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Abstract

Edible pigments oMonascusspecies have an established history of use iainefsiatic
foods. This work focused on development and opt&tion of production of the red
pigments ofMonascus rubefCMP 15220. This particulavionascusstrain had not been

previously investigated.

Suitable media compositions for growth and pigmendduction were first
evaluated on agar plates. Media that containedogkicand monosodium glutamate
(MSG) as carbon and nitrogen sources, respectiwaye found to be most suitable for
red colour production and became the basis fohéurstudies. Both submerged culture

and solid-state fermentations were assessed forguigproduction.

In submerged culture, a fully defined medium withg L' glucose and a carbon
to nitrogen mass ratio of 9 : 1 at°80proved to be the most productive for the target r
pigments. This medium used MSG as the nitrogencsodtttempts were made to replace
MSG with less expensive inorganic nitrogen sourtes, no suitable replacement was
found. Biomass and pigment productivity were evi@daon a variety of carbon sources,
but ethanol was confirmed to be best.

Solid-state fermentation on steamed rice provdzeteemarkably more productive
for the target pigment than the submerged fermemtaSolid-state fermentation did not
require supplemental nitrogen to attain a high patiglity. The C : N ratio for attaining
the peak pigment productivity in solid-state cudtyoroved to be entirely different from
the value that had been found to be optimal in ®rged culture. In view of its superior
characteristics, the solid-state fermentation waighmozed in packed-bed bioreactors. A
central composite experimental design was usethf®optimization that focused on the
initial moisture content of the substrate and a@natate in the bed as the main operation
parameters. In 18 cm deep packed beds of stearmed the optimal fermentation
conditions were at 3C, an initial moisture content of 70%, and aeratigth humidified
air (97 — 99% relative humidity) at a flow rate@i4 L/min.



In all cases, the production of pigments was groagkociated. Under optimal
conditions in the packed-bed bioreactor, the regment productivity was nearly
3.4x10-fold greater than in the best case submergedreulfine stability of the pigments
produced under the various conditions was chaiaetemwith respect to ambient light,
pH, and heat.
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CHAPTER 1

Introduction

Natural colorants are in great demand particulotyuse in foods and drinks. In 2007,
the market for natural food colorants was valued&t$465 million USD, an increased of
4.6% from the year 2004 (Mapat al, 2010).

Natural pigments and colorants are extracted frptants, animals, and
microorganisms. Production of pigments using miogaaisms has a certain advantage
over the other sources as microorganisms can hengrapidly under highly controlled
conditions. This results in a high productivitytbé pigment (Carvalhet al, 2007; Kim
et al, 1999). Many microorganisms have the ability t@duce pigments, including
species of the geneiMonascus, Paecilomyces, Serratia, Cordyceps, Singates.and
Penicillium (Gunasekaran and Poorniammal, 200dpnascusspecies have attracted
special attention as they produce edible pigmehtdiféerent colours (Francis, 1987;
Hajjaj et al, 2000a; Hamdet al, 1997; Maket al, 1990; Yanget al, 2005; Yongsmith
et al, 1994). Among thé/lonascuspigments, the red pigments are of particular irsere
because red is an often desired food colour. Atisee red natural pigments that are
suitable for use in foods are difficult to obtain.

Members of the genudonascusare filamentous fungi. Production bfonascus
red pigment by submerged culture (Hagajal, 2000a; Hesseltine, 1965; Lin, 1973; Lin
and Demain, 1994; McHan and Johnson, 1970) and-stdie culture (Carvalhet al,
2006; Chen and Johns, 1993; Chtuwal, 2006; Han and Mudgett, 1992; Hesseltine, 1965;
Lotong and Suwanarit, 1990; Rosenbdittal, 2000; Teng and Feldheim, 2000) has been
widely studied. Commercial submerged culture preesshave been developed, but
Monascudermentations are generally performed in solidestallture.



This thesis is focused on a systematic assesshém production of red pigment
by Monascus rubetCMP 15220, a strain that has not been previosiglgied. First, this
fungus is characterized for pigment production. Thfarmation gained is used to
develop optimal pigment production in submergeducal with an emphasis on the
nutritional requirements, particularly the carbomdanitrogen sources. Pigment
production is then developed in solid-state culiar&rlenmeyer flasks and packed-bed
bioreactors. The best production scenarios fov#r®us culture methods are assessed in
terms of production kinetics. In view of its superperformance, the pigment production
is optimized in a packed-bed bioreactor. Attempésraade to purify the red pigment of
Monascus rubedCMP 15220 for possible use as a quantificaticandard. Stability
characteristics of the crude pigments are evaluated



CHAPTER 2

Literature Review

2.1 General aspects

Use of Monascuspigments originated in ChindMonascuspigmented rice known as
angkak or red mould rice has been used in Asiamtdes for centuries (Hesseltine,
1965).Monascugpigments are used as food colorants and flavowrgemts. While much
of the fermented rice is produced by cottage predsjcindustrial type commercial
production has become established in Japan (kn@wvheai-koji), Taiwan, Thailand,
Indonesia, and the Philippines (Downham and Cqlli2800; Dufosseet al, 2005;
Erdogrul and Azirak, 2005; Lirt al, 2008; Wissgott and Bortlik, 1996). In addition,
Monascuspigmented food is said to improve digestion andlioaascular health. Some
Monascusstrains are known to produce lovastatin, a powefént for lowering blood

cholesterol.

Nearly 58 Monascusstrains have been collected in the American Typéu@e
Collection (ATCC). Based on the taxonomy establishg Hawksworth and Pitt (1983),
most of these strains have been classifiedMasascus pilosysMonascus ruberand

Monascus purpureus



2.2 Monascus species and uses of Monascus pigments

The genusMonascusbelongs to the clasAscomycetesand the familyMonascaceae
(Hooget al, 2004; Juzlovat al, 1996; Pitt and Hocking, 1997). The gemisnascuss
generally divided into 6 specieBt. pilosus M. purpureus M. ruber, M. floridanus M.
pallens and M. sanguineugMartinkova and Patakova, 1999; Pattanaguhkl, 2007).
The species can be differentiated by their abitily produce secondary polyketide
metabolites. Some of the species produce strorigwebrange, or red colours, while
others have very little pigmentation (Juzloet al, 1996; Martinkova and Patakova,
1999). Monascusis a homothallic fungus which can reproduce bogxusally and
asexually (Hawksworth and Pitt, 1983).

Monascusfungi are able to produce various potentially ukehetabolites
including both primary metabolites (i.e. ethyl dloh acids, esters, and other flavoring
compounds) and secondary metabolites (i.e. pigmdotastatin (monacolin), and
antimicrobial agents) (Hset al, 2002; Kono and Himeno, 1999).

The main use d¥onascuss for pigment production. These pigments are wsed
natural colorants in various food products suclmagation crabmeat, soybean products,
jellies, milk, and ice cream. In additioMonascusred pigment can also be used to
substitute nitrites in fermented meat and sausé@ken and Johns, 1993; Faleeal,
1993).Monascuss used to produce the health product lovastation@guolin K), which
helps control the hyperlipidemia disease and igulise lowering the blood cholesterol
level (Akihisaet al, 2005; Endo, 1979). SonMonascusstrains produce the antibiotic
substance Monascidin A that inhibits the growthbeaficteria of the generBacillus
Streptococcusand PseudomonagWong and Bau, 1977). Production of the various

Monascussecondary metabolites is dependent on the cutturditions.



2.3 Monascus ruber

Ruberis Latin for red (Erdogrul and Azirak, 2009lonascus rubeis a producer of a
strong red pigment and other metabolites. On potlextirose agar (PDA), the most
common medium used for culturinlylonascus rubeforms a flat colony on the petri
dish. Initially, a white mycelium is formed withihto 2 days of inoculation and then the
colour turns to orange and red as the colony grawth, the development of cleistotechia
and aleurioconidia (Carvalhet al, 2003; Pitt and Hocking, 1997). Based on microgcop
observations, the cleisthothecia have a round shéthea diameter of 30 to 60 um. The
fungus is able to grow from 15 to B (minimum) to around a temperature of’@5
(maximum) (Pitt and Hocking, 1997). However, théimal temperature is 3G (Hooget

al., 2004). The pigments produced vary with the catton conditions.

2.4 Fermentation conditions

For a profitable production of pigments, the cuwtunedium and the environmental
factors must be such as to maximize productivigy, the amount of pigment produced

per unit bioreactor volume per unit time.

2.4.1 Medium composition

Selection of a suitable medium composition is esleno developing a successful
fermentation process. The medium composition imibes both the final biomass yield
and the growth rate. The carbon and nitrogen seuused are known to influence
Monascuspigment production (Chen and Johns, 1993; Lin aech8in, 1991; Wongt
al., 1981).



2.4.1.1 Carbon source

The carbon source generally provides the energgrimwth and secondary metabolism. It
also provides the carbon for making the variou$ stelictures, organic chemicals, and
metabolites. As a heterotrophic microorganisfonascus rubecan utilize a wide range
of carbon sources for growth. The type and conaéotr of the carbon source are known
to directly affect the growth d¥lonascussp. (Leeet al, 2007). The most commonly used
carbon sources foMonascusspecies are glucose, maltose, and starch. Mostestud
suggest glucose to be a superior carbon sourceifpnent production (Broder and
Koehler, 1980; Lin and Demain, 1991; Martin and &diy 1990; Yoshimurat al, 1975)
but other evidence suggests that ethanol and suena@s/ be superior to glucose for
pigment production as they reduce growth rate coeth&o glucose and this results in
higher biomass specific pigments production (Juzletval, 1996; Santerret al, 1995).
Some of the discrepancies in the reported resudtg Ioe due to the differeMonascus
strain used by different researchers. Comparedhe¢oabove noted carbon sources, i.e.
lactose, fructose, and xylose have been found tantegior for growth and pigment
production (Lin, 1973; Lin and Demain, 1991).

Concentration of glucose in the fermentation mediafluences the amount of
biomass produced and the biomass specific yieldspigiments. For Monascus
fermentations, Juzlovat al. (1996) suggested that the glucose concentrationldtbe
kept at < 20 g I* so as to prevent the Crabtree effect that supposeEzturs at a
concentration of > 20 g'L The Crabtree effect involves a shift in metablifom
aerobic to partly anaerobic even though plenty>gfgen may be available (Carvalled
al., 2003; Chen and Johns, 1994). Crabtree effecstenceduce growth rate and pigment
synthesis. It may also lead to production of ethaito some cases, a relatively low
glucose concentration in submerged culture has associated with an initial production
of ethanol, which is later used for biomass andngigts production (Hamdt al, 1996).

This may have been due to insufficient aeratiothéfermentation process.

Certain other studies have used maltose as tHmrtagource. In presence of
peptones, a high concentration of maltose (50" gdnhanced the production of the red

pigment 3-folds compared to the use of a high coimaton of glucose ( > 20 g)

6



(Chen and Johns, 1994). All of the above suggestrain specific behaviour of

Monascusn relation to the optimal carbon source for gtowhd pigment production.

Complex carbon sources such as starch have aésoibeestigated for possible
use in producinglonascusigments in submerged culture (Leieal, 1995). Difficulties
were encountered mainly because of the viscouslapgoof starch solutions. Poor
oxygen mass transfer as a consequence of highsiigocof the medium resulted in
relatively low final concentration of the biomagsdgpigments (Leet al, 1995; Leeet
al., 1994). Thus, the use of crude starch in submecgkdre fermentation does not seem

to be a viable option for this fermentation.

Complex carbon sources such as rice have beemnl faube quite suitable when
used in solid-state culture &onascugLin, 1973; Teng and Feldheim, 2001; Tsesig
al., 2000).

2.4.1.2 Nitrogen source

A source of nitrogen is essential for growth of mm$croorganisms. Nitrogen comprises
approximately 10% of dry weight of fungi (Pirt, 28 The type of nitrogen source
influences growth, sporulation, and the type oihpegts produced bWonascussp. The
consumption of different nitrogen sources produtiffierent pH profiles in uncontrolled
fermentations, and this also affects the patterng@wth and pigment production
(Martinkova and Patakova, 1999; Woagal, 1981). In traditional processes of angkak
production using rice as the substrate, furthepkarpentation with a nitrogen source is
unnecessary as the rice itself has 5 to 8% of m®{E€arvalhoet al, 2003). If other low
nitrogen substrates are used, supplementationnitithigen may be required to stimulate

growth and pigment production.

Organic nitrogen sources such as monosodium gatearfMSG), peptone, and
some amino acids (i.e. methanproline and azetidnbexylic acid) have been reported to
stimulateMonascuggrowth and pigment production, especially the potidum of the red
and yellow pigments (Chen and Johns, 1993; ChenJahds, 1994; Chet al, 2002;



Gunasekaran and Poorniammal, 2008; Juzkival, 1996; Lin, 1991; Yongsmitkt al,
1993). Use of yeast extract as an organic nitrog@urce was reported to stimulate

conidiation and biomass growth but not pigment pobdidn (Juzlovaet al, 1996).

The use of inorganic nitrogen sources such as amumo and nitrates also
stimulates cell growth and promotes pigment pradactAddition of ammonium chloride
to the medium was reported to promote the prodoncbb orange pigments as the
acidification of the medium likely weakened the atgan of the orange pigments
(rubropunctatine and monascorubrine) with amineigscand consequent transformation
to the red pigment (Juzlowt al, 1996; Martinkova and Patakova, 1999). Use oflsodi
nitrate in the medium is said to limit growth andment yield (Juzlovat al, 1996). The
medium must provide sufficient nitrogen in a sugatorm to promote both growth and

pigment production.

2.4.1.3 Trace metals

Trace metals such as zinc, manganese, iron, magmesind phosphorus have been
reported to profoundly influence the secondary laiam of Monascusungi. Too high
a concentration of trace metals can have a negaffect especially on pigment

formation.

Influence of zinc onMonascusgrowth and pigmentation has been extensively
discussed in the literature (Bau and Wong, 1978ngon and McHan, 1975; McHan and
Johnson, 1970). Zinc is essential for fungal groatHow concentrations but becomes
toxic at higher concentrations. The growth Mbnascus purpureusvas enhanced by
increasing the zinc concentration in the mediunmfi@5 pg [* to 800 pg * (McHan
and Johnson, 1970). Zinc concentration of 800 ffqappeared to be the optimum for
growth and pigment formation. For other fungi, thimal zinc concentration has been
reported to range from 1 to 500 pg, lor 0.001 to 0.5 ppm (Cochrane, 1958).



Phosphorus is another essential element for liarganisms, as it is needed to
produce phospholipids and other essential bioctemicAn absence of potassium
phosphate in the medium has been reported to adyeedfect the red pigment
production byMonascus pilosugLin et al, 2007). A limited supply of phosphate

however stimulated biomass and pigment production (991).

Potassium chloride concentration of between 3 amdl 63 mM was found to not
affect cell growth and pigment production (Lin, 199 but the pigment production
declined at < 3 mM potassium chloride (Lin and Dema991). Similarly, the level of
magnesium has proven to be important for fungaivgro(Lin and Demain, 1991). A
magnesium sulphate concentration of < 2 mM wasddorimit the biomass growth and

pigment production.

2.4.2 Environmental factors

In addition to the composition of the culture medjuhe fermentation conditions also
significantly influence growth and pigment prodoctiby Monascusas discussed in the

following sections.

2.4.2.1 pH

Unless the pH is controlled, the pH profile durmgtivation depends significantly on the
nitrogen source and to a lesser extent on the nasborce used. The ideal pH range for
pigment production is from pH 4.0 to pH 7.0, and piH for growth range from pH 2.5 to
pH 8.0 (Yongsmithet al, 1993). The control of pH at a constant value ryGultivation
has not proved beneficial iMonascusfermentation (Yoshimurat al, 1975). Usually
only the initial pH value is adjusted to a suitaldgel depending on the carbon and

nitrogen sources used.



According to Chen and Johns (199B)pnascusgrows better at a low pH (pH
4.0). However, the changes in pH in the mediumisaamtly affect pigment production.
Usually, at low pH values, the pigments produces rmainly the yellow pigments. At
higher pH values, the red pigments tend to dominstteH 4.0, stimulation of the yellow
pigment (ankaflavine) production depresses the ymtah of orange and red pigments
(Yongsmithet al, 1993). The production of yellow pigments has biemd to increase
with increasing pH until pH 5.5. Above this valued pigment production exceeds that of
the yellow pigment. Relatively high pH values (pH720) are associated with the
transformation of the orange pigments to red pigsm@vaket al, 1990).

In a typical submerged fermentation bfonascus,the pH tends to become
alkaline and this promotes the red pigment devetaynspecially in the later stages of

fermentation.

2.4.2.2 Temperature

Temperature affects the rates of biochemical reastitherefore affects the rates of
biomass growth and product formation (Pirt, 1983pwever, growth and metabolite
production may respond differently to the tempemtchanges (Pirt, 1985; Shuler and
Kargi, 2002). Optimal temperature for growthMbnascusspecies is broad. Depending
on species, the optimal temperature could vary fa&nto 37C (Carvalhoet al, 2005;

Lin, 1991; Shepherd, 1977). For different specibs, pigment production may respond
differently to changes in temperature and othetivatlon conditions. In some cases, a

high temperature has promoted pigment producti@m@&hoet al, 2005).

Temperature is readily controlled in submergeducal but can be difficult to

control in solid-state culture in which the soligbstrate is not generally mixed.
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2.4.2.3 Aeration

Monascusis an obligate aerobe and therefore requires ficieuicy of oxygen to grow
rapidly. Under limiting oxygen conditions growth sowed (Carvalhoet al, 2003).
Growth and secondary metabolismMbnascus rubeare significantly affected by the
aeration and agitation conditions (Hajgf al, 1999). Agitation can also enhance the

uniformity of the growth environment (Braun and W#idshitz, 1991).

A limiting oxygen environment leads to an incregsproduction of ethanol, a
lower biomass yield, and consequently a low pigny&itl (Han and Mudgett, 1992; Lee
et al, 1994; Pastranat al, 1995). A high concentration of oxygen also suppes the
production of aflatoxins (Shih and Marth, 1974)th&lugh, in the presence of excessive
oxygen, metabolites such as L-maltose, succinate, dcarboxylic acid, may be
produced and this reduces the production of pigmé€hin et al, 2008). Excessive

agitation can damagdonascusnycelia and reduce the growth rate (lezal, 1995).

Owing to the essential requirement of aeratiorhnserged fermentation by
Monascuscan only be carried out in shaken flasks or in wstlired and aerated
fermenters (Juzlova, 1994). In solid-state cultofe Monascus purpureuspigment
production in packed-bed bioreactors has been foamchprove with improved aeration
(Han and Mudgett, 1992).

2.5 Fermentation techniques for pigment production

Both submerged culture and solid-state culture Hasen used to produddonascus
pigments. These two fermentation methods are qdifierent as discussed in the

following sections.
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2.5.1 Submerged culture

Although the traditional angkak production is bylidgstate culture, the submerged
culture fermentation dlonascusas been extensively studied. The interest in suipede
culture is driven by its ease of operation and>aekent controllability (Chen and Johns,
1994; Leeet al, 2001). Submerged culture produces lower pigmeidy than solid-state
culture, but this has actually driven the appayeatisuccessful attempts to match in the
submerged culture the level of production of thiglsstate fermentation.

The conventional stirred tank is the most commardgd type of fermentor for
Monascus.Most of the focus has been on the relatively sinfdéch fermentation. A
variety of carbon sources have been used inclusimgle sugars (i.e. glucose, sucrose)
and complex substrate such as rice powder anchsfahm et al, 2006; Kimet al, 2002;
Lee et al, 1995). In a few cases, agricultural waste hashesed as substrate for
submerged culture (i.e. grape waste, cassava @eoaastewater) (Phoolphundt al,
2007; Silveiraet al, 2008; Wongwicharret al, 2006). A nitrogen source is always
required in defined media and supplemental nitragegenerally added also to nitrogen
poor complex media. Trace metals are generally chddel the initial pH is usually
adjusted to approximately 6.5 prior to sterilizatidhe medium is inoculated with a seed
culture, which has been pre-cultured from a suspans spores. Aeration and agitation

are used to provide oxygen and ensure homogenfite @ulture environment.

Typically, a laboratory batch fermentation Bfonascusin submerged culture
takes 8 to 9 days, including the 2 to 4 days usedpfeparing the seed culture. In
submerged fermentations of mycelial fungi suctMasmascusthe viscosity of the broth
increases with growth and this adversely affectslpctivity (Ahnet al, 2006) as oxygen
supply generally become limiting (Kirat al, 2002). Short branched mycelia and small
pellets may be produced at later stages Momascusfermentation. This results in an
improved oxygen supply and pigment productivity (Adt al, 2006; Kimet al, 2002).
The viscosity of the fermentation broth depend$ lmot the biomass concentration and on
the growth morphology. Morphology in turn is affedtby the fermentation conditions
(i.e. agitation intensity) and the nutrients usdetz and Kossen, 1977).

12



2.5.2 Solid-state culture

Solid-state fermentation d¥lonascusfor anka, angkak, or Chinese red rice has been
known for more than 1500 years (Martinkova and IRata, 1999; Pandey, 1994).

The Chinese traditional process uses bamboo toaythe fermentation. Initially,
the rice is soaked for 6 to 8 h, then cooked andulated withMonascusInoculated rice
is then spread in a 5 to 6 cm deep layer on a rtantboo tray. The trays are stacked in
shelves and incubated at room temperature. Durirgy fermentation, the rice is
occasionally mixed by hand to remove the heat preduand aerate the culture. To
maintain the proper moisture content during inciglmateach tray is taken out and briefly
soaked in water. This process is repeated at tlegest times during the fermentation. The
fermentation is continued for about 6 to 7 daysl e fermented rice is dried at°@Sfor
one day (Chiwet al, 2006). The dried fermented rice is ground to ahmfarm and used
as a colorant. Similar methods are used in theidpimies and Taiwan foMonascus

production (Martinkova and Patakova, 1999).

The traditional solid-state culture in trays ist masily scaled up because it is
laborious and the trays take up a lot of spaceo,Atlse traditional method is prone to
contamination and the quality of the product canngensistent from batch to batch. Not
withstanding its problems, the solid-state cultas a higher pigment productivity than
submerged culture (Carvalled al, 2006; Evans and Wang, 1984; Lin, 1973; Soccol and
Vandenberghe, 2003) and is relatively inexpenstvaryalhoet al, 2006; Holker and
Lenz, 2005; Pandey, 2003). The low pigment produgtiof submerged culture is
associated with product inhibition of the fermeimat In submerged culture, the
relatively hydrophobic pigments remain mostly withhe mycelium and this suppresses
their further production by feed back inhibitiom $olid-state cultivation, the pigments
continuously diffuse from the mycelium to the sadaf the rice grain and into the grain
and this reduce product inhibition. Table 2.1 issammary of advantages and

disadvantages of solid-state cultivation.
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Table2.1: Potential advantages and disadvantages ofstlie culture

Advantages Disadvantages

Higher yield and productivity compared Insufficient substrate mixing results
to submerged culture. heterogeneity.

Minimum water requirement, hence a | Poor control of the process parameters (ile.
reduced possibility of bacterial moisture, nutrients, temperature, etc).

contamination.

Low cost substrate (i.e. agricultural by-| Heat build up due to poor heat transfer in

product) can be used. the substrate.

Simpler technology than submerged | Difficult to scale up.

culture.

Lower cost and energy demand.

Solid-state culture simulates the natural

habitat of fungi such dglonascus

Static flasks, packed bed columns (Carvahal, 2006; Han and Mudgett, 1992;
Rosenblittet al, 2000), rotating drum fermentors (Carvakitoal, 2006), and open trays
(Leeet al, 2002) have been used in studies of solid-$tlirascudermentation. Studies
in static flasks have been useful in identifying 8upplemental nutrient requirement for
rice, the inoculum size, and suitable initial moistcontent (Leet al, 2002; Yongsmith
et al, 2000). Unconventional substrates have included oeeal, coconut residue, peanut
meal, soybean meal, jackfruit seed, wheat bran,grapge waste (Babithat al, 2006,
2007b; Nimnoi and Lumyong, 2009; Silveiea al, 2008). Studies in more sophisticated
reactors (i.e. bed columns, trays, drum reactasg lgenerally focussed on the effects of
aeration and agitation (Carvallet al, 2006; Eduardeet al, 2007; Han and Mudgett,
1992).

No in depth systematic study of solid-state celtof Monascusin packed-bed

bioreactors has focused on the specific straimtefést here and on the interactive effects

of various environmental conditions on the fermeaia
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2.6 Principles of solid-state cultivation

2.6.1 Introduction

Solid-state fermentation is a process of growingragrganisms, mostly fungi, on or
within particles, or other solid substrates, in #ixence or near absence of free water.
The substrate must of course contain enough meistuassure microbial growth and
metabolism (Couto and Sanroman, 2006; Mitchell bodsane, 1992; Perez-Guera
al., 2003; Prabhakaet al, 2005; Singhaniat al, 2009; Viniegra-Gonzalez, 1996; Young
et al, 1983). Although, many microorganisms are ablgrmwv on a solid substrate in
presence of sufficient water, only fungi typicallyive in the low-water environment of a
solid substrates fermentation (Couto and Sanro2@06; Pandey, 1992, 2003; Panagy
al., 2000; Raimbault, 1998; Younet al, 1983). Unlike most other microorganisms,

fungal mycelia can grow into the substrate parsicle

Although solid-state culture has been used fortwress in the preparation of
traditional foods, the microbiological and biocheati process involved are poorly
understood. The environment of a solid-state fetatem is akin to the natural habitat of
microorganisms. The general aspects of solid-$&ataentations have been extensively
reviewed (Barrios-Gonzaleet al, 2005; Couto and Sanroman, 2006; Mitchell and
Lonsane, 1992; Pandey, 2003; Pandéel, 2000; Prabhakaet al, 2005; Raimbault,
1998; Singhani@t al, 2009).

The following sections discuss some of the magmtdrs that are important for

solid-state culture involving fungi.
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2.6.2 Spore germination and fungal growth

The pattern of growth of filamentous fungi in sulvgezl culture is generally not the same
as in solid-state culture. Typically, the growth solid-state culture is more complex
compared to submerged culture. In submerged cultbbeefungi grow by extending the
hyphae which then break off due to turbulence atatign. In solid-state culture, the
growth is by extension of hyphae to eventually cdtie entire surface of the static solid
substrate and a penetration of the substrate. lld-state growth, the structure of the
hyphal mat is retained and the nutrients are ndoumly available. The rate of growth
depends on the substrate properties (Y cetraj, 1983).

The hyphal mode of growth and the ability of fungithrive at a relatively low
water activity (Aw) offers them a major advantagerobacteria and yeasts (Mitchell and
Lonsane, 1992). The density of the growing mycatss depends on the amount of
nutrients available in the solid substrate (Bulldafrinci, 1977). The ability of the
mycelium to penetrate the substrate particles nmagraove accessibility to nutrients
(Mitchell and Lonsane, 1992).

2.6.3 Substrates

The choice and preparation of the substrate canifis@ntly affect a solid-state culture
process. The substrates used are usually produatgioulture or by-product of the agro-
industry. The substrates are generally insolublevater and are made of digestible
macromolecules (i.e. starch, cellulose, proteinpiipteetet al, 2005; Mitchellet al,
1992a; Raimbault, 1998). Growth is controlled oftgrnthe ability of the fungus to digest
the substrate. Not all substrates are digested llgqeasily. For example, the
lignocellulosic substrate (i.e. wheat straw, whaain, sugar-beet pulp) are more difficult
to digest than starches (Duraetl al, 1988; Hoogschagent al, 2001; Zadrazil and
Puniya, 1995). A majority of solid-state fermergas use starchy material as substrate.
Some examples of starchy substrate that are conynugeld are rice, cassava, and sweet
potato (Dalla Santat al, 2004; Pradcet al, 2004; Rosenblitet al, 2000). Substrates
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may need to be supplemented with other nutrieneckieve the desired fermentation or

enhance metabolite production.

In addition to its chemical properties, the phgbkitorm of the substrate (i.e.
particle size, shape, porosity, consistency) mafecafits utility in a solid-state
fermentation. Particle size and shape appear tahbemost significant factors that
influence the substrate consumption (Manpreetal, 2005; Mitchell et al, 1992a).
Particle size and shape affect microbial growthirifjluencing oxygen supply and the
removal of carbon dioxide. The ratio of the surfacea to the volume of the particle,
which relates to the particle size and shape, nmjence the depth of hyphae
penetration in a static bed of solids. If a fundnas a poor hyphae penetration of the
substrate particles, it may be necessary to inertr@ssurface area to volume ratio of the
substrate particles in order to improve their zdifion. Particle size affects the packing
density and the void fraction in the bed. Generallgosely packed-bed of a high porosity
is wanted to enhance diffusion of oxygen.

2.6.4 Biomass determination in solid-state cultivation

A determination of the biomass amount is essefaratharacterizing microbial growth in
detail. In a solid-state cultivation, the biomassdifficult to measure directly as it is
nearly impossible to separate the mycelium fromfémmenting substrate. Nevertheless,
the quantity of the produced biomass can be detenhindirectly. The relevant methods

are reviewed in this section.
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2.6.4.1 Metabolic activity of biomass

2.6.4.1.1 Respiratory metabolism

During a fungal fermentation process, oxygen isscomed and carbon dioxide is
produced due to respiration. The respiration ragirectly proportional to the amount of
active biomass present and can be used for it®a&sbn (Raimbault, 1998). This method

does not measure any accumulated but inactive lsi®@rad is not commonly used.

2.6.4.2 Biomass components

Any unique constituent of the biomass that is gtald present in a fixed proportion to
the biomass, can be used to estimate it (Mitci€l§2). The biomass components that

could be used for its estimation are reviewed ig $kection.

2.6.4.2.1 Protein and nitrogen content

Protein is a readily measured cellular componeatsbfomass estimation (Raimbault,
1998). Determination of soluble protein has beeeduto estimate the biomass of
Aspergillus niger(Favela-Torreset al, 1998; Raimbault and Alazard, 1980), but this
method is believed to be unreliable for use indsetate cultivation (Mitchell, 1989). For
example, the substrate may often contain some iprtii@at may be consumed during

fungal growth.
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2.6.4.2.2 Deoxyribonucleic acid (DNA)

DNA measurement has been used to estimate biomagagtion byAspergillus oryzae

on rice (Bajracharya and Mudgett, 1980). At eatigge of fermentation, the DNA

contents were high and slowly decreased towardsetite of the fermentation. The
method had to be adjusted for the DNA content enrtbe. The biomass production was
estimated by correlating the measured DNA contéthiesolid-state culture to a biomass
concentration using a DNA to biomass ratio that baén determined in submerged
culture on a dissolved substrate (Mitchell, 1992jnkbault, 1998). This method is not

reliable if the substrate contains nucleic acids.

2.6.4.2.3 Glucosamine

Chitin (poly-N-acetylglucosamine), a polymer of ghsamine, is an essential component
of fungal cell walls (Abd-Azizt al, 2008; Desgrange=t al, 1991a; Rochet al, 1993).
Hydrolysis of chitin produces glucosamine that tenmeasured and correlated to the
biomass content. Glucosamine measurement is waaiyned to be a good indicator for
fungal growth (Abd-Azizt al, 2008; Zheng and Shetty, 1998).

