliocladium
catenulatum) strain J1446 is commercially available as Prestop WP (Verdera Oy, Finland) and
Prestop Mix (Verdera Oy, Finland) as a biological control agent against phytopathogenic fungi
(McQuilken et al., 2001; Chatterton et al., 2008; Lahlali & Peng, 2014). Another biocontrol
agent based on C. rosea (strain IK726) is currently under development (Jensen et al., 2007,

Kosawang et al., 2014).

1.3.2 Selection of culture conditions for optimum protein production

Filamentous fungi occupy a wide range of habitats in nature and they require specific growth
conditions for product (protein) formation. A wide range of growth media are available to
cultivate filamentous fungi in the laboratory. Fungi require water, molecular oxygen, organic
carbon, hydrogen, a source of nitrogen and inorganic elements (e.g.; magnesium, iron, zinc,
copper and molecular nitrogen, among others) for growth (Papagianni, 2004). In industry,
filamentous fungi are grown in submerged (liquid) cultures to produce desired bioproducts.
This is contrary to how they thrive in terrestrial ecosystems where they live off of solid nutrients
(Demir et al., 2011; Barrios-Gonzalez, 2012). For instance, the production of a heterologous
protein, chymosin was increased by 500-fold when A. oryzae was grown on wheat bran in
comparison to submerged fermentation (Elinbaum et al., 2002). Hence, it would be expected
that most commercial strains would be grown under solid-state fermentation (SSF); however
the opposite is usually used in industry (Demir et al., 2011). Submerged fermentation (SmF)

is still preferred because it is easier to control physical parameters (pH, temperature, moisture,
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nutrients, and aeration), carry-out scale-up experiments in bioreactors and purify the produced

protein (Sarrouh et al., 2012).

The composition of the culture medium for submerged fermentation is perhaps the most
fundamental step, because it influences protein production and growth morphology (Ahamed
& Vermette, 2009). Therefore, once a suitable fungal isolate is identified, optimum growth
conditions should be selected. Most studies test numerous types of complex media containing
different concentrations of carbon sources (D-glucose, maltose, sucrose, or D-fructose),
nitrogen sources (ammonia, nitrate, amino acids, proteins, yeast extract, or whey powder),
phosphates, and trace elements (Ahamed & Vermette, 2009; Posch et al.,, 2013a). These
experiments are often carried out by varying one parameter at a time according to the isolate
and protein produced. In addition, the ideal physical parameters can also be selected to
optimize protein formation (EI-Enshasy et al., 2007). The resulting protein production could

then be compared by proteomic analysis and/or quantitative protein assays.

1.3.3 The effect of growth morphology on protein production

Filamentous fungi are composed of thread-like branching structures (termed hyphae) and
referred collectively as mycelia. In many species, the hyphae are separated by cross-walls
(septa). Alternatively, filamentous fungi may exist in nature as spores (conidia) (Ward, 2012).
A typical lifecycle for an industrial competent strain involves asexual hyphae and conidia that
germinate forming more vegetative hyphae. However, in rare occurrences, the production of
sexual spores that undergo meiosis may also occur (Nevalainen & Peterson, 2014). Protein
secretion has been shown to occur mainly at the tips of growing hyphae due to the presence
of organelles (endoplasmic reticulum (ER) and Golgi apparatus) that are involved in protein
secretion (Punt et al., 1994; Wang et al., 2005). However, a study has shown that the secretion
of enhanced GFP-fused a-amylase (AmyB-EGFP) in A. oryzae was detected at septa, in

addition to hyphal tips (Hayakawa et al., 2011; Shoji et al., 2014).
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When submerged, filamentous fungi can grow either as pelleted or dispersed (further divided
into freely dispersed hyphae and/or clumps) forms of mycelium (Grimm et al., 2005). Pellets,
filaments and clumps may vary in shape, size and appearance (either smooth or ‘hairy’) (Gibbs
et al., 2000; Porcel et al., 2005; Peciulyte et al., 2014). The favoured growth morphology
greatly depends on the type of protein required. For instance, A. niger pellets are preferred for
the fermentation of secondary metabolites (e.qg.; citric acid) and freely dispersed filaments are
recommended for enzyme production (e.g.; pectin) (Papagianni, 2004). Other factors which
influence growth morphology include the type of initial culture inoculum (e.g.; spores, pellets,
dispersed mycelium), agitation speed, pH, and the composition of the growth medium (Porcel
et al., 2005; Ahamed & Vermette, 2009; Krull et al., 2013; Li et al., 2013). The preferred
production morphology can affect mass transfer, available oxygen concentration, nutrient
transport and uniform mixing of the culture in bioreactors (Grimm et al., 2005; Wucherpfennig

et al., 2010; Posch et al., 2013b); which altogether influence protein productivity.

Freely dispersed filaments have been reported to largely increase the viscosity of the culture
medium. In addition, the growth form may be more susceptible to the shear force in large
bioreactors The increase of viscosity can affect aeration and mixing properties of the culture,
thus reducing protein production (Gibbs et al., 2000; Znidarsi¢ & Pavko, 2001; Papagianni,
2004; Visser et al., 2011). In contrast, pelleted morphology results in lower viscosities and
require substantially less power for mixing and aeration of the culture. However, pellets may
restrict oxygen and nutrient intake by fungal cells (Grimm et al., 2005). Efforts to manipulate
and control the type of growth morphology to improve protein production have been reported.
The viscosity of filaments by the M. thermophila parental strain (NG7C-19) was successfully
reduced (up to 50-fold) when using a mutant strain (HC) produced by physical mutagenesis.
In addition, the use of HC resulted in a 3-fold increase than NG7C-19 (Visser et al., 2011).
Other ways to modify morphology include, changing the culture pH (Wucherpfennig et al.,
2010), customizing the initial inoculum concentration (Papagianni, 2004), altering the growth

medium by adding microparticles (e.g.; talc, aluminium and titanate) (Driouch et al., 2010,
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2012), and regulation of genes associated with pellet and filamentous morphology (Dai et al.,

2004).

1.3.4 Designing vector systems for high level protein expression

Briefly, the central dogma of molecular biology specifies that protein production is initiated by
transcription followed by the translation of mMRNA which leads to the assembly of amino acids
into polypeptides. It is important to control the efficiency of both transcription and translation
at the DNA level in order to produce high amounts of heterologous proteins. Hence, to express
any protein of interest, it is essential to construct an expression system in which the DNA
sequence of the protein is inserted. The basic features of a filamentous fungal expression
vector system (Berka & Barnett, 1989 and Valencia & Chambergo, 2013) include:

(i) A strong promoter and upstream regulatory regions.

(i)  DNA sequences encoding a signal peptide.

(i) DNA sequences encoding the target gene.

(iv) Downstream sequences for transcription terminator and polyadenylation signals.

(v)  Atransformation selectable marker for screening positive transformants

All components are usually assembled in a vector backbone/plasmid (e.g.; pUCL19,
pBluescriptKS(-), etc.) which can replicate in an appropriate E. coli strain for easy preparation
of the DNA (Richey et al., 1989; Lv et al., 2012; Schoberle et al., 2013). The order in which
each sequence element is arranged on the expression vector system is shown in Figure 1.1.

DNA encoding Heterologous or.homolog'ous
sequence encoding protein of

secretion-facilitating i
interest

signal sequences

5 : ‘l’ 3’
W‘ Vector
t 1 ?

Transcription control Translation initiation signal Transcription termination and
(promoter region) polyadenylation signals

Figure 1.1. Schematic representation of a typical filamentous fungus expression cassette adapted from
Berka & Barnett (1989) and Valencia & Chambergo (2013)
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1.34.1 Promoters and the role of regulatory elements

The efficient production of a homologous or heterologous protein relies on the operation of
strong transcription control elements (e.g.; promoter and transcription factors). In many
experiments, the promoter region of a highly expressed fungal gene has been used to
transcribe and drive the expression of a gene of interest (Andrie et al., 2005; Li et al., 2012;
Madhavan & Sukumaran, 2014). Well-studied filamentous fungal promoters may either be

constitutive or inducible.

Constitutive promoters are derived from genes associated with metabolic pathways, i.e.;
glycolytic genes or housekeeping genes, which are continuously transcribed without the use
of inducers. These promoters may also be active in growth media that contains high amounts
of glucose (Li et al., 2012). The gpdA gene encodes an enzyme, glyceraldehyde-3-phosphate
dehydrogenase (GPDA) that is involved in glycolysis in A. nidulans (Punt et al., 1990). This
gene is constitutively expressed and its promoter (PgpdA) has been used to initiate the
transcription of numerous heterologous genes (e.g.; EGFP, E. coli B-galactosidase (lacZ) and
B-glucuronidase (uiaA), T. reesei B-1,4-xylanase 2 (xyn2) and B-1,4-endoglucanase | (egl))
using A. nidulans as a host (Punt et al., 1991; Rose & Van Zyl, 2002; Meyer, Wu, et al., 2011).
Alternatively, PgpdA has been successfully used to produce recombinant proteins in other
hosts, e.g.; human interleukin-6, hen egg-white lysozyme (HEWL) or Trametes versicolor

laccase in A. niger (Archer et al., 1990; Bohlin et al., 2006; Flei3ner & Dersch, 2010).

Currently, the commonly used promoters are inducible. They allow the control and
manipulation of protein expression in the presence of inducers. These promoters are preferred
over constitutive promoters for the production of toxic or unstable proteins (Radzio et al.,
1997). Inducible promoters include the A. niger a-glucoamylase encoding gene (PglaA) (Brunt,
1986), A. nidulans alcohol dehydrogenase encoding gene (PalcA/PalcR) (Gwynne et al.,
1989), M. thermophila cellobiohydrolase | encoding gene (Pchbl) (Visser et al., 2011) and the

popular T. reesei cellobiohydrolase | encoding gene (Pchbl) (Harkki et al., 1991). Similar to
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PgpdA, these promoters can function in other fungal species of the same genus or different
genus. For example, Pchbl from T. reesei can be functional in T. harzianum and in the yeast
K. lactis when induced with lactose (Margolles-Clark et al., 1996; Madhavan & Sukumaran,

2014).

The expression of genes by these promoters requires the presence of particular transcription
factors (Ballance, 1986; Berka & Barnett, 1989; Sibthorp et al., 2013). For example, Pchbl is
regulated by several conserved transcription factor motifs within the DNA sequence. These
cis-acting elements are short DNA sequences that bind to consensus regions associated with
carbon source utilization, e.g.; 5-SYGGRG-3' (Cre1 binding site for carbon catabolite
repression; Strauss et al., 1995) , 5-AGGCA-3’ (ACEI binding site for cellulose and xylan
utilization; Aro et al., 2003) and 5’-GGCTAATAA-3’ (ACEIIl binding site for cellulose and xylan
utilization, Aro et al., 2001), among others, are involved in the regulation of Pchbl (Su et al.,

2011).

The identification and isolation of promoters involves the use of different molecular techniques.
The 5 untranslated region of a highly-expressed gene may be isolated by screening
DNA/cDNA libraries using oligonucleotide probes (Vanhanen et al., 1989; Chen et al., 2010),
chromosome walking (Tonooka & Fujishima, 2009; Leoni et al., 2011), or transcriptional
profiling of genes induced during different growth conditions using quantitative real-time
reverse-transcription polymerase chain reaction (RT-qPCR) (Li et al., 2012) or sequencing of
the whole transcriptome (Sibthorp et al., 2013). Reverse genetics of strongly expressed
protein(s) using proteomic and PCR-based techniques (Lim et al., 2001; Nevalainen &
Peterson, 2014) have also been successful. This method is often preferred because it is
understood that the presence of a highly expressed protein in culture supernatants could be

produced from a gene possessing a strong promoter.

Once isolated, the nucleotide sequence data could then be analysed in silico based on a Basic

Local Alignment Search tool (BLAST) search (Altschul et al., 1990; Johnson et al., 2008) for
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promoters with shared homology. Similarly, putative transcription factor binding sites can be
predicted by using different web-based bioinformatics tools based on statistical algorithms
(Sinha & Tompa, 2003; Bodén & Bailey, 2008; Buske et al., 2010; Coradetti et al., 2012).
Thereafter, the isolated putative regulatory elements could be characterised by using various

experimental techniques which can analyse and measure their functional activity.

Two strategies that are well-published include, northern blot analysis of mMRNA levels of the
putative regulatory sequences using oligonucleotide probes and the use of reporter gene
assays (Visser et al.,, 2011). Briefly, these assays can measure the regulatory activity of
numerous lengths of the putative promoter region fused to a reporter gene of interest (e.g.; B-
galactosidase (GUS), B-glucuronidase, GFP and luciferase) in a plasmid followed by detection
tests (i.e.; fluorescence absorbance and/or luminescence) to measure the expression of the
reporter gene used (Wood, 1995; Zorzano et al., 2012). Therefore, the identification and use
of strong promoters and their associated regulatory motifs could contribute towards the
development of a new expression system, understanding gene regulation and improving

fungal genome annotation (Coradetti et al., 2012; Nevalainen & Peterson, 2014).

1.3.4.2 Signal peptides

Proteins produced extracellularly are trafficked and facilitated through the secretory pathway
and out of the cell by a secretion signal peptide (also referred to as signal sequence, leader
sequence or targeting signal) (von Heijne, 1990; Kapp et al., 2009). Most eukaryotic signal
peptides are located at the N-terminus of the preprotein and are usually cleaved off by a signal
peptidase. They vary in length from 15 to 50 amino acid residues. Signal peptides are made
up of a positively charged N-terminal (n-region), a hydrophobic core (h-region) consisting of 7
to 16 amino acid residues and a C-terminal (c-region) which consists of 4-6 relatively neutral
and polar residues (Kapp et al., 2009). Signal peptide sequences are not the same for all
organisms, however the order of the n-, h- and c- regions and function is often conserved

(Hegde & Bernstein, 2006; Zorzano et al., 2012).
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The N-terminal signal sequence amino acid residues are identified from an open reading frame
(ORF) encoding an extracellular protein using web-based bioinformatics programmes, e.g.;
SignallP (http://www.cbs.dtu.dk/services/signalP) which predicts amino acid residues based
on a statistical model that identifies a signal peptidase sequence within the ORF which can

differentiate a putative signal peptide from the rest of the protein (Petersen et al., 2011).

Majority of experiments have used N-terminal signal sequences of extracellular hydrolases to
facilitate the secretion of homologous and/or heterologous genes in filamentous fungi. For
example, the signal sequence of the cellobiohydrolase | (chbl) protein from T. reesei is often
incorporated in expression vectors to facilitate the secretion of the gene product into the culture

medium (Schuster & Schmoll, 2010).

1.3.4.3 Target gene sequence

The heterologous DNA sequence due to be cloned and expressed into a filamentous fungal
host or vector may be a complete gene, i.e.; containing the gene regulatory, exonic and/or
intronic sequences originating from the organism from which it was isolated. Alternatively, it
can be in the form of cDNA sequence derived by reverse transcription of mRNA. This form of
the heterologous gene will be devoid of regulatory sequences and introns (Curran & Begeja,

2011).

Although filamentous fungi and several yeasts are able to recognize foreign transcriptional
elements and effectively remove exons from heterologous genes, many commercial proteins
are produced from the insertion of a cDNA sequence into an appropriate expression system
(Curran & Begeja, 2011; Finkelstein, 2013). Table 1.2 shows some of the different genes that

have been expressed in filamentous fungi.
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Table 1.2: Examples of heterologous genes expressed in T. reesei (Valencia & Chambergo, 2013b)

Host Vector Promoter Heterologous gene Product Reference
used yield
T.reesei pGFP Pchbl GFP (green fluorescent 52.2 mgl/l Mustalahti et al.
pGFP-HFBI protein) from Aequorea (2011)
victoria
T.reesei pWEF31 Pchbl DsRed? (red fluorescent  active Lv et al. (2012)
pPWEF32 protein) from
Discosoma sp.
T.reesei pXBthg- Pchbl bgll (B-glucosidase I) 101 IU/mg Maetal. (2011)
pbgll from Penicillium
decumbens
T.reesei pSK-Lip Pchbl Lip (lipase) from A. niger 310 mg/I Qin et al. (2012)
T.reesei PTrCHB- Pchbl HUEPO (erythropoietin) 46-97 mg/l  Zhong et al.
EPO from Homo sapiens (2011)

1.3.4.4 Terminators and polyadenylation signals

Whereas strong promoter elements aim to mediate and increase the rate of gene transcription;
the terminator region (located at the 3’ untranslated region of a gene) is capable of facilitating
the end of transcription during which the cleavage of 3'-mRNA and poly(A) addition occurs. In
addition, transcription terminators can affect the stability, localization, translational efficiency
and half-life of the heterologous mMRNA, which may altogether increase or decrease protein
productivity (Berka & Barnett, 1989; Radzio et al., 1997; Su et al., 2011; Ito et al., 2013). Similar
to promoters, the terminators used in expression vectors are often derived from overexpressed
native fungal genes, including chbl from T. reesei and trpC (encodes a tryptophan
biosynthesis gene) from A. nidulans. As a result, the terminators Tchb1l (from chbl) and TtrpC
(from trpC) from T. reesei and A. nidulans respectively, are often placed downstream of the
gene of interest in an expression cassette (Berka & Barnett, 1989; Saunders et al., 1989;

FleilBner & Dersch, 2010).

