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Abstract

Oligosaccharides and polysaccharides have different effects on the morphology and production of
secondary metabolites by Penicillium chrysogenum P2 (ATCC 48271). Addition of
oligosaccharides, derived from sodium alginate and locust bean gum, to submerged cultures of P.
chrysogenum P2, at milligram per litre concentration (150 mgL™), increased secondary metabolite
levels and spore production, caused changes in morphology and germination of spores, and

affected the production of Reactive Oxygen Species. The source of the oligosaccharides controlled
their effects on the cultures.

Oligosaccharides when added to submerged cultures of P. chrysogenum P2 increased both
penicillin G and extracellular levels of 6-aminopenicillanic acid concentrations. The
oligosaccharides had no significant effects on biomass levels. Locust bean gum-derived
oligosaccharides (mannan oligosaccharides, DP 5-8), showed the highest levels of enhancement in
both penicillin G and 6-aminopenicillanic acid concentrations. Sodium alginate-derived
oligosaccharides, (oligoguluronate, DP 7 and oligomannuronate, DP 7), also induced elicitation of
penicillin G and 6-aminopenicillanic acid. Oligomannuronate was shown to be more effective than
oligoguluronate. In P. chrysogenum P2 cultures mannan, oligomannuronate and oligoguluronate
oligosaccharides enhanced yields of penicillin G by 101%, 78% and 59%, respectively. Addition
of mannan, oligomannuronate and oligoguluronate oligosaccharides enhanced the levels of 6-
aminopenicillanic acid by 39%, 26% and 19%, respectively.

The addition of oligosaccharides and polysaccharides to spores of P. chrysogenum P2 in liquid

medium had varying (inhibitory or stimulatory) effects on germination, germ-tube and clump
development. |

The addition of oligosaccharides to submerged cultures of P. chrysogenum P2 showed effects on
clump size and hyphal tip numbers. Mannan oligosaccharides had the greatest effect on
morphology followed by oligomannuronate and oligoguluronate oligosaccharides.

Oligosaccharides also speeded-up the sporulation and increased the concentration of spores of P.

chrysogenum P2 1n liquid cultures. Mannan oligosaccharides had the greatest effect followed by
oligomannuronate and oligoguluronate oligosaccharides. '

8-aminonaphthalene-1,3,6-trisulphonate-tagged oligosaccharide studies showed that the
oligosaccharides pass through the cell wall of P. chrysogenum P2 suggesting a possible
mechanism through modulation of gene function. The elicitation pattern was shown to be similar
to untagged oligosaccharides.

Oligosaccharides and polysaccharides were shown to inhibit production of Reactive Oxygen
Species in P. chrysogenum P2. The highest level of inhibition was elicited by mannan followed by
oligomannuronate and oligoguluronate oligosaccharides, and then locust bean gum and alginate.

The results of the study showed the potential of oligosaccharides as elicitors of secondary
metabolites in P. chrysogenum P2 as a filamentous fungus model. Understanding the elicitation

mechanism could provide routes for further exploitation of the potential of filamentous fungi in
production of commercial products.
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Aim:

The aim of this study was to investigate physiology and morphology of the fungus P.

chrysogenum P2 under the effect of alginate and locust bean gum oligosaccharides in liquid

culture.

To address the above aim, the following objectives were considered:

1. To investigate the effects of the oligosaccharides on the production of 6-aminopenicillanic

acid by P. chrysogenum P2.

2. To study the effects of the oligosaccharides on germination of P. chrysogenum P2 spores

and the development of morphology and spore formation.

3. To investigate the effects of the oligosaccharides and alginate and locust bean gum on the

production of Reactive Oxygen Species in P. chrysogenum P2.

4. To initiate and carry out preliminary studies on the possible mechanism(s) of elicitation of

antibiotic synthesis by oligosaccharides in P. chrysogenum P2.






1.1 Elicitation

An elicitor may be defined as a substance, which when introduced to a living cell system, in small
quantities, initiates or improves the biosynthesis of specific compounds. Thus, elicitation is the

induced or enhanced biosynthesis of metabolites due to addition of trace amounts of elicitors.

1.1.1 Elicitation in Plants

The 1nitial studies in the field of elicitation were carried out in plant cell systems. Plant cell
cultures are potentially rich sources of valuable pharmaceuticals and other biologically active
phytochemicals, but relatively few cultures synthesize secondary metabolites over extended

periods in amounts comparable to those found in the whole plant. Metabolic pathway engineering
of plant cells to imprové the yields of valuable secondary compounds generally has not been

possible. However, manipulation of plant cell cultures with elicitors not only has shed light on the
different biosynthetic pathways but also increased yields of medically important secondary

metabolites such as Taxane by Taxus chinensis (Srinivasan et al., 1996).

Catharanthus roseus produces a wide range of indole alkaloids as part of its secondary
metabolism. The low yield of these valuable indole alkaloids in plants has been the major
motivation to produce them by cell and tissue cultures. A number of metabolic manipulations has
been carried out in order to further understand their production mechanism. Light is thought to
affect both enzyme induction and activity (Shanks and Bhadra, 1998).

Precursor feeding is a method that 1s used to probe rate-limiting steps by increasing the substrate

supply. By identifying precursors, which after feeding enhance the production of alkaloids, the



specific part of the pathway that may have flux limitations can be identified. However, in contrast
to precursor feeding studies, addition of fungal elicitors has induced enzyme levels in the indole
alkaloid pathway (Whitehead and Threlfall, 1992). The mechanism of fungal elicitation for
induction of enzymes in plant systems in response to elicitors is not completely understood.
Theretore, well-defined elicitors as compared to crude fungal homogenates are being used for
detailed studies. The three elicitors chosen were pectinase, an endopolygalacturonase: chitin, a
component of fungal cell walls; and jasmonic acid, a signal transducer in the defence response.
Pectinase increased levels of tabersonine approximately 2.5 times the control, but had no
significant effect on the other alkaloids (Shanks and Bhadra, 1998). Chitin selectively enhanced
ajmalicine levels (by 50%), but no significant effect was observed on the other alkaloids. In

contrast, addition of jasmonic acid affected all of the alkaloid levels.

Xyloglucan is a major structural polysaccharide of primary cell walls of higher plants and
presumably its main biological role is to contribute to wall strength (Fry, 1989). However, York,
(1984) discovered that oligosaccharides derived from xyloglucan may also serve a signalling role.
The oligosaccharides were found to inhibit the auxin-promoted growth of etiolated pea stem

segments. Fungal derived oligosaccharides activate a number of plant defence mechanisms.
Certain fungal oligo-B-glucans can elicit phytoalexin synthesis in higher plants (Albersheim and
Valent, 1978). Phytoalexins are anti-microbial compounds synthesised by plants after exposure to
micro-organisms.

Carbohydrates are not the sole elicitors of plant cell cultures. Salicylic acid, for example, enhances

activation of defence related genes i parsley (Katz et al., 2002). Proteins can act as elicitors too.



Nep-1 produced by Fusarium oxysporum elicits ethylene production in leaves of Nicotiana

tabacum (Jennings et al., 2001).



1.1.2 Elicitation in Animal Cell Cultures

Elicitation in animal cell cultures does not relate to production of secondary metabolites, however
it relates to activation of number cell pathways. Pectin-like polysaccharides have been reported to

activate immune system complexes by Yamada, (1994).

It has been shown that glucans obtained from fungi enhance the resistance of common carp,
Cyprinus carpio, against bacterial infections through the activation of the non-specific immune
system (Fujiki et al., 1994). This study has demonstrated that sodium alginate isolated from
Undaria pinnatifida enhanced the resistance of carp to Edwardsiella tarda infection. The disease
resistance occurred within a few days, earlier than would be expected if the specific immune
response was involved. Therefore, it seems likely' that the alginates stimulated the non-specific
immune system, presumably the reticuloendothelial system (Fujiki et al., 1994).

Other effects on animal cell cultures induced by elicitors include induction of IL-6 in humans and
mice, and increased proliferation of antibody producing cells (Skjak-Braek and Espevik, 1996).
Work carried out by Bland ef al. (2001) has show that carbohydrate elicitors have a significant
effect on the stimulation and inhibition of Reactive Oxygen Species (ROS) in neutrophils. This

observation was linked to the structure of the oligosaccharide tested.



1.1.3 Elicitation in Bacterial Cultures

Although the effects of bacterial-derived elicitors in plant and animal cell cultures are well
documented, little is reported on elicitation in bacterial cultures. Work on Bifidobacteria has show
that in the presence of alginate elicitors there is an increase in biomass (Akiyama et al., 1992).