Glucosamine measurements during biomass growtta @oluble substrate in
submerged culture are used for calibration. Theiraoy of biomass estimation depends
on the consistency of the conversion factdy, (which relates the biomass dry weight to
the measured glucosamine (Nilsson and Bjurman, ;1Srmaet al, 1977). The
conversion factor must be experimentally estabtished should not vary much during

the course of a batch fermentation.
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2.6.4.2.4 Ergoesterol

Ergosterol is the major sterol in fungal cell mean®. It is commonly used to determine
the fungal biomass in soils (Carvalled al, 2006; Mitchell, 1992; Raimbault, 1998).
Contents of ergosterol and glucosamine in fungainaiss are generally well correlated.
However, in some cases at least, ergosterol measute may not reliably indicate the
biomass content. For example, ®eauveria bassianthe ratio of ergosterol to biomass
varied during growth and between media (Desgrargast, 1991a).

2.6.5 Environmental factors

In addition to the nature of the substrate, envitental factors profoundly affect growth
and product formation in a solid-state fermentatwimere they can be impossible to
control as well as in a submerged culture. Thevegle environmental factors are

reviewed in this section.

2.6.5.1 Temperature

Temperature has a substantial direct impact on trospore germination, and product
formation. In solid-state fermentation the metabdleat production ranges from 100 to
300 kJ/kg of cell mass (Prior and Preez, 1992)dqaate heat removal inevitably leads
to a rise in substrate temperature. Porous soli$tsates are poor conductors of heat
(Ghildyal et al, 1994; GutierrezRojast al, 1996; Saucedo-Castanestaal, 1990; Stuart
et al, 1999) and therefore the heat generated is noly edissipated. The maximum
temperature attained in the fermenting mass dependke substrate being metabolized
and the supply of oxygen (i.e. particle size, swabstporosity, depth of the substrate)
(Gervais and Molin, 2003; Raghavarioal, 2003; Raimbault, 1998).
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In traditional solid-state fermentation, the temgere is controlled to a limited
extent by using a low depth of substrate, occasiom@ng with hand, and by carrying
out the fermentation in a cool place. More advangedhods typically rely on forced
aeration of the substrate beds with conditioned Forced aeration may remove more
than 80% of heat produced (Manpreetal, 2005), but high aeration rates may cause a
loss of moisture and a reduced water activity efghbstrate. Dry air is more effective for
cooling (evaporative cooling) but humidified airgenerally used to minimize water loss.
Some water loss occurs even if water saturated ased (Raghavaraa al, 2003).

2.6.5.2 Initial moisture content

In solid-state culture, moisture content of the strdie has a substantial influence on
growth and metabolite production (Pandey, 1992320000 high a moisture content
may reduce substrate porosity and mass transfexygen. While too low a moisture
content results in a reduced accessibility of euats to the fungus (Babitte al, 2007b;
Pandey, 2003). In most cases, fungal growth regrenoisture content in the range of
30-75% (w/w). In contrast, bacterial culture regaimore than 75% (w/w) moisture in
the substrate (Gautaet al, 2002; Perez-Gueret al, 2003).

For pigment production byonascusdifferent strains have been reported to have
their own optimum initial moisture content. Lotoagd Suwanarit (1990) reported that at
a high initial moisture content of 43%lonascussp. NP1 rapidly released glucose from
the starch, which in turn inhibited pigment prodoiet While at a low moisture content of
32%, the hydrolysis of starch to glucose was t@mwshnd this too decreased pigment
production. HowevemMonascusstrains generally tend to require a moisture aritethe
range of 40-50% (w/w) for optimal growth (Johns &tdart, 1991; Juzlova, 1994).
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2.6.5.3 Water activity

Water activity (Aw) is the ratio of the vapour psase of water in a system to the vapour
pressure of pure water at the same temperaturepitdetet al, 2005; Raimbault, 1998).
Water activity is the same as the relative humidiwyided by 100. Aw of pure water is
1.00 and it decreases with the addition of sollégter activity is a measure of the water
that is actually available to microorganisms foowth in a substrate. Water activity
significantly affects growth and product formati@ervais and Molin, 2003).

Fungi and yeasts can grow at a relatively low watdivity in the range of 0.6-
0.9. In contrast, bacteria require higher wateivagtvalues for growth (Manpreett al,
2005). Most fungi can grow at Aw in a range of &.9 (Raimbault, 1998). A decrease
in water activity during a fermentation will advelg affect biomass growth (Liu and

Tzeng, 1999) and product formation.

2.6.5.4 Aeration

In solid-state culture, aeration is used to sumplygen, remove carbon dioxide that is
produced by metabolism, and control the substratepérature (Duranét al, 1988;
Gervais and Molin, 2003)Monascusfermentation is quite sensitive to aeration and
pigment production is reduced by accumulation ofess carbon dioxide (Han and
Mudgett, 1992; Teng and Feldheim, 2000). Secondaggabolism ofMonascusis
influenced by oxygen as tiMonascugpigments and other secondary metabolites contain

significant oxygen in their structures (Turner, 197

Aeration rate should not be excessive or moistoss from the substrate will
adversely affect the fermentation (Aniséiaal, 2010; Carvalheet al, 2006; Leeet al,
2002; Webetret al, 2002). Moisture loss can be reduced by usingai¥ 90% relative
humidity for aeration (Orioét al, 1988; Stuart and Mitchell, 2003).
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2.6.6 Reactors

A solid-state fermentation bioreactor is designegrovide the desired environment for
the fermentation while limiting contamination. Beaictor may be sterilized initially but
are not generally operated aseptically. The bidoeaaised are generally less complex
than the ones used in submerged culture. Four nigyms of bioreactors are used
(Durand, 2003; Mitchellet al, 2006). These are the tray bioreactor, the padiesti
bioreactor, the rotating drum bioreactor, and thecimanically mixed bioreactor. These

are briefly explained in the following sections.

2.6.6.1 Tray bioreactor

The tray bioreactor is the simplest type of fermem@ind has been used traditionally for
centuries (Martinkova and Patakova, 1999). Typycall tray is rectangular and made of
wood, metal, or plastic. Inoculated trays are stdcn one another and left in a humid
area with good ventilation. Tray bioreactors argidsglly operated in an open
environment. Trays are open at the top and hawfarpted bottom, in order to improve
diffusion of oxygen. The substrate is spread ontiidng in a layer that typically ranges in
depth from 5 to 15 cm (Krishna, 2005). The substratay be occasionally mixed
manually. Because of a limited depth, tray bioreectequire a large area and are labour
intensive. In addition, they are easily contamidafditchell et al, 2006; Mitchellet al,
1992b).
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2.6.6.2 Packed-bed bioreactor

Packed-bed bioreactor is an adaptation of the Itiageactor in which a static bed of
substrate is supported on a perforated base plgfacally, a packed-bed bioreactor
consists of a cylindrical column that is operated aa closed system for control of
contamination. The substrate is packed to a higeeth than in the tray fermentor and
humid air is forced through the base plate to mlevaxygen and cool the bed (Mitchetl
al., 1992b).

Because of its relative simplicity and other adages, the packed-bed bioreactor
has attracted much attention (Carvaéitoal, 2006; Fanaei and Vaziri, 2009; Mazti
al., 2010a; Mitchellet al, 1992b; Mitchellet al, 2003; Mitchell and Von Meien, 2000;
Najafpour et al, 2009; Weberet al, 2002). Shojaosadati and Babaeipour (2002)
discussed the effects of aeration rate, bed hgiginticle size, and initial moisture content
on citric acid production byAspergillus nigerin a solid-state packed-bed bioreactor
Mazutti et al. (2010c) reported on the effects of inlet air terapre and volumetric flow
rate on the inulinase production Kjuyveromyces marxiand$RRL Y-7571 in a packed-
bed. Assamoet al. (2008) and Alanet al. (2009) examined the impact of inoculum size,
bed loading, aeration rate, and initial moisturenteat on xylanase production by
Penicillium canescensl0—-10c and mycophenolic acid production Benicillium
brevicompactum\TCC 16024, respectively.

Although packed-bed bioreactors have been examfoedvarious solid-state
fermentation, only three studies appear to haven e on the genublonascus
(Carvalhoet al, 2006; Han and Mudgett, 1992; Rosenldittal, 2000). Two of these
studies focused ollonascus purpureu@an and Mudgett, 1992; Rosenbéttal, 2000)
and the one focused on an identifigldnascusstrain (Carvalhcet al, 2006). None of
these studies attempted a rigorous comparison eofstitid-state fermentation with the
submerged mode of culture. No attempts were madmotimize the culture media and

operationl regimes.
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2.6.6.3 Rotating drum bioreactor

A rotating drum bioreactor consists of a horizomtdindrical drum supported on rollers.
The drum is partly filled with the substrates andaulated. Aeration is provided through
the headspace (Mitche#it al, 2006). The drum is rotated slowly to gently mhet
substrate. Agitation improves mixing and mass feanasnd reduces the heterogeneity of
the substrate, hence producing a fairly uniformrob@l growth (Lonsanet al, 1985).
Rotation can damage mycelia (Mitchetlal, 1992b) and agglomeration of substrate can

pose problems.

2.6.6.4 Mechanically mixed bioreactor

The mechanically mixed bioreactor is equivalera fmacked-bed bioreactor installed with
an agitator (Mitchelkt al, 2006). The agitator is inserted from the top endin slowly
continuously or intermittently. Forced aerationpi®vided from the bottom of the bed.

Agitation may not always be suitable as it teaesrttycelial structure of fungi.

2.6.6.5 Fluidized bed bioreactor

Fluidized bed bioreactor consists of a relativaly ¢olumn in which the air flow from the
perforated base is sufficiently high that the staistparticles are fluidized (Mitchedit

al., 2006). A fluidized bed allows good mass and hesatsfer, but moist solids can be
difficult to fluidize because of agglomeration. Bese of design complexities and

difficult operation, fluidized beds are not commpunked for solid-state fermentation.

25



2.6.7 Challenges in solid-state culture

Although solid-state culture has certain advantaxyes submerged culture, its consistent
operation is a challenge. A direct estimation & blomass concentration in solid-state
culture is essentially impossible and the heteredggnof the substrate poses other
problems. Biomass must be determined indirectlprasiously discussed (Abd-Aziet

al., 2008; Zheng and Shetty, 1998). Heterogeneithefférmenting mass means that in a
large bioreactor a point sample may not at alldprasentative. Therefore, multiple large

samples may be required to satisfactorily chareset¢he overall bioreactor performance.

2.7 Secondary metabolite production

Secondary metabolites are compounds that are rssngésl to microbial survival.
Pigments oMonascusspecies are secondary metabolites (Dufesse, 2005; Johns and
Stuart, 1991). Lovastatin, a cholesterol loweriggrd, is another secondary metabolite of
Monascusspecies (Pattanaget al, 2007).

2.7.1 Pigments from Monascus

Monascusgenerally is able to produce at least six polgefpigment structures which
can be classified into three major groups. The pigi$ groups are a mixture of orange
(rubropunctatine (&H2.0s), monascorubrine (fgH260s)), red (rubropunctamine
(C21H23NO4), monascorubramine (gH,7NOy)), and yellow (monascine (gH,60s),
ankaflavine (GsHsqOs)) (Chenet al, 1971; Fieldinget al, 1961; Hadfieldet al, 1967;
Kuromo et al, 1963; Sabater-Vilaet al, 1999; Su and Huang, 1980 ). The molecular
structures of the pigments are shown in Figure 2.1.
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Figure2.1: Monascussp. pigments
(Adapted from Sweestyal. (1981) and Dufosset al. (2005))

Monascuspigments of similar colours differ only in the lghgof the aliphatic
chain linked to the carbonyl function (Teng anddReim, 1998) (Figure 2.1). All
pigments can be produced in both submerged and stdite culture, but production
characteristics may differ depending on the nutrigpe and culture conditions (Juzlova

et al, 1996; Patakova-Juzlow al, 1998).
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The orange pigments (monascorubrine and rubroptinej are produced by the
multienzyme complex of polyketide synthase in tlygosol, from acetyl coenzyme A
(Hopwood and Sherman, 1990; Robinson, 1991). Oraigeents (rubropunctatine and
monascorubrine) are azaphilones that readily negbtammonia and methylamine. The
strong tendency of the orange pigments to reatt primary amino group (Juzlow al,
1996; Lin, 1991) of amino acids leads to the praidacof water soluble red pigments,
monascorubramine ¢gH,>7;NO,4) and rubropunctamine (¢gH,3NO,) (Blanc et al, 1994;
Francis, 1987; Juzlovat al, 1996; Linet al, 1992). The amino group could be from
amino acids, peptides, or proteins. The water $elud pigments are said to be more
stable to heat, light, and pH changes (Tezuka ahito, 1979).

The yellow pigments, ankaflavine {i3,0s) and monascine GH2s0s), are
produced by chemical oxidation of the orange pigméduziovaet al, 1996; Yongsmith
et al, 1993). The yellow pigments cannot react with Nidegps to produce the related
amine; therefore, only the orange pigments are @blerm the red pigments (Fieldirey
al., 1961).

It is generally difficult to purify pigments thate produced by solid-state cultures
because of the complexity of the pigment mixtuhe, similarity of their structure, and
contamination with the substrate material. In suly®é culture, the nature of pigments
produced depends on the initial pH; depending ortlEHproduction might lean towards
the yellow or the red pigments. In submerged calttine pigments are produced in the
cell bound state and remain in the cells becausg trave low solubility in water.
Ordinarily, pigments produced in the cell boundest&re more sensitive to heat, unstable
to the acidic pH (pHt 4), alkaline pH (pH> 10), and fade with exposure to light (Hajjaj
et al, 2000a; Hajjajet al, 1997; Hamdiet al, 1997; Maket al, 1990; Wong and
Koehler, 1983; Yongsmitlet al, 1994). Because the red pigments are water soarie
more stable than the other pigments they are pegfexrs colorants.
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2.7.2 Lovastatin

In addition to the pigments, some strains Mbnascusproduce another important
metabolite known as lovastatin, Mevinolin, or Mookt K. Lovastatin and its
semisynthetic derivatives are used as powerful tagem reducing blood cholesterol in
medical practice (Pattanaget al, 2007).

Lovastatin occurs in its open hydroxyl acid formdathe lactone form (Figure
2.2). In submerged culture, the major form of Iaats is the open hydroxyl acid form.
The ratio of the acid form to the lactone form eliff depending on thidonascusstrain,
the pH, the culture medium (Xet al, 2005), the temperature, and the initial moisture

content of the substrate.

Lovastatin production is said to be higher in ¢aliate culture compared to
submerged culture. This is likely because lovastatiibits its own synthesis as observed
in other fungi (Casas Lope al, 2004). In solid-state culture, the lovastatindueed is
absorbed in the rice grain. In submerged cultullef af it remains in the mycelium and

this might inhibit further synthesis.

Most of the lovastatin producing strains bfonascusare found to produce
relatively low levels of the compound (Juzlostaal, 1996; Martinkovaet al, 1995).

HO 0
1
(1) (2) OH
0 OH
CHﬁ)LG CHﬁ‘)LD
Ch, CH,
CH, =

Figure2.2: Lovastatin: (1) lactone form; (2) open hydroagid form.
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CHAPTER 3

Research Methodology

3.1 Introduction

This chapter describes the materials and methagtsinghe experimental work.

The preliminary experimental work focused on deiamg the suitable media for

pigment production byMonascus ruberlICMP 15220 as this strain had not been

previously reported in the literature. The aim bé twork was to identify media for

optimal production of pigments particularly the i@dment. Both submerged and solid-

state culture methods were investigated. The exytal work was divided into three

parts:

1.

30

Initial experiments were done on agar plates. Tiferdnt media compositions were
used to examine their effect on the production exf pigment and the growth of
Monascus ruberThe media compositions were selected using aasi the culture
media that have been reported Fbonascusspecies. The pigment production and the

fungal growth were measured.

The second part of the study was done in a submecgéure. A few media

compositions were selected based on work in partdlused in submerged culture. In
submerged batch cultures, the concentration ofogkeievas varied for a fixed ratio of
carbon to nitrogen. This was done to determinehijhest acceptable concentration
of glucose. In a different series of experimeritg, ¢arbon to nitrogen ratio was varied
but the concentration of glucose remained fixed€daon the initial work on glucose
concentration). Upon establishing the highest aedd#g concentration of glucose and
a suitable carbon to nitrogen ratio, further expents were done by shifting the

organic nitrogen source in the media to variousrganic nitrogen sources and



replacing glucose in the media with other carboarses. The pigment production,
biomass growth, pH changes, and glucose consumpteye measured during the

course of the fermentations.

3. The third and the major part of the experimentalrkwéocused on solid-state
fermentation. Effects of the operational factorshsas depth of the substrate bed in a
packed-bed bioreactor, the initial moisture contaeinthe substrate and the aeration
rate of humidified air (relative humidity of 97-99%vere examined on the pigment
production and biomass growth. Preliminary expentake work on solid-state
fermentations was done in Erlenmeyer flasks. Edfeaft different initial moisture
content of the substrate and the nitrogen sourees axamined to see how the results

might compare with similar data obtained in subredrgulture.

Extensive experimental work was carried out in kedebed solid state
bioreactors. Effects of various forced aerationesabn pigment production were
examined. Statistically designed (Design Expertat-&ase, Inc, Version 6.0.8 and
Statistica, Version 5.5) experiments were usedssesthe combined effects of the initial
moisture contents and forced aeration rates onptgment production and biomass

growth.
In addition to the above, the purification of thed pigment produced by

submerged culture was attempted and the stabifith® pigment in a dissolved form

under various conditions was studied.
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3.2 Materials

3.2.1 Microorganism and conservation

Monascus ruberlCMP 15220 strain used in the experiments was hased from
Landcare Research New Zealand. ICMP, or Internati@ollection of Microorganisms
from Plants, is a major international collectiomtths a part of the New Zealand
Reference Culture Collection. It is managed by Ilcand Research, New Zealand. This
fungus had been isolated from a palm kernel in Aarak New Zealand, and identified as
Monascus rubeifieghem according to the taxonomy proposed by Hawkih and Pitt
(1983). The microorganism was maintained on Pdbsrtrose Agar (PDA) plates and

slants at 4C and sub cultured once every month.

3.2.2 Chemicals

All chemicals used for the fermentation and aneiftivork are identified in Table 3.1.
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Table3.1: Chemicals and manufactures

Name Formula Grade Manufacturer

Acetic acid CH;COOH A.R. Labserve Biolab, BIOLAB Australia Limited
Acetylacetone CsHg0, AR. BDH Prolabo, VWR International, England
Agar Merck, E. Merck, Germany

Ammonium chloride NH,CI A.R. Labserve Biolab, BIOLAB Australia Limited
Ammonium nitrate (NH,NO; A.R. BDH Prolabo, VWR International, England
Ammonium sulphate (NH,),SO, AR. Scharlau, Scharlau Chemie, Spain
Calcium chloride CacCl A.R. BDH Prolabo, VWR Internatt&d, England
Chloroform CHCl,4 AR. Labserve Biolab, BIOLAB Australia Limited
Di-potassium hydrogen phosphate K,HPGO, AR. Labserve Biolab, BIOLAB Australia Limited
Ethanol C,H:OH A.R. UNIVAR, AJAX Finechem Pty Ltd., New Zealand
Ferrous sulphate FeSQ AR. BDH Prolabo, VWR International, England
Ferrous sulphate-7-hydrate FeSQ7H,O A.R. BDH Prolabo, VWR International, England
Glucose CsH 1504 AR. Fisher Scientific, UK Limited

Glycerine CsHs(OH);  A.R.  Labserve Biolab, BIOLAB Australia Limited
Hydrochloric acid HCI A.R. JT Baker, Mallinckrodt Bakimc., USA
Magnesium sulphate-7-hydrate MgSO,7H,O  AR. Labserve Biolab, BIOLAB Australia Limited
Malt extract Merck, E. Merck, Germany

Manganese sulphate MnSQOH,O AR. BDH Prolabo, VWR International, England

Meat extract

Merck, E. Merck, Germany
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Name Formula Grade Manufacturer

Methanol CH;0OH AR. Merck, E. Merck, Germany

Monosodium glutamate (MSG) CsHgNNaG, The Three Mac Co. Ltd., New Zealand

N -acetyl-D-glucosamir CgH15NOg Sigma, Sigma Chemical Co., USA
Ortophosphorc acid HsPO, AR. UNIVAR, AJAX Chemicals Co., Australia
p-Dimethylaminobenzaldehyde CoH1NO A.R. BDH Prolabo, VWR International, England
Peptone from soymeal (papain digested) Merck, EcNgsermany

Potassium chloride KCI AR. JT Baker, Mallinckrodt Baknc., USA
Potassium di-hydrogen phosphate KH,PO, AR. BDH Prolabo, VWR International, England
Potassium nitrate KNO, AR. BDH Prolabo, VWR International, England
Potassium sulphate K,SO, AR. BDH Prolabo, VWR International, England
Potato Dextrose Agar Difco TM, Dickson and Company Sparks, USA
Rice powder Toops, New Zealand

Sodium bicarbonate Na,CO; AR. BDH Prolabo, VWR International, England
Sodium chloride NaCl AR. BDH Prolabo, VWR Internat@England
Sodium hydroxide NaOH A.R. BDH Prolabo, VWR Internaty England
Sodium nitrate NaNG; A.R. BDH Prolabo, VWR International, England
Sulphuric acid H,SO, AR. BDH Prolabo, VWR International, England
Yeast extract Merck, E. Merck, Germany

Zinc sulphate-7-hydrate ZnSQ,/H,O  AR. BDH Prolabo, VWR International, England

Note: A.R. is an analytical reagent



3.3 Fermentations

3.3.1 Agar plate cultures

3.3.1.1 Agar medium

Ten different media compositions were used in priglary studies on agar plates to
examine their effect on growth and production & ted pigment. The choice of media
was based on compositions published previouslystd@smerged culture dflonascus
species (Al-Sarrani and El-Naggar, 2006; ATCC, 20Banc et al, 1994; Carels and
Shepherd, 1975; Chargg al, 2002; Hajjajet al, 2000b; Hajjajet al, 1997; Hamanet
al., 2005; Orozco and Kilikian, 2008; Xet al, 2005). The media compositions A to J
used are shown in Table 3.2.
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Table3.2: Media compositions for agar plate cultures

M edia compositions (g L ™ of deionized water)

Component

A B C D E F G H J
Potato Dextrose Agar (PDA) 39
Glucose 10 10 20 20 110 40 30 5
Ethanol 15.78
Rice powder 30 20
Glycerine 30 63
MSG 7.6 5 5 5
Meat extract 3
Peptone from soymeal (papain
digl?asted) ’ (pap > 10 9 8
Yeast extract 1 5 10
NaNG; 3 2
MgSO,7H,0 4.8 0.5 0.5 1 0.05 1 0.5
KH,PO, 15 5 5 0.1 1 5
K,HPO, 15 5 5 5
ZnSQ,7H,0 0.01 0.01 0.01 0.008 0.01
NacCl 0.4




Component

M edia compositions (g L ™ of deionized water

A B C D E F G H J
FeSQ 0.01
FeSQ7H,0 0.01 0.5 0.001 0.01
CaCl, 0.1 0.5 0.1
MnSQH,0 0.03 0.03 0.003 0.03
KNO, 2
KCI
Acetic acid 3.67
6.5 with 6.5 with
pH 55 55 H,PO, 6.5 5 6.5 5 HPO,
Agar 15 15 15 15 15 15 15 15 15
Orozco Al-
Hamano| Hajjaj Carels & | Blanc | Chang | Sarrani| Xu Hajjaj
ATCC &
Reference (2007) | Kilikian et al. et al. Shepherd| etal. et al. & El- et al. et al.
(2005) | (1997) (1975) (1994) | (2002) | Naggar| (2005) | (2000b)
(2008) (2006)

Note: The pH was adjusted with 1 N HCI, unless otherwise stated

w
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3.3.1.2 Cultivation method

The aseptic stock cultures were maintained on &ddaixtrose Agar (PDA). Spores of
Monascus rubetCMP 15220 strain were prepared by growing on Rid#es for 7 days

in the dark at 3. Then, 1 mnx 1 mm mat of spores from the PDA were inoculated in
triplicate at the centers of ten agar plates died#ht media (30 plates). The inoculated

plates were incubated in the dark atG®or 7 days.

The sterile agar plates had been made as followsedients of media A to J
(Table 3.2) were dissolved in 1 L of deionized watad autoclaved (12C, 15 min).
After the mixture had cooled to approximately’G015 to 20 mL of it was aseptically
poured into sterile clear plastic disposable Pdish plates (approximately 85 mm in
diameter). The agar plates were then allowed td aod set at room temperature. Any
excess plates were stored in the cold roof@)4y stacking upside down to prevent any

condensation from dripping onto the agar surface.

3.3.2 Submerged culture
3.3.2.1 Culture media

3.3.2.1.1 Inoculum media

Inoculum for submerged culture was grown in a medihat contained (g 1): yeast
extract (3.0); malt extract (3.0); peptone frommegl (5.0); and glucose (20.0) (Lat
al., 1992). The medium was autoclaved at’Cfor 15 min.
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3.3.2.1.2 Production media

Based on results of the agar plate experimentsptedia compositions were selected for
further study in submerged culture. There were m&dand J (Table 3.2), but without the

agar.

The media D and J differed only in their conceamtraof glucose. This resulted in
different carbon to nitrogen mass ratio of 23 ferikdium D) and 9 to 1 (medium J). The
medium composition J resulted in better pigmentpation as discussed elsewhere in the

thesis.

Initially, medium J was used to identify the opginblemperature for red pigment
production. The submerged -cultures were exposedthtee different incubation
temperatures of 2&, 30C, and 48C, separately for 48 h. At the end of the fermeomat
the entire flasks were filtered using qualitatiitef paper (Grade 4, Whatman Schleicher
& Schuel, Whatman International Ltd., England) dhd supernatant was subjected to
UV visible spectrophotometer wavelength scans f&08 to 750 nm (Ultrospec 2000,

Pharmacia Biotech, England) to measure absorpgeatsa.

Then, using a fixed C : N ratio of 9 : 1, as pexdmm J (Table 3.2), different
concentrations of glucose 0.5, 1.0, 1.5, 2.0 arfid62(g/100 mL) were evaluated in
submerged cultures while the concentrations oftalother components remained fixed

in the medium.

Because a high concentration of glucose can rethgéceater activity, a series of
submerged culture runs were carried out with tiie@ge concentration fixed at 1.0% and
C:Nmoleratiosof 6:1,9:1, 14 : 1 and 20 All other components remained fixed in

the medium as described for medium J (Table 3.2).

After having identified the optimal carbon to oijen ratio and the optimal
concentration of glucose for pigment productiofifedent nitrogen sources (monosodium
glutamate, MSG; sodium nitrate, NapCGammonium chloride, NECI; ammonium

nitrate, NHNOs; ammonium sulfate, (NDLSQ,) were investigated. In all cases, the
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glucose concentration was fixed at 1.0% and theNGratio was maintained at 9 : 1, the

value that had proved best for pigment production.

In separate experiments, glucose was replacedothtr carbon sources (maltose,
ethanol). The nitrogen source (MSG) was fixed.llrcases, the MSG concentration was

fixed at 1.0% and the C : N ratio was maintainefl al.

All submerged culture experiments were done iritiape.

3.3.2.2 Cultivation method

3.3.2.2.1 Inoculum preparation

Monascus rubetCMP 15220 was grown on Potato Dextrose Agar (PBlapts in the
dark at 36C for 7 days. Spores and hyphae were scrapedaff the agar slant using a
Pasteur pipette and suspended in 5 mL of steriliteadnized water at room temperature.
This suspension was adjusted with sterilized desohi water in order to get
approximately 10spores mL}. The spore number was counted using a haemacyomet
slide (0.1 mm depth, 1/400 ndimmproved Neubauer, Boeco, Germany). The adjusted
spore suspension was used to inoculate 100 mL ¢®¥%yol inoculum size) of a pre-
inoculum medium contained in a 500 mL ErlenmeyasKl The Erlenmeyer flask was
incubated on a rotary shaker (Orbital Incubator{da Victor Ltd., New Zealand) in the
dark at 36C, 250 rpm, for 4 days (Liat al, 1992).

3.3.2.2.2 Inoculation and cultivation

A 2 L Erlenmeyer flask containing 900 mL of the guwction medium was inoculated
with 100 mL (10%, vol/vol) of the pre inoculum awle and incubated in the dark at
30°C, 250 rpm (Orbital Incubator, Watson Victor Ltblew Zealand ), for 144 h unless

otherwise mentioned.
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3.3.3 Solid-state culture

3.3.3.1 Substrate preparation

Polished long grain rice (Sun Rice, premium whiteg grain rice, Ricegrowers Limited,
NSW, Australia) was purchased locally. The expentaework was done initially in

Erlenmeyer flasks before proceeding to the glaskgmzbed columns.

3.3.3.1.1 Studies in Erlenmeyer flasks

For experiment in Erlenmeyer flasks, 20 g of ricaswlaced in a 200 mL Erlenmeyer
flask and deionized water (5.5 mL, 10.6 mL, 19.7,#Q.0 mL or 50.3 mL) was added to
achieve an initial moisture content of approximatdb%, 45%, 56%, 70%, or 75%
(g water per 100 g wet substrate) in different KkasA solution of zinc sulfate
(ZnSQ,7H,0) (2 mL, 0.128 M) was added to each flask. The W@s then allowed to
soak at 38C for 1 h. The flasks containing soaked rice whentcovered with two layers

of aluminum foil to prevent moisture loss and alawed at 123C for 15 min.

In a separate experiment, three individual Erleygnéasks (200 mL) containing
30 g of rice substrate each, were supplementedaaliditional nitrogen sources (5.49 g of
sodium nitrate (NaNg), 2.58 g ammonium nitrate (NNOg3), 20.58 g monosodium
glutamate (MSG) in separate flasks) prior to sogKBJC, 1 h) in deionized water and
3 mL of 0.128 M ZnS@rH,0O. Deionized water was added to attain an initiaisture
content of 45%. The C : N mass ratio was 9 : lllicases, or comparable to the value

identified to be optimal in submerged culture.
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3.3.3.1.2 Packed-bed experiments

A series of packed-bed bioreactors operated inllpbkaere used in these experiments.
The reactors were set up as shown in Figure 3.&.dl$sembled and assembled reactors

are shown in Figures 3.2 and 3.3, respectively.
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Figure3.1: Schematic diagram of the packed bed system
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Figure3.2: Dissembled packed-bed column.

a) lid of the column; b) lid of the column from #dfdrent angle; c) washer of the column;
d) glass filter; e) ring nut for attaching a td)fthe column
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The rice substrate for each bed was preparedllasvéo 120 g of rice was placed
in a 500 mL beaker and 132 mL of deionized wates added to achieve the required
initial moisture content of approximately 54 - 54% water per 100 g wet substrate).
12 mL of 0.128 M ZnSE¥H,O was added to the rice. The rice was allowed &k s
30°C for 1 h and then the beaker was covered with layers of aluminum foil and
autoclaved at 12C for 15 min. The assembled reactors were autodlaeparately at

121°C for 25 min prior to use.