While most published work is focused on the isolation, characterisation and engineering of
filamentous fungal promoters, less work has been carried out to understand the effect of fungal
terminators, mMRNA processing elements, and polyadenylation sites on heterologous protein
production (Su et al., 2011). However, studies on yeast terminators have been increasing over
the years. Most of these studies involve the identification of conserved sequence motifs which

are related to yeast mRNA processing sites using bioinformatics tools (Graber et al., 1999,
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2002; Curran et al., 2015) and characterisation of ‘strong’ native terminators using reporter
gene fusions in order to engineer synthetic terminators (Curran et al., 2013, 2015; Ito et al.,
2013; Yamanishi et al., 2013). Therefore, it is often understood that similar observations and

conclusions may be relevant for filamentous fungi.

1.4  Strategies for strain improvement

The production level of proteins in naturally occurring strains is usually too low for commercial
use. High-yielding industrial strains can be produced by modifying culture conditions or
introducing changes in their DNA sequence by mutation, genetic recombination or genetic
engineering strategies (Punt et al., 2002; Nguyen et al., 2015). Classical mutagenesis and
subsequent strain selection programs have successfully produced mutants with increased
protein production (Rowlands, 1984; Saunders et al., 1989). These strategies involve the
application of random mutagenesis, during which a microorganism is exposed to one or a
combination of physical mutagens (UV irradiation) and/or chemical mutagens (ethyl
methanesulphonate (EMS), ethidium bromide (EtBr), and N-methyl- N'-nitro-N-
nitrosoguanidine (NTG)), followed by a selection of surviving strain variants according to a
specific phenotypic characteristic, i.e.; a hyper-producing strain with improved growth

morphology (Parekh et al., 2000; Peterson & Nevalainen, 2012; Ramzan et al., 2013).

UV-irradiation is frequently used as it is efficient and it is easy to take effective safety
precautions against it compared to gamma rays and nitrosoguanidine (Rani & Prasad, 2012).
Many hyper-producing industrial strains currently in use have undergone several rounds of
mutagenesis. The classical example is the significant 500-fold increase of penicillin production
by Penicillium chrysogenum since its original isolation (Rowlands, 1984; Pefialva et al., 1998).
Mutagenesis has also been used along with knock-out or knock-in technology to produces
strains with low protease activity in order to reduce the proteolytic degradation of recombinant

proteins (Nevalainen et al., 2003; Visser et al., 2011; Nevalainen & Peterson, 2014). These
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efforts have played a role in increasing protein yields and subsequently reducing the cost of

production.

1.5 Transformation of filamentous fungi

Transformation strategies are important to perform genetic manipulation of different
organisms, including filamentous fungi. This method involves the introduction of heterologous
DNA into host cells. The DNA may either be integrated into the host genome or maintained as
an autonomously-replicating plasmid (Tilburn et al., 1983; Fincham, 1989; Ruiz-Diez, 2002).
Filamentous fungi usually integrate incoming heterologous DNA in an ectopic manner, rather
than homologous recombination. The site of integration may occur randomly or at a region that
is homologous to the expression vector (Berka & Barnett, 1989; Ruiz-Diez, 2002). Current
methods used for transforming filamentous fungi include, biological methods (protoplast-
mediated transformation using various cell wall degrading enzymes and Agrobacterium
tumefaciens-mediated transformation) and physical methods (electroporation, shock waves,
biolistic, vacuum infiltration and agitation with glass beads) (Olmedo-Monfil et al., 2004; Jiang
et al., 2013; Rivera et al., 2014). Every method has its advantages and limitations, however,

the classical protoplast-mediated transformation is the most preferred method.

Expression vectors often contain a transformation selection marker sequence which enables
the screening and visualization of positive transformants and to control plasmid stability in the
host (Rai & Padh, 2001; Meyer, Wanka, et al., 2011; Anyaogu & Mortensen, 2015). Selection
markers may either confer resistance to a particular antibiotic (e.g.; hygromycin B and
phleomycin) (referred to as a dominant marker) or complement a nutritional deficiency
(auxotrophy) in a host strain (referred to as an auxotrophic marker) (Moore, 2007; Visser et

al., 2011; Schoberle et al., 2013; Rivera et al., 2014).
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1.6

Research aims and objectives

The major goal of this study is to identify an indigenous wild-type fungal isolate from the CMW

culture collection with the natural ability to produce high levels of extracellular protein(s).

The objectives of the study are listed below:-

1.

Screen the existing CMW culture collection for an isolate that produces high levels of an
extracellular protein

Identify the highly expressed protein

Optimize growth conditions for high level protein production

Isolate and amplify the gene encoding the identified protein

In silico identification of regulatory gene elements associated with the gene
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2.1 Materials

2.1.1 Chemical reagents

All chemical reagents used were of analytical or molecular biology grade and obtained from a

range of suppliers.

Table 2.1. List of chemicals used in the study

Chemicals Supplier
10000x GelRed™ Biotium, USA
Acetone Merck-Saarchem, South Africa
Acrylamide/bis-acrylamide, 30% solution Sigma-Aldrich, USA
| Agar Difco, USA

Ammonium nitrate (NHs;NO;)

Sigma-Aldrich, USA

Ammonium persulphate (APS)

Sigma-Aldrich, USA

Bacto-peptone

Merck, Germany

Beta-mercaptoethanol (BME)

Sigma-Aldrich, USA

Big Dye® Terminator v3.1

Applied Biosystems, USA

Bromophenol blue

Sigma-Aldrich, USA

Calcium chloride (CaCl,)

Merck-Saarchem, South Africa

Coomassie brilliant blue R250

Sigma-Aldrich, USA

Dextrose

Sigma-Aldrich, USA

D-glucose

Merck, Germany

Diaminoethane tetraacetic acid (EDTA)

Merck-Saarchem, South Africa

Dimethyl sulfoxide (DMSO)

Sigma-Aldrich, USA

Dithiothreitol (DTT)

Sigma-Aldrich, USA

Ethanol

lllovo Sugar, South Africa

Ferrous sulphate heptahydrate (FeSO47H.0)

Merck-Saarchem, South Africa

Gelatin

Carl Roth chemicals, Germany

Glacial acetic acid

Merck-Saarchem, South Africa

Glycerol Merck-Saarchem, South Africa
Glycine Merck-Saarchem, South Africa
Hydrochloric acid (HCI) Merck-Saarchem, South Africa
Isopropyl -D-1-thiogalactopyranoside (IPTG) Sigma-Aldrich, USA

LB agar Lab M Limited, UK

LB broth Biolab Merck, South Africa

Magnesium chloride hexahydrate (MgCl-6H20)

Merck, Germany

Magnesium sulphate heptahydrate (MgS0O47H:0)

Merck, Germany

Magnesium sulphate, anhydrous (MgSQ.)

Sigma-Aldrich, USA

Malt extract

Biolab Merck, South Africa

Manganese chloride (MnCly)

Merck-Saarchem, South Africa

Methanol

Merck-Saarchem, South Africa

3-(N-morpholino) propanesulphonic acid (MOPS)

Merck-Saarchem, South Africa

Potassium acetate

Merck-Saarchem, South Africa

Potassium chloride (KCI)

Sigma-Aldrich, USA

Potassium hydrogen phosphate, anhydrous (K:PO4)

Sigma-Aldrich, USA

Potassium hydroxide (KOH)

Merck, Germany

Potassium nitrate (KNO:) Merck, Germany

Potato dextrose broth Difco, USA

Rubidium chloride (RbCl) Merck-Saarchem, South Africa
Saccharose Merck-Saarchem, South Africa
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Chemicals Supplier
SeaKem LE Agarose Lonza, USA
Sodium chloride (NaCl) Sigma-Aldrich, USA
Sodium hydroxide (NaOH) Sigma-Aldrich, USA

Sodium lauryl sulphate (SDS)

Sigma-Aldrich, USA

Sodium nitrate (NaNO;) Sigma-Aldrich, USA

Sucrose Merck-Saarchem, South Africa
SYBR® Safe Life Technologies, USA
Trichloroacetic acid (TCA) Merck, Germany

Tris (hydromethyl) aminomethane (Tris base)

Merck, Germany

Tryptone powder

Merck, Germany

5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside (X-Gal)

Sigma-Aldrich, USA

Yeast extract

Difco, USA

2.1.2 Buffers and solutions

Table 2.2. Buffers and solutions used in this study

Buffers and solutions Content/Manufacturer Purpose
0.5 M EDTA (pH 8.0) 37.22% [wiv] EDTA, adjust pH with 0.1 M NaOH DNA/RNA storage
buffer
0.5 M Tris-HCI (pH 6.8) 6% [w/v] Tris base, adjust pH with 0.1 M HCI SDS-PAGE
1 x Sample buffer 25% [viv] 0.5 M Tris-HCI (pH 6.8), 20% [v/v] glycerol,| SDS-PAGE
4% [wiv] SDS, 0.012% [w/v] Bromophenol blue,
3.1% [wiv] DTT or 4% [v/v] BME, store aliquots at
-80°C
1 M Tris (pH 8.0) 12.14% [w/v] Tris base, adjust pH with 0.1 M HCI DNA storage Buffer
1.5 M Tris-HCI (pH 8.8) 18.15% [w/v] Tris base, adjust pH with 0.1 M HCI SDS- PAGE
1x TAE (pH 8) 0.2% [w/V] Tris base, 0.5% [v/v] glacial acetic acid, | Agarose gel
1% [v/v] 5 M EDTA electrophoresis
10 mM Tris-EDTA (TE) buffer | 1% [v/v] 1M Tris-HCI (pH 8.0), 0.2% [v/v] 0.5 M EDTA | DNA/RNA storage
(pH 8), 99.2% [v/v] distilled water (dH20), adjust pH | buffer
to 8.0 for DNA. Autoclave to sterilize, aliquot and
store at - 20°C
10% APS 10% [w/v] APS SDS-PAGE
20% TCA solution 20% [wiv] TCA Protein precipitation
6 x Sample buffer 70% [v/v] 0.5 M Tris-HCI (pH 6.8), 30% [v/v] glycerol,| SDS-PAGE

10% [wiv] SDS, 0.012% [w/v] Bromophenol blue,
9.3% [wiv] DTT or 6% [viv] BME, store aliquots at -
80°C

6x GelRed™-loading buffer

30x GelRed™ added into 5 ml of 6x Loading buffer

Co-loading for band

solution visualization
6x Loading buffer 0.25% [w/v] Bromophenol blue, 40% [v/v] glycerol | Agarose Gel
electrophoresis

Coomassie stain

0.125% [w/v] Coomassie brilliant blue R250, 50%
[v/v] methanol, 10% [v/v] Glacial acetic acid

SDS-PAGE staining

Destaining solution 10% [v/V] Methanol, 10% [v/v] Glacial acetic acid SDS-PAGE
destaining

IPTG 0.1 M, filter-sterilized. Stored at - 20°C Blue-white screening

SDS solution 10% [w/v] SDS SDS-PAGE

SYBR®Safe Life Technologies (USA) DNA Gel Stain
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Buffers and solutions Content/Manufacturer Purpose

X-Gal 2% [wiv] dissolved in DMSO, covered in foil. Store at| Blue-white screening
-20°C

1x Running buffer 0.25 mM Tris-HCI, 2 M glycine, 1% [w/v] SDS SDS-PAGE

2.1.3 Mediaused in this study

A. Cultivation media for E. coli

i. Luria broth (LB) (per litre)

Tryptone powder 1049
Yeast extract 5¢
NaCl 109

ii. SOB broth (per litre)

Tryptone powder 20¢
Yeast extract 5¢
NaCl 0.58¢
KCl 0.19¢g
After autoclaving add
1M MgCl,-6H.0 10 ml
1 M MgSO047H0 10 ml

iii. SOC (per litre)

Add 3.60 g of D-glucose in SOB

The components listed were dissolved in dH,O and portioned into flasks. The flasks were
closed by cotton plugs, covered with foil and autoclaved at 121°C for 20 min. The sterile media
was stored at room temperature or 4°C. Required antibiotics were added before usage.

B. Cultivation media for fungal isolates

The different growth media used for protein production are listed in Table 2.3.

Table 2.3. List of liquid media used for protein production

Media Composition
Carboxymethyl cellulose (CMC) 1.5 (w/v) carboxymethyl cellulose sodium salt; 0.1% (w/v) NH4sNOs; 0.1%
(W/v) KoHPO4; 0.05% (w/v) MgSO4:7H,0; and 0.1% (w/v) yeast extract

Casein-rich (CR) 0.5% (w/v) Casein; 0.1% (w/v) D-glucose; 0.01% (w/v) (NH4)2SO4; 0.05%
(w/v) MgS047H20; 0.02% (w/v) KH2POs; and 0.0001% (w/v) FeSO47H,0

Czapek-Dox (CZK) 0.3% (w/v) NaNOs; 1.0% (w/v) KoHPO4; 0.05% (wiv) KCI; 0.05% (wiv)
MgS04-7H;0; 0.001% (w/v) FeSO4-7H20; and 3% (w/v) sucrose

Gelatin-rich (GR) 0.5% Gelatin; 0.1% (w/v) D-glucose; 0.01% (w/v) (NH4)2SOs; 0.05% (w/v)

MgS04-7H0; 0.02% (w/v) KH2PO4; and 0.0001% (wiv) FeSO47H20
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Media Composition

Malt extract (ME) 2% (w/v) malt extract (from malted barley containing carbohydrates,
vitamins, and peptides)

Malt-yeast extract (MYE) 0.3% (w/v) yeast extract; 1% (w/v) D-glucose; 0.3% (w/v) malt extract; and

0.5% (w/v) bactopeptone

Potato D-glucose (PD)

0.4% (w/v) potato starch (from infusion) and 2% (w/v) D-glucose

Synthetic nutrient-poor (SNA)

0.1% (W/v) KHaPOg; 0.1% (wiv) KNO3; 0.05% (w/v) MgSO4-7H:0; 0.05%
(w/v) KCI; 0.02% (w/v) D-glucose; and 0.02% (w/v) sucrose

All agar versions of the liquid media were prepared with the addition of 1.5% (w/v) agar. All

components of the media were dissolved by heating with frequent agitation in dH>O. All media

was sterilized by autoclaving at 121°C for 20 min. Manufacturers/suppliers of the media

components are listed in Table 2.1.

2.1.4 Kits

Table 2.4. Kits used in this study

Kit

Manufacturer Purpose

Big Dye® Terminator v3.1 sequencing

Applied Biosystems, USA | Sanger Sequencing

Direct-Zol™ RNA Miniprep

Zymo Research, USA

Total RNA extraction

GeneJET Gel Extraction and DNA
CleanUp Micro

Thermo Scientific, USA

DNA purification from PCR or DNA
extraction from agarose gel

GeneJET PCR Purification Kit

Thermo Scientific, USA
reactions

DNA  purification

from  ligation

NucleoSpin® Gel and PCR Clean-up

Macherey-Nagel,
Germany

Purification of restriction digest

RNA Clean & Concentrator™-5

Zymo Research, USA

Total RNA purification

Verso™ 1-Step RT-PCR ReddyMix™

Thermo Scientific, USA

RT-PCR amplification of RNA

ZR Fungal/Bacterial DNA Miniprep™

Zymo Research, USA

Chromosomal DNA isolation

Zyppy™ Plasmid Miniprep

Zymo Research, USA

Plasmid isolation

2.1.5 Standards

Table 2.5. Standards used in this study

1kb GeneRuler™

Fermentas (Lithuania)

PageRuler™ Prestained Protein Ladder

Thermo Scientific — Fermentas (USA)

2.1.6 Antibiotics

Liguid media (at room temperature) or solid media (at ~55°C) were supplemented aseptically

with the appropriate antibiotics shown in Table 2.5. Antibiotic stock solutions were prepared

by dissolving the antibiotics in the appropriate solvent followed by filter sterilization using 0.22
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Mm filters and stored as 500 pl aliquots at - 20°C. All antibiotics (Table 2.5) were obtained from Sigma-

Aldrich, USA.