The lack of research in this field could be due to the fact that efficient systems are already being
used to enhance and overproduce metabolites. Recombinant plasmid technology ensures that
bacteria can be used successfully as hosts for the overproduction of a number of metabolites, for

example polyhydroxyalkanoates in Pseudomonas putida (Solaiman et al., 2001).




1.1.4 Elicitation 1in Fungal Cultures

In fungal cultures, as in plant cell cultures, elicitors induce a number of secondary metabolite
pathways. Most inducible elicitors are derived from sodium alginate and 1ocust bean gum.

Glucose oxidase (GOD) catalyses oxidation of glucose by molecular oxygen and is produced
industrially as a by-product of the gluconic acid fermentation from Apergillus niger . Since the
early 1950s glucose oxidase has been widely used in powdered egg manufacture (Baldwin et al.,
1953) and paper test strips for diabetic patients (Hunt, 1956). A new application for GOD is 1ts use
in biosensors (Filipiak et al., 1996). Recent studies have shown an increase of 70% in GOD
concentration in cultures of Penicillium variabile P16 when elicited with alginate (Petrucciol1 et

al., 1999).

The fungus Monascus purpureus is well known for its ability to produce eight closely related

polyketide pigments ranging in colour from bright yellow to deep red (Jazlova et al., 1996). Some
of these pigments have long been used in Asian countries as food colorants and their wide

potential applicability is generally recognized (Jazlova ef al., 1996). The fermentative production
of such pigments can be obtained both in solid state and in submerged cultivations and many
studies have aimed to assess the effects of various macro- and micro- elements of production
media on pigment synthesis as well as to optimise production (Jazlova et al., 1996). Among the
possible approaches to maximize pigment production, strain improvement techniques have been

widely used. Monascus purpureus pigment production is also enhanced in the presence of calcium

alginate (Fenice et al., 2000).



Alginate oligosaccharides have been shown to have significant impact on the production of
penicillin G in P. chrysogenum (Ariyo et al., 1997). This paper showed for the first time that
alginate derived oligosaccharides elicited overproduction of penicillin G in shaken flasks.
Differences in the degree of polymerisation appear to have an effect on the level of elicitation
observed. Later studies by the same group (Ariyo et al., 1998) showed that this overproduction
can also be observed at bioreactor level with a maximum increase of 69% in penicillin G
production. Not only is penicillin G production elicited in P. chrysogenum but chrysogenin is as
well (Asilonu ef al,, 2000). Chrysogenin is a pigment produced by P. chrysogenum and its
biological role is not well understood. Other strains of Penicillium have shown to elicit secondary

metabolites (Ariyo et al., 1997).

The work on elicitation in P. chrysogenum has provided us with an established system to further
investigate the effects of elicitors. As knowledge of the metabolic pathway for penicillin G

production and the P. chrysogenum morphology are well established, this fungus is an 1deal model

for research.



1.2 Penicillium chrysogenum

P. chrysogenum is a fungus that grows naturally in a filamentous form, and belongs to the
Penicillium genus. Penicillium consists of long, branched, threadlike filaments of cells called
hyphae. These form a tangled mass or tissue aggregation called a mycelium (Peberdy, 1985). The

hyphae have cross walls called septa with pores that permit protoplasmic streaming.

Species of Penicillium are recognized by their dense brush-like spore-bearing structures. The
conidiophores are simple or branched and are terminated by clusters of flask-shaped phialides.
The spores (conidia) are produced in chains from the tips of the phialides, with the youngest spore
at the base of the chain, and are nearly always green. Branching is an important feature for
identifying Penicillium species. Some are unbranched and simply bear a cluster of phialides at the
top of the stipe. Others may have a cluster of branches, each bearing a cluster of phialides. A third
type has branches bearing a second order of branches, bearing in turn a cluster of phialides. These
three types of spore bearing systems (penicilli) are called monoverticillate, biverticillate and
terverticillate respectively. Penicillium is a large genus encountered almost everywhere, and

usually the most abundant genus of fungi in soils.

Unlike many other antibiotics in medical use penicillin was not found by mounting large screening
programmes but chance played an extraordinary role in its discovery.

The discovery of penicillin at St. Mary’s Hospital by Alexander Fleming, after a plate inoculated
with staphylococci was accidentally contaminated with Penicillium notatum (Fleming, 1929), has

lead to a revolution in the treatment of systemic infections. Penicillins have broad clinical utility.
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Penicillium chrysogenum 1s an important industrial organism due to its capacity to produce
penicillin, which is still one of the main commercial antibiotics (Brakhage, 1998) constituting
more than 60% of the world market of antibiotics (Mendez and Salas, 1998). Due to the
development of semisynthetic derivatives with improved efficacy (Nayler, 1991), the efficiency of
penicillin production has improved. This has resulted in a 30,000 fold increase in titre of
Fleming’s original isolate of P. notatum compared to currently exploited high-producing strains of

Penicillium chrysogenum (Pefialva et al., 1998).
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1.2.1 Penicillin Biosynthesis in P. chrysogenum

1.2.1.1 Introduction

Penicillins are compounds that are mainly derivatives of either the penam (penicillin) ring system
or the 3-cephem (cephalosporin) ring system. The differences between individual penicillins lie in

the structure of their side chains that vary from single chain carboxylic acids to cyclic phenolic

(aromatic) molecules.

Penicillins, produced by various species of Penicillium, especially P. chrysogenum, as well as
other species of fungi, all possess the same bicyclic ring system, consisting of a B-lactam ring cis-

fused to a thiazolidine ring (Kurylowicz et al., 1987).
Over one hundred penicillins, differing only in the nature of the N-acyl side chain, can be
produced by fermentation. Aliphatic or aryl-substituted aliphatic carboxylic acids constitute

suitable side-chain precursors (Behrerns, 1949) for penicillin production. In the absence of a

suitable side-chain precursor, fermentations of P. chrysogenum lead to the formation of

1sopenicillin N (Cole, 1966).

Other examples of natural penicillins include penicillin X, pentenylpenicillin (penicillin F), and

heptylpenicillin (penicillin K). As a result of plasmid-born f-lactamases the anti-microbial

efficacy of most of the natural penicillins declined and production of commercially semi-synthetic

penicillins has been implemented. These include oxacillin and ampicillin (Rolinson, 1979).

12



Current research in [-lactam is focusing on a greater understanding of metabolic regulation,
metabolic engineering and detailed genetic structure of the genes responsible for the enzymatic
synthesis of the now vast array of -lactam antibiotic molecules. Research on the mechanisms of
action of the [(-lactams has now reached a new level having well defined targets. Penicillin-

binding proteins and their associated genes have been identified and are undoubtedly linked to

both biosynthetic and lytic events (Demain and Elander, 1999).
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1.2.1.2 Overview of Synthesis

Biosynthesis of penicillin by P. chrysogenum involves the tripeptide &-(L-a-aminoadipyl)-L-
cysteinyl-D-valine (tripeptide ACV) as intracellular precursor. This intermediate is formed from
L-a-aminoadipic acid, L-cysteine and L-valine (Fig. 1.1). The terminal reaction in the sequence is

a transacylation between isopenicillin N and an activated side-chain acid to produce penicillin

(Elander, 1980; Demain, 1983).

1.2.1.2.1 Biosynthesis of 5-/L-o-aminoadipyl/-L-cysteine (dipeptide AC)

The initial reaction of benzylpenicillin biosynthesis is the condensation of L-a-aminoadipic acid

and L-cysteine to form the dipeptide AC. Direct evidence for the incorporation of the cysteine

molecule into the dipeptide AC was obtained by isotopic studies.
This stage of biosynthesis is catalysed by the enzyme §-L-oi-aminoadipyl-L-cysteine synthetase

(Lara et al., 1982).

The reaction is based on the consumption of ATP needed to activate amino acids for non-

ribosomal biosynthesis of peptides.

1.2.1.2.2 3-/L-a-aminoadipyl/-L-cysteinyl-D-valine (tripeptide ACV)

To the dipeptide AC, L-valine is added to form the tripeptide ACV (Fig. 1.1) The L-a-

aminoadipic acid 1s involved in the initial peptide-forming steps of tripeptide ACV. Lysine is a
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potential inhibitor of L-a-aminoadipic acid and penicillin biosynthesis (Demain and Masurekar,
1974). The fungal biosynthetic pathway to lysine involves L-a-aminoadipic acid as intermediate.