After the steamed rice had cooled to room tempegathe rice was inoculated
with 12 mL of a 10 spore mL* inoculumn. The inoculumn was mixed well with rice
an aseptic manner. The inoculated rice was thi&dfihto the reactors aseptically using
sterilized spatula and spoon. Inoculated rice bsdls an initial moisture content of
approximately 54-57% were aerated from the bottérthe column (0.052 m diameter,
0.22 m height) at various constant aeration rafed.a5, 0.2, 0.5, 1.0, and 2.0 L rifin
using humidified air with a relative humidity (RHf 97-99% (Figure 3.1). RH was
controlled by passing the compressed air throughlldd water and then a saturated
potassium sulfate (#80y) solution prior to entry in the reactors (Han &hddgett, 1992)
(Figure 3.1). RH was measured by a hygrometer (@okIDmidity Transmitter TRH
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301, Bell Technology Limited, New Zealand). The estiatic diagram of the packed bed
system is shown in Figure 3.1.

In a separate experiment, rice with different i@itmoisture content of
approximately 45%, 57.5%, and 70% was used in €us.bThis was prepared by mixing
rice (130, 120, and 110 g) with an appropriate amai deionized water in 500 mL
beakers. ZnSgTH,O solution (1 mL per 10 g rice; 0.128 M) was adtie@ach beaker.
The rice was then soaked (1 h) and autoclaved®°(,215 min). Separately autoclaved

glass columns were aseptically filled with riceatbeight of 0.18 m.

3.3.3.2 Experimental design

The investigation of the combined effects of thiéiahmoisture content of rice and the
aeration rate in the bed, on pigment productiontaachass growth used an experimental
design that was established with the Design Ex{&tdt-Ease, Inc, Version 6.0.8) and
Statistica Packages (Version 5.5, 1999; Tulsa OISA)J Various initial moisture

contents of the substrate (approximately 45%, 57 &% 70%) were treated with various
aeration rates of 0.05, 0.125, and 0.2 L Tifthe combination of the two variables for

the experimental runs is shown in Table 3.3.
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Table3.3: Experimental design for the effects of initimbisture content and aeration rate

Factors
Run
Initial moisture content (%) Aeration rate (L miff)
1 57.5 0.2
2 45 0.05
3 57.5 0.125
4 45 0.125
5 57.5 0.125
6 70 0.2
7 70 0.05
8 57.5 0.05
9 70 0.125
10 45 0.2

The sterilized beds were filled to the requireghtewith rice and operated in
accordance with the -cultivation protocol discussed Section 3.3.3.3. Sterilized
thermocouples were positioned at different bed et 1.5, 4.5, 7.5, 10.5, 13.5, and
16.5 cm to record the bed temperature using a chaltinel temperature data logger
(Agilent 34970A, Data Acquisition/ Switch unit, Mglsia). The air entering the columns
was sterilized by filtration through 042m air filters (Midisart 2000, Sartorius Stedim

Biotech, Germany).
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3.3.3.3 Cultivation method

3.3.3.3.1 Inoculum preparation

Monascus rubetCMP 15220 was grown on Potato Dextrose Agar (PBlAhts as noted
in Section 3.3.2.2.1, to produce a standardizedresmuspension (approximately
10" spores mLY). This standardized suspension was used as thelimo.

3.3.3.3.2 Inoculation and cultivation

The steamed and cooled rice (room temperature)ingasilated aseptically with 1 mL
spore suspension per 10 g of rice. The inoculatedwas mixed aseptically. 110 g (dry
weight) of inoculated steamed rice was then plaoced packed bed reactor (0.052 m
internal diameter, 0.18 m bed height) for cultigat{Figure 3.3). The bioreactor columns
were covered with aluminium foil (to maintain daglss), and incubated at °8D for
18 days unless otherwise mentioned. At the endhefférmentation, the entire packed-
bed of substrate was removed from the column dsigagnd was carefully cut into six

slices of equal height.
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3.4 Assay methods

3.4.1 Agar plates culture

3.4.1.1 Colony diameter

The diameter of the fungal colonies on agar platas measured with a ruler from one

side of the colony to the other through its centégasurements were made at intervals of
approximately 24 h. Several measurements were atday given time and the values

were averaged. A linear regression line of a col@djus (Carvalhet al, 2005) against

time plot was used to obtain the growth rate (myi‘jla

3.4.1.2 Colour

A CIE (Commission International de I' Eclairage) B* b* colour system (McGuire,
1992) was used for colour determinations on agatepl culture. Coloration was
determined with a Chroma meter (Minolta, CR-200paig, which measured the
spectrum of the reflected light and converted b ia set of colour coordinates (L*, a*,
and b*) values. These coordinates were represdantedthree dimensional space that
contained all the colours, the CIELAB colour spét@76) (Fabreet al, 1993). The value
of L* represented “lightness”, which equaled 0 Bdack and 100 for white; the a* axis
showed the amount of red (+) or green (-), whikelth axis showed the amount of yellow
(+) or blue (-). The colorimeter had an 8 mm dianeaf a viewing area and was
calibrated before each use with a standard tilé4181 Konica Minolta Sensing, INC,
Japan) that had the colour coordinates of L* = 954* = -0.11, and b* = 2.420.

Measurements were made in triplicate at the caritgrowth of the colony.
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3.4.2 Submerged culture

3.4.2.1 Biomass (dry cell weight)

Biomass concentration was determined by filterimg ¢ulture broth (30 mL) through a
pre-weighed Whatman glass microfiber filter disca@Gx GF/C (pore size 1.2 um,
Whatman Schleicher & Schuel, Whatman Internatididl, England). The filter paper
was washed twice with distilled water (30 mL) amied at 86C in an oven (Watvic

incubator, Clayson Laboratory Appratus, New Zealdad24 h (Lin and Demain, 1991).

The dry samples were cooled to room temperatusedesiccator for 2 h and then
weighed. Biomass was determined by gravimetricyamal The biomass concentration

was calculated using the following equation:

weight of dried samplg weight of em t(\/ )
on filter paper filter paper
volume of culture brothL( )

Biomass(g L'l) = ( Equation3.1

3.4.2.2 pH

The pH of the culture broth was measured immediaédter sampling by using a
calibrated pH meter (Orion pH meter, Watson Vidttd., New Zealand ) (Dominguez-
Espinosa and Webb, 2003).
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3.4.2.3 Pigment extraction and analysis

3.4.2.3.1 Extracellular pigment

Pigment concentration was determined by spectrophetry. A 10 mL sample of culture
broth was filtered using qualitative filter pap&réde 4, Whatman Schleicher & Schuel,
Whatman International Ltd., England ) and washe& @ mL) with distilled water. The
washed mycelia were kept aside for measuring ttradellular pigment. The filtrate was
made up to 50 mL with distilled water and then mead on a UV visible
spectrophotometer (Ultrospec 2000, Pharmacia Bigtémngland) at 400, 470, and
500 nm for yellow, orange, and red pigments, rethpey (Carels and Shepherd, 1977;
Johns and Stuart, 1991; Lat al, 1992; Orozco and Kilikian, 2008). If necessahg t
filtrate was further diluted with distilled wates ensure that the absorbance reading was
< 0.9. The uninoculated medium was used as the bldrkpigment absorbance was then
calculated by multiplying the measured absorbangethe dilution factor df). The

pigment production was estimated using the equation

Absorbance of extracellular pigment:

50mL _
(AUTotaI extra) =AU extra™ (MJ xaf . Equat|0n3.2

where,df is the dilution factor anfU ¢4 IS the absorbance of the diluted sample.
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3.4.2.3.2 Intracellular pigment

The freshly harvested washed mycelia from the abste@ (Section 3.4.2.3.1) were
scraped off the filter paper with a spatula anddfarred to a 150 mL Erlenmeyer flask
and 10 mL of 95% ethanol was added. The suspensisnallowed to stand at %D for

12 h (Lin and Demain, 1991; Tsergal, 2000). The supernatant was then recovered by
centrifugation (Himac CR 22GlI, Hitachi Koki Compaihimited, Japan) at 10 00g),

10 min. The absorbance of the suspension was nezhati600, 470, and 400 nm using a
UV visible spectrophotometer to determine red, geanand yellow pigments,
respectively (Chen and Johns, 1993; Lin and lizd@82; Lin and Demain, 1991). If
necessary, the supernatant was diluted with 95%nethto ensure that the absorbance

reading was 0.9. The pigment absorbance was calculated asafell

Absorbance of intracellular pigmefaU )=AU, . xdf ... Equation3.3

Total intra intra

where, AU inra IS the absorbance unit of the diluted supernatadtdh is the dilution

factor.

The total absorbance unAlJ) of the culture broth was conducted as follows:

+ AU Equatio3.4

Total extra Totalintra ~ rmrremaees

Total absorbance unifAU) = AU

The AUrotal extra @nd AUrotal inra Values were from Equation 3.2 and Equation 3.3,

respectively.
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3.4.2.4 Glucose determination

Glucose was estimated spectrophotometrically bydth#rosalicylic acid (DNS) method
(Miller, 1959; Ishiakuet al, 2002; Sinegani and Emtiazi, 2006). A 3 mL sanygdfl¢he
culture filtrate was mixed with 3 mL of DNS reagemtd then heated in a boiling water
bath for 15 minutes. Then 1 mL of Rochelle salt%4®/100 mL)) potassium sodium
tartrate in deionized water) solution was addedtabilize the colour. Subsequently, the
mixture was cooled to room temperature in a coldewaath and the absorbance was
recorded at 575 nm. The measurements were agalahla that was made by replacing

the culture filtrate in the above procedure witiodezed water.

The DNS reagent (g1 consisted of 10.0 g dinitrosalicylic acid (DNR)0 g
phenol, 0.5 g sodium sulphite, and 10.0 g sodiudrdwide dissolved in 1 L of deionized
water (Miller, 1959).

A glucose standard curve (Figure 3.3) was prepénednalyzing the various
dilutions (0, 0.06, 0.09, 0.11, 0.14, 0.17 mg/mEpactandard aqueous glucose solution.

The glucose content of the samples was calculaéollaws:

Abs,s _ total volume of mixture
0.0049 sample volumaernlL )

Glucose contentg( L* 3 df x107°...... Equation3.5

where,df is the dilution factor
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Figure3.4: Calibration curve for glucose

3.4.2.5 Red pigment stability

Effects of light, pH, and temperature on stabitifythe red pigment were assessed.

The submerged culture broth was filtered throudgh \Whatman glass microfiber
filter (Grade GF/C, Whatman Schleicher & Schuel,atviian International Ltd., England)
to separate the mycelia and the supernatant. Tretdiwas again filtered using a sterile
filter (0.45 um; Minisart, Sartorius stedim Biotech, Germany)émove any microbial
contamination. To asses the stability of the regmgnt under standard laboratory
lightning, four screw capped sterile Pyrex tubesrffl.) were aseptically filled separately
with 10 mL of the sterile filtrated sample. The ¢sbwere stored at room temperature
(approximately 2%C) for 168 h. Two of the tubes were covered witlm@hum foil and
used as controls. Time zero pigment absorbance re@sded in each tube against

distilled water as a reference.
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In a separate experiment, to investigate the efiepH on stability, the sterile
filtrated sample was subjected to different pH eatuneutral (pH 7), acidic (pH 4), and
alkaline (pH 10) for 8 h in sterile Pyrex tubes emd with aluminum foil. All tubes were
held at room temperature (approximately@p The various pH values were attained by
adding a few drops of either 0.5 M HCl or 0.5 M NAO

To investigate the effect of temperature on sitgbiterile filtrated samples were
separately subjected to different temperatures7@ic for 8 h, boiling water bath for

1 min, and autoclave conditions (£21for 15 min).

For stability measurements on pigments producedatig-state culture, 2.0 g of
freeze-dried fermented solids sample in a Erlenmégsk was extracted with 200 mL
95% ethanol for 2 h at 180 rpm, then centrifuged®000g for 10 min to remove the
suspended solids. As described for the submergkgrewsample, the extracted ethanol
solution was sterile filtered and dispensed inilst?yrex tubes. Two tubes containing
10 mL of extracted ethanol solution were storedr@aim temperature) under standard
laboratory lightning for measuring the stabilitymMards light. Another two tubes were
stored covered with aluminum foil for a comparisdime zero pigment absorbance was

recorded for all tubes against a blank of 95% athan

For pH stability measurements, the extracted ethaalution was subjected to
different pH values of neutral (pH 7), acidic (pH dnd alkaline (pH 10) for 8 h in sterile
Pyrex tubes covered with aluminum foil. All tubeser® held at room temperature
(approximately 2%C). The pH was adjusted as previously specified.

For measuring stability to temperature, the exéddterile ethanol solution was
separately subjected to different temperatures€ 7or 8 h, boiling water bath for

1 min, and autoclave conditions (£21for 15 min), in sealed tubes.

In all cases, two tubes were subjected to eaclditon. The red pigment was

measured spectrophotometrically as explained it@e8.4.2.3.1.
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3.4.2.6 Pigment purification

3.4.2.6.1 Column chromatography

The mycelium was separated from the culture brgtHiltration with qualitative filter
paper (Grade 4, Whatman Schleicher & Schuel, Whatmgernational Ltd., England).
The filtrate and the mycelia were then separatedgZe dried at -8C for 24 h (Telstar
CRYODOS-80 Freeze dryer, Spain). 0.5 g of freezeddfiltrate and mycelia powder
samples were extracted in Erlenmeyer flask withn0 of ethanol (95%) at 180 rpm,
30°C for 24 h. The sample suspension was then sodid¢ata sonicator bath (Bandelin
Sonorex, 230 V 50/60 Hz, Germany) for 15 min foldmiby centrifugation (Ependorf
Centrifuge 5702, Global Science, Germany) at 3@8 10 min. The samples were then
filtered through the glass filter (Millipore gladdter, Millipore Corporate, USA) to
remove the suspended solids and transferred taveighed round-bottom flasks and
evaporated to dryness under vacuum in a rotary cgatgy (Rotavapor R110, Buchi
Laboratories, Switzerland). The resulting solidsravehen dissolved in 2 mL of
chloroform:methanol (50:50, vol/vol) and applieddre-packed Solid Phase Extraction
(SPE) chromatographic columns (Altech silica 200, erace Davison Discovery

Science, United States), separately.

Prior to the sample application, the pre-packembmlatographic columns had
been washed with chloroform (20 mL). After applicatof the samples, the columns
were first eluted with 100 mL of chloroform:meth&r{®0:10, vol/vol) to elute the less
polar products. Then the columns were eluted willd &L of chloroform:methanol
(50:50, vol/vol) (Blancet al, 1994) to recover the more polar compounds.

The fractions from the columns were collected ia-weighed round bottomed
flasks and evaporated under vacuum to dryness taimolihe purified pigments
(Yongsmithet al, 1994). The recovered solids in the flasks wesn tfe-weighed. The
recovered solids were dissolved in 2.5 mL of 95%aebl and measured in a scanning
UV visible spectrophotometer (Spectrophotometer 00;2 Hitachi, Japan) at a
wavelength range of 350 to 650 nm. Ethanol (95%9 used as the blank and measured

in the same wavelength range. This provided thesp&ttra of the various pigments.
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3.4.2.6.2 Thin layer chromatography (TLC)

Individual pigments isolated from the various frans of column chromatography and
the crude extracts used in column chromatograplne feether analyzed by preparative
thin layer chromatography (TLC Silica gel 60, 020 cm, Merck KGaA, Germany).
Initially, the preparative TLC plate was markedwi pencil for the start and finishing

lines. These marks were used to guide the plateldement.

Then, approximately 10AL (1 mg/mL for purified pigment, 3 mg/mL for crude
sample) of the sample was carefully applied topteparative-TLC plate using a L
pipette tip with intermediate drying by a hair dry&he development solvent system of
chloroform: methanol: water (65:25:4, vol/vol) (Blaet al, 1994) was carefully poured
into the flat-bottomed (26« 20 cm) chamber. The spotted TLC plate was theoepla
vertically in the solvent filled chamber. The plateas developed for approximately
90 min or until the solvent front reached the fimng line.

For the purified pigment sample, the red spotiabthwas scrapped off, dissolved
in 95% ethanol, and measured using a scanning Usiblgi spectrophotometer
(Spectrophotometer U-200, Hitachi, Japan) at a leagth range of 380 to 650 nm.
Ethanol (95%) was used as the blank.

For the crude samples, the pigments separatedamtous spots and the retention

factor (Ry) values of these were calculated as follows:

_ distance traveled by the componeming
distance traveled by the solvent fromng)

........... Equation3.6

f
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3.4.3 Solid-state culture

3.4.3.1 Biomass (dry cell weight)

The biomass growth in solid-state culture was est#ch by determining thi-acetyl-D-
glucosamine released by the acid hydrolysis otcthign which is present in the cell wall
of fungi (Sakurakt al, 1977).

Fermented solids were freeze dried (Telstar CRYSEBD Freeze dryer, Spain)
at -80C for 24 h and milled (for 2-3 min) to a fine powdeith a grinder (Breville,
Model CG 2B, Australia) at room temperature fotler tests. The powder was stored at

-20°C for further analysis.

0.5 g of dried fermented solids powder was mixeth\® mL of 60% (vol/vol)
sulfuric acid and the mixture was kept af@3or 24 h (Roopeskt al, 2006). Then the
mixture was diluted with distilled water to makelaN solution of sulfuric acid and
autoclaved at 12C for 1 h. The mixture was cooled to room tempeetind neutralized
with 5 N NaOH to pH 7 and the final volume was mangeto 60 mL with deionized
water. The diluted solution was filtered throughOa5 pm filter (Minisart RC15,
Sartorius Stedim Biotech, Germany). 1 mL of filtbrdiluted solution was mixed with
1 mL of acetyl acetone reagent (2% (vol/vol) oftgcacetone in 1 N sodium bicarbonate
(Na&,COg3)). The acetyl acetone reagent was freshly prepasetwas stable only for 2-3 h
at 18C (Rondle and Morgan, 1955).

The mixture was then held in a boiling water bfath20 min. After cooling to
room temperature, ethanol 95% (6 mL) was addedvi@t by 1 mL of Ehrlich reagent
(2.67% (w/v) of p-dimethylaminobenzaldehyde (Merok)1:1 mixture of ethanol and
concentrated hydrochloric acid) (Swift, 1973). Thixture was incubated in a water bath
(Grant GD100, Grant Instruments Cambridge LimitEdgland) at 6% for 10 min.
After cooling, the optical density was read at 580 against the reagent blank using UV
visible spectrophotometer (Ultrospec 2000, Pharen&ibtech, England). The reagent
blank had been prepared using the above procediireith the fermented solids being

replaced with unfermented rice.
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N-acetyl-D-glucosamingvas used as the standard (Babighal, 2007a; Babitha
et al, 2007b). N-acetyl-D-glucosaminestandard curve (Figure 3.5) was prepared by
analyzing various dilutions (22, 44, 66, 88 and g mL') of a standard aqueous
solution. The standard curve was used to convertrtbasured absorbance of the sample
to N-acetyl-D-glucosamineontent. Thus, 1 mL of standard solution (varioustidns)
was mixed with 1 mL of acetyl acetone reagent. Wgture was then incubated in a
boiling water bath for 20 min and left to cool twom temperature. Then 6 mL of ethanol
was added followed by 1 mL of Ehrlich reagent. Tigture was then incubated at°65

for 10 min. After cooling, the optical density wiasad at 530 nm as described earlier.

0.8

0.7 -
0.6 y = 0.0669x
R?=0.998

0.5 ~

0.4 -

A530

0.3

0.2 +

0.1 +

0 2 4 6 8 10 12

N -acetyl glucosamine concentration (ug/mL)

Figure3.5: Calibration curve foN-acetyl-D-glucosamine
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The biomass content of samples was calculatedllasvk:
Biomass(mgcell dry weight/ g drymatter) =
totalvolume

Abs,, N of mixture(mL) » 60mL
00669 samplevolume(mL) 059

x df x107° xif ...Equation3.7
C

where,Abs3o is absorbance at 530 nuff,is the dilution factor andf is the conversion

factor of experimentally determined ratio of gluamsne to cell dry weight (mg i),

3.4.3.2 pH

Two grams of fresh moist fermented mass was thdrgumixed with 5 mL of distilled
water using a vortex mixer for 1 min and the pHtbé resulting suspension was
measured using a calibrated pH meter (Orion pH maéAéatson Victor Ltd., New
Zealand ) (Han and Mudgett, 1992).
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3.4.3.3 Pigment extraction and analysis

0.5 g of freeze dried powdered fermented solidst(®e 3.4.3.1) was extracted with
20 mL of 95% ethanol in an incubator shaker (InfarsMultitron, Infors AG, Germany)
for 2 h at 180 rpm in an Erlenmeyer flask. The attwas then centrifuged at 10 0§90
for 10 min to remove suspended solids. The supambatvas analyzed by a
spectrophotometer using a 95% ethanol blank (ChdiRoon, 1993; Johns and Stuart,
1991; Lin et al, 1992). Pigment concentration was measured usimpuble beam
spectrophotometer (Ultrospec 2000, Pharmacia Bigténgland) at 400, 470 and 500 nm
for yellow, orange, and red pigments, respectivigiing into consideration the dilution
factor of the sample (Carvalhet al, 2003; Chiu and Poon, 1993). The results were
expressed as absorbance unit (AU) per gram of doéds (Lin and lizuka, 1982):

Total absorbance of pigmerfiAU g™) = Absxg—%x a Equation3.8

For measurement in the packed-bed bioreactorptieeall or averaged pigment

production was calculated as:

U
(AU g‘l) = lovel ) e, EquatioB.9

The AU glievel 1. AU Glievel 2t0 AU Glievel swere from Equation 3.8.
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3.4.3.4 Moisture content

The moisture content of the fermented solids (lwgs determined by heating the
accurately weighed fresh samples in a hot air of@ontherm Digital series oven,
Contherm Scientific Company, New Zealand) at°@for 24 h. The weight was again
measured after cooling the samples to room temyrerat a desiccator (Johns and Stuart,
1991; Yongsmithet al, 2000). The moisture content (wet basis) was tated as

follows:

wet weight i
-d ht
of thesolids vy wel ](g)

wet weightof thesolids(g)

Moisture content{%) = 100% x ( ...... Equation3.10

3.4.3.5 Temperature

Temperature profile in the packed-bed bioreactaindufermentation was determined
using a multichannel temperature data logger (Agi81970A, Data Acquisition/ Switch

unit, Malaysia) and sterilized thermocouples plaeédhe bed depths of 1.5, 4.5, 7.5,
10.5, 13.5, and 16.5 cm.

3.4.3.6 Water activity

The water activity &,) of fermented solids was determined at room teatpes using a
Aqualab water activity meter (Decagon Devices, ModX-2, Pullman, Washington,
USA). The equipment was calibrated with saturatell solutions in thea, range of
interest (Decagon Devices, Model CX-2 Manual). Eawbasurement was done in

duplicate. Under these conditions the accurach®nteasurement was = 0.083
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3.4.3.7 Carbon and nitrogen

The total amount of carbon and nitrogen in the Igrgn rice substrate was determined
by the Leco CNS 2000 analyser (Model 602 600 208AJ One gram of dried long
grain rice was milled with a grinder (Breville, MeldCG 2B, Australia) to a fine powder
and then analyzed for carbon and nitrogen. Theotamvas determined by infrared
detection of carbon dioxide produced by combustibthe rice powder. Nitrogen was
determined by thermal conductivity measurementghencombustion gasses. The data

obtained was used for calculating the ratio carieamitrogen of the rice.
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CHAPTER 4

Results and Discussion

4.1 General characterization of growth and pigment pro duction

on agar plates

4.1.1 Introduction

The ability ofMonascussp. to produce secondary metabolite and ediblegnds is well
known (Fabreet al, 1993; Juzlovaet al, 1996).Monascus rubetCMP 15220 has not
been previously studied for growth and pigment pobidn. AsMonascusstrains differ in
their metabolic profiles, the amount of colour proed, and the tone of colour, a
characterization of the ICMP 15220 strain was nemgs As the composition of the
growth medium plays an important role in any fertaton process (Stanbury and
Whitaker, 1984) and mycelial fungi grow on solidostrate in natural habitats (Prosser
and Tough, 1991), fungal growth and pigment praduactvere first characterized on agar
plates. Agar plates are commonly used for prelinjinacharacterization of

microorganisms (Pirt, 1985).

The study on agar plates aimed to identify sugtabedia for growth and pigment
production with a focus on the red pigment. Terfedént media compositions were
randomly selected from the literature on the otNkEmascusstrains to examine for
growth and pigment production bfonascus rubelCMP 15220.

Growth was characterized by measurements of tlengaliameter at different

times to calculate the colony radial growth rate)(Krhe pigment coloration intensity

was recorded by using a colorimeter (Section 323.1.
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4.1.2 Effect of different media compositions on growth

The growth profiles were observed for a period dfys. Measurements were made daily
in triplicate.

Figure 4.1 and Figure 4.2 show the colony diamatel radius at different times
on media compositions A to J (Table 3.2). Fromftgeres, growth occurred on all the
media. The colony radial growth rates calculateminfrFigure 4.2 are summarized in
Table 4.1. Growth on medium G was the most rapid s medium, the fungal colony
attained a diameter of 55 mm at day 7 (Figure 4lhg colony radial growth rate was
0.200 mm H (Table 4.1). Medium | was the second best in tesfrthe ability to support
growth (Figure 4.1). Media B, C, D, and J (Figurg)sad nearly comparable abilities to
support growth. In terms of radial growth rate, therst medium (i.e. medium H) was
only 52% as capable as the best medium (i.e. Me@ym

60

Time
I Day 2
| 1 Day3
I Day 4
[ Day 5
1 1 Day 6
I Day 7

Diameter (mm)

E F G

Media compositions

Figure4.1: Growth profiles oM. ruberICMP 15220 on different media
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Colony radius (mm)

Time (day)

Figure4.2: Colony radius on different media

Table4.1: Radial growth rate on different media

Media
composition

Colony radial growth rate
(Kr, mm/h}*

(120.8 +2.9) x 107

(108.7+0.2) x 107

(113.3+5.4) x 10°

(110.3+0.7) x 107

(130.2+1.5) x 107

(104.2 +0.0) x 107

(200.0 + 2.9) x 107

(103.1+4.4) x 10°

— | ZTOMmMMmMm|O|O |W|>

(132.3+1.5) x 10°

J

(110.4 +2.9) x 10°

 Average and standard deviation of triplicate meaments
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4.1.3 Effect of different media compositions on colour p roduction

Pigment production biMonascus rubeon different media on agar plates was quantified
using a colorimetric instrument (chroma meter). dda meter is a compact portable
instrument that measures light reflected from ajedls surface in terms of the three
primary colours of red, green, and blue (Mapetrial, 2006; Ozkaret al, 2003). This
instrument responds to light and colour in a simitaanner as the human eye
(Anonymous, 1993). Each of the primary colours l&racterized in terms of three

elements of hue angle, chroma value, and valuiglutinless.

Measurements were made by using the Minolta CRQ®ma meter with the
CIE (Commission International de I' Eclairage) L*lat colour system (McGuire, 1992),
as explained in the Section 3.4.1.2. Responses markusing the CIE L* a* b* colour
chart (Figure 4.3) on the three-dimensional co@iirsystem shown in Figure 4.4. As in
Figure 4.4, coordinates a* and b*, that are perpmemar to the L* axis, describe colour
using four directions of +a* red af,0rb* yellow at 96, -a* green at 180 and —b* blue
at 270. While, the hue angle,’hmeasured around the wheel, shows the directidheof
colour, red, yellow, blue, or green. Chroma or Eig(ire 4.4), measures the saturation or

purity of the colour. The longer the C* distande more saturated is the colour.
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Figure4.3: CIE L*a*b* colour chart

(Adapted from Anonymous, 2007)
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Figure4.4: CIE L* a* b* colour system represented in #xdimensional coordinates

68



Time variation of lightness (L*), a*, and b* valsi@n different media are shown
in Figures 4.5, 4.6, and 4.7, respectively. Theous media produced distinct patterns of
variation of L*, a*, and b*. The L* value on all dhe media declined with the incubation
time (Figure 4.5), except for the medium J. The \ue profiles suggest that the
pigmentation became more intense with time. Onlyniedium J, the L* value slightly

increased after day 5, suggesting a reducing iityeofspigmentation (Figure 4.5).

At the end of fermentation (day 7), the coloumedium J had the highest value
of a* (Figure 4.6), which meant the reddest cololuall the colonies. For medium J, the
redness was high from day 4. Media D and C als@ dagh values of a* at 25.41 and
23.43 at day 7, respectively. Media D, F, and Haxsdtba peak of a* value at day 6 and a
subsequent decline.

The time variation of b* values, an indicator @flpwness, was similar for media
C and J (Figure 4.7). For media D, F, and H theezewclear peaks in the b* value
profiles, but for all the other media, the b* valleclined with time.

44

Light 4 Media
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28 T T T T
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Time (day)

Figure4.5: Time variation of the lightness (L*) value different media compositions
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The L*, a*, and b* measurements were generallyegreproducible as shown in
Table 4.2. Table 4.2 also shows the calculatedamgées (f) and the chroma value (C*)
of the colours produced by the fungus on differer@dia near the end (day 6) of the
fermentation. For the various media, the L* valuaged in the range of 29 to 39 (Table
4.2). The a* and b* values were always positivee Hf values ranged from 5 to 27,

whereas the b* values ranged from 1 to 14.

Table 4.2: L*, a*, b*, i, and C* colour values of fungal colony on differanedia

compositions on day 6

Media L * o b* Huglangle, Bl Chroma
composition (tan~ (b*/a*))| C*
A 3273 + 016 | 1926 + 001 | 6.85 + 0.24 19.58 20.44
B 3061 + 005 | 11.03 + 146 | 203 + 0.35 10.43 11.22
C 3855 + 288 | 2356 + 045 | 1090 + 1.78 24.83 25.95
D 3810 + 047 | 2645 + 0.81 | 1339 + 0.76 26.85 29.65
E 30.12 + 006 | 1344 + 036 | 286 + 0.06 12.00 13.74
F 3301 + 089 | 2144 =+ 132 | 649 + 1.29 16.83 22.39
G 2094 + 079 | 876 =+ 023 | 235 + 0.0 14.99 9.07
H 3814 + 023 | 1826 + 0.64 | 1322 + 1.14 35.89 22.54
| 3584 + 092 | 566 =+ 0.83 | 1.64 + 0.38 16.17 5.89
J 3546 + 040 | 2662 * 0.93 | 10.67 + 1.02 21.85 28.67

Values are average and standard deviation ofdapdimeasurements

The fungal colony pigment characterization for tlagious media are shown in
Figure 4.8 based on the coloration scheme of FiguBe The hue angles %hand the
chroma value (C*) varied as in Table 4.2. Colomatmn medium D had the highest
chroma value of 29.65 (Table 4.2 and Figure 4.BYthe most intense colour (McGuire,
1992), closely followed by medium J with a C* valfe28.67. The hue angles for media
D and J were 26.8%nd 21.85 respectively. The observed hue angles (Figurgwese
within the 0-60 range reported for pigment of otHdonascusspecies (Jungt al, 2003;
Junget al, 2005; Maparket al, 2006). The hue angle refers to the directiorhefdolour,

a lower degree indicates a colour trend towardsessl
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+b* Yellow
90

Hue angle, h°

-a* Green 180 0 +a* Red

3

270
-b* Blue

Figure4.8: Polar scatter plot of the pigment hue anghes @hromas for different media
compositions at an L* value of 34.253.42 on day 6.
The letters A to J denote the various media (Tat2¢

In view of the low C* values ranging from 5 to I#e colours produced on media
E, B, G, and | were relatively dull or grey (Tadl® and Figure 4.8) compared to colours

produced on the other media.