Table 2.6. Antibiotics used in this study

Antibiotic Stock solution Solvent Final concentration
(mg/ml) (Hg/ml)

Ampicillin (Amp) 100 ddH20 100

Chloramphenicol (Chl) 10 Ethanol 10

Streptomycin sulphate (Strep) | 50 ddH.0 50

2.1.7 Enzymes

The various enzymes used in this study for DNA manipulations along with the suppliers are

shown in Table 2.7.

Table 2.7. Enzymes used in this study

Enzymes Function Supplier
Big Dye® Terminator v3.1 Sequencing PCR Applied Biosystems, United
Kingdom

DreamTaq™ DNA polymerase

Standard and inverse PCR

Fermentas Life Sciences, Lithuania

Q5™ High-fidelity DNA
polymerase

Site-Finding PCR

New England BioLabs, United
Kingdom

Restriction endonucleases

Restriction enzyme digestion

Fermentas Life Sciences, Lithuania

T4 DNA Ligase

DNA ligation

Fermentas Life Sciences, Lithuania

2.1.8 Primers

Table 2.8. Primers used in this study

Purpose and name
of primer

ITS region primers Sequence (5—3) Reference

ITS1-F GTCGTAACAAGGTTAACCTGCGG Gardes & Bruns (1993)
ITS4 TCCTCCGCTTATTGATATGC White et al. (1990)
Cdsp amplification Sequence (5—3) Source

CPR-For GGTCGAGTACGTCGAGCAGGATGC This study
CPR-Rev GGGGAGGCCATGGAGGTACCAGAG This study

CPRF ATGCGCGTTTCTGCTCTCCTCTCC This study

CPRR TTACACAAGGTGGGCGAGGACGTT This study
PGEM®-T vector Sequence (5—3’) Source
sequencing primers

M13 forward GTTTTCCCAGTCACGAC Promega (USA)
M13 reverse CAGGAAACAGCTATGAC Promega (USA)
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Inverse PCR Sequence (5—3) Source
5'-facing primers
ICPR3 (5’-oriented) GACACCGGCGTTGACGATCTCGTC This study
INEST-1 (5"-oriented) GCGTTGGACTGAGTGGCCGAGATG This study
ICPR1 (5’-oriented) GCATCCTGCTCGACGTACTCGACC This study
3’-facing primers
ICPR2 (3’-facing) GAGCCTCTTGGGGAGCCAACTTTG This study
INEST-2 (3’-facing) GTTGGTGCTACGGGATCGGATGAC This study
ICPR4 (3'-facing) CTCCACCACCATGTCTGGTACCTC This study
SiteFinding-PCR Sequence (5—3) Source
SiteFinder CACGACACGCTAAACACACCACCTCGCACAGCGT | This study
CCTCAAGCGGCCGCNNNNNNGCTC
SFP1 CACGACACGCTAAACAC Tan et al., 2005
SFP2 ACTCAACACACCACCTCGCACAGC Tan et al., 2005
Complete cdsp gene Sequence (5—3’) Source
PCR
CdspF ACCTCCCACGGCGTATAACCACCC This study
CdspR GTAGTGAACCCGAGAACAAGGTCA This study
2.1.9 E. coli strain used in the study
Table 2.9. The strain of E. coli used in this study
Bacterial strain Relevant genotype Source
GeneHogs® F- mcrA A(mrr-hsdRMS-mcerBC) @80lacZ M15 Alac | Invitrogen, USA

74 recA1 araD139 A(ara-leu)7697 galU galK rpsL
(StrR) endA1 nupG fhuA::IS2 (confers phage T1
resistance)

2.1.10 Cloning vector

Table 2.10. Vector used in this study

(Appendix A) Polymerase promoter, (iv) SP6 RNA Polymerase
promoter, (v) multiple cloning site, (vi) Lac Z start codon,
operon sequence and operator, (vii) B-lactamase coding
region, and (viii) phage f1 region

Vector system | Relevant characteristics Antibiotic | Source
resistance

pGEM®-T Easy Contains the following sequence reference points: (i) T7 | Ampicillin (100| Promega,

vector system RNA Polymerase transcription initiation site, (i) SP6 RNA| pg/ml) USA

(3015 bp) Polymerase transcription initiation site, (i) T7 RNA
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2.2 Methods

2.2.1 Growth and maintenance of fungal isolates

Indigenous fungal isolates obtained from the CMW culture collection (Forestry and Agricultural
Biotechnology Institute (FABI)), University of Pretoria, South Africa, were grown on malt extract
agar (MEA; Section 2.1.3) plates by FABI culture collection staff. A mycelial plug (less than 5
x 5 mm?) of fresh-growing hyphae (from edge of fungal culture) was aseptically transferred to
the centre of a fresh MEA plate and incubated at 28°C for 7 days and stored at room
temperature. Agar plugs containing mycelia from pure cultures were stored short-term in 1 ml

of dH20 at 4°C or long-term in 500 pl of 50% glycerol at - 80°C.

2.2.2 Screening of fungal isolates for protein production

Experiments were carried out to identify a fungal isolate capable of producing extracellular
protein(s) into liquid growth medium (ME). Mycelial plugs from 7-day-old fungal plates (Section
2.2.1) were aseptically inoculated into 50 ml ME liquid medium in 250 ml Erlenmeyer flasks.
The cultures were maintained in a 28°C orbital shaker incubator (180 rpm) for up to 10 days.
Cultures showing any signs of bacterial contamination (cloudy appearance) were re-inoculated
onto MEA plates containing relevant antibiotics (Section 2.1.6). Once purified, those cultures
were re-screened again in ME. Culture supernatants (2 ml) were harvested after 3, 5, 7 and
10 dpi, and mycelia were precipitated by centrifugation at 9,400 x g for 5 min. Screened

isolates are listed in Appendix B.

2.2.3 TCA precipitation of extracellular proteins

Extracellular proteins were precipitated from culture supernatants with trichloroacetic acid
(TCA). An aliquot of the culture supernatant (1 ml) was mixed with 333 pl of TCA (20% w/v)
and incubated on ice for 1 hr to precipitate the proteins. Extracellular proteins were collected
by centrifugation at 16,000 x g for 10 min at 4°C in 1.5 ml Eppendorf tubes. The pellet was
washed twice with ice-cold acetone (500 ul) and centrifuged after each wash. The protein
containing pellet was thereafter air-dried at room temperature for 30 min to remove any
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remaining acetone. The pellet was thereafter resuspended in 25 ul of 1x SDS sample buffer
(Table 2.2, Section 2.1.2), and denatured by heating at 100°C for 5 min. The denatured protein

sample was centrifuged at 11,000 x g for 1 minute.

2.2.4 SDS-PAGE analysis

The extracellular protein profiles were analysed on SDS-PAGE. The identification of potential
candidates was based on the presence of dark-blue bands indicating high levels of protein
production. SDS-PAGE was used to separate the proteins based on their size against a
standard protein molecular ladder according to the method described by Laemmli (1970). In
this study, a separating gel (10% or 12%) and stacking gel (4%) were prepared with buffers
and chemicals listed in Section 2.1.1 and Section 2.1.2. SDS-PAGE was performed with the

Mini-protean®-3 system (Bio-Rad, USA). Components of the gels are shown in Table 2.11.

Table 2.11. Components of SDS-Polyacrylamide gel

Separation gel (10 ml) Stacking gel (5 ml)
Composition 10% 12% 4%
dH.0 4.10 ml 3.40 ml 3.00 ml
Resolving gel buffer (1.5 Tris-HCI; pH 8.8) 2.50 ml 2.50 ml -
Stacking gel buffer (0.5M Tris-HCI; pH 6.8) - - 1.25 ml
Acrylamide/bis-acrylamide 30% solution 3.30 ml 3.70 ml 700 pl
10% SDS 100 pl 100 pl 50 pl
10% APS 50 pl 50 pl 20 pl
TEMED 5l 5ul 5ul

* Measurements are adequate for two 0.75 mm gels (i.e.; 4.2 ml/gel)

Protein samples (20 pl) were loaded onto 12% SDS-PAGE gels and electrophoresed 200 V
for ~ 45 min in 1x running buffer (Table 2.2) until the dye front reaches the bottom of the gel.
The gel was stained with Coomassie stain (Ausubel et al., 1998) (Table 2.2) by heating, in a
microwave oven for 30 sec and cooled on a rotary shaker at 50 rpm for 1 hr at room
temperature. The gel was rinsed with dH-O and destained in destaining solution (Table 2.2)
by heating in a microwave oven for 30 sec. The sizes of the proteins were compared to that of

the protein molecular ladder (PageRuler™ Prestained Protein Ladder; Thermo Scientific
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(USA)) used. The gel was analysed using a Bio-Rad’s Gel Doc™ XR* system (Bio-Rad, USA)

with the Coomassie Fluor™ orange settings.

2.2.5 Peptide sequencing by LC-MS/MS

A Coomassie-brilliant blue stained SDS-PAGE band, indicating high protein expression was
excised from the gel and sent for LC-MS/MS (liquid chromatography-tandem mass
spectrometry) peptide sequencing at the Council for Scientific and Industrial Research (CSIR,;
Pretoria, RSA). Briefly, the peptide mixture generated from tryptic digestion was separated
using an HPLC coupled to a mass spectrometer according to manufacturer’s instructions.
Peptide sequences from the obtained MS/MS spectra dataset was identified using the
MASCOT search tool (Matrix Science Ltd., UK) against the NCBInr (National Centre for
Biotechnology Information; non-redundant) sequence database. Peptides with a high
probability (MASCOT scores exceeding threshold; p < 0.05) were denoted as “hits”. The
retrieved peptide sequences were then analysed using the Uniprot pipeline
(http://www.uniprot.org/blast/) and NCBI BLASTP (protein-protein Blast) database
(http://blast.ncbi.nim.nih.gov/Blast.cgi) (McCormack et al., 1997; Steen & Mann, 2004;

Gusakov et al., 2010).

2.2.6 Identification of potential fungal isolate

The high protein-producing fungal isolate was identified by culture, morphology and molecular
characterization. In this study, isolate CMW 17970 was identified as a potential fungal

candidate for protein production.

2.2.6.1 Morphological studies

Morphological characteristics of fungal candidate, CMW 17970 were examined on potato
dextrose agar (PDA), yeast potato dextrose agar (YEPD) and malt extract agar (MEA). Agar
plugs from the margin of developing cultures were inoculated in the centre of plates and
incubated at 25°C. The colour of the cultures were identified using a mycological colour chart

(Rayner, 1970) as a guide. Microscopic structures were observed using an UB203i digital
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microscope (UOP, China). Samples were placed in a water droplet on a glass slide, covered
with a cover slip, and observed. Light micrograms were obtained under 40x or 100x
magnifications with a Zeiss Axiovision microscope (Carl Zeiss Ltd, Germany). Cultural and
morphological characterization of the isolate on PDA and MEA was compared with previous

descriptions in published literature (Schroers et al., 1999; Schroers, 2001).

2.2.6.2 ITS amplification

Sequencing of the ITS (internal transcribed spacer) region/locus was used to confirm

identification of the isolate. Sequencing of the ITS region is a common PCR-based technique
used to perform fungal molecular systematics and identification of fungi to the species level. A
small amount (tip of sterile syringe needle) of hyphae from an actively growing 5-day old MEA
culture was aseptically obtained and resuspended in 100 pl aliquot of the PrepMan® ultra
sample preparation reagent in a 1.5 ml Eppendorf tube. The tube was vortexed for 30 sec,
followed by heating at 100°C for 10 min in a heat block. The sample was thereafter cooled for
2 min and centrifuged at 12,000 x g for 2 min. The supernatant (25 pl) was transferred into a

sterile 1.5 ml Eppendorf tube.

The ITS locus was PCR-amplified using the ITS1-F/ITS4 universal primer set (Inqaba Biotech,
RSA; Table 2.8). A PCR reaction containing the following reagents was prepared: 2 pl of
chromosomal DNA, 0.125 pl of DreamTag™ DNA polymerase (500 U) (Thermo Scientific,
USA), 2.5 pl of dNTP mix (2 mM), 5 pl of DreamTaq™ Buffer (10x), 1.25 pl of ITS1-F primer
(10 pM), 1.25 pl of ITS4 (10 pM) and 12.875 pl of sterile distilled water to obtain a final reaction
volume of 25 pl. PCR amplification was done using a T100™ Thermal cycler (Bio-Rad, USA)
and cycling conditions were: initial denaturation at 94°C for 3 min, followed by 30 cycles, each
of which consisted of: 30 s at 94°C, 30 s at 50°C and 30 s at 72°C. A final extension step was

kept at 72°C for 8 min, and stored at 4°C.
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2.2.7 Optimization of CMW 17970 (C. rosea 17970) growth conditions for optimal
protein production

2.2.7.1 Inoculum preparation

The type and concentration of inoculum are among the many factors that influence protein
production. In this study, mycelia were initially used as inoculum type during screening. The
effect of spore (conidia) inoculum and concentration were also investigated. The effect of
inoculum on extracellular protein productivity was compared by SDS-PAGE analysis. Fresh
spore (conidia) suspensions were harvested from 2-week-old cultures on MEA plates. The
plates were submerged in 10 ml of ME and dislodged by scraping with a glass spreader under
aseptic conditions. The plate was left flooded for 15 min. The suspension, containing spores
was transferred to a sterile 15 ml Falcon tube and vortexed at maximum speed for 1 min to
break up spore aggregates. Hyphae were removed by filtering the spore suspension through
sterile cheese cloth. The filtered spore suspension (100 pl) was plated aseptically onto MEA
petri dishes (145 mm x 20 mm). The plates were then incubated at 28°C for a week and spores

from those plates were obtained as described above.

The concentration of harvested spores was determined with a Neubauer-improved
hemocytometer (Marienfeld, Germany) and a digital microscope (model UB203i; UOP, China)
at 40X magnification. A stock suspension with a concentration of ~5 x 10'° conidia/ml was
obtained and inoculated into shake flasks (250 ml) containing ME (50 ml) liquid media to a
final concentration of 1 x 10* to 1 x 10° conidia/ml. Cultures were grown at 28°C for 5 days on
a rotary shaker (180 rpm). The best type and inoculum concentration were chosen for
subsequent optimization experiments. Spore suspensions were alternatively stored in 20-50%

sterile glycerol [v/v] at -80°C.

2.2.7.2 Growth media

Conidia (1 x 107 conidia/ml) were inoculated in eight different liquid media (50 ml) listed in

Table 3.2. Cultures were grown at 28°C, with shaking on a rotary shaker (180 rpm) for 5 days.
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The effect of different media (Section 2.1, Table 2.3) on protein production was compared

following SDS-PAGE analysis. The best medium was chosen for subsequent experiments.

2.2.7.3 Effect of growth conditions on protein production

a) Optimum pH studies
The pH of ME was increased from pH 4.8 (unadjusted pH) to different pH values (pH 7.0, 8.0,

8.5, 9.0 and 10.0) using 1M NaOH. The flasks (containing 50 ml of ME) were inoculated with
1 x 107 conidia/ml. The effect of pH on protein production was assessed in cultures grown at
28°C, with shaking on a rotary shaker (180 rpm) for 5 days. Extracellular proteins were
compared on SDS-PAGE gels. The pH of culture supernatants was monitored daily on pH test
strips. Two sets of universal pH indicator papers were used with pH scales of 0-14.0 (1.0 pH
interval), and 7.0-14.0 (0.5 pH interval) obtained from Sigma-Aldrich (USA).

b) Optimum temperature studies
Shake flasks containing ME (50 ml) were inoculated with 1 x 107 conidia/ml and grown for 5

days with shaking (180 rpm) and incubated at different temperatures (28°C, 29°C, 30°C, 31°C,
32°C, 33°C, and 37°C). Extracellular protein production from the cultures was compared on
SDS-PAGE gels.

c) Protein production under optimum conditions

Optimum protein production was investigated in ME under optimum conditions: inoculum level
(1 x 107 conidia/ml), pH 9 and temperature (32°C) over a number of days (3, 4, 5, 7, 10 and

12 dpi). Extracellular proteins were compared on SDS-PAGE gels

2.2.8 Chromosomal DNA isolation

An inoculum concentration of 1 x 107 conidia/ml from CMW 17970 (C. rosea 17970) (Section
2.2.7.1) was grown in ME on a rotary shaker (180 rpm) at 28°C for 6 days. A culture sample
(250 pl) was centrifuged at 9,400 x g for 5 min and chromosomal DNA was isolated from 50
mg (wet weight) of mycelia using the ZR fungal/bacterial Miniprep™ kit (Zymo Research, USA)
according to the manufacturer’s instructions for cultured fungi. Chromosomal DNA was finally
eluted in 25-30 pl of sterile Milli-Q water (Millipore) in a 1.5 ml Eppendorf tube. The
concentration and purity of extracted DNA (1 ul) was quantified using a spectrophotometer
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(Section 2.3.10) and verified by gel electrophoresis (Section 2.2.11). Chromosomal DNA was

stored at - 20°C.