The L-a-aminoadipic acid not only reverses the inhibitory effect of lysine, but also stimulates
penicillin biosynthesis (Somerson et al., 1961).

The L-valine is converted to the D-form during activation and 1s then added to the tripeptide ACV.
The use of '“C-labeled valine provides direct evidence for the incorporation of intact L-valine into

penicillin. Although the valine constituent of the tripeptide ACV 1s of D-configuration, the

stimulation of synthesis of penicillin by the L-form and the inhibitory effect of D-valine showed

L-valine to be the actual precursor (Demain, 1983).

1.2.1.2.3 Biosynthesis of Isopenicillin N

In the pathway of biosynthesis of B-lactam antibiotics the tripeptidle ACV i1s converted by

isopenicillin N synthetase to B-lactam-thiazolidine (Fig. 1.1). This enzyme requires molecular
oxygen, cofactors and ferrous ions (White et al., 1982). The cyclization of tripeptide ACV to
isopenicillin N by a cell-free extract from P. chrysogenum was described by Abraham ef al.,
(1981). The formation of ACV and IPN has been reported to be repressed by glucose (Honlinger

and Kubieck, 1989).
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1.2.1.2.4 Benzylpenicillin Biosynthesis

The terminal reaction of benzylpenicillin biosynthesis is an exchange of the L-o.-aminoadipic acid

of isopenicillin N for phenylacetate from phenylacetyl:coenzyme A. This acyltransfer reaction is
catalysed by enzymes of a single chain exchange mechanism composed of phenylacetyl:
coenzyme A ligase, phenylacetyl:coenzyme A hydrolase and phenylacetyl-transferase.
Phenylacetyl:coenzyme A ligase in benzylpenicillin producing strain of P. chrysogenum was
described by Brunner and Rohr, (1975). The enzyme appears in the initial stages of
benzylpenicillin production and then increases during the stage of rapid production of the
antibiotic.

The final step in benzylpenicillin biosynthesis involves the direct N-acylation of 6-
aminopencillanic acid by the coenzyme A activated side-chain precursor (Fig. 1.1). The reaction
occurs directly (with a lower rate) or as a two-step process to form 6-APA as an intermediate
which is then acylated to form penicillin G. Phenylacetyl:coenzyme A hydrolase activity was
described in extracts of high benzylpenicillin yielding mutants of P. chrysogenum by Spencer,
(1975).

The penicillin acyltransferases are enzymes usually present in penicillin producing stains that are
capable of transferring the side-chain from phenylacetyl:coenzyme A to 6-aminopenicillanic acid.

Acyltransferase activity was shown m extracts of different stain of P. chrysogenum by Spencer

and Maung, (1970).

16




Ho2N SH
y\/\ COOH \_/
COOH

L- a-Aminoadipic Acid L-Cysteine L-Valine

l ACV Synthase (pcb AB)

H2N NH SH

| T LLD-ACV
‘u‘CH 3
COOH O NH |~

6 N an:

COOH
l [PN Synthase (pcb C)

[sopenicillin N

l IPN Amidolyase

CH 3
Penylacetic acid H2 S
y CH 1 6-APA
N
\\\\h 0/’ COOH
Penylacetyl-CoA H
\"l 6-APA:AcylCoA Acyltransferase
(pen DE)
Penicillin G

Fig 1.1 Schematic pathway for the production of penicillin in P. chrysogenum (genes regulating
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1.3 Carbohydrates as Elicitors

For decades, penicillin yields have been increased through development of better production
strains by classical mutagenesis procedures and optimization of the growth conditions (Vanek and

Hostalek, 1986; Fernandez-Canén et al. 1989; Keshavarz ef al. 1989). A novel approach to the

overproduction of penicillin has been in the use of carbohydrate elicitors (Ariyo et al., 1997).

Carbohydrates are the building blocks of many of the structural polymers that give form to living
cells and organisms. They play important roles in the interactions of cells with one another as well
as with their environment.

Carbohydrates are partially reduced molecules, which, upon oxidation, yield energy needed to
drive metabolic processes, thus acting as energy-storage molecules. Polymeric carbohydrates
serve a variety of functions. For example, they are found in the cell walls and protective coatings
of many organisms. Carbohydrates attached to cell membranes play a role in cellular recognition

and in cell-to-cell communication.

Oligosaccharides may be homo- or hetero- (with various different sugar residues) and may be
linked by various different glycosidic linkages. Sugar residues may be in the o or B anomeric

form. Therefore, a very great number of different oligosaccharide structures are possible.
Oligosaccharides have been shown to exert biological effects on higher plants, animal cells and
fungi. Ariyo et al. (1998) and Asilonu et al. (2000) have shown that the production of penicillin is

significantly enhanced when alginate- and Locust Bean Gum (LBG)- derived oligosaccharides are

supplemented as elicitors to P. chrysogenum cultures.
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1.3.1 Oligosaccharides

1.3.1.1 Introduction

Oligosaccharides are a group of carbohydrates with short chains of 2-20 glycosidically linked
monosaccharide residues. The monosaccharides can be liberated by hydrolysis. Simple
oligosaccharides are classified as di-, tri-, saccharides according to the number of monosaccharide
molecules produced on hydrolysis; this number is also referred to as the degree of polymerisation
(DP) of the oligomer. Oligosaccharides having a degree of polymerisation between 2-3 are sweet
tasting, soluble in water and are classified as sugars, whereas higher members are devoid of taste.
Oligosaccharides can exist as both simple oligosaccharides, that on hydrolysis liberate only
monosaccharide units, and conjugate oligosaccharides linked to non-saccharides, such as cell
surface peptides (Hayes et al., 1995) and lipids (D’Souza et al., 1992). Hydrolysis of conjugate

oligosaccharides liberates both monosaccharides and the aglycons.
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1.3.1.2 Oligosaccharide Building Blocks

The monosaccharide units in oligosaccharides are mostly hexose (6-carbon) sugars with pyranose

(6-membered ring) structures. An example of this type of sugar is 3-D-glucopyranose (D-glucose),

which is the most common building block of natural carbohydrate polymers. Oligosaccharide

building blocks may also include monosaccharides with furanose (5-membered ring) structures.

The disaccharide sucrose consists of a D-glucose residue in pyranose form linked a-1, 2 to D-

fructose in furanose form.

The oligosaccharides used in this study oligo (8-D-mannose), oligo (B -D- mannuronate) and oligo

(a-L-guluronate) are hexoses. The two latter oligosaccharides are composed of modified

monosaccharide units in which the C-6, CH,OH group has been oxidised to COO™ (carboxylate)

groups.
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1.3.1.3 Oligosaccharide Sequences !

The arrangement of sugar units within naturally occurring carbohydrate polymers is of i
fundamental importance in determining their properties and complexity. The sequences of sugar
units that occur in carbohydrate polymers can be classified into three main groups, these are

periodic, interrupted and aperiodic sequences (Rees, 1977). The simple periodic sequence is

characterised by the arrangement of monosaccharide units with a single type of linkage in a

repeating pattern along the carbohydrate chain, the oligo (§ -D-mannose) chain is of this type. |

However, more complex carbohydrate structures exist with interrupted periodic sequences which

may contain different types of linkages. A typical example of a carbohydrate polymer that has

both repeating and interrupted periodic sequences 1s the alginate polysaccharide representation 3 -

1,4 linked mannuronate and o.-1, 4-linked guluronate.

Many carbohydrate structures also exist with aperiodic sequences, variations in linkage position
and sometimes variations in D and L configuration. Branched structures are also frequently
encountered, particularly among conjugate oligosaccharides. These structures are found as cell
constituents in every living organism, where they function as receptors in immune systems as cell

surfaces receptors for hormones and neurotransmitters, and as recognition molecules involved in

the processes of cell sorting during tissue development. Carbohydraté attached to

immunoglobulins is typical of this type of structure.
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1.3.1.4 Alginates

Alginates are normally available as monovalent salts of alginic acid extracted from different types
of brown seaweed. Certain bacteria, including Azotobacter chrococcum, A. vinelandii,
Pseudomonas aeruginosa also synthesize alginate as an extracellular polysaccharide. Alginate was

first prepared by Stanford (1886) who established that it was a weak organic acid consisting
chiefly of uronic acids. Nelson and Cretcher (1929), isolated D-mannuronic acid and L-guluronic

acid. Haug et al., (1974) made precise determination of the uronic acid composition. Alginate is a
linear polysaccharide comprised of 1,4 linked B-D-mannuronate and o-L- guluronate. These

uronic acids are arranged in block structures that are mainly homopolymeric (polyguluronate and
polymannuronate) with alternating units of mannuronic and guhironic acid. Alginate has its
building blocks arranged in a zig-zag pattern.