Figure 4.9 shows the growth morphologyMf ruber ICMP 15220 on the media
J, D, and A on day 2, 5 and 7. These media weeetsel for comparison in Figure 4.9, as
medium J was the best for red pigment producti@tipwed by medium D, while
medium A has been the most commonly used mediutmeanliterature onMionascus
species. Observations showed that the fungal cdoifFigure 4.9) were generally
circular. Aerial development of the colonies begarday 2 (Figure 4.9). The mycelia
were initially white in colour (day 2) and thenned to a reddish colour as they aged.
Red coloration beyond the borders of some of thendes (Figure 4.9) suggests that the

pigment produced by the mycelia diffused outwarstdathan the radial growth of the
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colony (i.e. medium J). A similar behaviour was rsem medium D, except that the
mycelia turned to slightly orange colour as thegcagVledium A (PDA), which is most

commonly used in the literature, clearly supponteasonably good growth but not the
best development of the red colour based on qadéingt measurements with the chroma

meter at the center of the colony.
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Figure 4.9: Monascus rubeiCMP 15220 colony morphology and pigmentation on media compositions hdDA at day 2, 5 and 7.




4.1.4 Discussion

All the media compositions tested supported furgyawth (Figure 4.1) and pigment
production (Figure 4.8), but to varying extents.dilen G afforded the most rapid growth
(Kr value of 0.200 mm 1) and the largest final colony diameter (55 mm)e Hiext best
medium in terms of growth was medium |. Both mediand | were relatively rich in the
amount of carbon sources. Both contained rice powakich probably promoted the
growth development, as has been previously repdidedsolid-state fermentation of
Monascuson rice (Lin, 1973; Teng and Feldheim, 2001). MediG was by far the
richest in glucose compared to the other mediae@amn the medium constituents,
medium G also had a much higher C : N ratio thadiome I. Irrespective of the medium,
the increase in colony radius was linear with tiasepreviously reported for the fungus
Sclerotium rolfsii(Farinaet al, 1997)and otheMMonascusstrains (Carvalhet al, 2005;
Rasheveet al, 1997-1998) growing on agar plates. Media thapsued the most rapid

growth were unfortunately not the best in termpigment production.

Media D and J appeared to be best for red pigmewtlopment. The red colour
produced in these media was the most intense WarCt values of 29.65 (medium D)
and 28.67 (medium J) and hue angles of 26(@8%edium D) and 21.85(medium J).
Media G and |, which appeared to be the most faaldarfor rapid growth, had the least
purity of red colour. The red colour developed wealatively dull and grey with lower C*
values of 9.07 (medium G) and 5.89 (medium |) lastitated in Figure 4.8. Media D and

J had much lower C : N ratios than the media Gland

Media that contained monosodium glutamate (MSGhasole or mixed nitrogen
source (i.e. media D, J, C, and F) produced greatensity of red colour as shown in
Figure 4.8. The complex structure of organic nignogsource (i.e. MSG) and the
possibility of the nitrogen regulation of the redlaur production, led to the better red
colour production. Use of ethanol as the main carbource in combination with MSG
reduced the purity of the red colour (medium F)demnthis condition, the red colour
produced was less intense compared to the useiobgg as the main carbon source (i.e.
media D, J, and C). This was consistent with therdiure claims of glucose being a

superior substrate for pigment productionNdgnascusspecies (Juzlovat al, 1994; Lin
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et al, 1992) and MSG being the most favourable nitrogmurce for development of red
pigments (Lin, 1973). Medium H with sodium nitrate the sole nitrogen source gave a
relatively slow colony radial growth rate but wasod for red-orange pigment production
(Figure 4.8).

Trace elements are known to have important effeatsecondary metabolism
(Weinberg, 1989). In this study, all media thatteémed ZA* (i.e. media C, D, F, and J)
(Figure 4.8) favoured red pigment production but mapid growth (Figure 4.1),
indicating the importance of Zhfor red colour production. However, high concetitra
of Zn** in the medium can retard the colour productionMynascus ruberdue to the
toxicity (Bau and Wong, 1979). These results wesascstent with other studies. For
example, the growth dflonascus purpureubas been claimed to be inhibited by zinc
sulphate that promoted pigment production (Bau \&twhg, 1979; Johnson and McHan,
1975; Wong, 1982).

Medium A (PDA) is a commonly used medium for maining Monascusspecies
(ATCC, 2007), but it did not promote red pigmenvelepment as well as the media that
contained MSG. The radial growth rate on mediun2A@ mm day) was comparable to
values reported foMonascus purpureu$lRRL 2897 (3.0 mm daY) and Monascus
purpureusLPB 31 (3.1 mm da}) grown on PDA (Carvalhet al, 2005).

The initial pH of the medium can also affect grovand pigment production.
Table 3.2 and Table 4.1 show that a relatively lawial pH of 5.0 favoured colony
growth in media G and I. While, high initial pH €i. pH 6.5) favoured red colour
production (i.e. media D, J, F, and H). This pheanan possibly occurred due to the
transformation of the orange colour to the red gokt high initial pH (Maket al, 1990).
Low initial pH of 5.5 and 4.0 have been reportecakso promote growth dflonascus
purpureus(Chen and Johns, 1993; Letal, 2001).

Based on the above preliminary screening work sth&able media for producing
red pigment usingMonascus ruberlCMP 1520 were media J and D. These media
compositions became the basis of further studiepigrhent production in submerged

culture.
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4.2 Development of a chemically defined medium for M. ruber

submerged culture

4.2.1 Introduction

Submerged fermentation for producing secondary Imoditas of variousMonascus
species has been extensively studied (Chen andsJ&BA3; Juzlovat al, 1994; Lin,
1973; Lin and Suen, 1973; Lin and Demain, 1991; iMakr Ahmadet al, 2009). Effects
of the medium composition, temperature, pH, anditaer in submerged fermentation
have been investigated (Carels and Shepherd, 1#4jjgj et al, 2000a; Juzlovat al,

1994; Lin and Demain, 1991). Composition of cultumedium is known to affect

pigment production ilMMonascusspecies (Carels and Shepherd, 1979). The intemest
submerged culture is because it is easy to coatrdlprovides a uniform distribution of

nutrients.

No prior work exists on submerged fermentatioMohascus rubefCMP 15220.
As the optimal carbon and nitrogen sources arensttependant (Lin, 1973; Lin and
Demain, 1993; Liret al, 1992; Yoshimuraet al, 1975), development of a chemically
defined medium for producing a high yield of redympent in submerged culture of
Monascus rubeiCMP15220 was examined. Based on the earlier ghestistudies on
agar plates (Section 4.1), media D and J wereteelexs starting points for developing a

suitable submerged culture medium.

4.2.2 Fungal growth in submerged culture

Media D and J had identical constituents but ified#nt concentrations. Medium D was
richer in glucose compared to medium J. Consequémtl C : N ratio for the media was
substantially different at 23 to 1 (medium D) an¢io91l (medium J). Batch submerged
fermentations were conducted under identical comdt (Section 3.3.2.2.2). The
inoculum used was approximately the same as desktrib Section 3.3.2.2.1. The

cultures were grown for 140 h and samples werentakteintervals of 12 h. Pigments
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concentrations, biomass cell dry weight, pH, anccgée concentration were determined

as described in Section 3.4.2.

The time course of the fermentation in media D &gl shown in Figures 4.10 to
4.13. In medium D there was a pronounced lag pfastne first 36 h after inoculation.
The lag was followed by exponential growth, stagigrn and decline phases (Figure 4.10).
During exponential growth, the maximum specificvgtio rate ... was 0.036 i (Table
4.3). The maximum cell biomass concentration waainbd at 96 h. Nearly all glucose
had been consumed by 72 h of fermentation, andviass the likely cause of a slowed
growth (Figure 4.10). The red and orange pigmengewproduced throughout the
fermentation in a growth-associated manner (Fighdel). Production of the yellow
pigment was not apparently growth-associated (Eigufil). The pH was not constant
and it increased from 6.5 to 7.0. The pH changdbleémmedium were probably the cause
of transformation of the orange pigment to the piggiment (Maket al, 1990). The
transformation from orange to red happened becalifiee reaction with Nk group of
MSG (Lin and Demain, 1994; Silveist al, 2008).

In medium J, the lag phase was significantly sirgifigure 4.12) than in medium
D (Figure 4.10). During exponential growth, the maxm specific growth rateu(.,) was
0.040 R, or a little higher than in medium D. The maximbiomass concentration was
lower at 4.3 g [*. Nearly all glucose was used up by 36 h because lofver level of
initial glucose than in medium D. Subsequently, tedl growth began to slow. The
patterns of the production profiles of the red,ng& and yellow pigments (Figure 4.13)
were comparable to the profiles in medium D (Figdrdl), as discussed above.
Similarly, the pH profile (Figure 4.12) was comgdaeto that of medium D (Figure
4.11).

Both media appeared to favour production of redl @mange pigments, but not the

yellow pigment.
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The various kinetic parameters for the fermentatromedia D and J are shown in
Table 4.3. From the data, the medium D, which doeth more glucose (20 g™
produced a 41.5% higher concentration of biomasspeoed to medium J (Table 4.3);
however, the biomass yield on glucose was sigmflgagreater in medium J. Medium J
also afforded a higher yield of red pigment on bass than did medium D. It was
apparent that biomass production was affected éy#bon source (i.e. glucose 204 L
(medium D) produced higher biomass compared to med (glucose 5 g1). In
contrast, the red pigment production was affectethk ratio of C : N (i.e. high ratio of

C : N (medium D) produced lower pigment production)

Table4.3: Kinetic parameters, yields and productivityed pigment on media D and J

_ ) Xmax Y xis Pr Y pix
Medium|C : N ratig ,Umfx L L 14 L
(h?) | L) | (@g) [(AUL"hY)[(AUgY)
D 236:1| 0.036 10.4 0.51 0.010 10.48
J 91:1 0.040 4.3 0.71 0.013 17.36

X — biomass; P — red pigment; S - glucose

In both media, the fermentation was complete by h2and there was no
advantage to further prolonging the batch cultdemedium J afforded a higher pigment
yield on substrate, it was selected for furtherestigation in submerged culture with a
fermentation time of 120 h. In keeping with the estjve of the study, further

investigation focused only on the production of paginent.
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4.2.3 Effect of temperature

Fermentation temperature profoundly affects growdhd product development.
Furthermore, the optimal temperature for growth rhbaydifferent from that for product
formation (Shuler and Kargi, 2002). Generally, thygimal temperature for growth of
Monascusspecies has ranged between 283 ®tepending on the strain (Lin, 1991). An
experiment was conducted to determine the optireahperature for red pigment

production byMonascus rubelCMP 15220 in submerged culture.

Incubation temperatures of @5 30C, and 40C were used separately in
submerged culture (Section 3.4.2) using mediumhichwhad been earlier identified to
favour pigment production (Section 4.2.2). Fermeows were run for 48 h, as red
pigment concentration reached a maximum value Iy time in earlier experiments
(Figure 4.13). At 48 h, absorption spectra of tlileered fermentation broth were
generated over a wavelength range of 300 to 750Rmgure 4.14 depicts the absorption
spectra. In all cases, the spectra had maximumrpgtiimo at wavelengths of 400 and
500 nm, corresponding to yellow and red pigmentspectively. The maximum
absorbance at 500 nm (red pigment) was attain¢fteancubation temperature of %80
The absorbance (500 nm) values at incubation temtyress of 28C and 46C were
30.5% and 26.2%, respectively, of the value &iC30emperatures of 30 and 25C
appeared to favour preferential production of regnent relative to the yellow pigment,
but at elevated temperature (i.e’@J) the red pigment was degraded and yellow pigment
was produced preferentially (Babitetal, 2007a; Carvalhet al, 2005).

In view of these results, the optimal temperatiorered pigment production by

Monascus rubelCMP 15220 was 3. This incubation temperature was used for all

further investigations in submerged culture.
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4.2.4 Effect of initial glucose concentration on red pig ment production

As discussed in Section 4.2.2, medium J with aNCratio of 9 to 1 appeared to be the
most favourable for red pigment production in sutged culture. The initial glucose
concentration in medium J was relatively low at 5'g According to some earlier studies
(Wonget al, 1981), elevated level of glucose induced pignpentiuction inMonascus
species. Therefore, the effect of the initial gee@oncentration was investigated in such
a way that the C : N ratio remained at 9 : 1. Ageof 0.5 to 2.5% (g/100 mL) initial
glucose concentrations was investigated. The Imgtiecose concentrations were 0.5, 1.0,
1.5, 2.0, and 2.5%, corresponding to 5.0, 10.00,120.0, and 25.0 gL The
concentration of monosodium glutamate (MSG), theogen source in medium J, was
adjusted to keep the C : N ratio at 9 : 1. The M®@centrations were 5.0, 10.0, 15.0,
20.0, and 25.0 g L, for the initial glucose levels of 0.5, 1.0, 1%0, and 2.5%,
respectively. The fermentations were run for 12@th30C, in keeping with earlier
findings (Section 4.2.2 and Section 4.2.3).

Increasing initial glucose concentration did nffee the growth rate much, but
allowed growth to occur for a longer period (Figu#el5). The final biomass
concentration increased progressively with incregasinitial glucose concentration.
Increasing initial concentration of glucose inceghghe time for complete exhaustion of
glucose (Figure 4.16). For instance, for 2.5% ahiglucose, it took approximately 72 h to
consume 97.6% of glucose. In contrast, with 0.58ailrglucose concentration, 99.7% of
glucose had been consumed by approximately 48 feraientation (Figure 4.16 and
Table 4.4). The general shape of the pH profilegufle 4.17) was not affected by
changes in initial glucose concentration. The pHwwaincreased as the biomass

concentration increased and the rate of pH increasefaster during rapid growth.
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The effect of initial glucose concentration on thd pigment production is shown
in Figure 4.18. In all cases, the pigment produrcappeared to be growth associated. A
glucose concentration of 1.0 to 1.5% was clearlgt her pigment production (Figure
4.18). Lower and higher levels of initial glucossdha marked adverse effect on pigment
production. This was probably due to the excedsiomass growth at high initial glucose
concentration suppressed pigment production. Ldaadoon (i.e. at low initial glucose
concentration) also inhibited the activity of meibie production (i.e. pigment
production) (Wonget al, 1981).
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Figure4.18: Effect of initial glucose concentration oe tied pigment production

The kinetic parameters of the fermentations atouar initial glucose levels are
summarized in Table 4.4. The highest value of tl&imum specific growth rateay
occurred at a glucose concentration of 1.0%. fihg decreased as the initial glucose
concentration increased beyond 1.0%. This wasyli&al effect of osmotic pressure (Kim
et al, 1997). Osmotic pressure increases with increasanmgentration of glucose and this
reduces water availability for microbial growth.ghuicose concentration of 1.0% that was
most favourable for growth also afforded the highmshcentration and productivity of

the red pigment (Table 4.4).
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Table4.4: Fermentation parameters for different iniglricose concentrations

Initial glucose

concentration | ;- ()| Xmax (9 LY | Yxs (@9
(%)

Pr Ypix Glucose
(AUL*hY | (AU g™ | utilization (%)

0.5 0.040 4.3 0.71 0.013 17.36 99.7 (48 h)
1.0 0.043 6.7 0.63 0.023 24.65 99.1(48 h)
15 0.034 9.0 0.58 0.014 13.36 99.1(72 h)
2.0 0.029 111 0.54 0.009 5.67 99.1(72 h)
2.5 0.028 12.2 0.49 0.008 5.53 97.6(72 h)

X — biomass; P — red pigment; S - glucose

In view of these results, all subsequent workuhmserged culture used an initial
glucose concentration of 1.0%, or 10 ¢-.LThis medium had an initial MSG

concentration of 10 g't.so that the C : N mass ratio remained unchang@d &t

4.2.5 Effect of carbon to nitrogen ratio

Carbon to nitrogen ratio has been found to infleepégment production in certain
Monascusspecies (Wonget al, 1981) as well as other fungi (Maet al, 2005).
Therefore, using the modified medium J (Section4}.2s the basis, the influence of
carbon to nitrogen ratio (C : N) on production betred pigment and biomass was
investigated in submerged culture.

In all experiments, the initial glucose concentratremained fixed at 1.0%, or
10 g L* (Section 4.2.4). The following C : N ratios weested: 6 : 1, 9 : 1, 14 : 1, and
20 : 1. The C : N ratio was modified by varying tbencentration of monosodium
glutamate (MSG), the sole nitrogen source in thaliome. Other components in the
medium and the initial pH remained fixed as in tekerence medium (medium J, Table

3.2). Batch fermentations were run for 120 FG@nd an agitation rate of 250 rpm.
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The biomass, red pigment, and pH profiles of thenentations are shown in
Figure 4.19, Figure 4.20, and Figure 4.21, respelgti A C : N ratio of 9 : 1 was clearly
best for maximizing the biomass concentration amodiyctivity (Figure 4.19). Too high a
C : N ratio suppressed growth. Pigment concentragienerally peaked to coincide with
the peak biomass concentration and declined aftavty had ceased (Figure 4.20). This
again confirmed the growth associated nature ofrdte pigment production. As for
biomass concentration, a C : N ratio of 9 : 1 mazad production of the red pigment.
Higher and lower values of C : N ratios adversdfgaed the production of red pigment
relative to the data obtained at the C : N rati®afl. It showed that, high amount of
nitrogen (i.e. MSG as the nitrogen source with @e N ratio of 6 : 1) in the medium,
might be inhibitory for metabolite production aretarded the red pigment. While, less
nitrogen (i.e. C : N ratio of 20 : 1) might chanthye regulation of nitrogen uptake and
metabolism, due to a deficiency of Nigroup. Thus, these two conditions restricted the

formation of red pigment.
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Figure4.19: Effect of C : N ratio on the biomass growth
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Figure4.21: Effect of C : N ratio on the pH

The C : N ratio influenced the pH profile noticeaf-igure 4.21). Relatively high
values of C : N ratio reduced the characterisse i pH of this fermentation. Both the
productivity of the red pigment (Figure 4.22) atalyield on biomass (Figure 4.23) were

maximum ata C : Nratioof 9 : 1.
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Figure4.23: Effect of C : N ratio on yield of red pigmeot biomass

In conclusion, a C : N ratio of 9 : 1 was optirfal producing the red pigment by

submerged culture using glucose and MSG as cammbnigrogen sources, respectively.
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4.2.6 Effect of the nitrogen source

Microorganisms require nitrogen to produce prot@NA, RNA, and other compounds.
Typically, 10 to 14% (w/w) of microbial cell dry wght is nitrogen (Pirt, 1985; Shuler
and Kargi, 2002). Most microorganisms can use génocontaining organic compounds
and inorganic salts as nitrogen sources, but the bf nitrogen source can influence

growth characteristic and production of metabolites

Generally, organic nitrogen sources such as yesstct, urea, monosodium
glutamate (MSG), and peptone are expensive comparedorganic nitrogen sources
such as ammonium salts and nitrates. Thereforempts were made to replace
monosodium glutamate (MSG) with inexpensive inorgaalts as a nitrogen source to
reduce the cost of production of the red pigmeiitse following inorganic nitrogen
sources were investigated in separate experimsatBum nitrate (NaNg), ammonium
chloride (NHCI), ammonium nitrate (NFENO3), and ammonium sulphate ((NHSOy).
Control experiments used MSG as the nitrogen sodtite&xperiments were carried out
with a fixed initial glucose concentration of 1.0%r, 10.0 g [* (Section 4.2.4) and a
fixed C : N ratio of 9 : 1 (Section 4.2.5), as perlier findings. The other components in
the medium and the initial pH remained fixed astfer reference medium (medium J,

Table 3.2). Fermentations were run for 120 h 8€3ind an agitation rate of 250 rpm.

The effect of nitrogen source on the biomass dnguvbfile, pigment production
profile, and pH profile are shown in Figure 4.24igfe 4.25, and Figure 4.26,
respectively. All nitrogen sources supported grog®lgure 4.24), but MSG was a far
superior nitrogen source compared to the inorgsailits. The biomass production profiles
obtained with (NH),SO;, NaNG;, NHs,NO3; were quite similar (Figure 4.24). A distinct
lag phase of little growth was observed when inoig&alts were the nitrogen source
(Figure 4.24).
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Figure4.26: Effect of nitrogen source on pH

Among the inorganic nitrogen sources, only NaN@omoted red pigment
production (Figure 4.25), but not as well as thgaaic nitrogen source, MSG. MSG
afforded a greater pigment yield on biomass (FiguZ7) and pigment productivity
(Figure 4.28) than the inorganic nitrogen sourCEss result was in agreement with
reports on otheMonascusstrains (Jianget al, 2005; Leeet al, 2001; Lin and Demain,
1991; Silveiraet al, 2008).

Unlike with MSG, the use of inorganic nitrogen sms that contained NH
always produced an initial decline in the pH-valoléowed by some recovery, but the pH
(Figure 4.26) always remained acidic. With NajN@e only inorganic nitrogen source
that did not contain Ni, the pH remained relatively stable and close witfitial pH
(Figure 4.26). Only with MSG did the pH-value conially rise to become alkaline. The
rising of pH (i.e. final pH above 6) during fermatibn may contribute to the conversion
of orange to the red pigment (Woagal, 1981). Figure 4.26 suggests that the pH profile
and the nitrogen source are interdependent butqritta was no used as it would have

been impractical to apply in packed beds that water found to be best for this
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fermentation. Submerged cultures dfonascusdo not generally use pH control
(Martinkova and Patakova, 1999; Woeigal., 1981).

The initial acidification observed with the usé NH," containing salt is
explicable as follows: cells first take up the NHkbn, incorporate it in proteins as NH
and reject the Hthat causes acidification (Chisti, 1999b). Ondetl® NH," has been
used, nitrate (N©) is used as the nitrogen source. Nitrate is a pesferred nitrogen
source because it must be reduced in an energvyriregprocessed before being used in
building cellular proteins. During nitrate consuiopt the pH rises and NQis reduced
to NH;z for incorporation into proteins and hydroxyl iro®H") are released (Lambees$
al., 2008).

Figure 4.27 and Figure 4.28 summarize the efféoitmgen sources on the yield
of red pigment and productivity, respectively. Tigaires clearly demonstrate that among
the inorganic nitrogen sources used, the maximutd ywf red pigment (Figure 4.27) and
productivity (Figure 4.28) observed was with NalN@ompared to the use of organic
nitrogen source (i.e. MSG), the yield of red pigmmend its productivity were only

57.74% and 26.09%, respectively, with the bestganic nitrogen source.
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Figure4.27: Effect of nitrogen source on red pigmentd/ieh biomass
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In conclusion, none of the common inorganic sattsld effectively substitute for
MSG as the nitrogen source. Thus, MSG was retaasedhe nitrogen source in the

subsequent work.

4.2.7 Effect of carbon source

The type of the carbon source can also affect thdyztion ofMonascugpigments in at
least some species (Chen and Johns, 1993; Juelowh, 1996; Lin, 1973; Lin and
Demain, 1991). Considering this, the effect of ttabon source on fermentation of
Monascus rubefCMP 15220 was examined. In addition to glucosetesa and ethanol
were assessed separately in submerged cultureoddadnd ethanol were used because in
studies withMonascus pupureukey had been found to be relatively good for poiilg

red pigments (Chen and Johns, 1994; Juzéival, 1994). Fermentation on glucose were
used as controls.
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All fermentations were carried out with MSG as thigogen source at a fixed
concentration of 10 gt (Section 4.2.4). A sufficient amount of the sedelctarbon
source was added to achieve a C : N ratio of @s per earlier findings (Section 4.2.5).
All the other components in the medium and theiahipH remained fixed as in the
reference medium (Medium J, Table 3.2). The feraténs were run for 120 h at %D

and an agitation speed of 250 rpm.

The effects of the carbon source on the biomassvthr profile, pigment
production, and the pH profile are shown in Figdr29, Figure 4.30, and Figure 4.31,
respectively. Biomass growth on glucose was thet magsd. Maltose afforded a little
higher biomass concentration than glucose, butnth&imum biomass concentrations

attained on the three carbon sources were famiylai (Figure 4.29).
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Figure4.29: Effect of the carbon source on biomass growth
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Ethanol proved to be best for pigment productibigre 4.30). Glucose was a
little less effective than ethanol for pigment pwotion, but was better than maltose
(Figure 4.30). The higher pigment production oraatht might have been slowed due to a
biomass growth (Figure 4.29) without reducing tinalfbiomass concentration relative to
the other carbon sources. The results were consigtigh reports for otheMonascus
strains (Hamdet al, 1997; Juzlovat al, 1996; Yoshimurat al, 1975). The pH profiles
were similar for all carbon sources (Figure 4.3t the pH increase was more rapid on
glucose, which also afforded most rapid growth.

The effects of the carbon source on the red pigmpeductivity and specific rate
of production are shown in Figure 4.32 and FiguB34respectively. Ethanol afforded a
higher productivity than other carbon sources. Rigimproductivity on ethanol was
1.3-fold higher than on glucose. Productivity onaglse and maltose were comparable

(Figure 4.32). The specific rate of red pigment viady similar for both glucose and
ethanol (Figure 4.33).
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4.2.8 Summary

All the carbon and nitrogen sources tested supgdttegal growth and development of
certain pigments. The nitrogen sources that coethilNH,” proved to be quite
unsatisfactory for development of the red pigm®®G proved to be the best nitrogen
source for producing the red pigment in submergéai@. Pigment production appeared
to be growth associated, as also reported for dftoerascusstrains (Hajjajet al, 2000Db;
Phoolphundhet al, 2007). A C : N ratio of 9 : 1 proved best for wtb and pigment
development. The most suitable concentration ofage proved to be 10 g'LAt this
concentration, and a C : N ratio of 9 : 1, using®18&s the nitrogen source, the batch
fermentation was completed within 120 h. An incidratemperature of 3C appeared to
be the most favourable for attaining a high yididhe red pigment. A higher temperature
of 40°C promoted preferential development of the yelldgngent. These results were
consistent with the published reports for the othEmascusstrains (Babithaet al,
2007a; Carvalhet al, 2005; Chatterjeet al, 2009).
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4.3 Production of red pigment by solid-state fermentat ion

4.3.1 Introduction

For comparison with submerged fermentation (Seclid), red pigment production in
solid-state cultivation (SSC) was investigatedstithe suitable conditions for producing
a high yield of red pigment in SSC needed to batitied. For this purpose, SSC was
carried out in Erlenmeyer flasks. The carbon toogien ratio in the solid substrate was
determined. Growth and pigment production kinetiesre characterized. Effects of
changes in C : N ratio by supplementing the sutestrath nitrogen sources were
examined. The effect of initial moisture contentggment and biomass production was
elucidated. Data obtained in Erlenmeyer flasks wserd as a basis for further studies in

packed-bed bioreactors.

4.3.2 Properties of the solid substrate

Sunlong Premium long grain rice purchased fromcallmarket was used as the substrate
for SSC (see Section 3.3.3.1). Rice has been wugsdg as substrate in SSC because is
generally nutritionally satisfactory (Johns and&8tul1991; Leeet al, 2002; Sakuraet

al., 1977; Vidyalakshmet al, 2009; Yongsmittet al, 2000), and produces a sufficiently
porous bed that allows a good penetration of oxydeice is also widely used in

traditional Asiatic fermentations involvingonascusspecies.

In submerged fermentations (Section 4.2.5), thie @& carbon to nitrogen was
found to affect growth and red pigment productignMonascus ruberTherefore, C : N
ratio was expected to affect also the solid-statenéntation. For controlling the C : N
ratio, its basal value in the substrate had todterchined. A sample (1.0 g) of ground rice
was used in this determination (see Section 3. 4.3l results are shown in Table 4.5.
Thus, the ratio of carbon to nitrogen in the ricasv@0.2 : 1, by weight. Table 4.6 shows
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the nutritional information of the Sunlong Premidong grain rice provided by the

manufacturer.

Table4.5: Composition of Sunlong Premium long grain rice

Constituents Content (g /100 g weight)
Moisture 10.83

Carbon 39.30or 44.07

Nitrogen 1.3G'or 1.46

Crude protein | 8.6

4 wet basis

® dry basis

¢ Nitrogen to protein conversion factor = 5.95

Table4.6: Nutritional information of Sunlong Premium gpgrain rice

Constituents Content (g /100 g weight
Fat, total <1

-saturated <1

-trans <1

-polyunsaturated <1

-monounsaturated | <1

Cholesterol 0
Carbohydrate 79
-sugars <1
Dietary fibre <1
Sodium <5x 10°
Potassium 94 x 10°

Note: Information given by the manufacturer ohiBmg Premium long

grain rice
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4.3.3 Biomass estimation in solid-state culture

In solid-state culture (SSC), direct measurementbiomass concentration is almost
impossible, as the mycelium is impossible to sdpafiiom the substrate (Raimbault,
1998; Sakuraket al, 1977; Scottiet al, 2001; Singhaniat al, 2009; Terebiznik and
Pilosof, 1999). Thus, an indirect method was ugeédstimate the biomass concentration
in the fermenting substrate. The method was basedeasuring the glucosamine content
of the fermenting solids (Desgrangetsal, 1991b; Desgrangest al, 1991a; Raimbault,
1998; Rocheet al, 1993). Glucosamine content were converted to amass
concentration using a conversion factof) (hat related the fungal glucosamine to the cell
dry weight. The relevant conversion factor had beweasured in a submerged
fermentation that used only dissolved substrates.

Thus, a set of submerged fermentations were daoig under conditions that
were comparable to that of the solid-state cultespecially in terms of the ratio of C : N
and the trace elements added. In the submergeates|t10.0 g * of glucose was used
as the carbon source. Nitrogen was provided usiigN®Ds;. The C : N ratio of the liquid
medium was 30 : 1. ZnS@H,O was added to the liquid medium at the same na&s r
of ZnSQ,7H,0 to carbon as used in SSC (Section 3.3.3.1.1). liGlaed medium was
inoculated with 10% (vol/vol) inoculum (Section 22.2). The fermentation was ran in
shake flasks, for 168 h at ®Din the dark at an agitation rate of 250 rpm. Ea¢hflask
contained 1 L of broth. The duplicate 20 mL bro#gmgles were taken at intervals of
24 h. Mycelial cell dry weight and glucosamine @nitof the fermentation broth were
determined as described in Section 3.4.2. Theidaaown in Figure 4.34.
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Figure4.34: Fungal biomass dry weight and glucosamingetdrof submerged culture

The glucosamine content of the submerged culttwthbncreased in near direct
proportion to the mycelial cell dry weight concextion in the broth. Using the data in
Figure 4.34, a linear relationship was establighetveen the glucosamine content of the
biomass and the cell dry weight, as shown in Figdt85. The coefficient of
determination (B of the regression line in Figure 4.35 was 0.983% equation of the
line in Figure 4.35 was:

G (mg) =0.0591 X (m@)............ Equatichl

In Equation 4.1, G is the quantity of glucosamimgy) and X is the biomass dry
weight (mg). Equation 4.1 was used for estimating lbiomass concentration in SSC
from the measured glucosamine content. A converfagtor ¢f) of 5.91 x 102 mg
glucosamine/mg cell dry weight was obtained. Thias,glucosamine content correlated
well with the cell dry weight oMonascus ruberThese results suggest that the measured

glucosamine level can be used confidently to esérttee biomass concentration in SSC.
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culture

4.3.4 Fungal growth in Erlenmeyer flasks

SSC were initially assessed in Erlenmeyer flasksig.grain rice (20 g) with an initial
moisture content of 53% (w/w) was sterilized inle&rlenmeyer flask (200 mL). Once
the substrate had cooled to room temperature,stimaculated with 10spores per g rice,
and grown in the dark at 3D, as described in Section 3.3.3.3.2. The cultwerg grown
for 18 days. Two Erlenmeyer flasks were periodichlarvested for duplicate analyses.
Pigments concentrations, biomass cell dry weight, @nd the final moisture content

were determined as described in Section 3.4.3.