2.2.9 RNAisolation and purification

Mycelia (~50 mg) from an actively growing 7-day-old MEA culture was aseptically obtained
and total RNA was extracted using the TRI Reagent® Solution (Sigma-Aldrich, USA) and the
Direct-Zol™ RNA Miniprep kit according to the manufacturer’s instructions. RNA was finally
eluted in 30 pl of RNase-free water. The RNA was further purified using the RNA Clean &
Concentrator™-5 (Zymo Research, USA) according to manufacturer’'s instructions. The
concentration and purity of the purified RNA was determined by using a spectrophotometer
(Section 2.2.10) and immediately used to perform Reverse Transcription-PCR (Section

2.2.18).

2.2.10 Spectrophotometric analysis of DNA and RNA

A volume (1 pl) of DNA and RNA was analysed with a NanoDrop® ND-1000 UV-Vis
Spectrophotometer (Thermo Scientific, USA) using the ‘Nucleic Acids’ software application
settings (NanoDrop Technologies Inc., USA). DNA or RNA concentration was determined
using the formula, OD2s0 nm x 50 ng/pl, and OD260 nm x 44 ng/ul, respectively. The nuclei
acids analysed were regarded pure when the ratio between absorbance at 260 nm and 280

nm (A2e0/280) was between 1.8 and 2.

2.2.11 Agarose gel electrophoresis

Agarose gels (0.8%-1.5% (w/v)) were prepared by dissolving agarose in 1x TAE buffer (Table
2.2) by heating in a microwave. Nucleic acid samples were visualized by mixing with 6x
GelRed™-loading buffer solution (Table 2.2) using a 5:2 ratio of sample to 6x GelRed ™-buffer
solution. Samples were thereafter loaded into the wells of the cast gels and separated together
with a 1 kb GeneRuler™ (Fermentas, Lithuania) molecular weight marker by electrophoresis

at 90-100 V in 1x TAE buffer. Bands were visualized on a UV transilluminator or viewed and
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photographed using the Molecular Imager® Gel Doc™ XR* system (Bio-Rad, South Africa)

with settings for the visualization agent used.

2.2.12 PCR amplification of the partial gene fragment

Following the identification of the overproduced protein by LC-MS/MS, the peptide sequences
identified were aligned against published protein sequences that are highly homologous using
the BLASTP program (NCBI website; http://www.blast.nchi.nlm.nih.gov/Blast.cgi) (Section
2.2.5). The nucleotide sequences encoding those proteins were downloaded from GenBank
and aligned with our in silico reverse translated peptide sequences with MAFFT version 7
(Katoh, 2013). A forward and reverse primer pair (CPR-For/CPR-Rev; Section 2.1.8, Table

2.8) was then designed from the conserved (consensus) nucleotide sequences.

A standard 50 pl PCR reaction containing the following reagents was prepared: 25 ng of
chromosomal DNA, 1.25 U/ul DreamTag™ DNA polymerase (500 U; Thermo Scientific, USA),
0.2 puM of dNTP mix, 1x of DreamTag™ Buffer and 0.5 uM of each primer. The PCR
amplification was performed using a T100™ Thermal cycler (Bio-Rad, USA) and cycling
conditions were: initial denaturation at 95°C for 3 min, followed by 28 cycles, each of which
consisted of: 30 s at 95°C, 30 s at 58°C and 50 s at 72°C. A final extension step was set at

72°C for 10 min, and thereafter cooled to 4°C.

2.2.13 Purification of PCR products

PCR products were purified from solution or agarose gels using the GeneJET Gel Extraction
and DNA CleanUp Micro kit (Thermo Scientific, USA) according to manufacturer’s instructions.
Pure DNA fragments were eluted in 10 pl of sterile Milli-Q water (Millipore). The purity and
concentration of the purified DNA fragments were determined spectrophotometrically (Section
2.2.10) and by gel electrophoresis (Section 2.2.11), respectively. Samples were thereafter

stored in 600 ul tubes at - 20°C.
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2.2.14 Cloning of PCR products

PCR amplicons contained 3’ A-overhangs generated by the DreamTaq™ DNA polymerase
(Thermo scientific, USA) that enabled A/T cloning into the pGEM®-T easy vector system
(Promega, USA; Section 2.1.10; Appendix A) according to the manufacturer’s instructions.
Purified PCR products (Section 2.2.13) were ligated with the pGEM®-T easy to a molar ratio
of 3:1 (Sambrook et al., 1989). The amount of PCR product (insert) required for the ligation

reaction was calculated using the formula below:

vector[ng] X insert[bp] 3

. . _ y
insert required [ x ng| vector [bp] T

In a final volume of 10 pl, 0.3 Weiss/ul of T4 DNA ligase (Promega, USA), 1X Rapid Ligation
buffer (Promega, USA), vector (50 ng), insert (x ng) and the required volume of ddH,0, were
mixed in a sterile 600 ul tube. The reaction was incubated overnight (16 hrs) at 16°C. The T4
DNA ligase in the reaction was thereafter deactivated by incubation at 65°C for 10 min. The

ligation reaction was evaluated on a 1% (w/v) TAE agarose gel (Section 2.2.11).

2.2.15 E. coli transformation

2.2.141 Preparation of electrocompetent E. coli GeneHogs® cells

The frozen surface of the native E. coli GeneHogs® cells’ glycerol stock was gently scraped
with a sterile inoculation loop, aseptically streaked onto a fresh LB agar (Section 2.1.3) plate
and incubated at 37°C overnight. A single colony was inoculated into 15 ml LB liquid media
(Section 2.1.3) and the culture was maintained in a 37°C orbital shaker incubator (250 rpm)
for 16 hrs (overnight). Fresh LB broth (200 ml) was inoculated with the overnight culture (10
ml) at a starting ODsoo Of 0.05. The culture was thereafter incubated at 37°C with agitation at
250 rpm until the ODego Of 0.5-0.7 was reached. The cells were equally portioned into eight
pre-chilled 250 ml Falcon tubes (each containing ~25 ml of culture) and kept on ice for 30 min
prior to being harvested by centrifugation at 10,000 x g for 15 min at 4°C. The supernatant

was poured off and the cell pellets were resuspended and washed twice with 12.5 ml of 10%
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(v/v) ice-cold glycerol and centrifuged after each wash. The cells were gently resuspended in
150 pl ice-cold GYT medium (10% (v/v) glycerol, 0.125% (w/v) yeast extract and 0.25% (w/v)
tryptone). Aliquots (50 pl) of the competent cells were stored in 1.5 ml Eppendorf tubes at -

80°C.

2.2.14.2 Transformation of E. coli GeneHogs® cells

Electrocompetent cells (50 pl) were thawed on ice for 2 min and the ligation reaction containing
the insert-pGEM®-T easy plasmid construct (1 pl; Section 2.2.14) was added directly to the
cells followed by incubation on ice for ~1 minute. The mixture (51 pl) was thereafter pipetted
into a pre-chilled 0.1 cm gap MicroPulser® electroporation cuvette (Bio-Rad Laboratories,
USA). The electric pulse was supplied by a Gene Pulser (Bio-Rad, USA) with parameters set
at 1.8 kV, 25 yF and 200 Q. The electroporated cells were pipetted into 1 ml of pre-warmed
(37°C) SOC media (Section 2.1.3) and incubated at 37°C with shaking (175 rpm) for 1 hr.
Aliquots of the transformed culture (50, 100 and 150 pl) were then plated onto three separate
LB agar plates supplemented with Ampicillin (100 pg/ml) as well as IPTG (0.2 mM) and X-Gal
(40 pg/ml) to facilitate blue-white screening to identify recombinant clones when using the

pPGEM®-T easy vector system. The plates were incubated overnight (16 hrs) at 37°C.

2.2.16 ldentification of recombinant clones

Positive colonies (white) and a few blue colonies (Section 2.2.14.2) were sub-cultured onto
fresh LB plates containing Ampicillin (100 pg/ml), IPTG (0.2 mM) and X-Gal (40 pg/ml) and
incubated overnight (16 hrs) at 37°C. The colonies were analysed for the presence of the DNA

insert using a combination of methods:

2.2.15.1 Colony screening PCR

White E. coli colonies (positive transformants) were randomly picked and resuspended in 50
pl of sterile Milli-Q water (Millipore) in 1.5 ml Eppendorf tubes. Samples were boiled at 100°C

for 5 min, followed by centrifugation at 11,000 x g for 2 min. PCR was performed contained
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the following reagents: 1x of DreamTaq™ Buffer, 0.2 uM of dNTP mix, 0.5 uM of each
sequence specific primer, 1.25 U/ul DreamTag™ DNA polymerase (500 U) (Thermo Scientific,
USA), 4 pl of DNA template and sterile Milli-Q water (Millipore) up to 25 ul. The PCR
amplification was performed using a T100™ Thermal cycler (Bio-Rad, USA) and cycling
conditions were: initial denaturation at 95°C for 3 min, followed by 30 cycles, each of which
consisted of: 30 s at 95°C, 30 s at specific annealing temperature and 50 s at 72°C. A final
extension step was set at 72°C for 10 min, and thereafter cooled to 4°C. PCR products were
analysed on a 0.8-1% (w/v) agarose TAE gel (section 2.3.11) for the presence of the cloned

PCR product.

2.2.15.2 Screening of positive clones by restriction enzyme digestions

Positive colonies (white) were inoculated into LB liquid medium (5 ml) supplemented with 100
pg/ml of Ampicillin and grown overnight (16 hrs) with shaking (150 rpm). Plasmid DNA was
isolated from the cultures using the Zyppy™ Plasmid Miniprep kit (Zymo Research, USA)
according to the manufacturer’s instructions. The extracted plasmid construct was eluted in 30
pl of sterile Milli-Q water (Millipore). The concentration of the purified plasmid DNA was
determined spectrophotometrically (Section 2.2.10). The isolated insert-plasmid constructs
were digested in a reaction volume of 10 ul consisting of plasmid DNA, 1 U/ul Eco Rl and 1x
buffer Eco RI in sterile 600 pl Eppendorf tubes. The reaction tubes were incubated for 1 hr in
a 37°C heating block. The digested products were visualized on a 0.8% or 1% (w/v) TAE

agarose gels (Section 2.2.11). The purified plasmid DNA was stored at - 20°C.
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2.2.17 Chromosome walking to obtain the complete gene fragment

2.2.16.1 Inverse PCR
Inverse PCR (Ochman et al., 1988) was used to amplify the 5’ and 3’ flanking regions of the

partial gene fragment (Sections 2.2.12) from chromosomal DNA. A schematic representation
of the inverse PCR method is shown in Figure 2.1.
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l Self-circularize digested DNA

e —

Ligation site —\
e

n

1:

Ligation site Ligationsite
30 cycles of PCR

—— -——I»_ == === | Major PCR product

Ligation site

Figure 2.2. A schematic representation of the inverse PCR technique. The known gene region is shown as a dashed blue
line between the black and grey boxes which represent the upstream and downstream flanking regions of the gene,
respectively. Chromosomal DNA is digested with a specific restriction enzyme (restriction sites are shown as black arrows),
self-ligated under conditions which will allow the generation of single circles of the template, and amplified using PCR. Gene
specific primers, pointing in opposite directions (shown as black arrows) were designed to anneal to the known gene region.
The direction of DNA synthesis using PCR is depicted by black arrows. Image modified and adapted from Ochman et al. (1988).
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To generate templates for Inverse PCR, chromosomal DNA (~5 ug; Section 2.2.8) was
digested in a 50 pl reaction consisting of 1x restriction enzyme buffer and 1-5 U/pl of different
restriction endonucleases (Table 2.12). The reaction was incubated at 37°C for at least 16 hrs,
followed by incubation at 65°C for 20 min to inactivate the restriction enzyme. Aliquots (3 pl)

of the reaction were evaluated on a 1% (w/v) agarose gel (Section 2.2.11). The remaining
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reaction was spin-column purified using the NucleoSpin® Gel and PCR Clean-up kit, according

to manufacturer’s instructions and eluted to a final volume of 50 pl.

Table 2.12. Restriction endonucleases used to digest chromosomal DNA

Name Sequence Overhang Name Sequence Overhang
Alul AGCT 5" - AG (blunt) Nco | CCATGG 5 - CATG
BamHI GGATCC 5 - GATC Nsp | RCATGY 5 - CATG
Bgl Il AGATCT 5" - GATC Sal | GTCGAC 5 - TCGA
EcoRlI GAATTC 5 - AATT Xho | CTCGAG 5 -TCGA

The purified digested fragments (2-10 ul) were self-circularized in a 100 pl ligation reaction
containing 1x T4 DNA ligase buffer and 1 U of T4 DNA ligase. The reaction was incubated for
16 hrs at 12°C. The T4 DNA ligase in the reaction was thereafter inactivated by heating at
65°C for 10 min. DNA was purified using the GeneJET PCR Purification Kit (Thermo Scientific,
USA) according to manufacturer’s instructions. The purified circularised DNA was eluted in 10
ul of sterile Milli-Q water (Millipore) and its concentration and purity was determined using a
NanoDrop® ND-1000 UV-Vis Spectrophotometer (Thermo Scientific, USA) (Section 2.2.10).
Inverse PCR was performed in a 50 pl reaction containing 1x of DreamTaq™ Buffer, 0.2 yM
of dNTP mix, 0.5 uM of each inverse primer pair (Table 2.8), ~10 ng/ul of circularized DNA,
and 1.25 U/ul DreamTag™ DNA polymerase (500 U) (Thermo Scientific, USA). The inverse
PCR cycle consisted of an initial denaturation of 94°C for 5 min followed by 30 cycles that each
contained a denaturation step (94°C for 30 sec), an annealing step (annealing temperature of
specific primer pair for 60 sec) and an elongation step (72°C for 2.5 min) followed by an
extended final elongation step of 72°C for 10 min in a T100™ Thermal cycler (Bio-Rad, USA).
An aliquot (10 pl) of the PCR reaction was visualized on a 1% agarose gel (Section 2.2.11)
and the major band was excised from the agarose gel and gel purified using the GeneJET Gel
Extraction and DNA CleanUp Micro kit (Thermo Scientific, USA) according to manufacturer’s
instructions. The purified PCR products were ligated into the pGEM®-T easy vector (Section
2.2.14), transformed into E. coli GeneHogs® (Section 2.2.15.2), screened for positive

recombinants (Section 2.2.16) and sequenced (Section 2.2.19).
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2.2.16.1 SiteFinding-PCR

SiteFinding-PCR (Tan et al., 2005) was also used to obtain the 5’ and 3’ flanking sequences

adjacent to the partial gene fragment obtained in Section 2.2.12. The method is shown in

Figure 2.2.
Target molecule | Mon-target molecule I
Unknown sequence Known sequence
1 | SiteFinder site 1 " SiteFinder site 2 ‘
% L J
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4 ‘ Cloning fragments into PGEM®-T easy ‘

Colony PCR (M13 reverse primer + GSP3)

\ 4

5 | Sanger sequencing |

SFP2

Figure 2.3. A schematic outline of the SiteFinding-PCR method for chromosome walking. 1. Chromosomal DNA
templates, showing the flanking region of the know gene sequence and non-target sequence. 2. Site-Finder primer anneals
to chromosomal DNA with Not | anchor at a low temperature. 3. Nested PCR to amplify the targeted gene sequence with
SiteFinder primers (SFPs) and gene specific primers (GSPs). Amplification of non-target products is suppressed by the
formation of stem-loop structures. 4. Gel-purified target fragments are cloned into pGEM®-T easy vector. 5. Sequencing of
gene fragment with vector-specific primer (M13 reverse) and GSP3. Image modified and adapted from Tan et al. (2005).