Alginate is used for a variety of applications by the food, pharmaceutical and other industries
(Gacesa, 1988). Alginates are mainly used as gelling and thickening agents in a wide variety of
applications. Another important commercial application of alginate is its use as a matrix for cell

immobilization (Bucke, 1987). Through acid hydrolysis biologically active oligosaccharides can

be produced (Fig. 1.2) (See Materials and Methods section).
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Fig. 1.2 Schematic representation of acid hydrolysed alginate oligosaccharides.
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1.3.1.5 Galactomannans

Commercially available galactomannans are derived from the seed endosperm of carob (Ceratonia

siligua) and guar (Cyamopsis tetragonolobus) (Dea and Morrison, 1975).

Galactomannans have a backbone of f-1,4-linked D-mannopyranosyl residues. Some

mannopyranosyl moieties in the backbone are substituted with single unit a-1,6-linked D-
galactopyranosyl residues.

Within the various mannans occurring in nature, wide spectra of structures can be distinguished.
The diversity of structure is mainly due to variations in the mannose/galactose ratio and
differences in the distribution of galactose units along the mannan backbone. The galactose
content may vary between 10 and 50%. Galactomannans with galactose content higher than 25%
are readily soluble in cold water and yield highly viscous solutions. Galactomannans with
galactose content between 18 and 24% are soluble in hot water, but insoluble or only slightly
soluble in cold water. These groups of galactomannans are referred to as the locust bean gums and
-are obtained from carob seeds (C. siliqgua). The locust bean gums interact strongly with
polysaccharides such as agar, kappa-carrageenan and xanthan gum to form strong gels at low
concentrations in water (Dea and Morrison, 1975). This property of locust bean gums has been
exploited commercially. The galactomannans have also found extensive use as thickeners and

stabilizer for the food industry.

Oligosaccharides can be prepared from galactomannan by enzymatic hydrolysis (Fig. 1.3). A
range of galactomannan enzymes have been reported in literature (Dey, 1978); these include a-

galactosidase, [B-D-mannanase and galactomannanase. The enzyme f-D-mannanase acts by
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random cleavage of the D-mannan chain, producing a series of manno- and galacto-manno-

oligosaccharides (Dekker and Richards, 1976).

O HO
CH OH
2 HO O ,
¥ 4
) - - 0 H O’
CH OH
HO 2 O

Fig. 1.3 Schematic representation of mannan oligosaccharide
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1.4 Image Analysis in Relation to Morphological Effects on

Production

Although filamentous microorganisms are widely used in industrial fermentation processes, their
growth and differentiation are not yet fully understood, because their biomass has a complex
structure, and therefore difficult to describe and to quantify. This lack of appropriate tools can
hinder the optimisation and control of the fermentation.

Filamentous microorganisms such as fungi and Streptomycetes, are widely used for the production
of secondary metabolites at the industrial scale. Because these metabolites are an offshoot of the
main metabolic pathways, particular physiological conditions are required for their production. In
spite of the apparent complexity of the interaction of microorganisms with their environment,
medium and process development as well as strain improvement were often done on a trial and

error basis. For instance, the initial strain improvement program for P. chrysogenum was mainly

based on the mutation-selection approach (Herbash ez. al., 1984).

In recent years there has been a rapid development in fully automated systems for image analysis.
Expertise in different research areas has contributed to the development of image analysis
systems. Image enhanced microscopy was used in the detection of luminescence-marked bacterial
cells in situ in environmental samples (Rattray ef al,, 1994). Such a technique can facilitate risk
assessment of genetically engineered microorganisms introduced into the environment. Image

analysis in the food industry has been used in developing an effective cleaning procedure for

removing biofilms from food-contact surfaces (Wirtanen ef al., 1995).
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Characterisation of mycelia morphology is important for physiological studies of filamentous
fungi.

When grown in submerged culture, filamentous fungi exhibit different morphological forms,
ranging from free mycelia trees to densely interwoven mycelia masses referred to as pellets. The
particular form exhibited is determined not only by the genotype of the strain, but also by the
nature of the inoculum, as well as, the chemical, physical and culture conditions (Suijdam et al.,

1980; Schiigerl et al., 1997 and Papagianni, 1999). These morphological growth forms can have a

significant effect on the rheology of the fermentation broth and thus the bioreactor performance.
Pelleted morphologies usually result in Newtonian broths and better mass transfer rates (in the
broth) compared to viscous and often pseudoplastic filamentous cultures (Suijdam et al., 1980).
However, autolysis inside the pellets, due to oxygen limitation, results in a large portion of fungal
mass being metabolically inactive (Suijdam et al., 1980). In Aspergillus oryaze this pelleted
morphology is desirable for the production of citric acid. However, the filamentous morphology
is of interest in P. chrysogenum fermentations (Amanullah et al., 1999). The extensive
morphological differentiation exhibited by filamentous organisms is often associated with their
involvement in chemical differentiation. A close relationship between a particular morphological
form and increased process productivities is characteristic for a number of industrially important
fermentations e.g. citric acid (Papagianni et al., 1999) and penicillin fermentations (Calam, 1987).
The relationship between fungal morphology and process productivities has attracted interest from
both academia and industry and attempts have been made to manipulate morphology to achieve

maximal performance.

Inoculum quality, size, type or age, is of prime importance in determining the outcome of

filamentous fermentations. Studies have shown that pellets are formed at inoculum levels below
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10° spores mL™, while at higher inoculum levels dispersed growth prevails (Vecht-Lifshitz et al.,
1990). Studies with P. chysogenum have also shown that with a production culture started with an
inoculum seeded with 10’ spores mL"' the pellets grew larger, while with 10* spores mL™ in the
inoculum the tiny pellets remained small but became more numerous (Calam, 1987). Application
of image analysis in a number of studies demonstrates quantitatively the transition from the
pelleted to free filamentous form by changing inoculum levels (Tucker and Thomas, 1992).

Therefore, morphological development in filamentous fermentations can be manipulated with

inoculum size.

Image analysis systems are also being used in characterising the germination process of spores and
viability testing (Paul et al., 1993).

Image analysis has been found to be a powerful tool in the investigation of mycelial morphology.
This tool can be used to better understand the relationship between morphology and secondary
metabolite production. The morphology of mycelial fungi in liquid culture affects culture rheology
and this in turn may affect product yield. Wiebe and Trinci (1991), with the aid of image analysis,
looked at the effects of dilution rate on the morphology of Fusarium graminearum C106 in
continuous culture. F. graminearum C106 is a colonial variant which arose spontaneously in a
_prolonged continuous culture of F. graminearum A3/5. The appearance of C106 colonial variants
in Quorn mycoprotein fermentations resulted in premature termination of the continuous culture
with a consequent loss of productivity (Cunliffe ef al., 1990). This work showed that the main

hyphal length and the hyphal growth-unit of F. graminearum C106 decreased when the dilution

rate increased. But at lower dilution rates hyphal growth unit stayed constant. For F. graminearum
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A3/5, however, hyphal length, hyphal growth unit and hyphal growth volume increased with
increased dilution rate.

New developments have lead to manufacturing of on-line image analysis systems that have been
used to fully characterise the relationship between morphology and production in submerged
cultures. Treskatis (1996) used such a system to look at the changes in morphology during the '
course of a typical fermentation of Steptomyces tendae. S. tendae produces nikkomycin.
Nikkomycin Z is an antifungal drug that competitively inhibits chitin synthetase in the fungal cell
wall. It was shown that with time the morphology changed from rough pellet structures in the
exponential phase to smooth pellets in the late exponential phase. At this stage the available
phosphate was exhausted and the production of nikkomycin had begun. There were morphological
changes at this point where it was found that the majority of the cells were now smooth.