Figure 4.36 and Figure 4.37 depict the fermemntagimfile in SSC. The biomass
growth profile in Figure 4.36 is consistent withetlexpected pattern of a lag phase,
followed by exponential growth, a stationary phas®] a decline phase. The maximum
biomass concentration of 125.9 mg cell dry weighlig matter was attained on day 14.
Production of the pigments began on day 2 and pigmaencentration progressively
increased until day 14, coinciding with the biomgs=ak concentration. The peak
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concentrations of the various pigments were 32810,0, and 453.2 AU/g dry matter, for
red, orange, and yellow pigments, respectively. fgsailts suggest that the production of

pigments was generally growth associated.
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The final moisture content increased with biomassvth (Figure 4.37) to up to
56.8% on day 14 and then gradually dropped. This beause during the growth phase,
water vapour was produced as a consequence oftiaxidaf the substrate and the
removal of the water by evaporation in the headspzfcthe flask was insufficient to
prevent a rise in the moisture content. Once grdwith ceased, the rate of water removal
to the flask headspace exceeded the rate of meigteneration and there was some
drying of the fermenting solids. The pH-value graljudeclined from 5.1 to 3.1 at day
14 and then remained stable. The pH dropped prdsyrdee to the production of Has
a consequence of consumption of ammonium {INHvhich is incorporated in biomass

proteins as — NH
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The following kinetic parameters were calculated:

Pigment productivity,

(avg™),-(aug™))
(tz _tl)

Pr= (AU/gdry matterh) ..................... Equatioh2

(Based on dry weight of fermented solid)

Rate of fungal biomass production,

— (Xz' Xl)

lom = W (mg dry cell weight/g dry matter h) ............Equatidr8
271

(Based on dry weight of fermented solid)

Yield of product on biomass,

-1 _ -1
Yo,y = (AU 9()22 (XA;J 9 ) (AU/mg dry cell weight) ...Equatiod.4
27 ™M

Specific growth rate,

dX
—=uX ; X =Xé"
dt /j t (0]

InX, =In X, +put ; yzln(é)(%) (Y Equatior4.5

Specific rate of product formation,

% :YP,X% (AU/mg cell dry weight h) — .................... Equatio$.6

e =
The time profile of the above parameters are shiowrigures 4.38 to 4.40.
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The specific growth rate attained a maximum vaifi8.022 K approximately at
day 7 and declined afterwards. The biomass proaluctte attained a maximum at day
12 with a value of 0.42 mg dry cell weight/g dry ttea h, and declined steadily
thereafter. Similar patterns were observed for gheductivity of the pigments; all the
pigments attained their maximum productivity valaeslay 14. The values obtained for
the pigments productivity were 0.98, 1.31, and 1AREg dry matter h, for red, orange,
and yellow pigments, respectively (Figure 4.38).
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Figure4.38: Specific growth, biomass production rate piggnents productivity in

Erlenmeyer flasks

Figure 4.39 and Figure 4.40 depict the profileyigids of pigments on biomass
and the rate of product formation. The productiyigtterns for the red, orange, and
yellow pigments were similar. The maximum yieldpp§ments occurred approximately
on day 14, with values of 2607.4, 3496.5, and 3B0®J/g dry cell weight, for red,
orange, and yellow pigments, respectively. The maxn specific rates of pigment
production occurred on day 8. The values were®83,and 11.7 AU/g cell dry weight h,
for red, orange, and yellow pigments, respectively.
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As the main purpose of this study was to maxintieered pigment production,
the specific red pigment production rate and pradlifg of the solid-state and submerged
culture methods are compared in Table 4.7. Frond#ia (Table 4.7), the red pigment
productivity and specific production rate Monascus rubetCMP 15220 are within the

ranges seen with the othdonascusstrains, for both solid-state and submerged cudture

The red pigment productivity and specific prodoctirate forMonascus ruber
ICMP 15220 were clearly superior in SSC compareduiomerged culture (Table 4.7).
Apparently, the superiority of solid-state cultdoe production ofMonascuspigments is
not strain specific. For example, the specific picitbn rate of red pigment bylonascus
purpureus ATCC 16365 grown in solid-state culture was 26BHgreater than in
submerged culture (Table 4.7) (Leteal, 2001). ForMonascus rubetCMP 15220, the
solid-state culture showed 32-fold and 18-fold tge@roductivity and production rate of

red pigment, respectively, compared to submergédreu
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Table4.7: Comparison of red pigment production by different fermentation methods

Red pigment .

Fermentation . productivity Specific rate of red
Substrate Organism pigment production Reference

method (AU/g dry matter h (AU/g cdw h)

or AU/L h)

Submerged culture
Glucose, Yeast extract M. purpureus 0.007 0.011 Tsenet al.(2000)
Ethanol, NaNG; M. purpureusCCM8152 0.041 0.741 Juzloedal (1994)
Glucose, NH,CI M. purpureusC322 0.155 0.634 Fenie al. (2000)
Glucose, MSG M. purpureusATCC 16365 0.115 1.169 Lext al. (2001)
Maltose, MSG M. purpureusATCC 16365 0.061 0.64 Lext al. (2001)
Glucose, MSG M. ruber ICMP 15220 0.023 0.416 This work
Maltose, MSG M. ruberICMP 15220 0.021 0.26 This work
Ethanol, MSG M. ruberICMP 15220 0.031 0.463 This work

Solid-state culture
Jack fruit seed powder M. purpureud-PB 97 0.097 0.444* Babithet al. (2007a)
Long grain rice M. purpureusATCC 16365  31.542 312.913 Han and Mudgett (1992)
Rice Monascusp. ATCC 16434 1.542 - Tsukaharat al. (2009)
Rice M. purpureusATCC 16362  17.593 79.167 Letal.(2002)
Polished rice meal M. kaoliang R10847 11.807 - Lin and lizuka (1982)
Mantou meal (steamed bread)l. kaoliang R10847 37.727 - Lin and lizuka (1982)
Mantou meal (steamed bread)l. kaoliang F2 0.329 - Lin and lizuka (1982)
Long grain rice (Erlenmey
flask) M. ruber ICMP 15220 0.980 8.3 This work

Note: * calculated per unit glucosamine



4.3.5 Effect of additional nitrogen source

A few researchers have highlighted the need forienis supplementation of solid
substrates for improving growth and metabolitesdpobion, especially when nutrient-
poor agricultural residues are used as substrdtesgreetet al, 2005; Nimnoi and
Lumyong, 2009). As mentioned in an earlier secttbe, carbon to nitrogen ratio in long
grain rice used in this work was 30 : 1, or sigwfitly higher than the ratio of 9 : 1 that
had proved to be optimal for producing the red migtmin submerged culture (Section
4.2.5).

To correct for this deficiency, the rice was s@ppénted with additional nitrogen
to adjust the C : N ratio to 9 : 1 (as per submergealture) prior to sterilization. The
nitrogen sources used were MSG, NaNé@nd NHNOs; in separate experiments. The
choices of the nitrogen sources were based on d#imiity to promote red pigment

production in submerged culture (Section 4.2.6).

Rice (30 g) with the added nitrogen source wasliged in a 200 mL Erlenmeyer
flask as described in Section 3.3.3.1.1. Rice aloo¢ supplemented with nitrogen) was
also used for control purpose. In all cases, th@imoisture content of the substrate was
adjusted to approximately 45% (g water per g wétssate). The cooled substrate was
then inoculated with f0spores per g rice (dry weight) and grown in thekda 30C, as
described in Section 3.3.3.3.2. The cultures wewwvg for 14 days. Glucosamine
content, pigments concentration, the final moistoatent, water activity, and pH were
measured after harvest. The biomass content perygnatter were estimated from

glucosamine measurements.

Figure 4.41 depicts the effect of nitrogen soumepigment produced. Table 4.8
provides the final values of moisture content, i, and biomass content on day 14.
Supplementation of rice with MSG and NaN@revented pigments development and
biomass growth. This was presumably because ofldher water activity of the
supplemented substrate (Table 4.8) and a consemsefficiency of water for the fungal

growth. The final measured moisture contents ferdinbstrates were 47.8, 44.6, 44.4, and
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41.4, for the control, and the substrate suppleetentith NHNO3;, NaNG;, and MSG,
respectively. However, a substrate’s ability to g growth is controlled by water
activity and not by moisture content per se. Maistievel can have other indirect effects,
as described later.

B Fed pigment, A,
Crange pigment, Ao

H ellow pigment, Axc_“

Absorbance unit & W g dry matter)

Rice HH,MNO, HaMO, M5G
{control)

Mitrogen sources

Figure 4.41: Effect of supplementation of nitrogen souraes pigment production
at day 14

Table 4.8: Final moisture content,,Afinal pH, and glucosamine content on day 14 of

different nitrogen sources

Nitrogen sources Final moisture pH | Aw Glucosamine content
content (%) (mg glucosamine/g dry matter
Rice (control) 47.8 48| 0.985 17.3
NH4NO3 44.6 4.6 0.967| 124
NaNG; 44.4 5.5 | 0.929
MSG 41.4 6.6 | 0.900
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The rice supplemented with NNO; was able to support fungal growth and
pigments development. The pigments produced werepsable, but the production was
less than on the control (substrate rice only). Simeeriority of rice alone as a substrate
was presumably because of the many complex nudrgesent in rice.

In view of the above results, supplementationiodé with nitrogen was entirely
unnecessary for producing the pigments and bionHsstefore, rice with a naturally
occurring C : N ratio of 30 : 1 was used for alltifier investigations in solid-state

fermentation.

4.3.6 Effect of initial moisture content

Water content of the substrate of SSC are oneeottitical factors that affect microbial
growth and product formation (Pandey, 1992, 2003gt&aniaet al, 2009; Yongsmittet
al., 2000). Moisture content can influence water atgtivout too much water causes water
logging of substrates and adversely affects massfer of oxygen and carbon dioxide.
Generally, the optimal moisture content tends tinktee range of 40 to 70% (Raimbault,
1998). The optimal initial moisture depends onwlaer holding capacity of the substrate
and on the organism used. Therefore, the effe¢h®finitial moisture content of rice

substrate on pigments production was examined.

For the experiments, 20 g of rice was placed #0@ mL Erlenmeyer flask and
distilled water (5.5 to 50 mL depending on the dEbkimoisture content) was added.
Initial moisture content values of approximately, 85, 55, 70, and 75% (g water per g
wet substrate) were investigated (Section 3.3.8.T1e fermentations ran for 18 days at
30°C in a dark room. Duplicate samples (entire flasks)e taken on day 14 and 18 for
analyses. The biomass cell dry weight, pigmentsiyction, the final moisture content,

the water activity, and pH, were measured as exg@thin Section 3.4.2.
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Figure 4.42 and Figure 4.43 depict the effectritial moisture content on the
production of pigments and biomass on day 14. Thiali moisture content of the
substrate (rice grain) clearly had a significarfe&f on the production of pigments and
biomass. Maximum pigments and biomass productione wsbtained at 55% initial
moisture content. The maximum biomass value was31ig cell dry weight/g dry
matter. For the pigments, the maximum values we@&® 492.0, and 444.9 AU/ g dry
matter, for red, orange, and yellow, respectivélyhigher or lower initial moisture
content than the optimal (55%), adversely affecpggiment production and fungal
growth. Under optimal moisture conditions, the fenting solids attained a lower pH-
value (pH 3.3) than at non-optimal moisture levdtls.solid-state fermentation the
moisture and pH levels unavoidably vary (Chisti ai99Mitchell et al, 2006) and the
effects of the variables are nearly impossiblecjuesate.
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The dependence of final moisture content and wetévity of the substrate on
the initial moisture content is shown in Figure3l.Both the water activity and the final
moisture content increased with an increase inalnioisture content until the latter
attained the optimal values of approximately 554rther increase in the initial moisture
content did not substantially alter either the watetivity or the final moisture content.
Water activity is a measure of the accessibility tbe substrate water to the
microorganism. Therefore, the decline in produtyior an initial moisture content of
more than 55% is likely due to excess water affigctihe oxygen penetration in the
substrate bed.

Figure 4.44 and Figure 4.45 depict the effectsinitfial moisture content on
pigments and biomass production at day 18. Oncenatfze optimal initial moisture
content appears to be at 55%. Beyond an initiastam content of 55-70%, the pigments

production was drastically reduced as was the fuggavth.

It can be concluded that initial moisture conteh65% is the most suitable for
producing red pigment in solid-state culture.

117



Figure 4.44:
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Figure 4.46 shows clear visual differences in lblee morphology and pigment
production during growth at different initial maisé contents. From the figure, on day 6,
there was red pigment produced for an initial moestcontent of 35, 45, and 55%.
However, only a few spots of red colour were obseérfor the substrate with the initial

moisture contents of 70 and 75%.

Furthermore, at an initial moisture content of 36f0day 6 of fermentation, the
fungal growth had covered almost 80-85% of the soeface. By day 10, the fungal
hyphae had started to penetrate into the rice.h#s point, the rice looked dry and
granular. By day 14, the fungal biomass had covtrecntire rice surface and penetrated

into the rice. At the same time, the red coloudpiced had become intense (Figure 4.46).

At an initial moisture content of 45% (Figure 4 46early 80% of the surface of
rice had been covered with the fungus by day @efférmentation. The rice grain looked
wet at this stage, likely because of moisture pceduduring a vigorous fermentation. By
day 10, all of the rice surface had been coverethéyungus that had penetrated into the
rice. At this stage, some of the rice had beconaage-yellow in colour. At day 14, the
change in colour from orange-yellow to red was obsiand further growth of the fungus
was observed. At this stage, fungal spores coulddaaly seen especially on the orange-
yellow rice. At day 18, the red colour of the fusgaecame more intense and more spores
were observed on the rice surface. In additionemndtoplets were observed on the inside

of the flask walls.

At an initial moisture content of 55% (Figure 4.4&most 70% of the rice surface
had been covered with the fungus at day 6. Thelomkeed wet and some of the red rice
grain had turned to orange-yellow. At day 10 ofrfentation, the entire rice surface had
been covered with the fungus, the fungus had pateetrinto the rice grain, and the
colour had changed from orange-yellow to red. ks the flask was foggy. As the
fermentation went to day 14, water droplets wergeoled on the flask wall and almost
the entire rice had turned from red to orange-yellblany spores could be observed on
the rice surface. At day 18 of fermentation, the mee colour became intense and thick
sporulation could be observed on the surface ofittee Development of orange-yellow
coloration prior to the final intense red suggebktt some orange-yellow pigments form

initially and are later converted to red (Blagtcal, 1994; Juzlovat al, 1996).
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In contrast, at the higher initial moisture comteh 70% (Figure 4.46), only a

small part (approximately 5-10%) of the rice haérbeovered with the fungus at day 6.
The rice was wet because of the water initiallyeatldnd the grains stuck together. By
day 10, more rice surface had been covered witlfuthgus and the fungus had penetrated
into the rice. At day 14, more rice surface becaered with mycelia, but white rice
could still be seen at this stage. As the fermantawvent to day 18, almost 95% of the
rice had been covered with the fungus and sporelsl d® observed on the rice surface.
At this stage, about 5% of the white rice was stiflible, indicating that the fungal
growth had not been completed, presumably bechesstickiness of the rice reduced the

penetration of oxygen.

At initial moisture content of 75% (Figure 4.4@},day 6 of fermentation, only a
very small part of the rice (approximately 1-5%adhbecome covered with the fungus.
As the fermentation went to day 10, the red fursgalts spread to approximately 15-20%
of the rice. By day 14, the red spots covered apprately 30% of the rice. Orange-
yellow rings were seen within the red spots. Tlee was very wet, sticky, and soft. By
day 18 of fermentation, more red spots had emergetnearly 30% of the rice still
remained white at this stage. This indicated thatftingal growth was incomplete likely
because of a poor oxygen supply due to water Igpgirthe rice bed. Clearly, too high an
initial moisture content adversely affected thisrfentation. Similarly, too low a water
content led to incomplete and poor fermentationthes fungus could not completely

penetrate into the rice and growth was poor dweltov water activity of the substrate.
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4.3.7 Summary

Solid-state fermentation in Erlenmeyer flasks pobte be superior to submerged culture
for pigment production in keeping with similar obssions for otheMonascusstrains
(Carvalho et al, 2006; Johns and Stuart, 1991; Kaetr al, 2009). Under optimal
conditions, the solid substrate fermentation predi@ concentrated substrate, sufficient
moisture, and oxygen. The SSC environment was caabfgato the natural habitat in
which fungi are normally found and this may haveatdbuted to the observed high

productivity.

Determination of the biomass concentration wagdams the indirect method of
measuring the glucosamine produced by hydrolysigefchitin in the fungal cell wall.
This method is widely used (Desgrangdsal, 1991a; Raimbault, 1998; Roclet¢ al,
1993). A strong correlation between the glucosamewel and cell dry weight was
observed, confirming this method to be a good mdicof fungal growth. A conversion
factor of 5.91x 10% mg glucosamine/mg cell dry weight, was experimignestablished.
This conversion factorcf) was comparable to the values reported by Sebti. (2001)
and Han and Mudgett (1992). Different fungi andedént strains of the same fungus can
have very differentf values (Scottiet al, 2001; Sharmat al, 1977). For examplef
values of 1.70x 10" and 6.70x 10° mg glucosamine/mg cell dry weight, have been
reported forCaenorhabditis eleganTCC 26269 (Scottet al, 2001) andMonascus
purpureusATCC 16365 (Han and Mudgett, 1992), respectively.

Under optimal condition in SSC, rapid growth ofdus occurred after 6 to 7 days
of inoculation. The maximum biomass concentratioas vattained at day 14 and the
fermentation slowed down afterwards. A similar trevas observed for the production of
pigments, confirming the pigment production to bevgh associated, as also seen in
submerged culture. This was consistent with repfmtspigment production by other
Monascusstrains (Carvalhet al, 2006; Han and Mudgett, 1992; Lekal, 2002).
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Supplementation of rice with nitrogen sources © aN ratio of 9 : 1 adversely
affected the pigments production as well as biongmes/th. NaNQ and MSG had the
most adverse effect on the pigment and biomassuptieth, although both nitrogen
sources were found to be good for the red pigmesdyction in submerged culture at a
C : Nratio of 9 : 1. Although the C : N ratio ae was 30 : 1, or higher than the optimal
for submerged culture (C : N ratio of 9 : 1), nadi@dnal nitrogen was required for
pigment and biomass production on rice in solidestarmentation. This observation was
consistent with the report of Let al. (2002).

Initial moisture content of the substrate sigrifidy affected the pigment
production as well as fungal growth. Superior regiment production and fungal growth
were observed at an initial moisture content of 53 initial moisture content in the
range of 50-56% has been reported to be good fpngmt production also with other
Monascusstrains (Babithat al, 2007b; Johns and Stuart, 1991). High initial moes
content may flood the substrate, reducing poroaitg adversely affecting the oxygen
supply (Babithaet al, 2007b; Cavalcantet al, 2008; Chisti, 1999b; Gautaet al, 2002;
Leeet al, 2002). Too low an initial moisture content magui¢ in a water activity that is
too low to support fungal growth (Dufosst al, 2005; Pandey, 2003). These factors
likely explain the adverse effect of moisture lesvéhat were higher or lower than the

optimal level.
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4.4 Production of red pigment in packed-bed bioreactor

4.4.1 Introduction

In view of the promising results with solid-staterrhentation in static rice beds in

Erlenmeyer flasks, attempts were made to scal@iggdrmentation in bioreactors.

Although many different types of bioreactors available for solid-state culture
(Durand, 2003; Mitchellet al, 2006), the packed-bed bioreactor configuratiors wa
chosen for this work because of its simplicity, exix®e of mechanical agitation and ease
of aseptic operation (Lonsaeéal, 1985; Mudgett, 1986; Pandey, 1991). Although many
studies on packed-bed bioreactors have been repageeviewed in Section 2.6.6.2,
barely any work has been done on producMgnascuspigments in packed-beds,

especially using/lonascus ruber

4.4.2 Effect of aeration rate on pigment production

Mycelial fungi are obligate aerobes and thereforsufficiency of oxygen supply is
critical to their successful culture. In a relatweleep bed of static particulate solids,
forced aeration provides a relatively simple metlobcaeration (Chisti, 1999a; Perez-
Guerraet al, 2003). Forced aeration is effective in preventadpuild up of carbon
dioxide that can severely inhibit the productivity an aerobic fermentation (Chisti,
1999a; Teng and Feldheim, 2000). Furthermore, tbraeration helps to remove the
water produced by fermentation. Forced aerati@ssential also for temperature control.
For Monascusspecies, pigment production has been reportedetonbre sensitive to
aeration than is growth (Juzloea al, 1996; Linet al, 2008). In view of its importance,
effects of forced aeration on pigment productiomevexamined to establish a suitable

aeration regimen for the packed-bed bioreactor.
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The packed-beds used were as described in S&8dh1.2. All the packed-bed
glass columns (0.052 m inner diameter, 0.22 m hgighre loaded with inoculated rice
with a constant initial moisture content of approately 55-57% wet basis. The glass
columns were aerated at aeration rate values & @.@, 0.5, 1.0, and 2.0 L niinin
separate parallel experiments. Aeration was withitdified air (relative humidity of 97-
99%) through a 0.2Rm air filter (see Section 3.3.3.1.2). Fermentatiarggse run for 6
days in a dark room at 3D. During fermentation, the temperature in the beds
measured at the centre line approximately 0.08am fthe bottom of the bed. The entire
bed was harvested at the end of the fermentatiovaitous analyses.

Figure 4.47 depicts the effect of aeration ratepayments production in the
packed-bed on day 6. All of the aeration rates sgyported pigments production. The
yellow pigments were predominantly produced atladl aeration rates. Aeration rates of
0.2 and 0.05 L minh were the most suitable for pigments productiorghei aeration
rates ( > 0.2 L min) reduced pigment production because high ratemqied some
drying of the bed (Figure 4.48), despite the higmidity in the aeration gas. In studies in
Erlenmeyer flasks (Section 4.3.6), an initial maistcontent of 55% had been found to
be optimal for growth and pigment production. Ie thacked-bed, on day 6 and at an
aeration rate of up to 0.5 L minthe moisture content was 55% (Figure 4.48), hat t
biomass growth and pigment production were reduetative to the values attained at
lower aeration rates. This suggests that too mugigen might adversely impact growth
and pigment production, but this affect was notthier examined. In preliminary
experiment, unaerated bed resulted in little groeukd pigment production because of
oxygen limitation (Anishat al, 2010; Sangsurasak and Mitchell, 1995; ¥/al, 2000).

In a packed bed, multiple factors vary and the aVeffect on performance is difficult to
assign to an individual factor.
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As shown in Figure 4.48, increasing aeration hatg an increasing cooling effect

but the temperature always remained within a rdhgewas satisfactory for growth.
The aeration rate of 0.05 L mirthat most favoured the production of the red

pigment also afforded the highest biomass condgmtrgFigure 4.49), confirming a

growth-associated production of the pigment.
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Figure 4.50 illustrates the observations on the i@rphology and pigmentation
during fungal growth in packed-bed bioreactors dteknt aeration rates. Clearly
observable fungal growth commenced at day 2 ofirtkabation period for all forced
aeration rates. At this point, the colour of theersurface changed from white to slightly
pale red. Further incubation resulted in progredgivgreater fungal growth that

eventually covered the entire observable part efite bed.

At higher aeration rate of 2.0 L minthe colour of the bed surface was lighter
than at other aeration rate (1.0, 0.5, 0.2, 0.05nib™) at any time (Figure 4.50).
Noticeable biomass growth and pigment productiocuged at all aeration rate values
during the 6 days observation period (Figure 4.3@wever, at the relatively low

aeration rate values of 0.05 and 0.2 L thian day 3, the intensity of the red colour was
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the greatest compared to observation at the o#hratian rates (Figure 4.50). After day 3,
progression of growth and pigment development wgmadually slowed because of
possible bed drying at aeration rate valueg 6f5 L miri* (Figure 4.50) compared to the
lower aeration rates. At the two lower aerationueal the water produced by
fermentation was observed as droplets on the wéllse glass column, by day 5 and 6,
especially at the lowest aeration rate (aeratiom<a).2 L miri*). At high aeration rates

(= 0.5 L min%), drying tended to occur in the lower part of besl where the air entered.
Upper parts of the bed were moister as a consequeinthe water picked up from the
lower parts and fermentation progressed furthehénupper parts. This explains the two
tone colour (yellow lower portion, redder uppertppseen in the columns (Figure 4.50),
especially at the aeration rate valueg @5 L min*. Some of this effect occurred also at
the lower aeration values (0.5 L ritinand the growth in the upper moister regions ef th

packed columns tended to be better than in therldvwer region (Figure 4.50).

Therefore, the visual observation of growth arghg@ntation were consistent with
the quantitative measurements; aeration rates wlesie too high adversely affected
biomass growth and pigment development becauseyofgdof the bed. Aeration rate in
the range of 0.05 — 0.2 L mirwere best for biomass growth and pigment developme

Thus, further work was confined to an aeration vatee of 0.2 L mif.
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4.4.3 Kinetics of solid-state culture in packed-bed biore actor

Kinetics of growth and product formation in the kad-bed were examined at a fixed
aeration rate of 0.2 min™®. The geometry of the beds and the other detail® hmeen
previously described (Figure 3.1). The long graice rsubstrate used was pre-treated as
follows: Rice (120 g) was placed in a 500 mL beaker and sbakel32 mL of water
mixed with 12 mL of a 0.128 M ZnS@H,O solution. Each beaker containing soaked
rice was covered with two layers of aluminium faihd autoclaved (12C, 15 min). The
empty glass packed-bed columns were autoclavedatepha(122C, 25 min). When the
substrate had cooled it was aseptically inoculatéd 12 mL of a spore suspension
(approximately 10 spores/mL) and mixed well (Section 3.3.3.1.2). Eterile glass
columns were filled aseptically with the inoculatsdibstrate to a bed depth of
approximately 0.18 m. The approximate initial maistcontent of the substrate was 55-
57% on wet basis. The glass columns were coverdad thie aluminium foil and
incubated at 3. Columns were aerated continuously with humidiféér at a flow rate

of 0.2 L min® for 18 days. Several identical columns were pregdor each run. An

entire column was harvested at specified time watsrfor various measurements.

Figure 4.51 and Figure 4.52 show the fermentapoofile in the packed-bed
bioreactor. The biomass growth had the expectefiloaf a lag phase (day 0 to day 6),
an exponential growth phase (day 6 to day 10),aasldwer growth phase (day 10 to day
18) leading to the stationary phase. Fermentatias @ssentially complete by day 18. The
maximum biomass produced was 122.2 mg cell dry htggdry fermented matter. Red,
orange, and yellow pigments were produced simuttaslg with growth (Figure 4.51)
indicating growth associated production. The higipggments concentration obtained at
day 18 were 890.1, 1285.5, and 1208.0 AU/g dry enafor red, orange, and yellow
pigments, respectively.
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The final moisture content remained relativelybttaat 55 — 63% (Figure 4.52).
The slight increase in moisture of the bed duriag @ to day 10 (Figure 4.52) indicated
that water production by fermentation during thisnass growth period (Figure 4.51)
was slightly greater than water loss by evaporat@nce fermentation and growth had
slowed (day > 10 in Figure 4.51), there was sonyindrof the bed (Figure 4.52, day >
10) as water loss by evaporation was somewhat egre¢aan water generation by
fermentation.

The pH of the bed progressively declined to aropiHd2.5 (Figure 4.52) probably
due to the production of Hand consumption of ammonia, which correspondethéo
transformation of the orange precursor pigmenhered because of reaction with -NH
The profiles of specific growth rate, biomass pmithn rate, pigment yield, pigment
productivity, and biomass specific rate of prodiectnation are shown in Figures 4.53 to
4.56. The biomass production rate peaked on dawittDa value of 0.38 mg cell dry
weight/g dry matter h (Figure 4.53). However, thstantaneous specific growth rate
declined throughout the fermentation process (Eigdr53). The maximum specific
growth rate was 0.034%on day 2.
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Figure4.53: Specific growth rate and biomass productaia im packed-bed bioreactor
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The product yield per unit cell mass (Figure 4.%d pigment productivity
(Figure 4.55) generally increased in proportioriht® biomass concentration. The values
for pigments yields were 7362.4, 10712.6, and 9®%¥U/g dry cell weight, for red,

orange, and yellow pigments, respectively.

Table 4.9 compares the fermentation parametettsegbacked-bed bioreactor and
Erlenmeyer flask solid-state culture. The maximuwass production rate in packed-
bed bioreactor was quite comparable to that inrienkeyer flasks, but in all other respects,
the packed-bed bioreactor proved to be greatly rempd-or example, the red pigment
concentration in the packed-bed was 2.7 times grehaan in Erlenmeyer flask. The red
pigment productivity in the packed-bed was 2.4-fgickater than in the flasks. The
superior performance of the bed was largely expthimy its being sparged with
humidified air. This not only improved oxygen supfut also prevented an excessive
rise in temperature. Forced aeration further emsw@econtinuous removal of carbon
dioxide from the bed. Carbon dioxide is known to ipdibitory to many fungal
fermentations (Han and Mudgett, 1992; Teng andHeahd, 2000).
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Table 4.9: Comparison of fermentation parameters of peédiexl bioreactor and

Erlenmeyer flask

Parameters Units Packed-bedErlenmeyel

bioreactor | flask

Maximum red pigment AU/g dry matter 890.1 328.1
concentration
Maximum red pigment AU/g dry matter h 2.38 0.98
productivity
Maximum yield of red AU/g cell dry weight | 7362.4 2607.4
pigment on biomass
Specific rate of red pigment AU/g cell dry weight h 21.9 8.3
production
Maximum biomass mg cell dry weight/g | 122.18 125.9
concentration dry matter

4.4.4 Summary

Solid-state fermentation in aerated packed-bedebiiors proved to be superior to the
otherwise identical fermentation in static Erlenereffasks. In the packed-bed, the forced
aeration rate value needed tosh8.2L min™ to prevent excessive drying and a consequent
adverse impact on the fermentation.preliminary experiments a packed-bed bioreactor
without forced aeration afforded little fungal griimand the observed growth remained
confined to the upper zone of the bed that receosgadien from the enclosed headspace
of the packed-bed column. In unaerated beds, oxlgntation has been reported to limit
growth and metabolite production by various fumgni€haet al, 2010; Sangsurasak and
Mitchell, 1995; Wuet al, 2000). InMonascussp., pigment production has been found to
be more responsive to aeration than biomass gr@duthiovaet al, 1996; Linet al,
2008; Turner, 1971).
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4.5 Spatial characterization and optimization of the p  acked-bed

bioreactor

4.5.1 Introduction

Packed-bed bioreactors lack mixing by design ardirarariably operated with a batch
loading of the substrate. As a consequence of épatid temporal variation of
environmental conditions, non-uniform growth andédarct formation occur in packed-
beds during a fermentation (Gumbira-Satdal, 1993; Mazuttiet al, 2010b; Racet al,
1993). At the beginning of the fermentation ineshly inoculated bed, the conditions are
fairly uniform in terms of temperature, oxygen centation, and moisture content. A
packed-bed is aerated using humidified air thaemnusually at the bottom of the
column. As the air moves up the bed, its compasitievitably changes in terms of
concentration of oxygen, concentration of carbooxidie, temperature, and moisture
content. This results in a differentiated growthcroenvironment up the bed and
consequent differences in microbial metabolism fddént metabolic rates in different
zones of the bioreactor translate to different satd biomass growth, moisture
production, heat generation, and pigment produdiimlidyal et al, 1994; Mazuttiet al,
2010b). Spatial and temporal variations in packed-bbioreactors need to be
characterized to establish limits on acceptable height and suitable forced aeration
regimens. The overall, or averaged, pigment prodtecbf the bed could then be used to

optimize the bed dimensions and operations.