The oligonucleotide 5-NNNNNNGCTC-3’ at the 3’ end of our SiteFinder (Table 2.8) was
designed to target 5’-GCTC-3’ sites to increase primer specificity and decrease miss-priming

(Tan et al., 2005). Two SiteFinding-PCR reactions were prepared, each including 1x One Taq
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standard reaction buffer, 200 uM of mixed dNTP solution, 0.5 U of One Taq DNA polymerase
(New England Biolabs, USA), 0.2 uM of SiteFinder and ~50 ng of chromosomal DNA (Section
2.2.11). The final volume was brought to 20 ul with sterile Milli-Q water (Millipore). The reaction
was subjected to a single cycle PCR cycle (Table 2.13) on a T100™ Thermal cycler (Bio-Rad,
USA).Three 5’-facing and 3’-facing gene-specific primers designed for Inverse PCR (Table
2.8) were used to amplify the 5’-flanking and 3’-flanking regions respectively. A primer mixture
(5 pl) consisting of 0.08 uM of SiteFinder primer (SFP1), 0.32 pM of ‘GSP1’ (ICPR3 for
upstream and ICPR2 for downstream gene amplification), and 1x One Taq standard reaction
buffer, was added to the SiteFinding reaction to a final volume of 25 pl. The PCR reaction
carried out using the primary thermal conditions (Table 2.13). The primary PCR reactions were
thereafter purified using the GeneJET Gel Extraction and DNA CleanUp Micro kit (Thermo

Scientific, USA) according to manufacturer’s instructions (Section 2.2.13).

An aliquot (1 ul) of the purified PCR products from the two reactions were diluted and mixed
into 1 mL of sterile Milli-Q water (Millipore). An aliquot (2 pl) from each diluted reaction was
then combined with a nested PCR reaction mixture (48 ul) consisting of 1x One Taq standard
reaction buffer, 25 pM of mixed dNTP solution, 0.8 U of One Tagq DNA polymerase (New
England Biolabs, USA), and 0.2 uM of the internal SiteFinder primer (SFP2), and 3.2 uM of
internal ‘GSP2’ (INEST-1 and INEST-2 for upstream and downstream gene amplification,
respectively). The same PCR reaction was prepared, however ‘GSP2’ primers were replaced
with ‘GSP3’ primers (ICPR1 for upstream and ICPR4 for downstream amplification). PCR of

the four reactions was carried using cycling conditions described on Table 2.13.

Table 2.13. SiteFinding-PCR cycling program

Reaction Cycle(s) no. Thermal and time conditions
SiteFinding 1 92°C (2 min), 95°C (1 min), 25°C (1 min), ramp to
68°C (over 3 min), 68°C (10 min)
Primary 1 94°C (30 s)
30 95°C (10 s), 68°C (6 min)
1 68°C (5 min)
Nested 1 94°C (30 s)
30 95°C (10 s), 68°C (6 min)
1 68°C (5 min)
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An aliguot (10 ul) form each PCR reaction was visualized on a 1% agarose gel (Section 2.2.8)
and the band generated from the second nested PCR was excised from the agarose gel and
purified using the GeneJET Gel Extraction and DNA CleanUp Micro kit (Thermo Scientific,
USA) according to manufacturer’s instructions. The purified PCR products were ligated into
the pGEM®-T easy vector (Section 2.2.13), subsequently transformed into E. coli GeneHogs®
(Section 2.2.14.2), screened for positive recombinants (Section 2.2.15) and sequenced

(Section 2.2.19).

2.2.18 Reverse Transcription-PCR (RT-PCR)

To amplify the ORF of the gene without interrupting intronic sequences, concentrated RNA
(Section 2.2.17) was isolated and used as a template to obtain the cDNA of the coding region.
Reverse transcription and PCR was carried out in one reaction mix with the aid of a Verso™
1-Step RT-PCR ReddyMix™ Kit (Thermo Scientific, USA). The sample preparation and thermal
cycling conditions were set according to manufacturer’s specification indicated in Table 2.14
and Table 2.15, respectively.

Table 2.14. Components of the RT-PCR reaction mix for a 50 pl reaction

Volume Final concentration
Verso Enzyme Mix 1yl -
1-Step PCR ReddyMix (2X) 25 pl 1X
Forward Primer (10 uM) 1l 0.2 uM
Reverse Primer (10 uM) 1yl 0.2 uM
RT Enhancer 2.5 ul -
Water (PCR grade) 14.5 UL -
RNA Template 5uL 1ng
Total volume 50 pl

Table 2.15. 1-Step RT-PCR thermal cycling program

Reaction Cycle(s) no. Thermal and time
conditions

cDNA Synthesis 1 42°C (25 min)

Verso Inactivation 1 95°C (2 min)

Denaturation 95°C (30 s)

Annealing 35 Annealing temp. (50 s)

Extension 72°C (1.5 min)

Final Extension 1 72°C (5 min)
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2.2.19 Automated nucleotide sequencing

In this study, nucleotide sequences of cloned fragments were determined by automated
nucleotide sequencing. Sequencing reactions were prepared using the Big Dye™ Terminator
version 3.1 cycle sequencing premix kit (Applied Biosystems, USA) in 600 pl tubes. For DNA
sequences with more than 600 bp the volume of Big Dye version 3.1 was doubled. Sequencing

was performed on an ABI PRISM® DT3100 Genetic Analyzer (PE Applied Biosystems, USA).

Table 2.16. Sequencing reaction mix

Amount per reaction

Reagents <600 bp > 600 bp
Big Dye v3.1 reaction mix 0.5 ul 1ul

5 x Sequencing buffer 2.4 ul 2.4 ul

DNA template (60-100 ng) 4 ul 4 ul
Universal primer (10 uM) 1l 1l

ddH20 4.1l 3.6 ul

Total 12 ul 12 ul

Table 2.17. PCR program for sequencing

Reaction Cycle(s) no. Thermal and time conditions
Denaturation 1 94°C (5 sec)

Denaturation 94°C (30 s)

Annealing 25 50°C (30 s)

Extension 60°C (4 min)

Hold 4 0

To prepare the sample for sequencing, the PCR reaction was subjected to DNA precipitation
using ethanol. To each sample, 3 volumes of 100% (v/v) ethanol and one fifth of the volume
of 3 M sodium acetate (pH 5.2) were added. The reaction mixtures were incubated on ice for
30 min and centrifuged at 4°C for 30 min at 16,000 x g. The supernatant was discarded and
the precipitate was washed twice with 500 pl of cold 70% (v/v) ethanol, followed by
centrifugation at 4°C for 5 min at 16,000 x g after each wash step. The DNA pellet was air-
dried and analysed by the DNA Sequencing Facility at University of Pretoria, RSA

(http://seqgserve.bi.up.ac.za). Alternatively, purified PCR fragments which were difficult to
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transform were sequenced at the Central Analytical Facility (CAF) at Stellenbosch University

(http://academic.sun.ac.za/saf/).

2.2.20 Sequence analysis

The forward and reverse nucleotide sequences from sequenced data (Section 2.2.19) were
visualized by using Chromas Lite version 2.1.1 (Chromas Lite, Technelysium, Australia;
http://www.technelysium.com.au/chromas_lite.htm) and aligned using BioEdit sequence
alignment editor version 7.2.5 (Hall, 1999). The consensus sequence was compared with
sequences in the the GenBank database using the basic local alignment search tool (BLAST)
program on the NCBI website (http://www.blast.nchi.nim.nih.gov/Blast.cgi; megablast or blastn

algorithms).

The putative protein sequence was assessed for the presence of a secretion signal sequence
using SignalP version 4.1 (http://www.cbs.dtu.dk/services/signalP). Putative post-translational
modification sites (e.g.; acetylation, amidation, phosphorylation, etc.) and conserved motifs
(e.g.; enzyme active sites) were also identified through comparisons with the PROSITE
(release 20.115, 5 March 2015) web database (http://prosite.expasy.org/; Sigrist et al., 2013).
The protein family and its predicted function were determined through multiple sequence
alignments (generated using hidden Markov Models) with the Pfam database (release 27.0,
March 2013) (http://pfam.xfam.org; Punta et al., 2012) and the NCBI-CDD (conserved domain

database; http://www.ncbi.nlh.nih.gov/structure/cdd/cdd.shtml).

Nucleotide sequences upstream of the start codon (ATG) were assessed for general
conserved transcription control motifs, including CAAT-boxes (5’-CCAAT), TATA-boxes (5'-
TATAAA), and the initiator (Inr) element (5-YYANWYY-3’). Putative transcription control
factors for nitrogen regulation (5-GATA), carbon regulation (5-SYGGRG; abbreviated as
CreA), stress response (5-AGGGG; abbreviated as STRE), and pH regulation (5-GCCARG;
abbreviated as PacC) within the promoter region were also investigated. The mentioned DNA

regulatory motifs of interest were identified by using a combination of different in silico motif
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prediction software i.e.; ScerTF (http://stormo.wustl.edu/ScerTF), and MEME suite (GOMO
algorithm, http://meme.ncbr.net/meme/). The same bioinformatics approach was applied to
analyse the downstream regions for consensus putative polyadenylation sites, and conserved
signal elements which are important for mMRNA processing. Conserved putative RNA-binding
motifs were determined by using the MEME suite (http://meme.ncbr.net/meme/) and RBPDB

(http://rbpdb.ccbr.utoronto.ca/index.php) motif search and annotation tools.
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3.1  Screening for extracellular proteins

One hundred and fifty five isolates (Appendix B) from the CMW culture collection were
screened in ME liquid media. Examples of protein profiles of 7-day-old culture supernatants
resolved on Coomassie-stained 12% SDS-PAGE from 23 fungal isolates are shown in
Figure 3.1. Screening targeted wild-type fungi with a natural ability to produce high levels of
extracellular proteins in culture supernatants. The 23 CMW isolates shown, produced

different protein profiles.
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Figure 3.1. Extracellular protein profile of 23 fungal isolates resolved on 12% SDS-PAGE gels. Gel A: Lane 1, CMW
17970; Lane 2, CMW 17972; Lane 3, CMW 37667; Lane 4, CMW 5690; and Lane 5, CMW 1166. Gel B: Lane 6, CMW 226;
Lane 7, CMW 13980; Lane 8, 3788; and Lane 9, CMW 242. Gel C: Lane 10, CWM 7130; Lane 11, CMW 794; Lane 12,
CMW 5690; Lane 13, CMW 592; Lane 14, CMW 207; Lane 15, CMW 8217; Lane 16, CMW 13229; and Lane 17, CMW
25892. Gel D: Lane 18, CMW 19090; Lane 19, CMW 19091; Lane 20, CMW 13232; Lane 21, CMW 13233; Lane 22, CMW
6261 and Lane 23, CMW 6260. MW is the PageRuler™ molecular weight marker. Each lane represents extracellular protein
from 1 ml of culture supernatant.

The gel images indicate that most of the isolates produced low levels of protein, and some
had very little protein in the sample. Four isolates: CMW 17970 (Gel A, Lane 1), CMW 17972
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(Gel A, Lane 2), CMW 5690 (Gel C, Lane 12), and CMW 6261 (Gel D, Lane 22) had strong
bands, indicating higher protein production. Apart from CMW 17970, all three of the other
isolates were contaminated with bacteria. These isolates were purified through antibiotic
treatment and re-screened in ME medium. Following SDS-PAGE analysis, the dark bands
originally obtained were lost, indicating that the proteins were produced by the bacteria.
Therefore only CMW 17970 was selected as the best candidate for protein production in

ME liquid medium.

3.2  Protein identification

The prominent extracellular protein (~35 kDa) produced by CMW 17970 was identified by
LC-MS/MS sequencing. The MS/MS spectra data was deposited into the
UniProtKB/SwissProt protein database, and results were analysed using the BLAST
algorithm incorporated on the UniProt website (http://www.uniprot.org/blast/). Table 3.3

shows putative peptide/protein sequences obtained.

Two putative fungal proteins were identified using BLAST search. The first identified protein
produced 80 MS/MS spectra representing partial peptide sequences homologous to the
~33 kDa cuticle-degrading serine protease (PrC) by Clonostachys rosea (Uniprot accession
number: C6K2H8; 386aa) published by Li et al. (2006). The second protein’s peptide data
matched a phosphomannomutase-containing domain from a phosphoglucomutase protein
by Colletotrichum graminicola (UniProt accession number: E3QD33; 540aa) identified from
only 3 MS/MS spectra. Peptide sequences from fungal protein, hit number 1 (Table 3.3)
were aligned against that of the putative PrC protein from C. rosea (Figure 3.2). With
sequence coverage of over 40%, the putative PrC protein was confirmed as the most likely
protein compared to that of C. graminicola (below 5% for the phosphoglucomutase protein).
The protein identified from CMW 17970 will be referred to, as Cdsp (cuticle-degrading serine

protease).
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Table 3.1. Identification of peptides/protein from the gel slice by LC-MS/MS

Hit | Uniprot | Protein name Organism | Peptide sequence (Most important | Confidence
no. | KB code ones) scores (%)
1 C6K2H8  Cuticle-degrading C. rosea AANYSPASAASAC 99.00

serine protease (PrC)

AANYVDSSSTDGNGHGTHVAGTVGGTT | 99.00

YGVAK

ASFAANYVDSSSTDGNGHGTHVAGTVG | 99.00
GTTYGVAK

ASPHVAGLGAYYLGLGR 99.00
VEYVEQDAIVSISATQTGAPWGIAR 99.00
ITSYPSGTPNVLAHLV 91.22
LSNTNTGSTTYTYDDSAGDGTCAFIIDTGI | 99.00
YTSHS

SGTSMASPHVAGLGAYYLGLGR 95.11

TYDDSAGDGTCAFIIDTGIYTSHSDFGGR | 99.00

VAGLGAYYLGLGR 99.00
VLDSSGSGTTSGVIAGMNYVTN 99.00
TGAPWGIAR 12.46
YYLGLGR 23.68
GAYYLGLGR 48.80
IVSTGLTGR 1.16

LYAVKVLDSSGSGTTSGVIAGMNYVTN 20.83

VLDSSGSGTTSGVIAGMNYVTN 69.00
YVDSSSTDGNGHGTHVAGTVGGTTYGV | 52.08
AK
2 E3QD33  Phosphoglucomutase  Colletotric- | VAGIVKRYGGL 98.99

hum

graminicola
DELANKVAGIVK 45x105
IDLSAPAR 45x10°

1 MRVSALLSIL PLVAAAPAKR EEVAPLHVPR DVEVIPGKYI VKLKEGVVSI SSTISSIEAK
61 PDFEYEGGFQ GFVRIYTSLV SQTRNMOITD NSSHRLVEYVIEQDAIVSISA TOTGAPWGIA
121 RLSNTNTGST TYTYDDSAGD GTCAFIIDTG IYTSHSDFGG RASFAANYVD SSSTDGNGHG
181 THVAGTVGET TYGVAK<T<H NENENEDESE BETTSGVIAG MNYVTNSAGT YSCPKGVVVN
241 MSLGGGYSAS LNTAANNIVS AGYFLAVAAG NSAANABNYS PASAASACTV GATTSSDALA
301 SYSNYGSIVD ILAPGSSVLS AYNNGGTATL SGESMASPHV AGEGAYYLGL GRASASGLCS
361 YIVSTGLTGR ITSVPSGTPN VLAHLV

Figure 3.2. CMW 17970 peptide fragments identified from LC/MS-MS sequencing aligned to the amino acid sequence of
the PrC protein by C. rosea. Red indicates low scoring peptides (<50% confidence), yellow for moderate scoring peptides (>50%
confidence), and green for high scoring peptides (>95% confidence).
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3.3 Identification of CMW 17970

3.3.1 Morphological studies of C. rosea 17970

Morphological studies were carried out to help identify the fungal isolate (Section 2.2.6.1).
Microscopic and macroscopic description of the CMW 17970 isolate were confirmed and
described using Schroers et al. (1999) and Schroers (2001) as aids. Figure 3.3 shows the

macroscopic morphology of the isolate.

Figure 3.3. Morphological characteristics of CMW 17970. Examples of the fungal isolate on MEA (A); PDA (B) and YPDA
(C) after 2 weeks incubation at 25°C.