The relationship between morphology and citric acid production was investigated in submerged
fermentation of A. niger (Paul et al., 1999). In citric acid fermentation the morphology of A. niger
varies between filamentous and pelleted forms with an intermediate aggregate (but still dispersed)
. morphology (clumps) (Tucker et al., 1992; Paul and Thomas, 1998). The work by Paul et al.
(1999) gives a quantitative description (using image analysis) of how the morphology of A. niger
inocula affects the subsequent fermentation morphology and 1its relation to citric acid production.
They concluded that smaller pellets (1.5 mm) gave a higher citric acid yield than larger pellets (3.0
mm). Surprisingly their study suggested that filamentous morphology gave a higher citric acid
yield compared to pelleted morphologies, although previous studies had shown the opposite
(Kisser et al., 1980; Gomez et al., 1988). It is interesting to note that the citric acid titre between
the small pellets and filamentous morphologies was similar for most of the fermentations

suggesting that the small pellets were too small for significant diffusion limitations to have
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occurred. This study (Paul ef al., 1999) shows the importance of image analysis for providing a
- quantitative understanding of the effects of morphology on production.
Recent studies using image analysis have allowed for new avenues to be explored. Image analysis
was used to investigate inoculum concentration and morphology changes on protease secretion
(Papagianni and Moo-Young, 2002). Image analysis has also proved useful in strain selections of
Metarrhizium anisopliae (Yang et al., 2001) and Penicillium sp. (Dorge et al., 2000).
While the overall morphology of pelleted and filamentous forms is important, the relation of
hypha, in particular hyphal tip, with biochemical mechanisms has not been well established and
thus better understanding of hyphal function is essential.
Hypha grow by deposition of cell wall material at the apical tip, resulting m the characteristic
cylindrical shape of the hypha. Formation of hyphae is the normal mode of development in the
mycelial fungi. The ability to control wall synthesis in filamentous fungt is of major importance in
many industrial processes but in particular where the mycelial biomass is to be used for human or
animal feeding purposes. Electron microscope studies have shown that a young hypha consists of
3 relatively distinct zones: an apical zone; subapical zone; and a zone of vacuolation. Early work
by Katz ef al. (1972) on A. nidulans proposed a model for exponential growth and branch
initiation based on observations of 4. nidulans grown in shaken flask cultures.
They concluded that:

o The rate of extension at the growing points of short hyphae is proportional to both the

hyphal length and the specific growth rate, 1.e. short hyphae grow exponentially.

o Each growing point can extend at a rate characteristic of the organism and independent

of the mass specific growth rate.
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e A new growing point is formed when the capacity of the hypha to extend exceeds that

of the existing points.

It was therefore concluded that the branching frequency would be proportional to specific growth

rate.

Morphology of the hyphae can also be studied in detail using image analysis. Hyphal extension in
A. oryzae and A. niger in relation to glucose concentration has been investigated (Miiller et al.,
2000). The growth Kinetics of the single hyphae of A. oryzae has been determined on-line with the
aid of image analysis (Christiansen et al., 1999). The study showed that the number of branches
formed on a hypha is proportional to the length of the hypha that exceeds a certain minimum

length required supporting the growth of a new branch.

The effects of elicitors on the morphology of P. chrysogenum have not been reported before and
this together with studies into the uptake of oligosaccharides by P. chrysogenum should bring the

first steps in an approach to the elucidation of the elicitation mechanism.
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1.5 Sporulation and Germination

The characteristic asexual spore in higher fungi 1s the conidium. Conidia are classically defined as
specialised, non-motile, asexual propagules that are usually formed from the side or tip of
sporogenous cells and do not develop by progressive cytoplasmic cleavage (Aleopoulos and
Mims, 1979). There are a huge variety of morphologically distinct conidial types produced by the
higher fungi ranging from simple spheres to spirally curved and star-shaped structures (Cole,
1986). Conidial development 1s the result of an intricate series of tightly regulated biochemical

events. Under normal conditions, one of the requirements for conidiation in ascomycetes is that

cells undergo a defined period of vegetative growth to acquire developmental competence before
switching from relatively undifferentiated vegetative growth to conodiphore development
(Axelrod ef al.,, 1973). The mechanisms that control the acquisition of developmental competence
and the switch from undifferentiated vegetative growth to connidiphore development are not fully

understood, but genetically regulated (Pastushok and Axelrod, 1976; Timberlake and Marshall,
1988; Chang and Timberlake, 1992).

Studies have shown that sporulation is influenced by environmental factors that include nutrition
(Smith, 1978). Skromne ef al., (1995) examined the effects of glucose and nitrogen limitation on
sporulation of A. nidulans and the expression of brlA gene which plays a fundamental role in the
switch from vegetative' growth to sporulation. The study showed that glucose starvation induced
brlA gene rapidly and resulted in spore formation. Nitrogen showed a similar pattern however '
spore formation was much reduced. Atmospheric factors such as carbon dioxide, temperature,

relative humidity and light are important too (Barnett and Lilly, 1955; Taber, 1966; Sekiguchi et

al., 1975; Manachere, 1980; Mooney and Yager, 1990). Nutrient stress by high calcium ion
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concentration in culture medium is known to influence conidiation in ascomycetes (Hadley and
Harrold, 1958; Righelato et al., 1968; Ugalde and Pitt, 1983; Adams et al., 1998).

In favourable conditions fungal spores go through two stages: swelling and the emergence of
germ-tubes (which describes germination). The germ-tube is the slender hypha that emerges from
a germinating spore. Nutrient reserves within a spore are limited, so a germ-tube must quickly
reach an environment having nutrients and other favourable factors for growth. To achieve this

germ-tubes employ a remarkable number of sensory responses based on their environmental

requirements. The following table shows some of the research work carried out to investigate

these sensory responses.

Investigation Reference Micro-organism

Geotrichum candidum

Germ-tubes growing away from
each other

Growth towards amino acids Manavathu and Thomas (1985) Achlya ambisexulalis

Robinson (1980)

Growth towards volatile
compounds

Growth towards oxygen Robinson (1973) Geotrichum candidum
Growth away from oxygen Carlile and Tew (1988) Phytophthtora citricola
Growth away from light Carlile (1970) Physarum polycephalum

Carlile and Matthews (1988) Chaetomium globosum
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Recent studies have investigated the environmental factors that can affect germination in
Penicillium. Inanova and Marfenina (2001) studied the effects of sucrose concentration,
temperature and pH on the germination of Penicillium spores. The spore germination rate was
found to reach a maximum at different values of the environmental factors studied. A similar
study included the effects of water activity on the germination of P. chrysogenum spores. Sautour
et al., (2001) looked at the combined eftect of temperature, water activity and pH on the
germination of spores. Higher rates of spore germination were associated with a high level of
water activity. A significant positive interaction between temperature and water activity was
observed. Under these specific conditions, pH did not have a significant effect on the germination
of P. chrysogenum spores.

Kimura et al. (2002) investigated the relationship of conidial enzymes xylanase and pectinase on
spore germination and germ-tube development in P. expansum. Use of Xylan or pectin as the sole
carbon source did not initiate germination. The type of carbon source or enzyme levels did not
matter with regards to germination, however, it was found that the enzyme levels did affect the

elongation of germ-tubes.
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1.6. Transport Mechanisms in Fungi

1.6.1 The Cell Wall

Cell walls in fungi include very different structures ranging from the thin, more or less
unstructured cell wall in the growth zone, to the thick, strongly structured cell wall that covers
older parts of a hypha. The volume of the cell wall may vary between 15 and 40% of the total
hyphal volume (Clipson ef al., 1989). Both the volume and the composition of the cell wall can
change as a response to the environment, for example, as a response to different sugars (Gooday
and Trinci, 1980) or to toxic heavy metals (Collins and Storzky, 1989).

The cell wall counteracts the internal osmotic pressure. The cell wall is not a size exclusion barrier
for low molecular weight solutes. Concerning membrane transport, two effects of the cell wall are
of importance: the functional groups of the cell wall determine, together with those of the plasma
membrane, the local concentration of ions near the transport systems; additionally, cations are
concentrated whereas anions are repulsed, and the water that is bound to the cell wall acts
selectively allowing ions to fnove only by diffusion (Grignon, 1991). It is this layer, and not the
plasma membrane, that is the main permeability barrier for small, lipophilic molecules.

Protons, or the proton gradient, are the most important ions within the bioenergetic network of a
hypha. As in plants, the fungal cell wall with its functional groups is expected to enable a hypha to
maintain a pH within the cell wall that is 1 to 2 units lower than the bulk pH (Grignon, 1991). A

collapse of the proton gradient can be expected only if the bulk pH is strongly buffered (Slavik

and Kotyk, 1984).
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Plant and animal cells detect many different stimuli, transduce the information into appropriate
intracellular components, and respond by altering their metabolism, growth and development.
Several types of intracellular components have been identified that function in the network of
eukaryotic signal transduction pathways, including protein kinases, protein phosphatases, lipases,
nucleotide exchange factors, ion channels, G proteins, lipid kinases and transcription factors
(Dickson, 1995).