Traditionally, the optimization of packed-bed l@actors is done by varying one
of the experimental factors at a time and obserttiegeffect on performance (Kumer
al., 2003; Leeet al, 2002; Patidaret al, 2005). Unfortunately, this process is time
consuming and expensive if there are too many blesathat necessitate a large number
of experiments. In addition, this optimization pges is unable to account for possible
interactive effects of variables on the performaatéhe bioreactor. This study therefore

used a statistical experimental design for thenogaition as discussed later.

138



4.5.2 Characterization of spatial and temporal variation s in the packed-bed

bioreactor

Spatial heterogeneity of the fermenting substrateurs almost always in solid-state
fermentation. A porous bed of particulate substiata poor conductor of heat. Heat
produced by metabolism can lead to overheatingcgspein the middle and top sections
of the bed (Saucedo-Castanestaal, 1990). Temperature gradients further accentuate
heterogeneity by affecting the local rates of bissnand metabolite production (Ashlety

al., 1999; Cheret al, 2005; Ghildyalet al, 1994; Lonsanet al, 1992; Mazulttiet al,
2010a; Oriolet al, 1988).

Forced aeration is known to reduce the unwantedl Itemperature rise and
improve oxygen supply (Saucedo-Castanetdal, 1990). However, continuous aeration
frequently results in evaporative loss of moisttmenm the bed even if the air is pre-
humidified. Some moisture loss is necessary fopesative cooling, but if moisture loss
exceeds water production by fermentation, the bdt hecome drier and this will
adversely affect biomass growth and metabolite yecbdn. Therefore, the initial
moisture content in the bed and the rate of foamm@tion with humidified air are two of
the most important variables that influence ferraBah. Using prior experiments
(Sections 4.3.6 and 4.4.2) as guides a seriesp#rgments were designed to combine an
initial moisture contents of 45 to 70% (g water/gt\substrate) and forced aeration rates
of 0.05 to 0.2 L/min as in Table 4.9, to study tieisnentation.

To obtain the required initial moisture contentd grain rice, distilled water, and
0.128 M ZnSQ@7H,O were mixed (Table 4.10) in 500 mL beakers anddaved. Once
the substrate had cooled, it was inoculated asdiytiwith a fungal spore suspension of
approximately 10spores/mL (Table 4.10) and mixed well (Section®12). Separately
autoclaved glass columns were filled asepticallthwhe inoculated substrate to a bed
depth of approximately 0.18 m. The glass columnsewevered with the aluminium foil
and incubated at 8G. Humidified aeration rate (at a relative humidify97-99%) was
set as indicated in Table 4.11. The fermentatioeseewun for 18 days. One column was

withdrawn at specified times for various analygeare was taken to harvest the whole
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bed, without breaking or mixing it. The bed columvas cut into six equal 3 cm thick
segments for analyses (Section 3.3.3.3.2). The dmssncell dry weight, pigments
concentration, the final moisture content, watdivag, and pH of each bed section were
measured as explained in Section 3.4.2. The bepeaeture was continuously monitored
during the fermentation by six thermocouples plaatgtarious depths of the bioreactor

column.

Table 4.10: Rice substrate preparation and inoculation arious initial moisture

contents
Initial moisture | Rice | Distilled water| ZnSQ,7H,O | Spore suspensio|n
content (%) | (9) (mL) (0.128 M) (mL) (mL)
45 130 73.6 13 13
57.5 120 132 12 12
70 110 187 11 11

Table4.11: Various packed-bed experimental conditions

Run | Initial moisture content (%Aeration rate (L/min
1 45 0.05
2 45 0.2
3 57.5 0.05
4 70 0.05
S 57.5 0.125
6 70 0.125
7 57.5 0.2
8 70 0.2
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4.5.2.1 Temperature profiles

During the fermentation, metabolic heat generalgahto temperature changes. The axial

and temporal temperature gradients depended oaettadion rate and the bed porosity,

which depended on the initial moisture content.ureég4.57 depicts the temperature

profiles obtained as functions of time and heighthe bed for eight runs (Table 4.11) in

the packed-bed bioreactors.

1.

The profile in Figure 4.57 reveals the following:

In all runs, the temperature during the first 12@ds relatively low, consistent
with the metabolically less active lag phase of teementation. During this
period, heat removal by aeration generally compedsdor metabolic heat
generation and the temperature remained at appabeiyn 30C, i.e at the

temperature of the air and the incubation chamber.

Runs 1 and 2 with a low initial moisture content4&% (Table 4.11) did not
produce as large a temperature rise at any tindedaie other runs. This suggests
a generally low metabolic activity and growth irethed mainly because of a low
initial moisture content. The result is consistenth the low biomass growth
obtained at 45% initial moisture content in ricel®en Erlenmeyer flasks (Figure
4.44).

The maximum rise in temperature at any bed deptiergdly occurred between

120 h and 150 h in beds with 70% moisture contemtrun 4, 6, 8). Compared to
the beds with lower moisture contents, the riséemperature was quite sharp.
This not only indicated a high metabolic activityriehg rapid fungal growth, but

also a lack of effective cooling at any of the sierarates (Table 4.11). For air
with the specified humidity level, an increasehe tnitial moisture content in the
bed reduced mass transfer during forced aeratiehtl@ evaporative cooling

effect. The 120 — 150 h period was the course gerigapid fungal growth.
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4.

142

In beds with an intermediate moisture contentsb5% (Table 4.11, i.e. runs 3,
5, 7), temperature rose during rapid growth (i@ % 200 h), but never as rapidly
as in the high moisture runs 4, 6, and 8. In runs, &nd 7, the metabolic activity
was high but better cooling prevented too rapienagerature rise.

In all fermentations, after the metabolic peak\istj the temperature declined as
growth entered the stationary phase and heat rdnbgvaeration exceeded the
rate of heat production by metabolism. Temperatiggined more rapidly after
the peak in beds that had attained a higher termyerduring the peak (runs 4, 6,
8). This was likely because of a higher temperatlifeerence during forced
aeration (i.e. bed temperature minus cooling ainperature of 3C) in these
beds.

Irrespective of the run, at any given time, the gemature at level 1 (bottom of
bed) tended to be the lowest (Fanaei and Vazi920itchell and Von Meien,
2000; Webetrt al, 2002). Temperature rose to a peak around thelenaidl the
upper regions of the bed were cooler than the raitddt warmer than the lower
parts. This suggests that the proximity of the ummme to the headspace of the
bioreactor improved cooling. This was likely becatise upper surface of the bed
provided some extra cooling area compared the degpes of the bed.

Temperature gradients within the beds at any gitieme could be quite
pronounced. For example in beds with an initial shae content of 70% at an
aeration rate of 0.2 L/min the temperature gradierthe vicinity of level 5 was
0.73C cm® (Figure 4.57, run 4). Nevertheless, the tempegasirany time and
position never exceeded 4D The observed temperature rise was unlikely t@ ha
adversely affected fungal growth much as a tempezatf up to 4%C is still quite
satisfactory for growth dflonascudungi (Pitt and Hocking, 1997).
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Figure4.57: Profiles of temperature obtained in eightezkpents

Q) run 1, (2) run 2, (3) run 3, (4) run 4, (5) wN(6) run 6, (7) run 7, (8) run 8. Measured
at centre of bioreactor or column at following deptevel 1 (3 cm), Level 2 (6 cm),
Level 3 (9 cm), Level 4 (12 cm), Level 5 (15 cnmda_evel 6 (18 cm). The various runs
are as identified in Table 4.11.
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4.5.2.2 Red pigment production profiles

The axial and temporal profiles of the red pigmemtduction in packed-bed bioreactors
are shown in Figure 4.58 for eight runs (Table 1.The generally low level of pigment
production in runs 1 and 2 was due to a low initibisture content of 45% and
consequently low level of biomass as explainedaatisn 4.5.2.1 and directly confirmed
in Section 4.5.2.3.

The pigment production varied significantly axyalin the bed in all runs,
suggesting a non-uniform local environment. In betk a low (45%) and intermediate
initial moisture content, the pigment productionswawest in the bottom of the bed, a
zone of low metabolic activity as confirmed also thg temperature profile in Figure
4.57. The pigment concentration generally tendeididcease up the bed and was highest
at the upper levels (runs 1, 2, 3, 5, 7).

Highest levels of pigment production were gengrattained in the beds with the
highest initial moisture content (70%) (Babiteaal, 2007b; Chutmanopt al, 2008;
Yongsmithet al, 2000). For these beds, the most suitable aerasittnappeared to be
0.05 L/min (run 4), the lowest level tested. Thémels generally tended to be most
metabolically active as discussed in Section 415.Zhe pigments level varied axial
specially after the first 300 h of fermentationt be pattern of variation did not seem to
have a systematic trend.
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Figure4.58: Profiles of red pigment production from eiglkiperiments
(D) runl, (2) run 2, (3) run 3, (4) run 4, (5) wN(6) run 6, (7) run 7, (8) run 8. Measured
in bed segments harvested at: Level 1 (3 cm), L2y6lcm), Level 3 (9 cm), Level 4 (12

cm), Level 5 (15 cm), and Level 6 (18 cm). The @asiruns are identified in Table 4.11.
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4.5.2.3 Biomass production profiles

The biomass production profiles for runs 1 to 8b[€a4.11) are shown in Figure 4.59.
The profiles are quite comparable to the pigmeatpction profiles discussed in Section
4.5.2.2 for the same runs. This is because pigmeduction is directly correlated with

biomass production. At level 1, the bottom of thedbnear the air entry point, the
biomass production was generally low because shighiere most moisture loss occurred

via evaporation. This tended to dry the bed so nthahfungal growth was suppressed.

In general, at any given time the biomass conagatr in the bed increased with
the bed height. Upper regions of the beds were terolsecause of a higher metabolic
activity and a lower water loss than in the lowenes. As the air moved up the bed, it
became progressively poor in oxygen and rich im@ardioxide. Despite this, the upper
parts of the bed may have been better aerated $ecduhe flat surface at the top of the
substrate bed.

Surprisingly, in upper regions of the beds thenfemtations with an intermediate
moisture content of 57.5% (i.e. runs 3, 5, 7) werg as good in terms of biomass
production as the higher moisture (70% initial nis content, i.e. runs 4, 6, and 8) runs.
The latter runs had shown a more vigorous metalaaliwity in terms of heat generation
(Figure 4.57) than the former set of runs. The hawaisture runs 1 and 2 showed poor

biomass growth, as discussed earlier.
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Figure4.59: Profiles of biomass production from eight exments
(D) runl, (2) run 2, (3) run 3, (4) run 4, (5) wN(6) run 6, (7) run 7, (8) run 8. Measured
in bed segments harvested at: Level 1 (3 cm), L2\{6lcm), Level 3 (9 cm), Level 4 (12

cm), Level 5 (15 cm), and Level 6 (18 cm). The @asiruns are identified in Table 4.11.
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4.5.2.4 Moisture content and water activity profiles

As moisture content and water activity profoundifiuence microbial growth and are in
turn influenced by the fermentation itself and bgisture loss via aeration, the temporal
and spatial profiles of moisture content and waigtivity were measured as shown in

Figures 4.60 and 4.61, respectively.

As the fermentation progressed, the moisture coraed water activity declined
rapidly at the lowest levels of the beds becausdrgihg, as explained earlier. In the
upper regions of the beds, the moisture contenérgdély tended to increase a little with
time whereas the water activity tended to remain @198. This was because of a higher
level of moisture production and lower rate of mmie loss in the upper zone as
explained earlier (Section 4.4.2). In the bed witlow initial moisture content of 45% at
the high aeration rate of 0.2 L/min (run 2) mostlaf lower levels of the beds tended to
dry out (Meienet al, 2004). In all bed segments, in which the moistumetent rose with
time, the rise tended to occur during the periodnafst rapid biomass growth, or the
period of greatest metabolic moisture productiomc® growth had ceased, then the

moisture content tended to stabilize in bed segewhere growth occurred.
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Figure4.60: Profiles of final moisture content from eigxperiments

Q) run 1, (2) run 2, (3) run 3, (4) run 4, (5) wN(6) run 6, (7) run 7, (8) run 8. Measured
in bed segments harvested at: Level 1 (3 cm), L2\{6lcm), Level 3 (9 cm), Level 4 (12

cm), Level 5 (15 cm), and Level 6 (18 cm). The @asi runs are identified in Table 4.11.
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Figure4.61: Profiles of water activity from eight expegnis
(1) run 1, (2) run 2, (3) run 3, (4) run 4, (5) wN(6) run 6, (7) run 7, (8) run 8. Measured
in bed segments harvested at: Level 1 (3 cm), L2\{6lcm), Level 3 (9 cm), Level 4 (12

cm), Level 5 (15 cm), and Level 6 (18 cm). The oasiruns are identified in Table 4.11.
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4.5.2.5 pH profiles

The pH profiles for the fermentations (Table 4.Ht¢ shown in Figure 4.62. In all
segments that supported growth, the pH tended d¢bndewith time, a characteristic of
this fermentation on rice substrate. pH decline vedetively less in segments that tended
to dry out (i.e. run 2, Figure 4.62). The pH mayéaeclined because of production of

carbon dioxide and/or organic acids.

Aeration rate and initial moisture contents of tieels affected the development of
the pH profiles indirectly by influencing fungal aywth and metabolic activity.
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Figure4.62: Profiles of pH from eight experiments
(@) run 1, (b) run 2, (c) run 3, (d) run 4, (e) &n(f) run 6, (g) run 7, (h) run 8. Measured
in bed segments harvested at: Level 1 (3 cm), L2\{6lcm), Level 3 (9 cm), Level 4 (12

cm), Level 5 (15 cm), and Level 6 (18 cm). The @asiruns are identified in Table 4.11.
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4.5.3 Characterization of the overall performance forre  d pigment production

The temporal and spatial variations in pigment potidn in solid-state fermentations

carried out under various condition (Table 4.11yendiscussed in Section 4.5.2.2. For
the same packed-bed bioreactor fermentations, $eistion discusses the overall

performance of the bioreactors in production oftrget red pigment. For measuring the
overall or averaged pigment production, the costeftthe entire bed harvested at a
given time were thoroughly mixed and the red pignmncentration was measured as
specified in Section 3.4.3.3. The bed-averaged pigmroduction profile and the overall

pigment productivity are shown in Figure 4.63 amngLFe 4.64, respectively. The data are
for the various combinations of initial moisturentent and aeration rates as in Table
4.11.
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Figure4.63: Bed-averaged red pigment production for wexripacked-bed fermentations
(Table 4.11)
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Figure4.64: Overall red pigment productivity in packedibermentations (Table 4.11)

The pigment concentration and productivity prfile Figure 4.63 and Figure
4.64 cluster in three groups based on the init@istare content of the bed. Beds with an
initial moisture content of 70%, were clearly th@snproductive and yielded the most
red pigment. Beds with an intermediate moisturet@unof 57.5% had an intermediate
level of pigment productivity whereas the beds thead a low initial moisture content of
45% were the least productive. These differencae weeviously discussed in the section

relating to spatial variations in pigment produnt{&ection 4.5.2.2).

Within a given cluster of data, i.e. for a fixadtial moisture content, the final
pigment concentration and productivity were gergiailghest at the lower aeration rate
of 0.05 L/min (Figure 4.63 and Figure 4.64). Altigbun Figure 4.63 and Figure 4.64 the
initial moisture content of 70% and an aeratiore rat 0.05 L/min show slightly lower
pigment productivity than at an aeration rate df26. L/min, the difference is minimal
and therefore the aeration rate of 0.05L/min hanhgaimed to be generally better for
pigment production. This too was explained in Secd.5.2.2. Under best condition, the
pigment productivity peaked around 300 h (Figuré4il. Compared to differences in
aeration rate, differences in the initial moisteantents had by far the most profound
impact on the final pigment concentration and potidity. If differences in aeration rate
are disregarded, the best final pigment conceotrati the bed with an initial moisture
content of 70% was nearly 7-fold the level attaiirethe best case at an initial moisture

content of 45%. Compared to the best case pigmerduption at an initial moisture
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content of 57.5%, the best case pigment concemtrati the 70% initial moisture content

was nearly 45% greater.

4.5.4 Optimization of the red pigment production in the packed-bed

45.4.1 Introduction

Pigment production in solid-state fermentations packed-bed bioreactors was
significantly affected by the initial moisture cent of the substrate and the forced
aeration rate as seen in Section 4.3.6 and SectidR2. Therefore, a statistical
optimization of the overall pigment productivity loeds was attempted. The optimization
used the initial moisture content and the forcechtémn rate as the main influencing
factors. The fermentation time was fixed at 336shtlee maximum overall pigment

productivity had been attained by this time in ieagxperiments (Section 4.5.3).

4.5.4.2 Experimental design

A 2? factorial central composite design (CCD) with tfextors was used. The design
included four axial points and duplicates at thetieepoint (Kennedy and Krouse, 1999).
This corresponded to a total of 10 sets of experimeAll experiments were done in
duplicate. The ranges of variation of the factoesev45% to 70% for the initial moisture
content and 0.05 to 0.2 L/min for forced aeratiater The details of the design and the
responses are summarized in Table 4.12. Four respowere evaluated for each
experiment in packed-bed bioreactors. The respongm® the total red pigment
production, the red pigment productivity per uretdbvolume, the yield of the pigment on
biomass, and the total biomass in the bed. ThegbeBxpert (Version 6.0.8, 2002,
Minneapolis MN, USA) and Statistica packages (Mmrsb.5, 1999, Tulsa OK, USA)
were used for the statistical design and regresamalysis of the experimental data,

respectively.
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94T

Table4.12: Coded values, actual values and responses of the central composite design at 33takkaddheed bioreactor

Coded value Actual value Responses
Standar Run . _ N . _ . Pigment . . _
order orolerInltlal moisture Aeration -rate Initial moisture Aeration -rate Total pigmen oroductivity Pigment yielc Total bloméss
content 1) (%) (x2) (L/min) content ki) (%) (X2) (L/min) (AV) (AUIL h) (AU/g cdw) (g cell dry weight)
1 4 -1 -1 45 0.05 18616.2 144.9 2829.5 6.6
2 1 1 -1 70 0.05 74173.1 S577.5 8101.7 9.2
3 3 -1 1 45 0.2 17071.3 132.9 2775.9 6.1
4 S 1 1 70 0.2 86238.9 671.4 9022.2 9.6
5 8 -1 0 45 0.125 21364.1 166.3 2919.5 7.3
6 6 1 0 70 0.125 86822.6 676.0 8778.1 9.9
7 9 0 -1 57.5 0.05 54992.6 428.1 5543.0 9.9
8 7 0 1 57.5 0.2 63099.0 491.3 7362.7 8.6
9 2 0 0 57.5 0.125 68679.7 534.7 5088.6 13.5
10 10 0 0 57.5 0.125 64952.9 505.7 7185.3 9.0




The general response surface model of the seldetddn is as follows:

Y:ﬁo+,31X1+ﬁ2)(2+ﬁ11)<12+ﬁ22X22+ﬁ12X1X Equation4.7

Where,Y = predicted response

[o= interception coefficient

L1 andf = coefficients of the linear effect

[11 and 5, = coefficients of the quadratic effect
L2 = coefficient of the interaction effect

x1 = coded value for the initial moisture content

X» = coded value for the forced aeration rate

An analysis of variance (ANOVA) was used to defeerthe significance of the
effect of the independent variables on the respangeity (Montgomery, 2001). A “lack
of fit” statistic was determined to assess how wed model fit the data. For this, the
mean square of the residual error was comparetietoniean square of pure error. An
insignificant result for lack of fitg-value > 0.05), shows that a model is a good ptedic
of the response (Montgomery, 2001). In contrassjgaificant lack of fit suggests an

unsatisfactory model.
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4.5.4.3 Central composite design and response analysis

In assessing a statistical model, ANOVA is perfainfiest to establish the lack of fit of
the model. An insignificant result for lack of &t 95% confidence levep{value > 0.05)
shows that the model is fit. A fit model means tinat responses are satisfactorily close to
the actual values. If the model fits, further exaation is carried out on the statistical
coefficients to determine the significance of thedel and the responses. However, if the
model shows a significant lack of fit at the 95%nfidence level [§-value < 0.05), the
model is considered unsatisfactory and not examiungter. Following sections discuss
the model and how well it described the experinlergaponses of the packed-bed

bioreactor system.

4.5.4.4 Response of total red pigment production and red p igment

productivity based on the total bed volume

Tables 4.13 to 4.16 show the ANOVA results, regosssoefficients, and estimate
effects for total red pigment concentration andmmgt productivity of the packed-bed
bioreactor, respectively. The red pigment contemts expressed as total pigment
production in the bed. The pigment productivityeigressed in terms of the total bed

volume.
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Table4.13: ANOVA table for the total red pigment in thacked-bed bioreactor

Source SS DF MS F-value  p-value
Model 6.581E+09 5 1.316E+09 309.475 < 0.0001*
Residual 1.701E+07 4 4.253E+06

Lack of fit 1.007E+07 3 3.356E+06 0.483 0.754
Pure error 6.945E+06 1 6.945E+06

Corrected total 6.598E+09 9

R*=0.9974, CV = 3.709
Note: SS, sum of squares; DF, degrees of freedo§);ivean square; CV, coefficient of

variation; *, significant at 95% confidence level

Table4.14: Regression coefficients and estimated effectwotal red pigment production

Regression Standard

Factor coefficient Effect error t-value  p-value
Intercept -3.127E+05 6.604E+04 1232.456 53.588 9EAB/*
X3-moisture 1.031E+04 6.339E+04 1683.855 37.648 3EAIG*
Xp-aeration 1.094E+05 6.209E+03 1683.855 3.687 0.021
X1° -71.545 -2.236E+04  2700.175 -8.280  0.001*
X0 -1.107E+06 -1.245E+04 2700.175 -4.612 0.010*
X1X2 3.629E+03 6.805E+03 2062.293 3.300 0.030*

Table4.15: ANOVA table for red pigment productivity basen the total bed volume

Source SS DF MS F-value p-value
Model 3.989E+05 5 79782.770 309.49 < 0.0001*
Residual 1.031E+03 4 257.79

Lack of fit 610.251 3 203.41 0.483 0.754
Pure error 420.952 1 420.94

4.000E+05 9
R’ =0.9974, CV = 3.709

Corrected total

Note: SS, sum of squares; DF, degrees of freedo§);ivean square; CV, coefficient of

variation; *, significant at 95% confidence level
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Table4.16: Regression coefficients and estimated eff@tted pigment productivity

Factor Regression coefficientEffect ~ Standard error t-value p-value
Intercept -2434.490 514.194 9.595 53.588 7.259E-07*
X3-moisture 80.268 493.563 13.110 37.648 2.973E-06*
Xo-aeration 852.962 48.342 13.110 3.687 0.021*
X1 -0.557 -174.069  21.022 -8.280  0.001*

X0 -8618.119 -96.954 21.022 -4.612 0.010*
X1X2 28.258 52.984 16.056 3.300 0.030*

From the Tables 4.13 and 4.15, fwealues for the lack of fit statistic of both
models were 0.754. A lack of fitvalue of > 0.05 for a model means a satisfactirgtf
the 95% confidence level. Therefore, the modelsfith responses were satisfactory fit

for further evaluations.

For the total red pigment production, the ANOVAuk showed that the model
developed was highly significant as tkevalue obtained was very highr-falue =
309.49) with the very lowp-value of < 0.0001 (Table 4.13). Thé Ralue was 0.9974,
therefore the model explained more than 99.7% efttial variance. In addition, a low
value of coefficient of variation (CV), (CV = 3.8howed that the experiment was precise

and reliable. The model for the predicted respovee:

Total red pigment (AU) = -3.127x10 +Q31x10d x + 1.094x10x,

) ) Equatior4.8
-71.545¢" -1.10% 10x,” + 3.630 18 x

Where,x; is the coded variable for initial moisture contemhile, x, is the coded variable

for aeration rate.

The significance of the effect of each variable waldated byt-test ando-value
(Table 4.14). At 95% confidence level, both factoasl a significant linear effeck,(and

X2), quadratic effectg? andx,?), and interaction effeck{x,) on the response.
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The initial moisture content was found as the nsggtificant factor that affected
the total red pigment production, as this factat tree smallesp-value of 2.97x 10°and
a high coefficient value of 10309.78 (Table 4.1%he significance of the estimated
effects of variables on the total red pigment padidun is shown in Pareto chart in Figure
4.65. The figure clearly shows that initial moistemtent was the most significant factor

in the production of red pigment in the packed-beadeactor.

p=.05

37.64834

-8.28016

-4.61193

3.687433

5 o0 5 10 15 20 25 3 3 40 45
Effect Estimate (Absolute Value)
Figure4.65: Pareto chart of total red pigment produciiopacked-bed bioreactor
Note:x,, initial moisture content

Xo, forced aeration rate
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The ANOVA results for the red pigment productivilvased on the total bed
volume also showed the model to be highly significaith ap-value of < 0.0001 (Table
4.15). The R value was 0.9974, therefore the model could emptai99.7% of the

variation in the responses. The model was as follows

Red pigment productivity (AU/L h) = -2.434 10 + 868% + 851.96x,

Equation4.9
-0.557x° -8.& 10x,° +2.826 1k x

Where,x; is the coded variable for initial moisture contemhile, x, is the coded variable

for aeration rate.

The estimated effects obtained showed a signifiedigict at 95% confidence
level of all of the factorsptvalue < 0.05) on the response (Table 4.16). A highlue in
combination with lowp-value indicates a factor to be more significantaffecting the
response compared to a factor with lowealue and higip-value. Therefore, the initial
moisture content also played the most importaneé ol affecting the red pigment
productivity. This is clear in the Pareto chart igu¥e 4.66.
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p=.05

37.64896

.687505

3.29997

-5 0 5 10 15 20 25 30 35 40
Effect Estimate (Absolute Value)
Figure4.66: Pareto chart of red pigment productivity lobse the total bed volume

Note: xy, initial moisture content

Xo, forced aeration rate

The two Pareto charts (Figure 4.65 and Figure 4a8é)identical because of a
direct relationship between the red pigment cormreéion in the bed and the productivity

of the pigment.

The model Equations 4.8 and 4.9 were used to ciibatethree-dimensional
surface plots of total red pigment production anadpctivity, respectively. The plots are
shown in Figures 4.67 and 4.68 and help to illitstthe combination of initial moisture

content and forced aeration rate that maximize pigrmproduction and productivity.
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Figure4.67: Surface response plot of total red pigmeodipction
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Figure4.68: Surface response plot of red pigment prodifgti
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4.5.4.5 Response of total biomass in the packed-bed biorea  ctor

Tables 4.17 and 4.18 show the ANOVA results andession coefficient for the
biomass model (Equation 4.10). The lack of fit vatdeconfidence level of 95% was
insignificant p-value = 0.977, Table 4.17) and therefore the medatfactorily fit the
data. TheF-value (1.921) was relatively low and tpevalue exceeded 0.05. Hence, the
model was insignificant to the biomass productibine coefficient determination,’Rvas
0.706, indicating that the model could explain oiAB:6% of the variability in biomass

production. The model was developed as follows:

Total biomass (g cdw) =-38.169 + 1.540 + 41x58

) ) Equatio.10
-0.012x° -2.298 10x,° +0.222x,

In the above equatiorx; is the coded variable for initial moisture contantx; is the
coded variable for forced aeration rate.

Table4.17: ANOVA table for the total biomass in the pedied bioreactor

Source SS DF MS F-value p-value
Model 27.66 5 5.53 1.921  0.273
Residual 1152 4 2.88
Lack of fit 1.59 3 0.53 0.053  0.977
Pure error 9.93 1 9.93
Corrected total 39.19 9

R°=0.706

Note: SS, sum of squares; DF, degrees of freedo§);ivean square; CV, coefficient of

variation; *, significant at 95% confidence level
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Table4.18: Regression coefficient and estimated effectdtal biomass production

Factor Regression coefficient Effect Standard errdrvalue p-value
Intercept -38.169 10.903 1.015 10.749 <0.001
x;-moisture  1.510 2.853 1.386 2.058 0.109
Xo-aeration 41.58 -0.459 1.386 -0.331 0.757
X;2 -0.012 -3.866  2.223 -1.740 0.157
Xo? -229.635 -2.583 2.223 -1.163 0.310
X1X2 0.222 0.416 1.697 0.245 0.818

The data in Table 4.18 suggest that there weregmifisant estimated effects of
the factors and their combination on biomass producat the 95% confidence level.
This implied a lack of a direct influence of thetiai moisture content and the forced
aeration rate on the total biomass production. Tisgnificance of the estimated effects
of the factors on the total biomass may be furiean in Pareto chart in Figure 4.69. The
results suggest that a more complex model than Eaqudtl0 may be necessary for
describing the biomass concentration dependendbeomitial moisture content and the

forced aeration rate.
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p=.05

.058385

-1.73966

-0.5 0.0 0.5 10 15 2.0 2.5 3.0 3.5

Effect Estimate (Absolute Value)
Figure4.69: Pareto chart for total biomass production
Note:X,, initial moisture content

Xo, forced aeration rate

4.5.4.6 Response of the yield of red pigment based on biom  ass in the

packed-bed bioreactor

The statistical model obtained for the yield of ppgment based on biomass production

was as follows:

Yield of red pigment (AU/g cdw) =-17745.73 + 61832 - 10754.95%,

Equation4.11
-3.609x° +7.158 10x° +2.60 10x,

where,x; is the coded variable for initial moisture contantx, is the coded variable for

aeration rate
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ANOVA result showed that the model adequatelgditthe data, as thpevalue of
the lack of fit was 0.9382 at 95% confidence le{/Edble 4.19). Moreover, ANOVA
results showed that the model was significant imetating the yield of the red pigment
and thep-value was 0.012value < 0.05). The Rvalue of 0.946 suggests that the model

could explain 94.6% of the variation in the data.