Colony on MEA (Figure 3. 3A): Fast-growing at 25°C, with a colony diameter of ~27 mm

after 7 days. Colony was mostly white with a yellow ring forming around the site of
inoculation. Aerial hyphal strands were present 2 weeks post inoculation (wpi). The reverse
side pigment of the agar plate was cream in colour. Brown granulose-like structures were

visualized 2 wpi, and the number of granules increased after 4 weeks.

Colony on PDA (Figure 3.3B): The colony was white-to-yellowish and had a dense cotton-
like surface texture. Colony diameter was ~25 mm after 7 days. Aerial hyphal strands were
also present after 2 weeks. The reverse plate colouration is white-to-light yellow. The
orange-to-white granule-like structures developed in 2 weeks, and increased in number

after 4 weeks.

72

© University of Pretoria



Colony on YPDA (Figure 3.3C): Fast-growing fungal culture, with yellow-to-white dense

cotton-like surface structure. The colony diameter reached ~30 mm after 7 days. The

surface and reverse colony colouration was light yellow-to-white.

CMW 17970 displayed two types of conidiophores. Primary (verticillium-type) conidiophores
lacked branches with divergent phialides. Conidia from these conidiophores were slightly
curved and rounded at the distal end (Schroers et al., 1999). In contrast, secondary
conidiophores (Figure 3.4) existed alone or grouped together. Described in literature as
penicillate; they possessed branches and phialides which were tightly clustered together
and tapered towards the tip. Phialides measured 10-16 pm x 2-3.2 um. Conidia from this
type of conidiophores were shortened and less rounded (Figure 3.4). Conidia measured
3.5-6.0 um x 2-3.8 um. Stipes measured 20-200 um long. Cultural and morphological
characteristics revealed CMW 17970 to be similar to C. rosea described by (Schroers et al.,

1999; Schroers, 2001).

— < conidia
Secondary
conidiophore
< phialide
< stipe
»
y
Primary »
conidiophore F

20

Figure 3.4. Microscopic structures of CMW 17970. Labelled micrograph of primary conidiophores, secondary

conidiophores and conidia are shown. Scale bar: 20 um. Image analysed using the Zeiss AxioVision 4.8. Software (Carl
Zeiss; Germany)
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3.3.2 Molecular identification of CMW 17970 as C. rosea

In order to verify the identity of CMW 17970, the sequence of the ITS region was analysed
in silico (Section 2.2.6.2). The results confirmed that the CMW 17970 isolate was 100%
identical to C. rosea ATT017 (NCBI accession nhumber: HQ607798), which was isolated
from soil in Texas, USA (Rodrigues et al., 2011). The isolate also showed homology (99%)
to other C. rosea spp. and with its telemorph Bionectria ochroleuca CBS113336 strain

(NCBI accession number: EU552110). The ITS sequence is shown in Appendix C.

3.4  Optimization of growth conditions

Following the identification of the Cdsp protein, culture-dependent methods were
investigated to optimize the amount of protein produced and secreted by C. rosea 17970
(Section 2.2.7). The various parameters tested included initial inoculum type and
concentration, growth media, temperature, and pH. Optimization was done by the single-
parameter approach i.e.; one variable was investigated per experiment. The experiments

were carried out in duplicate.

3.4.1 Selection of optimum inoculum

The effect of inoculum concentration on protein production was investigated in shake flasks
containing ME liquid media (Section 2.2.7.1). Figure 3.5 shows the various growth
morphologies observed in shake flask cultures inoculated with different spore
concentrations (1 x 10%- 1 x 10° conidia/ml). Pellets were dominant for cultures with spore
inoculum concentration below 1 x 108 conidia/ml. The structure of the pellets varied between
the inoculum concentrations tested. Pellets from concentrations of 1 x 10* conidia/ml and
below, had a “hairy” mycelial surface with a smooth-looking compact core. The same pellet
morphology was observed when ME was inoculated with mycelial plugs instead of conidia
(result not shown). However, compact shiny pellets with less “hair” were observed for

cultures with initial inoculum concentration between 1 x 10° and 1 x 108 conidia/ml. Inoculum
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concentration of 1 x 107 conidia/ml and higher produced filamentous morphology (freely

dispersed mycelia) (Figure 3.5).

A

<104 10% — 10 =107

Figure 3.5. Different growth morphology of C. rosea 17970 cultures inoculated with different spore concentrations.
(A) Shake flasks and (B) close-up photographs of culture in A.

The protein profiles of culture supernatants from the different inoculum concentrations were
compared for days 3, 5 and 7 on 12% SDS-PAGE gels. However, strong protein bands of
the expected size (~35 kDa) was already visualized from day 5-day-old cultures (Figure
3.6), much earlier than the original screening experiment (7-day-old cultures) when a
mycelial plug was used for the initial inoculum (Figure 3.1A). The most prominent band
corresponding to elevated protein production was observed for 1 x 107 conidia /ml in ME
liquid media. This result confirmed the importance of determining the inoculum type (mycelia
or spores), spore concentration, and growth morphology for protein productivity. The
optimum spore inoculum concentration (1 x 10’ conidia/ml) was used for subsequent

experiments.
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Figure 3.6. Extracellular protein profile of 5-day-old ME cultures inoculated with different concentrations of conidia.
Lane 1, 1 x 104 conidia/ml; Lane 2, 1 x 105 conidia/ml; Lane 3, 1 x 108 conidia/ml; Lane 4, 1 x 107 conidia/ml; Lane 5, 1 x 108
conidia/ml; and Lane 6, 1 x 109 conidia/ml. MW is the PageRuler™ molecular weight marker. Each lane represents
extracellular protein from 1 ml of culture supernatant.

3.4.2 Selection of liquid medium for high level protein production

The effect of medium compaosition on protein production (Section 2.2.7.2) was investigated
by growing C. rosea 17970 in different liquid media (Table 3.2). The protein profiles from
each medium inoculated with the optimum inoculum concentration (1 x 10 conidia/ml) are
shown in Figure 3.7. Optimum protein production was observed when using ME liquid

media.

Figure 3.7. SDS-PAGE protein profile of C. rosea 17970 5-day-old culture supernatants with an inoculum level of 1 x
107 conidia/ml. Lanes 1 to 8 represent different liquid media used: Lane 1, Malt extract; Lane 2, Synthetic nutrient poor; Lane
3, Potato dextrose; Lane 4, Malt yeast extract; Lane 5, Gelatin-rich; Lane 6, Czapek-dox; Lane 7, Casein-rich and Lane 8,
Carboxymethyl cellulose. MW is the PageRuler™ molecular weight marker. Each lane represents extracellular protein from 1
ml of culture supernatant.
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The gel image shows that the expected ~35 kDa band was present in ME, malt yeast extract
(MYE) and casein-rich (CR) culture supernatants, however the band was only prominent in
ME. No bands were visualized for synthetic nutrient poor (SNA), czapek-dox (CzZD) and
carboxymethyl cellulose (CMC) media. The principal carbon and nitrogen sources found in

the different media are shown in Table 3.4.

It was found that the composition of ME was best suited for the production of Cdsp. The
presence of freely dispersed mycelial growth was only observed in ME, whereas pellets
were observed in all other media regardless of spore inoculum concentration (data not

shown), confirming the impact of morphology on protein production for C. rosea 17970.

Table 3.2. Carbon and nitrogen sources present in liquid media used in this study

Media | Main Carbon Main Nitrogen Media | Main Carbon Main Nitrogen
Source Source Source source
ME Maltose peptides, vitamins, GR Gelatin Ammonium sulphate

amino acids, and

purines
SNA Sucrose Potassium nitrate CzD Sucrose Sodium nitrate
PD D-glucose None CMC CMC Ammonium nitrate
MYE D-glucose/Maltose | Bactopeptone CR Casein Ammonium sulphate

ME liquid medium is the best growth medium (in bold).

3.4.3 Effect of initial pH

The effect of initial pH on protein production was examined (Section 2.2.7.3a) over pH
ranges 4.8 to 10.0. The optimal initial inoculum concentration of 1 x 107 conidia/ml was used
for this experiment. Protein profiles of culture supernatants from 3-day-old cultures
representing pH values 4.8, 7.0, 8.0, 8.5, 9.0, and 10. 0 are shown in Figure 3.8. The
optimum pH for Cdsp production was 9.0. The dominant growth morphology of C. rosea
17970 during this experiment was freely dispersed mycelia, which corresponded to the

inoculum level used. The pH of the different cultures was monitored daily for pH shifts during
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growth. It was found that pH values changed after 3 dpi and remained fairly constant. For

example, pH 4.8 shifted up to ~ pH 6, and pH 9 shifted down to ~ pH 7.

~ 170

~ 100

~ 55

~ 35

~ 25

~ 15

Figure 3.8. Protein profile of C. rosea 17970 3-day-old culture supernatants at different initial pH values. Lane 1, pH
4.8; Lane 2, pH 7.0; Lane 3, pH 8.0; Lane 4, pH 8.5; Lane 5, pH 9.0 and Lane 6, pH 10.0. MW is the PageRuler™ molecular
weight marker. Each lane represents extracellular protein from 0.5 ml of culture supernatant.

3.4.4 Effect of temperature

The effect of temperature on protein production was investigated (Section 2.2.7.3b). An
optimum inoculum concentration of 1 x 107 conidia/ml was used and the pH of ME was

unadjusted (pH 4.8) for this experiment. The resulting SDS-PAGE analysis of extracellular

kDa
~ 170

~ 100

~ 55

~ 35
~ 25

Figure 3.9. SDS-PAGE analysis of culture supernatant of 5-day-old cultures of C. rosea 17970 incubated at different
temperatures./ Lane 1, 28°C; Lane 2, 29°C, Lane 3, 30°C, Lane 4, 31°C; Lane 5, 32°C; Lane 6, 33°C; and Lane 7, 37°C).
MW is the PageRuler™ molecular weight marker. Each protein profile represents extracellular protein from 0.5 ml of culture
supernatant.
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protein content is shown in Figure 3.9. The results show a broad temperature range
(28°C—32°C) for Cdsp production. Slightly more protein was observed for the culture
incubated at 32°C.

3.4.5 Growth at optimum conditions

C. rosea 17970 was grown at optimum conditions as determined in previous experiments
(Section 2.2.7.3c) in ME liquid medium: inoculum concentration of 1 x 107 conidia/ml, initial
pH 9.0 of ME, and incubation at 32°C. The protein profiles are shown in Figure 3.10. Protein
production, represented by the prominent ~35 kDa band, was very consistent for cultures

incubated up to 12 days.

MW 1 2 3 a 5 6
(kDa)
~ 100

Figure 3.10. Secreted protein profile of C. rosea 17970 at optimum conditions. Lane 1, 3 dpi; Lane 2, 4 dpi; Lane 3,
5 dpi; Lane 4, 7 dpi; Lane 5, 10 dpi; and Lane 6, 12 dpi. MW is the PageRuler™ molecular weight marker. Each protein
profile represents extracellular protein from 0.5 ml of culture supernatant.

3.5 Amplification and sequencing of the partial cdsp gene fragment

PCR amplification from C. rosea 17970 chromosomal DNA (Section 2.2.9, Figure 3.11A)
using primers CPR-For and CPR-Rev (Section 2.1.8) resulted in an 841 bp fragment (Figure
3.11B). The fragment was purified from a 1% (w/v) agarose gel (Section 2.2.12), ligated into
the pGEM®-T Easy vector (Section 2.2.14) and transformed into electrocompetent E. coli
GeneHogs® cells (Section 2.2.15). Recombinant colonies were screened with PCR (Section
2.2.16.1) and Eco Rl restriction digests (Section 2.2.16.2). Positive clones were sequenced
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(Section 2.2.19) using M13F and M13R sequencing primers (Section 2.1.8, Table 2.8). The
sequenced data confirmed the insert to be an internal fragment of the cdsp gene when
compared with other serine protease genes (data not shown). The cdsp partial gene
fragment (Figure 3.12) showed moderate homology (70%) with both PrC gene from B.
ochroleuca (NCBI accession number: GQ149467) and Sep gene from C. rosea (NCBI

accession number: KM199682) genes through BLASTN analysis.
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Figure 3.11. Experiments performed to obtain the sequence of the partial cdsp gene fragment. Gel A: Lane 1,
chromosomal DNA. Gel B: Lane 1, partial cdsp gene fragment (841 bp). Gel C: Lane 1, colony PCR of the partial cdsp
gene fragment (841 bp). Gel D: Lane 1, undigested plasmid DNA (~ 3,856 bp); and Lane 2, Eco Rl digested plasmid

DNA showing the released gene insert (~ 859 bp) is indicated by a blue arrow and the remaining pGEM®-T Easy vector
(~ 2,997 bp) is indicated by a red arrow. M is the GeneRuler 1 kb DNA Ladder.
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ICPR1 INEST-1
< <
Part_cdsp GGTCGAGTAC GTCGAGCAGG ATGCGATCAT CACCATCTCG GCCACTCAGT CCAACGCCCC CTGGGGTCTT 70
5’ - CPR-For -3/

Part_cdsp GCCCGTATCT CTTCTCAGTC TCCCGGTGGC ACTACCTACA CCTACGATGA CTCTGCCGGT GAGGGTACTT 140

Part_cdsp GCGCCTACAT CGTTGACACT GGTATCGACA CTACCCACTC TGTAAGTGAA CTTACTCTCC TGTCGTCAGA 210

Part_cdsp ACGATTTGTG ATATGCTAAC AGTGAGCAAC AGGACTTCGG TGGCCGAGCC TCTTGGGGAG CCAACTT?;E 280
ICPR2

Sal | (279 bp)

Part_cdsp CGACAGCAGC AACACTGATG GCCACGGCCA CGGCAGCCAC GTCGCCGGTA CCGTTGGCGG TACTACCTAC 350
Part_cdsp GGTGTCGCGA AGAAGACCAG CCTCTTCGCC GTCAAGGTTC TTGACAGCAA CGGCTCCGGA ACCAAGTATG 420
Part_cdsp TTAACACCTT ACCCCCTAGT TCTATGATCA GCATCTAACC TGCCAATAGC TCTGGTGTGA TTGCTGGTAT 490
Part_cdsp GGAATACGTT GCTACAGACG CCj;CAAGCA GAACTGCCCC AAGGGTGTTG TTGCCAACAT GTCTCTCGGT 560
Nsp 1 (511 b
p1(511bp) ICPR3
<
Part_cdsp GGCTCCACCT CCACCGCCAT CAACGATGCC GCCGACGAGA TCGTCAACGC CGGTGTCTTC CTTGCCGTTG 630

Part_cdsp CTGCTGGTAA CGAGGCTGCT GACGCTTCCA CTTCCTCTCC TGCCTCTGCC AAGAGCGCTT GCACCGTTGG 700

Part_cdsp TGCTACGGGA TCGGATGACA\§CTTTGCCTA CTTCTCTAAC TTCGGCTCCC TCGTCGATGT TCTCGCCCCT 770
INEST-2 -

CPR-Rev
5’ -GGG GAGGCCATGG AGGTACCAGA

Part _cdsp GGTGTGGACA TTCTCTCCGT GAAGGCTGGC GGTGGCTCCA CCACCATGTC TGGTACCTCC RATGGCCTCCC 840
G-3’ ICPR4
Part_cdsp c 841 Nco | (829 bp)

Figure 3.12. The sequence of the partial cdsp gene. The forward and reverse primers (CPR-For/CPR-Rev) used to
amplify the partial gene are indicated and their respective primer annealing sites are highlighted in blue. The partial
sequence was used a template to design three 5'-facing primers (ICPR1, INEST-1 and ICPR3; represented by green
arrows) and three 3'-facing primers (ICPR2, INEST-2 and ICPR4; represented by red arrows) used to amplify the upstream
and downstream gene regions, respectively.