The order and function of many proteins within several animal-signalling pathways, from the
perception of the stimulus to the activation of gene transcription, have been determined (Duffy and
Perrimon, 1994).

By contrast, understanding of signalling events in plants is much more basic. Although multiple
plant genes have been identified that are homologous to genes involved in animal signal
transduction, their function in plants is largely unknown. Many signals are initially perceived by
transmembrane receptors, a large number of which function by activation of an intrinsic protein

kinase domain.

These types of receptors are known as receptor protein kinases (RPKs) and can be subdivided into
two families: those that autophosphorylate on tyrosine residues and those that autophosphorylate
on serine (Lemmon, 1994).

As the plant cell model 1s the closest model for further understating of the fungal receptor system,

this in itself illustrates the difficulties in understanding the fungal transport and signalling system.
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1.6.2 Transport Across Fungal Cell Membrane

The maintenance of chemical and electrical gradients across membranes is one of the main
characteristics of living cells. Transport proteins embedded in the plasma membrane build up and
maintain these gradients. Important tasks, such as signal transduction, uptake of nutrients, and
homeostasis of the cell are facilitated by membrane transport.

The properties of plasma membrane transport are closely associated with the environment and
with the ecological niche of filamentous fungi. The kind and the amount of available nutrients
result in special adaptations of membrane transport (Wainwright, 1988; Jennings, 1990), and the
characteristics of plasma membrane transport determine at least in part the competitive ability of a

fungus in a specific environment (Jennings, 1995).

Most of the biotechnological processes with fungi aim at the overproduction of a specific
metabolite. Membrane transport is involved in such a process in three ways: uptake of nutrients,

upt;ake of precursors, and the excretion of product(s). The uptake of a precursor is limiting and it
depends on its uptake mechanism. For instance, phenylacetic acid is taken up by diffusion through
the lipid bilayer. However, it has a toxic effect as it dissipates the trans-membrane pH gradient
(White et al., 1999) and results in the inhibition of adenosine triphosphate (ATP) formation during

electron transport (Eriksen ef al., 1998).

Membrane transport exerts its most important influence on product formation via the excretion

mechanism(s). Four different mechanisms are possible: diffusion through the lipid bilayer,
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diffusion mediated by a uniport, a symport mechanism, and an antiport mechanism (Konings et
al., 1992).

The latter three of these transport modes involve a transport protein. In these cases, regulation is
important. Regulation can be specific (exerted by the transported molecule) or nonspecific (via the
proton gradient or the membrane potential). In all of these cases, the yield may be influenced by

the mechanism of excretion.

The nonuniform distribution of solutes within cells is one of the main characteristics of living
cells. The most important devices responsible for the nonuniform distribution of ions are 'the
various active transport systems in the plasma membrane and in the intracellular membranes. In
general, protons, calcium, and sodium are transported out of the cytoplasm into subcellular
compartments or into the extracellular medium whereas potassium and other nutrients are
transported into the cytoplasm. Amino acids, magnesium, calcium, and phosphate are further
transported into and stored in vacuoles (Klionsky et al., 1990) or in the case of calcium 1n vesicles
of the endoplasmatic reticulum (Takeuchi et al, 1988). Transport of protons into vacuoles
contributes to the homeostatsis of the cytoplasmic pH (Klionsky et al., 1990).

Transport systems are not distributed equally along a hypha (Belozerskaya and Potapova, 1993).

A region of about 200 um behind the tip of the plasma membrane seems to be void of the H- -

ATPase, and the number of transport systems for nutrient uptake (e.g. amino acids) seems to be
higher. The consequences are that toward the hyphal tip a gradient develops: the membrane
potential decreases toward the tip, there is a positive inward current (uptake of amino acids) and

the pH on the outer surface increase because of the proton influx via proton symports. The protons
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needed for nutrient uptake at the hyphal tip are supplied by the H'-ATPases. It was estimated that
about one tenth of the protons pumped out flow along the hypha toward the tip (Takeuchi, 1988).

Intracellularly, two gradients toward the tip were found: a gradient of vesicles of the
endoplasmatic reticulum and, together with it, a gradient of calcium toward the hyphal tip

(Takeuchi, 1988) and a decreasing potassium concentration toward the tip (Jennings, 1979).
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1.6.3 The Plasma Membrane

An important task of the plasma membrane is the uptake of nutrients. In addition to this, the
overall homeostasis of the intracellular environment i1s an key task of the plasma membrane. The
plasma membrane is also involved in signal transduction. Very few details are known about signal
transduction in filamentous fungt (Gadd, 199)).

The composition of the plasma membrane is best known in Neurospora crassa. The lipid content
of fungal plasma membrane ranges from 30 to 50% (Weete, 1980). In N. crassa, the main
components of the plasma membrane are phosthatidylcholine (46%), phosphatidylethanolamine
(39%), and phosphatidylinositol ( 15%) (Losel, 1990). The plasma membrane is, in addition to the

endoplasmatic reticulum, the only membrane in N. crassa that contains a high proportion of
sterols, mainly ergosterol (up to 22 %) (Losel, 1990).

The transport systems arc not distributed cvenly along a hypha. Slayman (1992) has shown that

the H -ATPases occupy about one third of the area of plasma membrane,

1.6.4 Cell Membrane Receptors

The outer surface of cells is covered with various carbohydrates, which are covalently linked
cither to a lipid or to a protein. Such glycolipids and glycoproteins are integral parts of cell
membranes in most organisms and take part in interactions between cells or between cells and

extemmal molecules (Hughes, 1975).
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Receptor functions have ofien been attributed to carbohydrates. Evidence that the receptors of
several biologically active substances, such as thyrotropin and related glycoprotein hormones
(IFishman, 1976), are glycolipids or glycoproteins has been shown.

The structural complexity and the small amounts of each specific carbohydrate-containing
molecular species occurring in cell membranes have made the isolation and analysis of these

molecules very difficult.
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1.7 Reactive Oxygen Species

It has becn shown that various species of active oxygen, which are produced from dioxygen, i.e.
the superoxide ion, Oy, the hydroxyl radical ‘OH, and hydrogen peroxide, H,O,, are deleterious to
cellular growth and development of many, if not all, living organisms (Cross et al., 1998). Such
active oxygen species, also termed ‘Reactive Oxygen Intermediates, ROI'(Govrin and Levine,
2000), ‘Reactive Oxygen Species (ROS)’ (Emri et al,, 1999), or ‘active oxygen’ (Mallakin er al.,
1999), can disrupt cellular membranes, induce oxidative changes in DNA, and disrupt cellular
metabolism (Halliwell, 1998).

ROS including superoxide anion, hydrogen peroxide and hydroxyl radicals are continuously
gencrated in acrobic micro-organisms. The decomposition of hydrogen peroxide is of primary
importance to be avoided as it causes severe oxidative injuries. This is due to the fact that this
decomposition gives rise to one of the most reactive oxygen metabolites, the hydroxyl radicals, in
the Fenton and Haber-Weiss reactions (Aust ef al., 1985).

Biological damage caused by oxygen radicals includes oxidation of membrane fatty acids,
resulting in lipid peroxidation, oxidation of proteins and DNA damage (Farr and Kogoma, 1991
and Wang and Schellhom, 1995). Because of this micro-organisms have developed methods to
prevent and repair oxidative damage. The cell’s defensive repertoire against ROS includes
enzymatic defence responses, such as production of superoxide dismutase (SOD) and catalase
(Wang and Schellhom, 1995); and non-enzymatic antioxidants, such as biosynthesis of ascorbate
and tocophcrols (Halliwell, 1999 and Sigler er al., 1999). ROS have been extensively studied in

bacteria (Demple, 1996) and yeasts, such as Saccharomyces cerevisiae, Schizosaccharomyces



pombe and Candida albicans (Flattery-O’Brian et al., 1993; Lee et al., 1995 and Jamieson et al.,

1996).