Table4.19: ANOVA table for the yield of red pigment omimass in the packed-bed

Source SS DF MS F-value p-value
Model 5.25E+07 5 1.05E+07 14.12307 0.0119*
Residual 2.975E+06 4 7.437E+05
Lack of fit 7.768E+05 3 2.589E+05 0.117855 0.9382
Pure error 2.198E+06 1 2.198E+06
Corrected total 5.544E+07 9

R*=0.946

Note: SS, sum of squares; DF, degrees of freedo8);ivean square; CV, coefficient of

variation; *, significant at 95% confidence level

The yield of pigment was significantly influenceg dnly the linear effect of the
initial moisture contentptvalue = 0.0012, Table 4.20). For all the othertdes and
combinations th@-value was > 0.05. The significant effect of theiaimoisture content
on the yield of red pigment is clearly seen in Rahart in Figure 4.70. The model
Equation 4.11 was used to create a surface respbots@g-igure 4.71) to clearly visualize
the influence of the factors on the response.
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Table 4.20: Regression coefficient and estimated effdclyield of red pigment on

biomass

Factor Regression coefficient  Effect Standard errbwalue p-value
Intercept -17745.73 6274.81 515.38 12.175 0.0003
X1-moisture 614.204 5792.39 704.14 8.226  0.0012
Xo-aeration -10754.95 895.50 704.14 1.271 0.272
X2 -3.609 -1127.66 1129.14 -0.999 0.374
Xo 7152.414 80.465 1129.14 0.071 0.947
X1X2 259.772 487.07 862.39 0.565 0.602

8.226184

.5647917

.0712621

1 o 1 2 3 4 s & 7 8 o
Effect Estimate (Absolute Value)
Figure4.70: Pareto chart for total biomass production
Note:X,, initial moisture content

Xo, forced aeration rate
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Figure4.71: Surface response plot of yield red pigmesetan biomass

45.4.7 Model validation

As the purpose of this study was to maximize thd pggment production and
productivity, a validation experiment was perfornfedthe statistical models (Equations
4.8 and 4.9) that were developed in Section 4.5#4é two model equations were used
in the Design Expert program to calculate the ptedidevels of the two variables (i.e.
the initial moisture content and the forced aeratiate) for maximizing the two
responses. For both responses, the predicted dptahes of the variables were 70% for
initial moisture content and 0.140 L/min for force@ration rate. For these optimal
values, the predicted levels of the total red pigimand its productivity at 336 h were
87555.1 AU and 681.67 AU/L h, respectively.

The validation experiment used packed-beds (duphcaith the optimum initial
moisture content of 70% in combination with contina aeration (humidified air at
relative humidity of 97-99%) at 0.140 L/min. Theckad-bed was held in the dark at
30°C for 336 h. At the end of fermentation, the whbiereactor was harvested and the

contents were weighed prior to analysis. The medstakies of the total pigment content
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and productivity were 86629.86 AU and 674.46 AU/Lrespectively. The measured
pigment content were 1.1% lower than the model ipted value of 87555.1 AU.
Similarly, the measured productivity was 1.1% lowean the predicted value of
681.67 AU/L h. Therefore, the experimental resuipsead well with the model predicted
values. The model Equations 4.8 and 4.9 were therstoown to be quite reliable within

the range of condition used in developing them.
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4.6 Characterization of red pigment

4.6.1 Introduction

Although Monascuspigments have a long history of use in food prapans in East
Asia, pure reference standards for red pigments né&sworubramine and
rubropunctamine) have proved impossible to obtamroercially. Hence, it is difficult to

accurately quantify the production of pigments fiernentation process.

Spectra (infrared, ultraviolet, NMR, and mass #j@gcof the pigments became
available relatively recently (Blanet al, 1994). Hajjajet al. (1997) established the
molecular structure of the extracelular pigments-g(darylrubropunctamine, N-
glutarylmonascorubramine, N-glucosylrubropunctamine and N-
glucosylmonascosubramine). Martinkoed al. (1999) and Chatterjeet al. (2009)
reported on antimicrobial activities of the purtfipigments.

This study attempted to purify the pigments for qilole use as standards. As
purification from the fermented solid substrate wekatively difficult, the purification
effort focused on submerged culture. In addititwe, @ffects of light, pH, and temperature

on stability of the pigments were measured.
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4.6.2 Extraction and purification

Crude pigments were extracted from the submergidreudfermentation broth produced
using medium J (Table 3.2). The broth was producedeumronditions specified in
Section 3.3.2.2.2 and harvested on day 4. The hvathfiltered using qualitative filter
paper (grade 4, Whatman Schleicher & Schuel) toarsé@ the mycelium and the
suspending liquid. The mycelium and the supernatene separately freeze-dried. The
resulting solids were extracted separately as exgdain Section 3.4.2.6.1. The crude
extracts were filtered and purified initially bylisa gel column chromatography (Figure
4.72) (Section 3.4.2.6.1). Isolated fractions wdtether purified by thin layer
chromatography (TLC).

Figure4.72: Pre-packed column chromatography for putifacaof pigments
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4.6.2.1 Purification by column chromatography

Broth produced using medium J with a C : N ratio9of 1 and glucose of 10 g/L, as
described in Table 3.2 and Section 3.3.2.2 wagdiltdo separate the mycelia and the
liquid supernatant. The filtrate and mycelium wehernt freeze-dried and extracted
separately as explained in Section 3.4.2.6.1. Theltreg solids (approximately 25 mg
each) were dissolved in 2 mL of chloroform:metha({@:50, vol/vol) and applied to pre-
eluted pre-packed SPE chromatography columns, depadection 3.4.2.6.1). Different
polarities of eluents (chloroform:methanol) werglggd to the columns continuously (see
Section 3.4.2.6.1). The solvent fractions eluteanfiihe columns were collected in pre-
weighed round bottom flasks and evaporated. An rately weighed amount of the
recovered solids was dissolved in 95% ethanol hadJV visible spectra were measured
using a scanning spectrophotometer between 350®G@onBn wavelength ranges (see
Section 3.4.2.6.1).

The absorption spectrum of the solids recoveredn frextraction of the
fermentation broth filtrate is shown in Figure 4.7he spectrum showed two peaks at
approximately ~400 nm and ~500 nm, correspondingydtbiow and red pigments,
respectively (Figure 4.73).
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Figure4.73: Absorption spectrum of solids recovered fettraction of the broth filtrate

Despite many attempts at separating the red alidwy@igments by silica gel
column chromatography using solvents (mixture ¢didform and methanol) of different
polarities, a clear separation was not achieved. Gdwt case purified red band still
contained an absorbance peak corresponding tonyedl® shown in Figure 4.74. In view
of the very slight structural differences betwebe ted and the yellow pigments, the

polarities of the molecules were quite close amsltade purification impossible.
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Figure4.74: Absorption spectrum of purified red band

The absorption spectrum of the filtered extradhefmycelium is shown in Figure
4.75. Once again, two peaks of light absorptionsaen. The peak corresponding to the
yellow pigment (=400 nm) is much larger than thalkpat 500 nm (red pigment). Thus,
compared to the extract of the fermentation supamgFigure 4.73), the extract of the
mycelium is much richer in yellow colour. This sugtgethat perhaps the red colour is

preferentially released from the mycelium into bineth during fermentation.
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Figure4.75: Absorption spectrum of extract of mycelia

Attempts were made to separate the red and ygligments from the mycelial
extracts (Figure 4.75). The expectation was thaurfication might be possible as the
level of the “contaminating” red pigment in thistexct of predominantly yellow pigment
was low. Under the best purification conditionsgi®m 3.4.2.6.1), the “purified” yellow
band had the spectrum shown in Figure 4.76. Cleadwe purification was achieved, as
the fraction had a single absorption peak at ~@0 corresponding to yellow pigment,

but also a contaminating shoulder at ~ 500 nm duedidual red pigment (Figure 4.76).
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Figure4.76: Absorption spectrum of purified yellow bamdrh mycelia extraction

4.6.2.2 Thin layer chromatography

As column chromatography was not particularly sestid in separating the pigments,
further purification was attempted using prepagtikin layer chromatography (TLC).
The purified red fractions obtained from column chadography were used for TLC.
Approximately 10QuL of purified red fraction (1 mg/mL) from both theoth filtrate and
mycelia extracts were applied separately onto tee-pLC plate using a 1AL pipette
tip. The solvent was allowed to evaporate. Then ploéted TLC plates were placed in a
developing chamber (flat-bottomed 20 20 cm chamber) that contained the solvent
system of chloroform:methanol:water (65:25:4, vol/x After 90 min, the red spot
obtained was scrapped off, dissolved in 3 mL of 98#tanol and subjected to the
scanning UV visible spectrophotometer analysis. ftention factor i) values for the

various spots on the TLC plate were determineceasribed in Section 3.4.2.6.2.
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Figures 4.77 and 4.78 show the UV visible absorpsipectra of purified red spots
from the broth supernatant and the mycelia, resgdgt Unfortunately, even though a
single red spot was recorded from the TLC plates, @bsorption spectra showed two
absorption peaks in both cases. This suggests @ithgitity to separate or the possibility
that the red pigment also absorbs at the waveleogtresponding to yellow. This is
consistent with other reports (Broder and Koehl®80; Carvalhcet al, 2007; Junget
al., 2003; Juzloveet al, 1994; Mapariet al, 2006) that suggest that supposedly purified
red pigment has an absorption peak also at 400yaho\y).

1.0

0.6 A

0.4 A

Absorbance unit (AU)
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300 350 400 450 500 550 600 650 700
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Figure4.77: Absorption UV-visible spectrum of the TLC fied red spot from the broth
filtrate
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Figure 4.78: Absorption UV-visible spectrum of the TLC fed red spot from the

mycelial extraction

A developed TLC plate is shown in Figure 4.79. Tit&te also shows a lane
corresponding to extract of solid-state fermenied powder. The retention factom)
observed for various compounds on the TLC platenated in Table 4.21 and correspond
to Figure 4.79. The colour spots developed on th€ Thuld be classified into three
categories: red, yellow, and orange. The TLC plaewed that in submerged culture
fermentation, the red pigment occurred mainly ie fiitrate (i.e. the hydro soluble
pigment), while the yellow pigment was cell boundhe mycelia. Thé&; values for the
yellow spots were almost similar for all extrac8oR = 0.95-0.97); however, for the red
rice powder, a second yellow spot was observeR; af 0.59. This suggests pigment
production to be quite complex in solid-state ad@tuMultiple red spots were observed.
The R for red varied in the range of 0.01 to 0.86. Agamultiple red pigments appear to
be produced. Surprisingly, the orange spot was ob$erved on the red rice of solid-state
fermentation product. This was probably becauseallothe orange pigment that was

produced in submerged culture had been transfotontree hydro soluble red pigment.
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Figure 4.79: Thin layer chromatography (TLC) developed plafecrude mycelia

(submerged culture), broth filtrate (submergedurelt, and fermented rice powder (solid-
state culture)
Note:

I, yellow spots; I, red spots; Ill, orange spots
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Table 4.21: Retention factorsR{) of colour components separated on TLC plate (with

solvent system of chloroform: methanol: water (6542 vol/vol))

Fermentation technique Sample Colour comporignt

Submerged cultufe Crude extract of

(Substrate: Glucose+MSG)broth filtrate powder  Yellow spot 0.96
Red spot 0.69
Red spot 0.55
Red spot 0.25
Red spot 0.22
Red spot 0.12
Red spot 0.02

Crude extract of

mycelia extract powder Yellow spot 0.97
Red spot 0.74
Red spot 0.68

Solid-state culture Crude extract of

red rice extract powder Yellow spot 0.95
Yellow spot 0.59
Red spot 0.86
Red spot 0.65
Red spot 0.55
Orange spot 0.97

Note:

! Submerged culture on medium J with C : N ratidaf 1, glucose concentration of
10 g/L, at 30C, 250 rpm, run for 4 days

2 Solid-state culture of packed-bed bioreactor @6 A./min aeration rate and 70% initial

moisture content, 3C, run for 18 days
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The yellow pigments produced Bbjonascus rubeimn both submerged and solid-
state fermentation were likely identical as tHeivalues were comparabl&(0.95-0.97)
in concurrence with other reports (Blagical, 1994; Junget al, 2003; Martinkoveet al,
1995). A high value oR; indicates a high hydrophobicity of a componenta(ilet al,
1994; Junget al, 2003). A highR: for the yellow pigment suggests it to be more
hydrophobic than the red pigment. This was condistéth the elution pattern observed
in column chromatography where the less polar yepfggment tended to elute before the
red band. Water soluble red pigments are knownegult through incorporation of

nitrogen in the relatively hydrophobic orange pigm@arvalhcet al, 2003).

4.6.3 Stability of the pigment

Monascugigments are commonly used as food colorantsirféustrial applications, it is
necessary to understand how the stability of tigenpnts might be affected by light, pH,
and temperature. The intracellullslonascuspigments, produced by submerged culture
are said to be highly sensitive to heat, pH, agttliHajjaj et al, 1997; Wong and
Koehler, 1983).

Stability of the crude red pigment produced Mgnascus rubeiCMP 15220
under various fermentation conditions was examirit. this purpose, the submerged
culture was first filtered to remove the mycelia.emhthe filtrate samples were again
fillered using sterile filters 0.4%m (Minisart, Sartorius Stedim Biotech) in order to
remove any contaminating microorganism and placeddrile Pyrex tubes (10 mL each).
Similarly, the solid-state fermented solids werdraocted with 95% ethanol (Section
3.4.3.3), sterile filtered and placed in steriledXytubes. The tubes were subjected to the
various treatments as described in Section 3.4.2.5.
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4.6.3.1 Effect of light

The sterile Pyrex tubes containing the filter sieedl fermentation broth (submerged
culture, pH 7.3) or ethanol extract of fermentetidso(solid-state fermentation, pH 4.0)
were held under ambient laboratory lightning fol8 16 at 258C. An identical set of
control tubes were kept covered with aluminium.félibes were withdrawn at specified
intervals for measurements of absorbance at 500Tima.results are shown in Figure
4.80. The stability was measured as percentageeahitial absorbance remaining at any
time.

Ao Femaining (%)

20 4

Under light (submerged culture)
Under dark (submerged culture)
Under light (solid-state culture)
Under dark (solid-state culture)

®00e

0 20 40 60 80 100 120 140 160 180
Time (h)

Figure4.80: The stability of the crude red pigment undghrtland dark conditions

The pigments were always more stable in the daak tlmder ambient laboratory
lightning. The relatively purer red pigment from thigbmerged culture was always less
stable than the crude pigment extracted from thid-state culture. For example, after 4
days of exposure, 91% of the red pigment isolatenh fsolid-state culture remained, but
only 64% of the red pigment from submerged cultueenained. However, these
differences in stability of pigments from the driéat types of fermentation may be due to
differences in the solvents used and the pH. Wittamples from a given type of

fermentation the effects attributed to light arédia
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4.6.3.2 Effect of temperature

The sterile Pyrex tubes (Section 4.6.3) containmeydamples were subjected separately
to 70C for 8 h, boiling water bath for 1 min, and autoe treatment (12C, 15 min).
The results are shown in Figures 4.81 and 4.82. @th@igment was quite stable 8C4
Some degradation occurred at’@0for the pigment produced by solid-state cultune.
contrast, the pigment produced by submerged cultaquite sensitive to heat at’C0

At this temperature, the pigment concentrationided to ~ 50% of initial value after 5 h
of exposure. A 1 min exposure to 200 did damage the pigments (Figure 4.83), but not
as much as a 5 h exposure t6G0A prolonged exposure to heat tended to discdlvair
pigment from bright red to brownish red. Autoclayiat 122C for 15 min caused some
damage (Figure 4.82) but not as much as was séenaaprolonged exposure to°Z0

For brief heat treatments, the stability of thenpamts from the solid-state culture was
comparable to that of the pigment from submergdtu@ Clearly, the pigments were

relatively stable to quite intense heat so lonthasexposure could be kept to < 15 min.

100 %

80 -

60 -

Agoonm Femaining (%)

70°C (submerged culture)
4°C (submerged culture)
70°C (solid-state culture)
4°C (solid-state culture)

20 A

4J 00

0 1 2 3 4 5 6 7 8 9
Time (h)

Figure4.81: The stability of the crude red pigment atedight temperatures
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Figure4.82: The stability of the crude red pigment afteitibg and autoclave treatments

4.6.3.3 Effect of pH

The pigment samples in Pyrex tubes (Section 4.6e3¢ wubjected to pH 4, 7, and 10 for
8 h at room temperature in the dark. Absorbanc® (&) was measured at specified
intervals. The results are shown in Figure 4.83plAt4, the pigment from the solid-state
fermentation was quite stable in ethanolic solut{figure 4.83). Similarly, pigments
produced in submerged culture were quite stabieeatral pH. Pigments from both types
of fermentations were relatively more sensitivealicaline pH (pH = 10). Addition of a
few drops of NaOH to the pigment solution (inityakt pH 7), to bring the pH to 10,
resulted in a rapid change in colour from red tange. Subsequently, the absorbance

remained stable with time (Figure 4.83).
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Figure4.83: The stability the red pigment under diffengHt

The pigment stability patterns under various coodg were generally consistent
with data published for othdvlonascusstrains (Babithaet al, 2008; Carvalhcet al,
2005; Fabrest al, 1993; Jungpt al, 2005; Kauret al, 2009).
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4.7 Comparison of red pigment production by different methods

Like other Monascusstrains reported in the literaturdonascus rubediCMP 15220
could be grown successfully in both submerged celtand solid-state fermentation.
Pigments were produced under both types of ferrtienta Table 4.22 compares the two
fermentation methods for red pigment. Among thadsstate culture methods tested,
Erlenmeyer flask (static culture) were least effextior pigment production. The non-
optimized packed-bed bioreactor had nearly 2.4-fgléater pigment productivity
compared to the Erlenmeyer flask. Through optimargtthe red pigment productivity of
the packed-bed could be raised by ~ 78% compartdetnon-optimized case.

For variousMonascusfungi, solid-state culture has been frequently eissed
with a higher pigment yield compared to submergdtluce (Carvalhcet al, 2006; Evans
and Wang, 1984; Lin, 1973; Soccol and Vandenbergb63). This phenomenon has
been attributed to the pigment accumulation witii@ mycelium in submerged culture
due to the low solubility of the pigment in the dici fermentation medium (Johns and
Stuart, 1991). In contrast, in solid-state culttine, fungus penetrates into the rice and the
pigment is released into the grains. In addition/imited oxygen availability in
submerged culture has been associated with a leld gf pigment (Oostrat al, 2001).
Limitation of oxygen in submerged culture occursaese of the low solubility of oxygen

in aqueous solutions.

The higher pigment productivity in the packed-bedrdactor compared to
Erlenmeyer flasks is due to a better oxygen supplfolced aeration of the packed-bed.
Forced aeration in packed-beds is known to improxggen supply compared to
unaerated static beds (Han and Mudgett, 1992).
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Table4.22: Comparison of fermentation methods for the red pigment production

Parameters Unit Submerged Solid-state culture
culture |Erlenmeyer Packed-bed Packed-bed
flask bioreactor | bioreactor
(after
optmized)
Maximum yield of red |AU/g cell dry 24.65 2607.40 7362.40 7709.70
pigment production on weight
biomass
Specific rate of red AU/g cell dry 0.41 8.30 21.90 22.95
pigment production  |weight h
Maximum red pigment|/AU/ L h 0.02 - 491.20 674.50
productivity




CHAPTER S5

Summary and conclusions

This work investigated the production of the rednpégits of the fungus dflonascus
ruber ICMP 15220. Both the submerged fermentation amdsiblid-state fermentation
methods were assessed. Solid-state fermentatisteamed rice without supplemented

nitrogen, but with supplemented Zmproved to be most effective for pigment production

In both batch submerged culture fermentation aatdhbsolid-state fermentation,
the red pigment production was found to be grovasoaiated. The C : N ratio of 9 : 1
that was optimal for red pigment development innseikged culture failed to promote
pigment production in solid-state culture. The saldte fermentation method was
optimized for red pigment production in 18 cm deseked beds of rice at . The
optimal C : N ratio for solid-state fermentationsn20 : 1, as in natural rice. The optimal
initial moisture content of solid substrate was 7@ aeration rate (97 — 99% relative
humidity) of 0.14 L/min proved to be optimal. Undéte optimal conditions in the
packed-bed bioreactor, the red pigment productiwigs nearly 674 AU/L h, or nearly
3.4x10-fold greater than in the best submerged fermentati

The red pigment produced by solid-state fermemaivas more stable to light,
high temperature, and acidic pH compared to thepigthent produced by submerged

culture.

Pigment productivity oMonascus rubetCMP 15220 was comparable to that of
the otherMonascudungi. Solid-state fermentation in packed-beds urogimal culture
conditions was effective for production of a higltlgncentrated red pigment. This work
shows that yield in commercial production of thel nqgigments can be significantly

improved by the use of solid-state fermentationeuride conditions specified above.
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Appendix |

Calibration curve of glucose by dinitrosalicylidd¢DNS) method.

Reagents:
A = The DNS reagent (g} : 10.0 dinitrosalicylic acid (DNS), 2.0 phenol50sodium
sulphite, and 10.0 sodium hydroxide.

B = Rochelle salt (40% (g/100 mL)) : potassium sadtartrate in deionized water

C =1 mg/mL of standard aqueous glucose solutiadhd®f glucose in deionized water in

100 mL volumetric flask).

Procedure:
Part A

Measurement of the standard glucose calibrationecur

1. (0,0.4,0.6,0.8,1.0,and 1.2 mL) of 1 mg/mL w@irglard aqueous glucose
solution was added to a clean test tube for eatthmea Deionized water (3.0, 2.6,
2.4, 2.2, 2, and 1.8) was added to each test tabpectively and mixed well.

2. 3.0 ml of reagent A was added and mixed well.

3. The tubes were allowed to heat in a boiling watéh i@ 15 min.

4. Then 1 mL of reagent B was added to each of theubss. The test tubes were
allowed to cool to room temperature.

5. Absorbance at 575 nm was measured. The blank wparnegkexactly as above,

but using deionized water in place of the glucadet®on.
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Results:

Standard glucose|Deonizied| Reagent Rochelle Standard glucose As750m
solution, Img/mL| water DNS concentration
salt (mL)

(mL) (mL) (mL) (M9 /mL) | I Average | sd
0.0 3.0 3.0 1.0 0.000 0.000 | 0.000 0.000 0.000
0.4 2.6 3.0 1.0 57.143 0.230 | 0.246 0.238 0.011
0.6 24 3.0 1.0 85.714 0.371 | 0.390 0.381 0.013
0.8 2.2 3.0 1.0 114.286 0.526 | 0.528 0.527 0.001
1.0 2.0 3.0 1.0 142.857 0.712 | 0.723 0.718 0.008
1.2 1.8 3.0 1.0 171.429 0.891 | 0.909 0.900 0.013

Standard glucose concentration in each tube is:

Glucose concentrationu@ niL 2

where, C is a reagent “C”

volume of glucose solutionmlL x)

_ 0.4mLx1Img/ mL><

7mL

=57.14ug /mL

Linear regression on absorbance at 575 ngas(A):
As7s = 0.0049% (g / mL); R* = 0.9846

Wherex is the glucose concentration

Part B

Total volume in tuberQiL )

100Qug /mg

glOOng /mg

Measurement of the glucose concentration of thepkam

1. 3.0 mL of filtrate sample was added to a cleanttéss.

2. 3.0 mL of reagent A was added and mixed well.

3. The tube was allowed to heat in a boiling watehldat 15 min.

4. Then 1 mL of reagent B was added to the test tadeass allowed to cool to
room temperature.

5. Absorbance at 575 nm was read. The blank was @éasactly as above, but

using deionized water in place of the sample swuti
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The glucose content of the samples was calculatéollaws:

Glucose contentg( L* )

_ Abs,,. ,c lotal volume of mixture (L )<df x1GmL/ I_x_l Iug
0.0049(ML /Jug) sample volumengL ) 10

_ Abss ><total volume of mixturerfiL )<df 107
0.0049 sample volumerL )

g/L

= APSys , 7(mD) oy x10°g/L
0.0049 3 (mL)
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Appendix Il

Determination ofN-acetyl-D-glucosamine for determination of convensfactor ¢f) to

biomass in solid-state culture sample.

Data on calibration curve ofN-acetyl-D-glucosamine content by UV visible
spectrophotometer method.

Reagents:
A = 60% (vol/vol) sulfuric acid

B = 5N NaOH

C = acetyl acetone reagent : (2% (vol/vol) of akcatgtone in 1N N#&Os

D = 95% ethanol

E = Ehrlich reagent : (2.67% (w/v) of p-dimethylambenzaldehyde in 1:1 mixture of
ethanol and concentrated HCI

F =1 mg/mL of standard aqueoNsacetyl-D-glucosamine solution (0.1 gMNfacetyl-D-

glucosamine in deionized water in 100 mL volumeflask).

Procedure:

Part A Measurement of the standddeacetyl-D-glucosamine calibration curve

1. Add (0, 20, 40, 60, 80, and 1¢@) of 1 mg/mL of standartl-acetyl-D-
glucosamine solution to a clean stopper test tube.

2. Add deionized water (980, 960, 940, 920, and |900to each test tube,

respectively, mix well.

Add 1.0 mL of regent C and properly stopper thé tigses.

Heat in a boiling water bath for 20 min.

Leave to cool and add 6.0 mL of reagent D, followgdL mL of reagent E. Mix.

Heat at 68C for 10 min.

Allow test tubes to cool to room temperature aneetig colour for 45 minto 1 h.

© N o g~ w

Read absorbance at 530 nm. The blank was prepaaetlyeas above, but using

deionized water in place of the standBlrdcetyl-D-glucosamine solution.
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Results:

Standard N- Standard N- Aszonm
o Reagent ]
acetyl-D-  |Deonizied o 95% | Ehrlich acetyl-D-
_ acety )
glucosamine | water ethanol |reagent| glucosamine
) acetone _ I Il Average sd
solution, (mL) (L) (mL) | (mL) | concentration
m
1mg/mL (mL) (mg/mL)
0 1.00 1.00 6.00 1.00 0.000 0.000 | 0.000 | 0.000 |0.000
0.02 0.98 1.00 6.00 1.00 2.222 0.132(0.129 | 0.131 |0.002
0.04 0.96 1.00 6.00 1.00 4.444 0.314 | 0.320 | 0.317 |0.004
0.06 0.94 1.00 6.00 1.00 6.667 0.456 | 0.454 | 0.455 |0.001
0.08 0.92 1.00 6.00 1.00 8.889 0.596 | 0.610 | 0.603 |0.010
0.1 0.90 1.00 6.00 1.00 11.111 0.7330.726 | 0.730 | 0.005

To calculate standamd-acetyl-D-glucosamine concentration in each tube:

N-acetyl-D-glucosamine concentrationg mL )

_ volume N-acetyl-D-glucosamine solutiomi(

_ 0.02mLx ng/mLx

Total volume in tuberQiL )

ImL

=2.22ug /mL

100Qug /mg

Where, F is a reagent “F”

Linear regression on absorbance at 530 nggold):
As7s=0.067x (1g/ mL); R = 0.9973

Where X is the concentration of tié-acetyl-D-glucosamine
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Part B
Measurement dil-acetyl-D-glucosamine concentration of the sample
1. Add 2 mL of reagent A to 0.5 g freeze-dried ferneeindubstrate in 100 mL
Erlenmeyer flask and incubate af@5or 24 h.
2. Dilute the mixture of no. 1 (as above) with dei@tdavater to make a
concentration of 1 N sulphuric acid. Autoclave 21°C for 1 h.
3. Allow the autoclaved mixture to cool to room tengdare and neutralize with 5N
NaOH to pH 7.
Make the final volume of the mixture to 60 mL widkionized water.
Filter the mixture, add 1 mL of the filtrate to l@an stopper test tube.
Add 1.0 mL of reagent C and properly apply the gargo the test tube.
Heat in a boiling water bath for 20 min.

© N o g &

Leave to cool and add 6.0 mL of reagent D, followgd. mL of reagent E.
Gently mix.

9. Heat at 68C for 10 min.

10. Let test tubes cool to room temperature and devebdtgur for 45 min to 1 h.
11.Read absorbance at 530 against blank. The blankregasred exactly as above,

but using unfermented substrate in place of thedéated substrate.

TheN-acetyl-D-glucosamine content of the samples wslilzed as follows:

Glucosamine content per g of dry matter fermentdssate tng g )

total volume of total volume in
_ Abs,, . Mmixture (mL) » Erlenmeyer flasknL zifxigm%/,ug
0.067¢nL /ug) sample volumeniL ) fermented substrate ( ) 1

Abs,, L OmL 60 defx_l

:0.067(’[1L//Jg) ImL 0.59 10

mg/ ¢ g
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Part C

Glucosamine content of the fermented substratecaascted to a biomass concentration
using a conversion factocff. The relevant conversion factor had been measured

submerged fermentation that used only dissolvedtsatie. The condition of submerged
culture used was comparable to the medium in stéte culture especially in terms of

the mass ratio of carbon to nitrogen (C : N, 3Darid the trace elements added.

Medium

A = Medium for biomass production in submerged wat glucose 10g/L, NHNO3
0.379 g/L (C : N ratio of 30 : 1), ZnS@H,O 0.038 g/L added to the liquid medium at the
same ratio of ZnSgIFH,0 to carbon (as in solid-state culture).

B = Medium for inoculumn contained (g'): yeast extract (3.0); malt extract (3.0);
peptone from soymeal (5.0); and glucose (20.0)e Medium was autoclaved at f¢1

for 15 min.

Results of mycelial cell dry weight and glucosanmioatent of submerged culture

The mycelium was analyzed and the glucosamine nbmias expressed in mg per g dry

Time (h) Mycelial cell dry weight| | Glucosamine content
(mg/mL) (mg/mL)

0 0.770+£0.071 0.039 £ 0.026
24 0.793 +0.053 0.043+0.012
48 1.090 £0.120 0.065 = 0.000
72 1.333+£0.124 0.074 £ 0.004
88 1.523 £0.166 0.085 +0.023
96 1.788 £0.270 0.092 £0.018
112 1.678 £0.293 0.098 = 0.023
120 1.833 £0.202 0.108 £0.020
135 2.188 £0.315 0.134 +£0.016
144 2.425 +0.337 0.149 +£0.028
167 2.628 £ 0.341 0.164 +0.023

mycelial weight (Section 4.3.3).
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Part D
Determination of mycelial weight in solid-staterfeantation.

The mycelial weight in solid-state fermentation med was calculated by dividing the
measurement of glucosamine content (mg/g) of thedated dry solids by the factarf(

= 59.1mg glucosamine/g cell dry weight) found in submergelture:

X="
cf

Where,X = g biomass per g dry mattét,= mg glucosamine per g dry mattef,= mg

glucosamine/g biomass cell dry weight
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Appendix Il

Data for figures
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For Figures 4.1 and 4.2: Growth profileshdf ruberICMP 15220 and colony radius on different media.