3.6 Chromosome walking to obtain the nucleotide sequences of regions

upstream and downstream of the cdsp gene fragment

3.6.1 Inverse PCR

Inverse PCR (Section 2.2.16.1) of the regions adjacent to the cdsp partial gene fragment
provided fragments which were not larger than 2.5 kb (Figure 3.13). The Sal I-generated
(1,220 bp; from INEST-1/ICPR2 primer pair) fragment was successfully cloned into pGEM®-
T easvy vector (Section 2.2.14) and transformed into E. coli GeneHogs® competent cells

(Section 2.2.15). The plasmid DNA was isolated, purified and subsequently sequenced
(Section 2.2.19) using M13F and M13R sequencing primers (Section 2.1.8, Table 2.8).
Other fragments: Bgl Il (2,500 bp; INEST-1/ICPR2), Nco | (1,752 bp; INEST-1/INEST-2),

and Nsp | (2,320 bp; INEST-1/ICPR2) were directly sequenced with the same primer set,

81

© University of Pretoria



and/or with an upstream facing primer and corresponding downstream facing nested primer,
as transformation efficiency was very low for the larger fragments. Fragments greater than
1,200 bp could not be fully sequenced, therefore SiteFinding-PCR was additionally used to
compare with inverse PCR, which further optimized chromosome walking of the gene

fragment. Eco RI, Alu | and Xho | (not shown) did not produce fragments with all possible

primer combinations.
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., Rk S 100 —> S
S8 B - 100 —>
100 —> ' \ a \ .
- :
7’ . ~ ~ 50 >
: ' C 25 —>
25—>

Figure 3.13. Inverse PCR. Gel A: Lane 1, C. rosea 17970 chromosomal DNA; Lane 2-4 shows the digestion of
chromosomal DNA with different restriction endonucleases: Lane 2, Bgl II; Lane, 3 Nco I; Lane 4, Nsp |; and Lane 5, Sal
I. Gel B: The different restriction endonucleases used to generate self-circularized templates for Inverse PCR led to
visualization of fragments of different sizes, from which the strongest band (in red boxes) were gel purified and
subsequently sequenced. M is the GeneRuler 1 kb DNA Ladder.

3.6.2 SiteFinding-PCR

SiteFinding-PCR (Section 2.2.16.2) was used to improve chromosome walking of the partial
cdsp gene fragment. Two groups of three primers: ICPR3, INEST-1 (nested primer 1) and
ICPR1 (nested primer 2), were used to amplify the sequence upstream of the 5’ region and
primers ICPR4, INEST-2 (nested primer 1) and ICPR2 (nested primer 2), for the sequence
downstream of the 3' region (Figure 3.14). Flanking sequences, 525 bp and 495 bp at the
5 and 3’ end, respectively, were obtained after the second nested PCR was performed

(Figure 3.14). The fragments were gel purified, and directly sequenced using the SFP2
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primer and a nested primer (for corresponding 5’ or 3’ sequence orientation) used to obtain

the fragment (Section 2.2.19).

500 —> + . W[

| S

Figure 3.14. SiteFinding-PCR. Gel A: 5’ chromosomal walking: Lane 1, First nested PCR; and Lane 2, Second nested PCR.
Gel B: 3' chromosomal walking: Lane 1, First nested PCR; and Lane 2, Second nested PCR. Fragments which were gel
extracted are shown in red boxes. M is the GeneRuler 1 kb DNA Ladder.

3.7 Sequence assembly of the complete cdsp gene and regulatory regions
Sequenced fragments from Inverse PCR and SiteFinding-PCR were assembled into a
2,923 bp long sequence. PCR amplification of the complete cdsp gene fragment was carried
out using the gene specific primer pair: CPRF and CPRR (Section 2.1.8, Table 2.8)
designed from the ATG start to the TAA stop codons. A fragment of 1,300 bp was amplified
using C. rosea 17970 chromosomal DNA as template (Figure 3.15). The ORF (1,140 bp)
encoding the cdsp gene was also amplified using a RT-PCR approach (Section 2.2.18),
which identified the presence of three introns. Both fragments were visualized on a 1% (w/v)
agarose gel (Figure 3.11), and subsequently sequenced (Section 2.2.19). Sequencing

results for both fragments were identical to the assembled fragment.

The assembled sequence (Figure 3.16) harboured the putative motif of the peptidase S8
family (positions 110-359) identified using the NCBI conserved domain database. The
cDNA sequence encodes a polypeptide of 379 amino acid residues. The predicted protein

showed high similarity with serine protease amino acid sequences of C. rosea (Sep;
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AIT70965; 99%), C. rosea (PrC; ACS66684; 94%) and Acremonium chrysogenum (Cuticle-
degrading protease-like protein; KFH40949; 64%). A 15 amino acid secretion signal peptide
sequence (MRVSALLSILPLVAA) was identified at the N-terminus using SignallP. Three
active site motifs: AFIIDTGIlytsH (positions 137-148; aspartic acid (D) active site at position
141), HGThVAGtVGG (positions 172-182, histidine (H) active site at position 172), and
GTSmAsPhVAG (positions 325-335, serine (S) active site at position 327), were found in
the putative Cdsp protein sequence using PROSITE. Similarly, an Asn glycosylation motif

(NMSL) at position 233-236 was identified.

| : )
1500 —> /0
1000 —>p

'

500 —> \ a8

Figure 3.15. RT-PCR and PCR amplification of the complete cdsp ORF. Lane 1, 1,141 bp cDNA fragment; and Lane 2,
1,300 bp DNA fragment. M is the GeneRuler 1 kb DNA Ladder.

The 1,114 bp fragment, upstream of the cdsp ATG start codon harbours a predicted 50 bp
long promoter region, 5-CGAGACCTTCTCAAAGTCACTCTTGTGGGCCA-
TCTGAATCAATCATCTTT-3’ (bold letter ‘A’ represents the putative transcription start site)
at position 1034-1084, identified in silico using the Neural Network Promoter Prediction tool.
A number of general transcription control motifs were identified upstream of the ATG start
codon using different software programs (Section 2.2.20). The upstream fragment
harboured one putative TATA-box (5’-TATAAA) motif at position 972 bp, and two CAAT

boxes (5’-CCAAT) at positions 52 and 746 bp in the 5’-flanking region. Transcription control
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binding sites and their predicted functional roles, i.e.; four putative GATA motifs (5’-GATA,
at positions 572, 593, 867 and 936 bp) for nitrogen regulation, one CreA motif (5-SYGGRG,;
position 113 bp) for carbon regulation, three STRE motifs (5’-AGGGG; positions 403, 408,
46 bp) associated with stress response and one PacC motif (5’-GCCARG; position 283 bp)
for ambient pH regulation were also identified. Similarly, the 509 bp cdsp downstream region
revealed one consensus yeast polyadenylation signal (5’-TATATA) at position 2611, and
only three consensus sequences linked to mMRNA 3’ end processing signals in yeast genes,
downstream of the TAA stop codon were identified. Graber et al. (1999) identified four types
of yeast mMRNA 3’-end processing sequence clusters (cis elements) with putative functional
roles in the efficiency (type 1), positioning (type 2), pre-cleavage (type 3) and downstream
(type 4) processing of mMRNA (Yamanishi et al., 2013). Only type 2 signal (5’-ATGTAT,
position 2886) was found between two type 3 signals (5-AAAAAA, position 2643; and 5'-

TTTCTT, position 2917, respectively).
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Figure 3.16. The complete assembled nucleotide sequnece of the cdsp gene with regulatory regions. The
metheonine start codon (position 1115; in red) and stop codon (position 1907; indicated by a red asterisk(*)) are shown.
The putatitve transcription start site is highlighted in yellow. Consensus transcription regulatory motifs were identified, i.e.;
one TATA-box (position 972; bold and double underlined), two CAAT-boxes (positions 52 and 746 ; bold, italicized and
boxed); one CreA (positionn 113; bold, wave underlined); one PacC (position 283; dash underlined); three STRE (positions
403, 408 and 466; italicized and underlined), and four GATA transcription factors (positon 572, 593, 867 and 936; bold and
italicized). The three introns: intron 1 (position 305-372), intron 2 (position 598-933) and intron 3 (1844-1895) are shown in
lower case, italicized and underlined. The 15-amino acid long signal peptide is highlighted in green within the coding region.
A putative polyadelation signal (position 2550) and sequences downstream of cdsp associated with mRNA 3'-end
processing (positions 2643,2886 and 2917) are highlighted in light blue. The conserved serine protease catalytic triad (Asp,
position 141; His, position 172; and Ser, position 327) and putative glycosylation motif (NMSL, positions 233-236) within
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the putative Cdsp protein sequence is represented in red boxes and thick underlined, respectively.
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Screening of fungal isolates (155) from the CMW culture collection in ME liquid medium
identified CMW 17970 as a possible candidate for high levels of protein production. Malt
extract was chosen for screening because it is a general purpose medium which supports the
growth of most fungi and yeasts. The original isolate was found on the South African endemic
grass-like plant, Restio filiformis in the Fynbos, and was identified as Erythrogloeum sp.
However, the isolate obtained from the culture collection was a mixture of two different fungi
and after purification; the protein producing isolate was identified as C. rosea using culture,

morphology, and molecular characterization.

LC-MS/MS peptide sequencing and analysis identified the ~35 kDa protein, produced by the
C. rosea 17970 isolate, as a putative extracellular cuticle-degrading serine protease (Cdsp) (Li
et al.,, 2006; Liang et al., 2011). Following the identification of Cdsp, culture dependent
experiments were carried out to develop culture conditions for improved protein production.
Initially, mycelial plugs (< 5 mm?) were used as inoculum in the screening experiment, during
which the Cdsp protein band was observed after 7 dpi. Spore suspensions were then prepared
and used as inoculum to compare the effect of spores versus mycelia as inoculum type for
protein production. It was found that spore inoculum concentration of 1 x 107 conidia/ml was
optimum for Cdsp production, and also shortened production to 5 dpi, two days faster than
using mycelia as inoculum. It was also found that the concentration of spores used as inoculum
impacted on the type of growth morphology produced. Freely dispersed mycelia were
associated with spore inoculum concentration of > 107 conidia/ml and pellets were observed
for spore concentrations (< 10° conidia/ml), as well as for mycelial inocula. Previous
investigations on the effect of inocula on protein production were carried out with many other
fungi. For example, the production of penicillin from P. chrysogenum requires freely dispersed
mycelia (inocula > 10* spores/ml), whereas production of citric acid from A. niger favours
pelleted morphology (inocula < 10* spores/ml) (Vecht-Lifshitz et al., 1990; Papagianni, 2004;

Wang et al., 2005).
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Different media were then tested for improved protein production. It was found that the type of
media used also affected the growth morphology of C. rosea 17970 and Cdsp protein
production. From the eight media tested, ME was found to be the best. C. rosea 17970 grew
as freely dispersed mycelia only in ME, whereas the Cdsp protein-limiting pellets were

observed in all other media (data not shown).

The production of Cdsp was found to be optimum when ME was adjusted to pH 9.0 before
inoculation. However, the pH of the culture shifted down to ~ pH 7 after 3 dpi, and remained
constant thereafter. Similarly, pH shifts were observed when C. rosea 17970 was grown at
lower pH values, i.e.; an initial pH of 4.8 increased to ~6 after 3 days. The growth medium for
protein production is required to buffer the culture against pH changes, however ME is
regarded to have a low buffering capacity (Knapp & Eveleigh, 1973) possibly causing the
observed pH shifts. The pH shift from 9.0 to ~7 could also be due to the accumulation of
dissolved bicarbonate ions formed from high levels of carbon dioxide gas (Papagianni, 2004).
The effect of temperature on Cdsp protein production was the last parameter tested. It was
found that C. rosea 17970 produced high levels of protein over a broad temperature range
(between 28 and 32°C). When grown at optimum conditions: inoculum of 1 x 107 conidia/ml,
initial pH of 9, and incubation at 32°C; Cdsp was produced consistently at high levels from day

3, up to day 12 post inoculation.

Nucleotide sequences resulting from the BLAST analysis and in silico reverse translation of
the identified Cdsp peptide sequences were aligned with PrC (NCBI accession number:
GQ149467) and Sep (NCBI accession number: KM199682) genes. The multiple sequence
alignment identified conserved nucleotide regions which were used to design primers to
amplify an 841 bp long internal cdsp gene fragment. Two chromosome walking methods,
Inverse PCR (Ochman et al., 1988) and SiteFind PCR (Tan et al., 2005), were successfully
used to obtain a 2,923 bp long fragment which contains the complete cdsp (1,141 bp) gene as
well as upstream and downstream regulatory regions. The cDNA obtained from C. rosea

17970 RNA, confirmed the actual size of the cdsp gene (1,300 bp) and identified three introns.
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The deduced Cdsp protein sequence (379 amino acids) showed high similarity with other
serine protease amino acid sequences from C. rosea (Sep; AIT70965; 99%), C. rosea (PrC;
ACS66684; 94%) and Acremonium chrysogenum (Cuticle-degrading protease-like protein;
KFH40949; 64%) through BLASTN analysis. Moreover, the protein harbours a conserved
signature motif of the peptidase S8 family found in many other serine proteases when
screening the NCBI-CDD database. Briefly, serine proteases belong to a family of enzymes
characterized by the presence of a serine group in their active site (Siezen & Leunissen, 1997,
Rao et al., 1998). The two largest groups of serine proteases belong to the chymotrypsin (S1)
and subtilisin (S8) subfamilies. Both subfamilies possess a serine, histidine and aspartate
(Ser/His/Asp) catalytic triad that possesses conserved spatial arrangement in the sequence,
however, the order of the residues in the amino acid sequence and tertiary structure can differ
(Rawlings & Barrett, 1993; Zanphorlin et al., 2011). The conserved serine, histidine and
aspartate active site motifs of serine proteases were identified in Cdsp via PROSITE and a 15
amino acid long signal peptide was identified using SignalP, indicating that this protein is a

secreted protease.

Flanking regions of most functional genes in eukaryotic organisms consist of various important
gene regulatory elements. The upstream 5’ region (1,114 bp) of the cdsp coding region was
identified as a putative promoter region and through in silico sequence analysis, important 5’-
flanking regulatory motifs were identified. The promoter harbours a well-defined TATA and two
CAAT boxes (Unkles, 1992; Ato, 2005). In addition, DNA-binding sites for transcription factors
that are involved in the regulation of different pathways, i.e.; stress response (STRE), ambient

pH regulation (PacC), carbon (CreA) and nitrogen (GATA) metabolism were also identified.

Similar to the promoter region, the region downstream (509 bp) of the cdsp TAA stop codon
was analysed for conserved elements associated with translational processing and regulation.
Inspection of the 3’ region did not include any consensus eukaryotic polyadenylation signals
(5’-AATAAA-3"), however a 5’-TATATA-3’ signal that is mostly frequent in yeast was identified

(Guo & Sherman, 1995). In addition, several yeast mRNA 3’ end processing signals were
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detected in the putative 3’ untranslated region. Due to the limited information on filamentous
fungal terminator elements and their respective role in protein production (Su et al., 2011), a
thorough analysis was not possible. Therefore, this area of study will have to be further

investigated.

As with current commercial filamentous fungal isolates (e.g.; Trichoderma spp., Aspergillus
spp. and M. thermophila), the identification of a new isolate (such as C. rosea 17970) is a small
milestone compared to the experimental work required to determine its capability for protein

production. The required experiments include:

® Validation of the promoter (Pcdsp), signal peptide sequence and terminator (Tcdsp)
regions for heterologous protein production of a reporter protein (e.g.; GFP) in a
constructed expression cassette. This step is significant, as it will demonstrate the
strength of the regulatory and secretory elements for potential research or commercial

use.

(i) Optimization of growth conditions for medium-to-large scale production of Cdsp via
submerged fermentation could confirm the versatility of C. rosea 17970 as an expression

host.

(iii) Strain development strategies (i.e., UV-light mutagenesis and screening for hyper-
expressing clones) could produce strains with enhanced secretion capability. The
performance of the mutants would be compared with the parent strain (C. rosea 17970)

cultured under the same conditions.

(iv) Development of a C. rosea 17970 transformation method would be a critical milestone for

the development of the future value of this study.