In animal cell systems, the role of ROS in neutrophils has been investigated (Bland et al., 2001).
Neutrophils are the most abundant of all the circulating immune cells (40-75%). They are the first
line of defence against invading micro-organisms (Edwards, 1994). Neutrophils are capable of
producing a wide range of substances that are potentially harmful to micro-organisms and these
are divided into two groups: a) substances produced by oxygen dependent mechanisms or b)

substances produced by oxygen independent mechanisms (Kuby, 1997). The oxygen dependent

mechanisms are the most well researched, these mechanisms produce toxic and oxidising agents,
such as O;°, H,O,, HOCI, NO, NO,, NH,Cl, whilst the oxygen independent mechanisms use toxic

peptides and hydrolytic enzymes. The production of ROS by neutrophils is a vital step in the

killing of foreign organisms.
Polysaccharides have been shown to have a varied effect on neutrophils, for example, zymosan [3-

glucans have been shown to prime neutrophils by binding to a lectin receptor site on complement
receptor 3 (Vetvicka et al., 1996). This activates neutrophils to engulf and destroy target cells that
inactivate bound complement 3b. On the other hand, it has also been shown that N-acetyl-D-
glucosamine and mannose in combination can inhibit the production of superoxide from
neutrophils (Zhang and Petty, 1994).

Research 1n filamentous fungi is limited to studies on Aspergillus sp. and Neurospora sp.
(Munkres, 1992 and Kawasaki et al., 1997). In Penicillium sp. very little is published with regards

to ROS production and regulation. Emir et al. (1999) investigated the effects of menadione on

oxidative stress in P. chrysogenum. Detailed studies in Penicillium sp. have been limited to the

effects of glutathione (y-L-glutamyl-L-cysteinyl-glycine, GSH) in the elimination of hydrogen
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peroxide. GSH has been proven to play a crucial role in some other important biochemical
processes as well, mcluding a great number of bioreductive reactions, transports and the

detoxification of different xenobiotics (Penninckx and Elskens, 1993). Moreover, GSH is
structurally analogous to o-(L-o-aminoadipyl)-L-cysteinyl-D-valine, which is an important
intermediate of the penicillin G biosynthesis in P. chrysogenum P2 and, as a result, GSH may
suppress penicillin production by inhibiting 3-(L-a-aminoadipyl)-L-cysteinyl-D-valine synthase

and isopenicillin N synthase activities (Ramos et al., 1985 and Sanchez et al., 1988).
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2.1 Chemicals

All chemicals used in assays were obtained from BDH Limited, Poole, United Kingdom unless
~ stated otherwise. High Pressure Liquid Chromatography (HPLC) assays were performed using
HPLC grade solvents and water, while other (e.g. thin layer chromatography) quantitative and
qualitative assays were carried out using analytical grade reagents. General-purpose reagents were
used for media preparation, hydrolysis, purification reactions, image analysis and dye tagging

methods.
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2.2 Culture Strain

Penicillium chrysogenum P2 strain ATCC 48271 was used in this study. P. chrysogenum P2 is an
improved strain which produces higher concentration of penicillin G than the wild type. P.

chrysogenum P2 was obtained from American Type Culture Collection (ATCC), Rockville,

Maryland USA.
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2.3 Media

Different media were used for fermentations according to the requirements of the studies:
a) Penicillium Growth Medium (PGM) — this medium was prepared in several parts. The
. inorganic salts, carbon source (sucrose and lactose), nitrogen source (mycological pepfone
and ammonium sulphate) and FeS04.7H>O were each separately dissolved in distilled water
and the pH was individually adjusted to 6.5 with 3M KOH before autoclaving. The
inorganic salts solution was autoclaved at 121 °C for 15 minut;:s. The carbon and nitrogen

sources were autoclaved at 115 °C for 15 minutes. All components were then aseptically

added together after sterilisation and mixed before fermentation. The FeSO4.7H»0 solution

was filter sterilised (using a 0.02 um-syringe filter) before addition to the rest of the

medium, prior to inoculation.
b) Penicillin Production Medium (PPM) ~ This medium was prepared as above. The only

exception was in the concentration of the carbon and nitrogen sources. The details are

given in Section 2.3.3.
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2.3.1 Agar Medium for Strain Maintenance

Glycerol-molasses agar medium (GM) was used for sporulation and propagation of P.
chrysogenum P2 strains. The pH of GM was adjusted to 6.5 with 3M KOH before they were
autoclaved at 121 °C for 15 minutes. GM (Table 2.1) contained the following concentrations of

ingredients in grams per litre (gL™") of distilled water:

Ingredients Concentration (gL'I)
Agar No. 3 (Oxo1d) 15.000
Copper II sulphate pentahydrate (CuSO4.5H,0) 0.010
Glycerol 7.500
Potassium dihydrogen phosphate (KH,PO4) 0.060
Magnesium sulphate heptahydrate (MgS0O,.7H,0) 0.050
Sodium chloride (NaCl) 10.000
Iron II sulphate heptahydrate (FeSO4.7H;0) 0.003
Bacteriological peptone ' . 5.000
Molasses 2.500
Yeast extract | 1.000

Table 2.1 Glycerol-Molasses Agar Medium
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2.3.2 Inoculum Growth Medium

Penicillium Growth Medium (PGM) was based on a modified medium developed by Jarvis and
Johnson (1947), and was used for the growth of P. chrysogenum P2. The medium was adjusted to
pH 6.5 with 3M KOH before autoclaving. PGM contained the following ingredients in gL' of

distilled water (Table 2.2):

Ingredients Concentration (gL ")
| Ammonium sulphate (NH4)>504) 13.00
Calcium chloride (CaCl,.2H,0) 0.05
Copper II sulphate pentahydrate (CuSO4.5H20) 0.01
Ethylene diaminetetraacetic acid (EDTA) 0.55
Iron II sulphate heptahydrate (FeSO4.7H,0) 0.25
Magnesium sulphate heptahydrate (MgS0,4.7H,0) 0.25
Manganese sulphate monohydrate (MnSQO4.H,O) 0.02
Potassium dihydrogen phosphate KH;POu) 3.00
Sodium sulphate (Na;SQOj4) anhydrous 0.50
Zinc sulphate (ZnSQO4.7H,0) 0.02
Lactose 10.00
Mycological peptone 5.00
Sucrose . 20.00

Table 2.2 Penicillium Growth Medium
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2.3.3 Semi-Defied Production Medium

The semi-defined penicillin production medium (PPM), used for the production of penicillin in
shaken flask and bioreactor studies had the same composition as PGM except for lactose,

mycological peptone, and sucrose. PPM contained the following ingredients in gL' of distilled

water (Table 2.3):

Ingredients Concentration (gL)
Ammonium sulphate ((NH;4)>SO4) 13.00
Calcium chloride (CaCl,.2H,0) 0.05
Copper II sulphate pentahydrate (CuSO4.5H20) 0.01
Ethylene diaminetetraacetic acid (EDTA) 0.55
Iron II sulphate heptahydrate (FeSO4.7H,0) 0.25
Magnesium sulphate heptahydrate (MgS04.7H,0) 0.25
Manganese sulphate monohydrate (MnSO4.H,0) 0.02
Potassium dihydrogen phosphate (KH,;POy) 3.00
Sodium sulphate (Na;SO4) anhydrous 0.50
Zinc sulphate (ZnSO4.7H,0) | 0.02
Lactose 50.00
Mycological peptone 1.00
Sucrose 10.00

Table 2.3 Penicillin Production Medium
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2.4 Culture Conditions

P. chrysogenum P2 inocula for shaken flask and bioreactor studies were grown in 100 mL lots of
sterile PGM in 500 mL flasks. The shaken flask cultures of P. chrysogenum P2 inocula were

incubated in an orbital shaker at 26 °C at a speed of 200 rpm with 2 cm throw for 48 hours.

2.4.1 Penicillin Production in Shaken Flask Cultures

After 48 hours of growth in PGM, 10.0 mL of inocula were transferred into 90 mL of sterile PPM
in 500 mlL flasks and then incubated as above. The shaken flask cultures were assayed for

penicillin G over 120 hours unless indicated otherwise. Biomass determination was carried out at

the end of the fermentation (144 hours).

2.4.2 Production of Secondary Metabolites in Bioreactor Cultures

Two litre controlled bioreactors with the same parameters were used for all bioreactor studies. The
bioreactors were sterilised at 121 °C for 40 minutes while containing only the salts for production

medium. Separately sterilised carbon and nitrogen sources and filter sterilised FeSO4.7H,0 were

added to the bioreactors aseptically to make a total medium volume of 1.35 L before inoculation

with 150 mL of 48-hour inoculum.
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Fermentations were carried out using two or three bioreactors in parallel with equal working
volumes of 1.50 L for the control and test fermentations. The cultures pH of all fermentations was
automatically maintained between 6.5 and 6.7 with sterile 2M ammonium hydroxide and sulphuric
acid. PPM was used for penicillin production and the dissolved oxygen tension (DOT) was
automatically controlled above 30 percent air saturation with stirrer speed ranging from 250 to 600
rpm. There were no significant differences in the agitation rates between the control and elicited
fermenters. The airflow rate and temperature were kept at 1.0 vvm and 26 °C respectively.

The 2 L fermenter vessels (LH Fermentations Ltd., Bucks, UK) used had an internal diameter of
12 cm, a shaft length of 17.5 cm to which two impellers were attached. The distance of the top
impeller, with a diameter of 5 cm, was 11 cm from the top of the shaft. This impeller was 4 cm
apart from the bottom impeller, which had a diameter of 3 cm. This impeller was placed 2 cm

above the line sparger. Each impeller had 5 tips. No baffles were used for fermentations.

2.4.3 Addition of Phenylacetic Acid to Penicillin Cultures

A stock solution of phenylacetic acid (PAA), the precursor for penicillin G, was prepared by
dissolving 100 g of PAA in a litre of warm distilled water in a fume cupboard. Drop-wise addition
of 10 M sodium hydroxide helped the dissolution of PAA in water. The pH of the stock solution
was adjusted to neutral with NaOH. The stock solution was sterilised by autoclaving at 115 °C for
15 minutes and added to both control and test cultures after 24 hours of growth in PPM. To shaken
flask cultures, PAA was added at concentration of 1.0 gL, In bioreactor cultures, 1.0 gL' of PAA
was initially added after 24 hours and was maintained between 0.5 to 1.5 gL' by intermittent

additions where necessary. PAA was monitored using the HPLC method outlined in Section 2.7.
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2.5 Preparation of Oligosaccharides

2.5.1 Preparation of Alginate Oligosaccharides by Partial Acid
Hydrolysis

Three oligosaccharide fractions were prepared from sodium alginate by partial acid hydrolysis
according to the method described by Asilonu et al. (2000)(Fig. 2.1). Ten grams of sodium
alginate was gradually dissolved in 500 ml of distilled water by heating and stirring. On complete
dissolution, 500 mL of warm 0.6 M hydrochloric acid was gradually added to the dissolved
sodium alginate to make a final solution of 0.3 M HCI. This was to ensure homogeneous
depolymerisation. The solution was then refluxed at 100 °C for six hours to undergo hydrolysis.
Afier refluxing, the solution was rapidly cooled to room temperature to stop the hydrolysis, and
centrifuged at 3000 rpm (30 g) for 30 minutes. The supernatant was discarded and the retentate
was collected, rinsed with, and re-dissolved in approximately 300 mL of distilled water. Sodium
hydroxide solution (0.3 M) was added until all solid particles in the solution were brought to
complete dissolution. The volume of the neutralised, yellow solution was measured and sodium
chloride was added to make a final concentration of 0.50% (w/v). An equal volume of absolute
ethanol (99%) was added to the solution and allowed to stand overnight. The precipitate and the
supernatant were separated by centrifugation [3000 rpm (30 g) for 30 minutes] to ethanol and
solid fractions. ‘

The ethanol fraction was discarded. The precipitate left after removal of the ethanol fraction was
rinsed and re-dissolved in approximately 200 mL of distilled water, its pH adjusted to 2.85 using

0.3 M HCI. It was then centrifuged mnto two separate fractions: the insoluble (solid) and soluble
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(liquid) fractions. The soluble fraction was concentrated by vacuum evaporation before it was
frozen and freeze-dried to a powder designated as oligomannuronate (OM). The insoluble fraction

was also freeze-dried to a powder designated as oligoguluronate (OG). The hydrolysis products

were analysed by thin-layer chromatography (TLC).
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2.5.2 Preparation of Mannan Oligosaccharides by Enzymatic Hydrolysis

of Locust Bean Gum

Mannan oligosaccharides were prepared from LBG by enzymatic hydroly;is with Gamanase
enzyme mixture (Novozyme Ltd, Denmark) (Fig. 2.1). LBG (1.0 g) was dissolved in 50 mL
distilled water and heated to 80 °C and 0.1 mL of Gamanase enzyme was added. The reaction was
carried out for 5 minutes and quenched by heating to 100 °C. The mixture was cooled to room
temperature and frozen at —70 °C. The frozen sample was then freeze dried. The hydrolysis

products were analysed by TLC and designated the abbreviation MO (mannan oligosaccharides).
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2.5.3 Determination of Oligosaccharide Size by Thin Layer
Chromatography of Oligosaccharides

The DP and the purity of the oligosaccharides derived from sodium alginate or LBG were
determined by TLC. The DP was determined for partial acid hydrolysis samples of sodium
alginate oligosaccharides (OM and OG) and enzyme hydrolysed LBG derived oligosaccharides

(MO).

TLC of all purified oligosaccharides was carried out on glass backed silica gel 60 plates. The
adsorbent thickness of the plates was one millimetre. The chromatography solvent contained:
water, 20%; ethanol, 30% and butan-1-o0l 50%. The solvent (150 mL) was prepared in a five-litre

(25 x 8 x 25 cm) TLC tank and left closed for 1 hour to saturate the tank before use. Equal

volumes (15 pL) of oligosaccharides and known standards (1 gL™") were applied on the TLC plates
at horizontal 15 mm intervals and air-dried. After drying, the plates were placed in the solvent and
allowed to run for 7 hours. Plates were then removed from the solvent, air dried and sprayed with
identifying reagent. The identifying reagent.contained a mixture of 0.2% naphthoresorcinol (w/v)
and 0.4% diphenylamine (w/v) in ethanol (96 mL) and four millilitre of concentrated sulphuric
acid (added before use). Sprayed plates were allowed to dry for 5 minutes and then were placed in
a 100 °C oven for 10 to 15 minutes to develop tﬁe characteristic TLC spots used for the

identification of the oligosaccharides.
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2.6 Addition of Oligosaccharides to Production Cultures

The initial work on the use of carbohydrate elicitors in the overproduction of secondary
metabolites in P. chrysogenum was carried out by Ariyo ef al., (1997, 1998) and by Asilonu et al.,
(2000). The time of addition plays a crucial rule in the effects of oligosaccharides on the
overproduction of penicillin G in this system. Work by Ariyo et al., (1997) showed that the
addition of oligosaccharides (OM, OG and MO) had their greatest effect on overproduction at 48
hours. This has also been shown to be the case in plant cell cultures (Marero et al., 1997).

The concentration of elicitors added i1s also of great importance. For elicitation to be a viable
process the concentration of elicitor added must be in mgL™ for them not to be considered a
carbon source, and thus the overproduction effect will be attributed to an increase in the available
carbon. For this, extensive studies were carried out by Ariyo et al., (1997) in P. chrysogenum P2
and Pertuccioli et al., (1999) in P. variabile P16 systems. Work on penicillin G and GOD

production showed that concentrations of between 50 — 200 mgL™" had overproduction effects in

both systems.

Based on the work mentioned above for this study the time of addition was at 48 hours and the

concentration of elicitor added was 150 mgL™".
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The DP for the oligosaccharides is given bellow:

Oligosaccharide

Table 2.4 DP of oligosaccharides by TLC analysis

The effects of all added oligosaccharides to the cultures at microgram per millilitres

concentrations were studied on the following: -

o Cell biomass

o Penicillin G and 6-APA concentrations

o Spore germination

o Morphology of P. chrysogenum P2

o Sporulation of liquid culture

o Visualisation of oligosaccharides in P. chrysogenum P2

o Reactive Oxygen Species
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2.7 Assays

2.7.1 Biomass Assay

Biomass production was measured as cell dry weight (CDW) per litre of culture broth. CDW was
determined by filtration of 10 mL culture sample on pre-weighed filter paper (Whatman No. 1)
and washing thoroughly with 20 mL of distilled water. The mycelia on the filter papers were

weighed after drying to constant weight and the CDW determined by difference between the total

weight and that of the filter paper alone. Biomass assays were carried out in triplicate.

2.7.2 Benzylpenicillin and 6-aminopenicillanic acid

The concentrations of penicillin G and 6-APA in culture broth samples were determined by HPLC

(Perkin Elmer Series 4). Broth samples were centrifuged at 10,000 rpm (75 g) for five minutes.

The supernatants were collected using a 1 mL sterile syringe and filtered once through <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>