Taken together, the results of this study have illustrated that C. rosea 17970 may have

physiological and genetic potential to be developed into a host-vector system. Previous studies
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using C. rosea have largely concentrated on optimizing its efficacy as a biocontrol agent
(Roberti et al., 2008; Toledo et al., 2011, Lahlali & Peng, 2014) rather than understanding its
secretion and physiological capability for protein production. This work is the first attempt to
investigate an isolate belonging to this species as a potential protein expression system. In
conclusion, this thesis has produced a potential fungal isolate for protein production, provided
some understanding regarding the development of a new fungal expression host/vector

system and recommended research for future development.
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APPENDIX A: The pGEM®-T Easy vector map

APPENDIX B: Table of isolates used in the study

i3 fwd
17 promoter

pGEM®-T Easy
3015 bp

Taxon Culture number Host/Source Collector
Alternaria solani CMW 5971 Solanum tubersum (Potato) | Smith J
Alternaria solani CMW 9515 Solanum tubersum (Potato) | Van der Waals J
Ambrosiella sp. CMW 374 Occotea bullata Wingfield MJ
Ambrosiella sp. CMW 375 Occotea bullata Wingfield MJ
Ambrosiella sp. CMW 29834 Tabernaemontana Roux L
ventricosa
Ambrosiella sp. CMW 29835 Tabernaemontana Roux L
ventricosa
Anthostomella clypeata CMW 22204 Restio egregious Lee S
Anthostomella clypeata CMW 22250 Restionaceae sp. Lee S
Anthostomella conorum CMW 20398 Protea magnifica Lee S
Anthostomella conorum CMW 20403 Protea nerifolia Lee S
Armillaria fuscipes CMW 3950 Litchi chenensis Coetzee MPA
Armillaria mellea CMW 3788 Basidiocarp Coetzee MPA
Armillaria mellea CMW 3975 Quercus spp. Wingfield
MJ/Coetzee MPA
Armillaria mellea CMwW 3787 Hydrangium sp. Coetzee MPA
Armillaria mellea CMW 3340 Josia tree Coetzee MPA
Armillaria mellea CMW 3328 Parte House Chestnut Coetzee MPA
Armillaria mellea CMW 3341 Quercus sp. Coetzee MPA
Armillaria sp. CMW 11168 Pinus taeda Roux J
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Taxon Culture number Host/Source Collector
Arthrographis cuboidea CMW 5621 Red/pink stained pine floor De Beer W
Beauvaria bassiana CMW 393 ﬂ;:l:gus ligniperda Tribe G
Beauvaria bassiana CMW 394 Orthotomicus erosus Strauss L
Botryosphaeria dothidea | CMW 775 Pinus halepensis Burns M
Botryosphaeria dothidea | CMW 892 Cupressis horizontalis Unknown
Botryosphaeria dothidea | CMW 1177 Protea grandiceps Wingfield MJ
Botryosphaeria dothidea | CMW 1178 Protea grandiceps Wingfield MJ
Botryosphaeria sp. CMW 207 Mangifera indica (Mango) Jacobs R
Botryosphaeria sp. CMW 242 Malus pumila (golden De Smit A
delicious/ royal gala apples)
Camarospoirum brabeji CMW 22165 Protea sp. Lee S
Candida sp. CMW 19090 Pterocarpus angolensis Mehl J
Candida sp. CMW 19091 Pterocarpus angolensis Mehl J
Canninghamella CMW 1893 Dung Unknown
Echinulata
Capronia kleinmondensis | CMW 22136 Protea cynaroides Lee S
Capronia leucadendri CMW 19995 Leucadendron sp. Lee S
Celoporthe dispersa CMW 29381 Syzygium legatti Vermeulen M / Roux
Celoporthe dispersa CMW 29898 Syzygium legatti elermeulen M / Roux
Ceratocystiopsis sp. CMW 27016 Terminalia catappa i%egoude D/ Roux J
Ceratocystiopsis sp. CMW 27183 Eucalyptus saligna sumps Kamgan NG
Ceratocystis adiposa CMW 2573 Unknown Unknown
Ceratocystis albifundus CMW 4083 Acacia mearnsii Roux L
Ceratocystis albifundus CMW 4068 Acacia mearnsii Roux L
Ceratocystis albifundus CMW13980 Unknown Unknown
Ceratocystis albifundus CMW 17620 Terminalia serecia Roux L
Ceratocystis albifundus CMW 24685 Unknown Unknown
Ceratocystis albifundus CMW 24860 Unknown Unknown
Ceratocystis albifundus CMW 8217 Nitulid beetle Heath RN
Ceratocystis fagacearum | CMW 2656 Unknown Unknown
Ceratocystis moniliformis | CMW 10134 Eucalyptus grandis Van Wyk M
Ceratocystis paradoxa CMW 1546 Unknown Unknown
Ceratocystis populicola CMW 14789 Unknown Unknown
Ceratocystis radicicola CMW 1032 Unknown Unknown
Ceratocystis virescens CMW 1339 Unknown Unknown
Cercospora piaropi CMW 2043 Eichornia sp. Morris MJ
Cercospora zeina CMW 25441 Zea Mays Ros B
Cercospora zeina CMW 25443 Zea Mays Ros B
Ceuthospora sp. CMW 18003 Podocarpus elongatus Wood A
Ceuthospora sp. CMW 18035 Elegia equisetacea Lee S
Ceuthospora sp. CMW 18367 Podocarpus henckellii Lee S
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Taxon Culture number Host/Source Collector

cf. Diaporthe sp. CMW 6255 Musa sp. (Williams banana) | Viljoen A

cf. Drechslera sp. CMW 6192 Unknown Unknown

cf. Selenophoma asterina | CMW 6259 Musa sp. (Williams banana) | Viljoen A

cf. Selenophoma asterina | CMW 6260 Musa sp. (Williams banana) | Viljoen A

cf. Selenophoma asterina | CMW 6261 Musa sp. (Williams banana) | Viljoen A

Chaetochalara hughesii CMW 18307 Elegia capensis Lee S

Chaetomium erectum CMW 222 Pinus taeda Lee S

Chaetomium funicola CMW 22191 Leucadendron sp. Lee S

Chaetopsina sp. CMW 592 Pinus ocarpa Wingfield MJ

Chaetosbolisia sp. CMW 18009 Ischyolepsis cf. Lee S
gaudichaudiana

Chaetosphaeria sp. CMW 18758 Ischyolepsis cf. Lee S
gaudichaudiana

Chaetosticta sp. CMW 18000 Pinus ocarpa Wingfield MJ

Chalara elegans CMW 4683 Cinnamomam camphorum Wingfield MJ

Chalara elegans CMW 4690 Acacia mearnsii Wingfield MJ

Chalara elegans CMW 5463 Ground nuts Geldenhuis N

Chrysoporthe CMW 8755 Eucalyptus grandis Vd Westhuizen |

austroafricana

Cladosporium CMW 23422 Tipuana tipu Mehl J

cladosporioides

Coelomycete sp. CMW 330 Windringtonica Wingfield MJ
cedarbergensis

Coniodictyum chevalieri CMW 23046 Zizyphus mucronanta Maier W

Coniodictyum chevalieri CMW 23047 Zizyphus mucronanta Maier W

Coniothyrium zuluense CMW 5690 Eucalyptus grandis clone & | Van Zyl L
clone hybrid

Coniothyrium zuluense CMW 5691 Eucalyptus grandis clone & | Van Zyl L
clone hybrid

Conithyrium zuluense CMW 11220 Eucalyptus grandis clone Van Zyl L
and clone hybrid

Cryphonectria cubensis CMW 9342 Tibouchina sp. Roux L

Cryphonectria cubensis CMW 9344 Tibouchina sp. Roux L

Cryphonectria cubensis CMW 10060 Syzygium cordatum Heath R, Roux L

Cryphonectria cubensis CMW 10061 Syzygium cordatum Heath R, Roux L

Curvularia unata CMW 6139 Musa sp. (Banana) Viljoen A

Curvularia pallescens CMW 6176 Banana Viljoen A

Cylindrocarpon sp. CMwW24211 Ptetocarpus angolensis Mehl J

Cylindrocarpon sp. CMW 24217 Ptetocarpus angolensis Mehl J

Cylindrocladium CMW3912 Acacia mearnsii Roux L

candelabrum

Cylindrocladium CMW 28527 Eucalyptus grandis Crous PW

macroconidiale

Cylindrocladium CMW1166 Eucalyptus nitens Swart W

scoparium

Cylindrocladium CMW 2151 Eucalyptus nitens Wingfield MJ

scoparium

Cylindrocladium sp. CMW 5636 Podocarpus sp. Unknown

Cylindrocladium sp. CMW 9151 Acacia mearnsii Lombard L
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Taxon Culture number Host/Source Collector
Cylindrotrichum CMW 16695 Unknown Lee S
oligospermum
Cytagonospora sp. CMW 18247 Ischyrolepis cf. Lee S
gaudichaudiana
Cytospora eucalypticola CMW 226 Eucalyptus grandis Unknown
Cytospora eucalypticola CMW 914 Eucalyptus grandis Wingfield MJ
Cytospora sp. CMW 1505 Eucalyptus nitens Wingfield MJ
Cytospora sp. CMW 1506 Eucalyptus nitens Wingfield MJ
Cytospora sp. CMW 5442 Eucalyptus hybrid (GC550) | Smith H
Cytospora sp. CMW 18278 Elegia equisetacea Lee S
Cytospora sp. CMW 20895 Pterocarpus augolensis Mehl J
Cytospora sp. CMW 20902 Tipuana tipu Mehl J
Davidiella impi CMW 37667 Eucalyptus hybrid clone Gryzenhout M
(GC540)
Decaisnella sp. CMW 17973 Cannomois virgata Lee S
Diaporthe ambigua CMW 5288 Apple Smit A
Dictyochaeta simplex CMW 18037 Elegia equisetacea Lee S
Epicoccum nigrum CMW 6140 Musa sp. (Banana) Viljoen A
Erythricium salmonicolor | CMW 7130 Eucalyptus macarthurrii Roux J
Erythrogleum sp. CMW 17969 Restio filiformis Poir. Lee S
Erythrogleum sp. CMW 17972 Restio filiformis Poir. Lee S
Erythrogleum sp. CMW 18015 Ischyrolepis cf. Lee S
gaudichaudiana
Erythrogleum sp. CMW 18301 Elegia capensis Lee S
Erythrogloeum sp. CMW 17970 Restio filiformis Poir. Lee S
Erythrogloeum sp. CMW 18301 Elegia capensis Lee S
Eutypella sp. CMW 18256 Brabejum stellatifolium Lee S
Eutypella sp. CMW 22119 Protea nitida Lee S
Fairmaniella sp. CMW 17999 Ischyrolepsis cf Lee S
gaudichaudiana
Fusarium annanarum sp. | CMW 18685 Unknown Van Wyk PS
nov.
Fusarium circinatum CMW 13229 Pinus sp. Viljoen A
Fusarium circinatum CMW 13232 Lab strain Venter E
Fusarium circinatum CMW 13233 Lab strain Venter E
Fusarium crookwellense | CMW 7013 Potato Marasas WFO
Fusarium crookwellense CMW 7195 Wheat Marasa WFO
Fusarium graminearum CMW 6424 Eucalyptus grandis Unknown
Fusarium graminearum CMW 6425 Acacia mearnsii Roux J
Fusicoccum atrovirens sp. | CMW 22674 Pterocarpus angolensis Mehl J
nov.
Fusicoccum atrovirens sp. | CMW 22682 Pterocarpus angolensis Mehl J
nov.
Fusicoccum sp. CMW 794 Cryptomeria lawsonana Unknown
Fusicoccum sp. CMW 795 Cryptomeria lawsonana Unknown
Fusicoccum sp. CMW 22171 Erica plukenetii Lee S
Fusicoccum sp. CMW 22251 Restionaceae sp. Lee S
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Taxon Culture number Host/Source Collector
Fusicoccum sp. CMW 35612 Apodytes dimidiata Marincowitz S
Fusicoccum sp. CMW 35721 Protea simplex Marincowitz S
Fusicoccum sp. CMW 3910 Acacia mearnsii Roux L
Fusicoccum sp. CMW 18288 Restio quadratus Lee S
Ganoderma sp. CMW25886 Acacia mellifera Roux J
Ganoderma sp. CMW 25887 Rhus leptodictya Roux J
Ganoderma sp. CMW 25891 Unknown Roux J
Ganoderma sp. CMW 25892 Terminalia sp. Roux J
Ganoderma sp. CMW 25893 Rhus sp. Wingfield MJ
Ganoderma sp. CMW 25894 Jacaranda mimosifolia Wingfield MJ
Ganoderma sp. CMW 25895 Acacia tortilus Slippers B
Ganoderma sp. CMW 25896 Rhus lancia Slippers B
Ganoderma sp. CMW 25897 Salix bakylonica Heath R
Ganoderma sp. CMW 25898 Acacia kaffera Coetzee M
Ganoderma sp. CMW 25899 Acacia sp. Coetzee M
Ganoderma sp. CMW 25900 Acacia sp. Coetzee M
Ganoderma sp. CMW 25901 Acacia mearnsii Roux J
Ganoderma sp. CMW 25902 Acacia xantophloea Roux J
Ganoderma sp. CMW 25903 Quercus sp. Greyling |
Ganoderma sp. CMW 29957 Acacia sp. Coetzee M
Ganoderma sp. CMW 25883 African tulip tree Roux J
Leptosphaeria sp. CMW 16675 Thamnochortus cf. insignis Lee S

“CMW 17970 (denoted in bold) is used in this study

APPENDIX C: ITS sequence of CMW 17970

Isolate source: obtained from the FABI culture collection (FCC); previously identified as
Erythrogloeum sp. (referred to as CMW 17970/Clonostachys rosea 17970/C. rosea 17970

in this study)

1
61
121
181
241
301
361
421
481
541

GGAAGTAAAA
TTACAACTCC
GCCTCGTGTG
ATCTTCTGAG
GCATCGATGA
CATCGAATCT
CGTCATTTCA
GGACGGCCGG
TATTCCGCAT
CTCAGATCAG

GTCGTAACAA
CAAACCCATG
CCCCGGATCA
TAGTTTTTAC
AGAACGCAGC
TTGAACGCAC
ACCCTCATGC
CCCCTAAATC
CGGAGAGCGA
GTAGGAATAC

GGTCTCCGTT
TGAACATACC
GGCGCCCGCC
AAATAAATAA
GAAATGCGAT
ATTGCGCCCG
CCCTAGGGCG
TAGTGGCGGA
CGAGCCCCTG
CCGCTGAACT

GGTGAACCAG
TACTGTTGCT
TAGGAAACTT
AAACTTTCAA
AAGTAATGTG
CCAGTATTCT
TGGTGTTGGG
CCCGTCGTGG
CCGTTAAACC
TAAGCATATC
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CGGAGGGATC
TCGGCGGGAT
AACTCTTGTT
CAACGGATCT
AATTGCAGAA
GGCGGGCATG
GATCGGCCAA
CCTCCTCTGC
CCCAACTTTC
AATAAGCGGA

ATTACCGAGT
TGCCCCGGGC
TTATTTTGGA
CTTGGTTCTG
TTCAGTGAAT
CCTGTCTGAG
AGCCCGCGAG
GAAGTAGTGA
CAAGGTTGAC
GGA
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APPENDIX C: Primer design

PrC
Sep

PrC
Sep

PrC
Sep

PrC
Sep

PrC
Sep

PrC
Sep

PrC

Sep

MRVSALLSILPLVAAAPAKREEVAPLHVPRDVEVIPGKYIVKLKEGVVSISSTISSIEAK
MRVSALLSILPLVAAAPAKREEVAPLHVPRDVEVIPGKYIVKLKEGVVSISSTISSIEAK

CPR-For: 5-GGTCGAGTACGTCGAGCAGGATGC-3'

PDFEYEGGFQGFVRIYTSLVSQTRNMQITDNSSHRLVEYVEQDATVSISATQTGAPWGIA
PDFEYEGGFQGF---AGALT--EAEVQ--ALRESPEVEYVEQDATVSISATQTGAPWGIA

RLSNTNTGSTTYTYDDSAGDGTCAFIIDTGIYTSHSDFGGRASFAANYVDSSSTDGNGHG
RLSNTNTGSTTYTYDDSAGDGTCAFIIDTGIYTSHSDFGGRASFAANYVDSSSTDGNGHG

THVAGTVGGTTYGVAKKTKLYAVKVLDSSGSGTTSGVIAGMNYVTNSAGTYSCPKGVVVN
THVAGTVGGTTYGVAKKTKLYAVKVLDSSGSGTTSGVIAGMNYVTNSAGTYSCPKGVVVN

MSLGGGYSASLNTAANNIVSAGYFLAVAAGNSAANAANYSPASAASACTVGATTSSDALA
MSLGGGYSASLNTAANNIVSAGYFLAVAAGNSAANAANYSPASAASACTVGATTSSDALA

SYSNYGSIVDILAPGSSVLSAYNNGGTATLSGTSMASPHVAGLGAYYLGLGRASASGLCS
SYSNYGSIVDILAPGSSVLSAYNNGGTATLSGTSMASPHVAGLGAYYLGLGRASASGLCS

CPR-Rev: 5-GGGGAGGCCATGGAGGTACCAGAG -3’

YIVSTGLTGRITSVPSGTPNVLAHLV 386

YIVSTGLTGRITSVPSGTPNVLAHLV 379
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60
60

120

113

180
173

240
233

300
293

360
353
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