Variables Diameter (mm)

Day/ Formulations Day 2 Day 3 Day 4 Day 5 Day 6 Day 7
A 1450+ 0.71 2150+ 0.71 2750+ 0.71 3250+ 0.71 38.00+ 1.41 4250+ 0.71
B 1150+ 2.12 17.00+ 1.41 21.50+ 212 26.00+ 1.41 31.50+ 2.12 38.00+ 1.41
C 1250+ 0.71 20.00+ 1.41 25.00+ 141 29.50+ 2.12 3450+ 2.12 39.00+ 141
D 8,50+ 0.71 15.00+ 0.00 2050+ 0.71 26.50+ 0.71 31.50+ 0.71 37.00+ 0.00
E 1050+ 2.12 19.00+ 1.41 2450+ 212 31.50+ 2.12 38.00+ 1.41 43.50+ 2.12
F 3.00+ 0.00 7.00+ 141 1450+ 2.12 2050+ 0.71 26.00+ 0.00 30.00+ 0.00
G 8.00+ 0.00 22.00+ 0.00 31.50+ 0.71 40.00+ 141 48.00+ 0.00 55.00+ 0.00
H 550+ 0.71 11.00+ 0.00 16.00+ 0.00 2150+ 0.71 25.00+ 1.41 28.50+ 0.71
I 9.50+ 0.71 20.00+ 0.00 26.50+ 0.71 33.00+ 1.41 39.00+ 0.00 46.50+ 2.12
J 7.00+ 0.00 13.00+ 0.00 19.00+ 0.00 2450+ 2.12 30.00+ 2.83 34.00+ 1.41

To calculate colony radius;

Diameter of the colonynim
2

Colony radius ihm ¥
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For Figures 4.5 to 4.8: L*, a*, b*°hand C* colour values of fungal colony on different media compositions

Day 2 Day 3 Day 4 Day 5 Day 6 Day 7
Formulations |L* a* b* L* a* b* L* a* b* L* a* b* L* a* b* L* a* b*
A 51.29| 6.17|20.68] 43.39| 17.73| 19.72| 39.47| 18.54| 14.86] 34.04| 19.17 8.22| 32.73] 19.26] 6.85| 32.72| 19.13| 6.38
standard deviatior] 0.69| 0.16[ 0.31 0.36 0.64] 0.40 0.06] 0.61| 0.33 0.16] 0.20 0.09] 0.16] 0.01| 0.24| 0.13] 0.04f 0.28
B 43.99| 6.78| 8.62| 35.51| 18.47] 7.81| 34.64| 18.77| 6.63| 33.22| 16.98 5.01| 30.61] 11.03| 2.03| 30.29] 9.27| 1.35
standard deviatio]  0.42 1.06| 0.44 0.59 0.69] 1.29 0.01] 0.93| 0.37 0.18] 1.45 0.50f 0.05] 1.46| 0.35| 0.11] 0.77| 0.17
C 47.25| 5.52| 7.80f 43.95| 18.78] 12.43| 41.56] 22.50| 11.52| 39.24| 23.57| 10.93| 38.55| 23.56| 10.90| 38.44| 23.43| 10.59
standard deviatio] 0.72| 0.66| 1.01 0.89 0.14] 0.88 2.20f 0.79] 0.14 3.17] 1.03 1.39] 2.88] 0.45| 1.78] 2.66f 0.52| 1.87
D 39.60f 0.17| -0.33| 38.74 5.62] 3.96| 43.13| 12.88| 11.14| 42.68| 24.36| 17.59| 38.10| 26.45| 13.39| 37.81| 25.41]| 11.83
standard deviatior] 0.21| 0.37| 0.38 0.42 2.40| 2.46 0.37] 4.21| 3.04 0.89] 0.65 1.08/ 0.47] 0.81] 0.76f 0.79 0.68] 0.37
E 4559| 5.63[/10.97( 39.38| 19.45] 13.81| 31.66| 16.84| 4.73| 30.46| 13.67 2.93| 30.12| 13.44] 2.86| 30.18] 13.14| 2.51
standard deviatior] 8.12| 8.79( 15.00 9.11 0.75] 9.96 1.32] 1.91] 1.64 0.21] 0.34 0.00f 0.06] 0.36] 0.06] 0.08] 0.22| 0.08
F 40.01| -0.26| -1.88| 39.94 0.62] -1.20| 37.49] 6.65| 3.39| 35.27| 19.49 8.29| 33.01] 21.44| 6.49| 31.05| 16.08| 3.62
standard deviatior] 1.05| 0.00[ 0.64 0.44 0.59] 0.66 0.97] 1.45| 0.82 0.15] 2.57 0.57| 0.89] 1.32| 1.29] 0.91] 3.88] 1.32
G 48.79] 2.47| 8.73| 34.03| 17.23] 6.35] 31.90| 13.62| 3.80| 30.49| 10.49 2.68| 29.94| 8.76] 2.35[ 30.05| 852 1.80
standard deviatior] 0.27| 0.57| 0.78 0.59 0.76] 0.50 1.21] 0.45| 0.70 1.16] 0.23 0.11] 0.79] 0.23] 0.09] 0.60] 0.32| 0.33
H 39.21| -0.03| -1.29| 38.29 1.19] 0.42| 38.60f 2.92| 2.96| 40.62| 10.64| 10.94| 38.14| 18.26] 13.22| 36.63| 17.28| 10.48
standard deviatior] 0.35| 0.01| 0.13 1.32 0.16] 0.16 0.68] 0.40f 0.68 0.22] 0.64 1.05| 0.23] 0.64] 1.14] 0.18] 0.51] 0.78
I 53.22| 8.27|15.87| 36.84| 20.04| 10.31| 34.35] 12.22| 3.78| 35.27| 6.54 1.67| 35.84] 5.66] 1.64| 42.16 13.26] 6.87
standard deviatior]  0.55| 0.97| 0.40 1.68 0.30] 1.77 3.23] 4.00f 1.25 1.29] 0.36 0.65| 0.92] 0.83] 0.38] 0.52] 0.11] 0.45
J 40.19] 0.54| -0.78| 36.97| 14.36] 9.33] 36.10| 25.51| 11.88| 34.63| 26.27 9.71| 35.46] 26.62| 10.67| 36.96| 26.31| 11.74
standard deviatior] 0.63| 0.28| 0.05 0.60 0.37] 0.62 0.74] 0.23| 1.33 0.23] 0.98 0.68] 0.40] 0.93] 1.02| 1.07] 1.15f 1.97

To calculate hue angle? hnd chroma, C*:

bD
Hue angleh® { ta’ﬁ(;j}

Chroma,C"” = ( (aD)2 + ( bD)zj




For Figures 4.10 and 4.11: Fermentation time coursklémrascus rubegrowing on medium D

Time (h)/ Glucose Red pigment | Orange pigment | Yellow pigment
Responses| Biomass (g/L) pH concentration (g/L) (Asoonm) (As7onm) (Asoonm)

0 1.837+0.024 6.39+ 0.00 19.118+ 1.096 0.689+ 0.091 0.578+ 0.083 1.931+ 0.452
24 2.110+0.354 6.42+ 0.00 15.143+ 0.600 1.074+ 0.098 0.867+0.098 3.013+£0.301
35.5 2.513+ 0.396 6.56+ 0.01 14.214+ 0.400 1.229+ 0.095 0.951+ 0.093 2.347+ 0.358
48 3.870+ 0.382 6.63+ 0.02 10.024+ 0.200 1.328+0.015 1.019+ 0.011 2.565% 0.004
59.5 6.340+ 1.117 6.76x 0.01 6.762+ 0.404 1.347+£0.021 1.026+ 0.021 2.298+0.038
72 9.255+ 0.502 6.85+ 0.02 0.400+ 0.162 1.416+ 0.030 1.079+ 0.023 2.271+0.081
83.5 9.770+£0.170 6.96% 0.01 0.031+0.014 1.520+ 0.087 1.167+ 0.085 2.374+0.264
96 10.405% 0.766 6.96% 0.01 0.244+0.016 1.457+ 0.002 1.127+ 0.006 2.285+ 0.045
107.5 9.630+ 0.240 7.09+ 0.03 0.259+ 0.005 1.434+0.030 1.121+0.032 2.241%0.127
120 9.802+ 0.309 7.04+ 0.01 0.227+0.015 1.428+ 0.030 1.133+0.023 2.486+ 0.019
144 8.920+ 0.207 7.04+ 0.01 0.207+0.025 1.407+0.051 1.118+ 0.053 2.277+0.327
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For Figures 4.12 and 4.13: Fermentation time courskléorascus rubegrowing on medium J

Time (h)/ Glucose Red pigment | Orange pigment | Yellow pigment
Responses| Biomass (g/L) pH concentration (g/L) (Asoonm) (As7onm) (Asoonm)
0 1.155+ 0.219 6.53+ 0.00 4.491+ 0.084 0.549+ 0.034 0.447+0.038 1.470+ 0.284
24 2.288+ 0.214 6.57+ 0.00 0.958+ 0.530 0.860+ 0.002 0.645+ 0.004 1.652+ 0.049
35.5 3.877+ 0.005 6.68+ 0.00 0.036+ 0.000 1.022+ 0.006 0.764+ 0.006 1.793+ 0.049
48 3.852+ 0.059 6.96+ 0.00 0.012+ 0.012 1.038+ 0.030 0.770% 0.015 1.652+ 0.062
59.5 4.313+ 0.033 7.11+ 0.00 0.027+ 0.004 1.032+ 0.064 0.773+0.053 1.613+ 0.070
72 3.930+ 0.042 7.24+ 0.00 0.035+ 0.001 1.065+ 0.030 0.816% 0.008 1.686+ 0.051
83.5 3.825+ 0.177 7.27+ 0.00 0.066+ 0.007 1.017£0.017 0.777+0.030 1.649+ 0.030
96 3.597+ 0.005 7.42+ 0.00 0.095+ 0.007 0.969+ 0.055 0.737+0.053 1.259+ 0.015
107.5 3.340+ 0.085 7.45+ 0.02 0.088+ 0.018 0.996+ 0.068 0.768% 0.059 1.359+ 0.072
120 3.598+ 0.002 7.50% 0.00 0.100+ 0.012 0.935+ 0.049 0.708+0.034 1.167+ 0.098
144 3.322+ 0.130 7.50% 0.01 0.185+ 0.011 0.938+ 0.057 0.734+0.045 1.215+ 0.025




For Figure 4.14: Absorption spectra of the extiatsl pigment produced bylonascus

ruber at different incubation temperatures

Temperature (°C) 23-25°C 30°C
Wavelength (nm) average |std I Il averagestd
700 -0.011] -0.015] -0.013] 0.003{ -0.007( -0.010] -0.009] 0.002
690 -0.010] -0.014] -0.012] 0.003| -0.008( -0.010] -0.009] 0.001
680 -0.009] -0.013] -0.011] 0.003| -0.008( -0.010] -0.009] 0.001
670 -0.008] -0.012] -0.010] 0.003{ -0.008( -0.011] -0.010] 0.002
660 -0.007] -0.011] -0.009] 0.003f -0.008( -0.010] -0.009] 0.001
650 -0.007] -0.010] -0.009] 0.002{ -0.008( -0.010] -0.009] 0.001
640 -0.004] -0.009] -0.007| 0.004{ -0.006( -0.008] -0.007] 0.001
630 -0.003] -0.007] -0.005| 0.003f -0.004[ -0.005] -0.005] 0.001
620 -0.001] -0.004] -0.003] 0.002{ 0.001f 0.000] 0.001] 0.001
610 0.003| -0.002] 0.001] 0.004| 0.009 0.008] 0.009] 0.001
600 0.009] 0.006] 0.008] 0.002| 0.025] 0.025] 0.025] 0.000
590 0.015] 0.012] 0.014] 0.002| 0.046] 0.046] 0.046] 0.000
580 0.023] 0.020] 0.022] 0.002| 0.076] 0.076] 0.076] 0.000
570 0.035| 0.032] 0.034| 0.002| 0.118 0.119] 0.119] 0.001
560 0.050] 0.046] 0.048] 0.003| 0.170] 0.170] 0.170] 0.000
550 0.066] 0.062] 0.064] 0.003] 0.229] 0.229] 0.229] 0.000
540 0.084| 0.080] 0.082] 0.003| 0.289 0.290] 0.290] 0.001
530 0.099] 0.095| 0.097] 0.003| 0.343] 0.343] 0.343] 0.000
520 0.112] 0.108] 0.110| 0.003| 0.385] 0.385] 0.385| 0.000
510 0.124] 0.120] 0.122] 0.003| 0.416] 0.416] 0.416] 0.000
500 0.136] 0.132] 0.134] 0.003| 0.438/ 0.439] 0.439] 0.001
490 0.149] 0.144] 0.147] 0.004| 0.445] 0.445] 0.445] 0.000
480 0.155| 0.150] 0.153] 0.004| 0.419] 0.419] 0.419] 0.000
470 0.148] 0.143] 0.146] 0.004| 0.360] 0.360] 0.360] 0.000
460 0.133] 0.129] 0.131] 0.003| 0.294] 0.294] 0.294] 0.000
450 0.122| 0.118] 0.120| 0.003| 0.249] 0.249] 0.249] 0.000
440 0.119] 0.114] 0.117| 0.004| 0.239 0.238] 0.239] 0.001
430 0.119] 0.115] 0.117] 0.003| 0.253| 0.251] 0.252] 0.001
420 0.124] 0.119] 0.122] 0.004| 0.274| 0.272] 0.273] 0.001
410 0.129] 0.124] 0.127] 0.004| 0.286 0.284] 0.285] 0.001
400 0.126] 0.122] 0.124] 0.003| 0.267| 0.266] 0.267| 0.001
390 0.128] 0.124] 0.126] 0.003| 0.219 0.217] 0.218] 0.001
380 0.118] 0.113] 0.116] 0.004| 0.151| 0.149] 0.150] 0.001
370 0.122| 0.116] 0.119] 0.004| 0.103| 0.102] 0.103] 0.001
360 0.107] 0.101] 0.104| 0.004| 0.048] 0.046] 0.047] 0.001
350 0.112] 0.106] 0.109| 0.004| 0.029 0.028] 0.028] 0.001
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For Figures 4.15 to 4.18: Effect of initial glucose concentration oMtreascus ruber

a) Initial glucose of 0.5%

Time (h)/ Glucose Red pigment | Orange pigment | Yellow pigment
Responses |  Biomass (g/L) pH concentration (g/L) (Asoonm) (As700m) (Asoonm)

0 1.155 + 0.219 6.53 £ 0.00 4,491 £ 0.084 0.549 £ 0.034 0.447 £ 0.038 1.470 £ 0.284

24 2.288 £ 0.214 6.57 £ 0.00 0.958 + 0.530 0.860 £ 0.002 0.645 £ 0.004 1.652 + 0.049

35.5 3.877 £ 0.005 6.68 £ 0.00 0.036 £ 0.000 1.022 + 0.006 0.764 £ 0.006 1.793 + 0.049

48 3.852 £ 0.059 6.96 £ 0.00 0.012 £ 0.012 1.038 + 0.030 0.770 £ 0.015 1.652 + 0.062

59.5 4,313 = 0.033 7.11 £ 0.00 0.027 £ 0.004 1.032 + 0.064 0.773 £ 0.053 1.613 + 0.070

72 3.930 £ 0.042 7.24 £ 0.00 0.035 £ 0.001 1.065 + 0.030 0.816 £ 0.008 1.686 + 0.051

83.5 3.825 + 0.177 7.27 £ 0.00 0.066 = 0.007 1.017 £ 0.017 0.777 £ 0.030 1.649 + 0.030

96 3.597 £ 0.005 7.42 £ 0.00 0.095 £+ 0.007 0.969 * 0.055 0.737 £ 0.053 1.259 + 0.015

107.5 3.340 £ 0.085 7.45 £+ 0.02 0.088 + 0.018 0.996 + 0.068 0.768 £+ 0.059 1.359 + 0.072

120 3.598 + 0.002 7.50 £ 0.00 0.100 £ 0.012 0.935 £ 0.049 0.708 £ 0.034 1.167 + 0.098

144 3.322 £ 0.130 7.50 £ 0.01 0.185 + 0.011 0.938 £+ 0.057 0.734 £ 0.045 1.215 + 0.025

b) Initial glucose of 1.0%

Time (h)/ Glucose Red pigment | Orange pigment | Yellow pigment
Responses | Biomass (g/L) pH concentration (g/L) (Asoonm) (Agz0nm) (Aso0nm)

0 1.127 + 0.009 6.64 £ 0.01 8.980 + 0.572 0.575 £ 0.002 0.483 £ 0.000 1.485 + 0.004

24 3.037 £ 0.066 6.72 £ 0.04 2.238 £ 0.337 1.419 £ 0.021 1.035 + 0.017 2.085 £ 0.119

35.5 5.268 £ 0.097 6.83 £ 0.01 1.220 + 0.261 1.731 £ 0.030 1.245 + 0.021 2.223 £0.115

48 6.307 £ 0.066 7.15 £ 0.05 0.079 £ 0.051 1.899 + 0.030 1.373 £ 0.053 2.336 £ 0.316

59.5 6.658 £ 0.082 7.49 £ 0.04 0.250 £ 0.008 1.938 + 0.115 1.413 £ 0.093 2.201 £ 0.189

72 6.402 £ 0.073 7.79 £ 0.05 0.246 £ 0.006 1.812 £ 0.098 1.313 £ 0.078 1.748 £ 0.142

83.5 6.003 £ 0.146 7.83 £ 0.06 0.339 £ 0.012 1.761 + 0.115 1.293 + 0.098 1.727 £+ 0.176

96 5.808 £ 0.073 8.07 £ 0.05 0.360 = 0.000 1.695 + 0.004 1.266 + 0.021 1.803 + 0.238

107.5 5.683 £ 0.118 8.10 £ 0.01 0.365 = 0.006 1.635 + 0.047 1.238 + 0.028 1.635 + 0.034

120 5.225 + 0.064 8.24 £ 0.01 0.434 + 0.094 1.575 + 0.047 1.215 + 0.030 1.653 + 0.081

144 5.038 £ 0.054 8.28 £ 0.00 0.482 + 0.020 1.380 + 0.025 1.083 + 0.013 1.458 + 0.042




c) Initial glucose of 1.5%

Time (h)/ Glucose Red pigment | Orange pigment | Yellow pigment
Responses |  Biomass (g/L) pH concentration (g/L) (Asoonm) (As700m) (Asoonm)

0 1.305 + 0.186 6.27 £ 0.00 | 13.291 £ 0.707 0.861 £ 0.000 0.890 £ 0.002 2.589 £ 0.081

24 3.195 £ 0.285 6.43 £ 0.01 4548 + 0.101 1.272 £ 0.144 1.181 £ 0.125 3.020 £ 0.503

35.5 4,290 = 0.269 6.59 £ 0.01 2.232 + 1.288 1.476 + 0.055 1.311 £ 0.042 3.086 + 0.015

48 6.958 £ 0.224 6.70 £ 0.04 0.143 £ 0.040 1.641 + 0.106 1.412 £ 0.074 2.874 £ 0.025

59.5 8.345 + 0.295 6.85 £ 0.15 0.122 + 0.000 1.794 + 0.013 1.524 + 0.000 2.954 £ 0.231

712 8.973 £ 0.104 7.43 £ 0.13 0.114 + 0.054 1.886 + 0.019 1.616 + 0.045 3.230 £ 0.452

83.5 7.907 £ 0.283 7.76 £ 0.06 0.211 £ 0.076 1.781 + 0.019 1.530 + 0.017 2.678 £ 0.057

96 8.210 £ 0.198 7.86 £ 0.11 0.571 + 0.256 1.794 + 0.017 1.569 + 0.017 2.901 + 0.004

107.5 8.343 £ 0.217 8.14 £ 0.06 0.448 + 0.088 1.755 + 0.025 1.560 + 0.021 2.834 £ 0.104

120 7.768 £ 0.139 8.25 £ 0.01 0.668 + 0.051 1.652 + 0.040 1.491 + 0.030 2.691 £ 0.144

144 6.567 £ 0.217 8.36 £ 0.24 0.507 £ 0.000 1.550 + 0.023 1.448 + 0.049 2.637 £ 0.076

d) Initial glucose of 2.0%

Time (h)/ Glucose Red pigment | Orange pigment | Yellow pigment
Responses | Biomass (g/L) pH concentration (g/L) (Asoonm) (Agz00m) (Aso0nm)

0 1.062 + 0.040 6.31 £ 0.01 | 18.863 + 0.798 0.682 £ 0.015 0.408 + 0.072 0.509 + 0.078

24 2.523 £ 0.061 6.48 £ 0.04 | 12.975 £ 0.955 0.952 £ 0.093 0.557 £0.134 0.564 £ 0.352

35.5 4,975 = 0.186 6.58 £ 0.04 6.946 + 0.447 1.088 + 0.136 0.675 £ 0.165 0.684 £ 0.373

48 7.592 £ 0.554 6.77 £ 0.04 1.755 + 0.644 1.144 + 0.098 0.692 £0.138 0.624 £ 0.403

59.5( 10.070 + 0.240 6.95 £ 0.01 0.221 £ 0.072 1.192 £+ 0.138 0.723 £0.178 0.624 £ 0.484

72| 11.057 £ 0.080 7.57 £ 0.06 0.167 £ 0.067 1.080 + 0.113 0.566 £ 0.303 0.539 £ 0.541

83.5| 10.088 + 0.266 7.90 £ 0.00 0.667 + 0.393 1.055 + 0.093 0.699 £ 0.136 0.630 £ 0.378

96 9.790 £ 0.410 8.06 £ 0.04 1.753 + 0.438 1.066 + 0.134 0.737 £0.180 0.749 £+ 0.460

107.5 9.677 £ 0.391 8.14 £ 0.14 1.649 + 0.319 0.959 £ 0.119 0.731 £0.172 0.764 £+ 0.452

120 9.212 + 0.299 8.22 £ 0.01 1.555 + 0.279 0.986 + 0.098 0.704 £ 0.159 0.761 £ 0.439

144 7.333 £ 0.825 8.40 £ 0.02 1.488 + 0.354 0.839 £ 0.161 0.605 £ 0.193 0.657 £ 0.484
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e) Initial glucose of 2.5%

Time (h)/ Glucose Red pigment | Orange pigment | Yellow pigment
Responses |  Biomass (g/L) pH concentration (g/L) (Asoonm) (As70nm) (A400nm)

0 1.353 + 0.047 6.27 £ 0.03 | 22.905 + 1414 0.686 + 0.011 0.474 + 0.004 0.606 + 0.034

24 2.690 + 0.090 6.46 £ 0.00 | 19.024 + 0.909 0.879 + 0.038 0.590 + 0.045 0.689 + 0.112

35.5 5.305 + 0.210 6.58 £ 0.01 | 11.143 £ 0.269 1.029 £ 0.008 0.708 + 0.017 0.818 + 0.032

48 7.472 + 0.243 6.71 £ 0.02 7.460 = 0.617 1.088 = 0.015 0.767 £ 0.019 0.836 + 0.019

59.5( 10.263 + 0.141 6.80 + 0.01 1.448 £+ 0.365 1.178 £+ 0.040 0.840 + 0.064 0.981 + 0.182

72| 11.783 £ 0.349 7.20 £ 0.01 0.556 + 0.045 1.047 £ 0.030 0.777 £ 0.030 0.863 + 0.015

83.5| 12.168 + 0.144 7.75 £ 0.01 0.958 + 0.025 1.056 = 0.008 0.798 + 0.017 0.960 + 0.000

96| 10.988 = 0.695 7.98 £ 0.01 2.670 = 0.023 1.011 £ 0.047 0.783 + 0.034 0.990 + 0.110

107.5] 11.260 £ 0.170 8.08 + 0.03 2.550 + 0.237 1.034 £ 0.049 0.821 + 0.032 1.088 = 0.078

120f 10.653 + 0.471 8.13 £ 0.03 2477 = 0.523 0.944 + 0.002 0.755 + 0.011 1.011 £ 0.013

144 10.003 + 0.094 8.34 £ 0.01 1.870 £ 0.301 0.849 + 0.008 0.699 + 0.034 0.986 + 0.023




For figures 4.19 to 4.23: : Effect of carbon taagfen ratio on th&onascus ruber

a) Ratio 6:1
Time (h)/ Red pigment
Responses Biomass (g/L) pH (Asoonm)
0 3.02+ 1.0271 6.32 £+ 0.0318] 0.2915+ 0.0775
24 3.135 % 0 6.49 * 0 0.368 * 0
48 6.85 + 0.9983 6.82 + 0.1131] 0.5455 + 0.0257
72 7.36 £ 0.5056 7.33 £+ 0.1909] 0.7537 + 0.0534
96 7.675 + 0.1043 7.92 £+ 0.2192] 0.48819 + 0.1231
120 7.43 £ 0.1556 8.29 £+ 0.2386] 0.4955+ 0.0671
b) Ratio 9:1
Time (h)/ Red pigment
Responses Biomass (g/L) pH (Asgonm)
0 2.85 + 0.3986 6.47 £+ 0.0212 0.313 + 0.0718
24 3.145 £ 0 6.49 * 0] 0.5965 + 0
48 6.055 + 0.6877 6.53 + 0.0141 1.15+ 0.0555
72 7.24 £+ 0.4322 6.83 + 0.0018] 1.2724 + 0.1269
96 8 + 0.1653 7.44 + 0.0495| 0.8832 + 0.0013
120 7.555 + 0.4667 8.01 + 0.1467| 0.7022 + 0.0478
c) Ratio 14:1
Time (h)/ Red pigment
Responses Biomass (g/L) pH (Asoonm)
0 2.86 + 0.3465 6.49 + 0.0053] 0.3315+ 0.0753
24 3.27 0 6.49 * 0 0.645 * 0
48 4,415 + 0.0619 6.63 £+ 0.0398 1.1+ 0.1098
712 7.14 £+ 0.4419 6.66 + 0.0778] 1.2011 + 0.1723
96 7.2+ 0.122 7+ 0.0672] 0.7564 + 0.0176
120 7+ 0.2599 7.25 + 0.0725| 0.6401 + 0.0292
d) Ratio 20:1
Time (h)/ Red pigment
Responses Biomass (g/L) pH (Asoonm)
0 2575+ 0.4959 6.49 £+ 0.0194 0.328 £+ 0.0788
24 2.64 + 0 6.48 * 0] 0.5675 0
48 4,315 + 0.6479 6.64 £+ 0.0398 0.9+ 0.0468
72 6.36 + 0.9608 6.8 + 0.0672| 0.9236 + 0.0611
96 6.525 + 0.0256 7+ 0.0442] 0.8069 + 0.0308
120 6.28 + 0.0027 7.01 £+ 0.0106] 0.7018 + 0.0486
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For Figures 4.24 to 4.28: Effect of nitrogen sourceMonascus rubefermentation

a) NaNQ
Time (h)/ Glucose Red pigment | Orange pigment | Yellow pigment
Responses |  Biomass (g/L) pH concentration (g/L) (Asgonm) (Ag70nm) (Ago0nm)
0 132+ 0.0141] 6.44+ 0] 9.4048 + 0.40406[ 0.271 + 0.0057| 0.2175 = 0.0049{0.20925 + 0.0039
24 1.94 + 0.1202] 6.395+ 0.02 6.5+ 0.60609] 0.326 + 0.024] 0.262 + 0.0191] 0.275 + 0.0396
48 3.36 + 0.0071| 6.415+ 0.01] 4.3857 + 0.70711] 0.4148 + 0.0074] 0.3418 + 0.0039] 0.44725 + 0.0216
59.5| 4.0025 + 0.0389| 6.455+ 0.02 1.5786 + 1.02025| 0.4615 + 0.0049{ 0.3845 + 0.0064| 0.503 + 0.024
72 493+ 0.3536] 6.54+ 0.03] 0.0107 + 0.08586| 0.6238 + 0.1609] 0.436 + 0.0106] 0.689 + 0.0955
83.5| 5.1125+ 0.0672] 6.505+ 0.02|-0.0429 + 0.00673| 0.812 + 0.0665| 0.4863 + 0.0449] 0.72975 + 0.187
96| 4.7175+ 0.0601] 6.735+ 0.01] 0.0173 £+ 0.00589| 0.8393 + 0.0555| 0.5055 + 0.0403| 0.7505 + 0.1824
120] 4.635+ 0.0212 6.8+ 0.01] 0.0854 + 0.00354f 0.805 + 0.0615| 0.4908 + 0.0407| 0.68525 + 0.1397
b) NH;NO;
Time (h)/ Glucose Red pigment | Orange pigment | Yellow pigment
Responses |  Biomass (g/L) pH concentration (g/L) (Asgonm) (Ag70nm) (Ago0nm)
0 143+ 0.0212 6.495+ 0.01 10.155+ 0.35355 0.2758 + 0.0166 0.2203 + 0.0145 0.21 + 0.0134
24 1425+ 0.7354 6.365+ 0.04 8.0595 + 0.11785 0.2863 + 0.0265 0.235 + 0.0212|0.23375 + 0.0237
48 331+ 0.1556 6.18+ 0.07 4.3714 + 0.26264 0.3365 + 0.0212 0.2858 + 0.0166] 0.41425 + 0.0173
59.5 445+ 0.0707 6.085+ 0.06 2.5357 + 0.34345 0.3355 + 0.0134 0.2895 + 0.0078] 0.45875 + 0.0711
72] 5.5525+ 0.2934 593+ 0.01 -0.0095 + 0.02694 0.3448 + 0.0322 0.3028 + 0.0279{ 0.60075 + 0.0654
83.5 541+ 0.1131 588+ 0.01 -0.0429 + 0.00673 0.3273 + 0.0152 0.291 + 0.0134] 0.57325 + 0.0124
96] 5.2025+ 0.1308 6.125+ 0.02 0.0143 £+ 0.00505 0.3298 + 0.0421 0.2965 + 0.0354[0.62125 + 0.088
120] 5.165 % 0 6.16+ 0.03 0.0629 + 0.01919 0.3578 + 0.0979 0.3218 + 0.0817] 0.6535 + 0.1676




c) NH.CI

Time (h)/ Glucose Red pigment | Orange pigment | Yellow pigment
Responses |  Biomass (g/L) pH concentration (g/L) (Asoonm) (As70nm) (A400nm)
0 1435+ 0.099 6.395+ 0.01f 10.702 + 0.48824| 0.2708 + 0.0092| 0.2659 + 0.0083| 0.4245 + 0.0573
48 4.985+ 0.2616( 5.66+ 0.08| 0.4345 + 0.58757 0.34 £+ 0.0127| 0.3348 + 0.0138| 0.5855 + 0.0357
5905 5.4975+ 0.0601| 5.71+ 0.01] 0.0224 + 0.01549] 0.3225 + 0.0141| 0.3195 + 0.0148| 0.5245 + 0.0873
721 5.5875+ 0.6753] 5.84+ 0.03] 0.0161 £+ 0.00253| 0.322 + 0.0113]| 0.3203 + 0.0124] 0.52975 + 0.0573
83.5( 459875 + 0.076] 5.88 % 0f 0.0161 + 0.00859| 0.323 + 0.012| 0.323 + 0.012f 0.5765 + 0.0477
96| 4.865+ 0.0707] 5.92 0f 0.0205 + 0.01894| 0.3275 + 0.0014| 0.328 + 0.0021| 0.605 + 0.0025
120| 4.9825 + 0.6258| 5.97 0 0.0149 + 0.00926 0.32 £+ 0.0212| 0.322 + 0.0219]0.56513 + 0.113
d) (NHs)2SO
Time (h)/ Glucose Red pigment | Orange pigment | Yellow pigment
Responses |  Biomass (g/L) pH concentration (g/L) (Asoonm) (As70nm) (A400nm)
0 0.81+ 0.0801] 6.52+ 0.01] 7.3571 + 0.26937| 0.3438 + 0.006] 0.282 + 0.0057] 0.3135 + 0.0071
24 1535+ 0.3559| 6.455 + 0.04f 5.8452 + 0.21887| 0.3175 + 0.0049| 0.2615 + 0.0148] 0.294 + 0.0396
48 2.815+ 0.3088] 6.27 + 0.08 4.65 £ 0.83843| 0.3168 + 0.0088| 0.2695 + 0.0035f 0.35675 + 0.0187
505 4.105+ 11196 6.06 £ 0.13] 2.9393 + 0.06566| 0.3105 £ 0.0028| 0.261 + 0.0035| 0.34575 £ 0.006
72| 5.11167 £ 0.1155] 5.95+ 0.03] 0.1745 £ 0.22223| 0.3044 + 0.0044]| 0.2601 = 0.0058] 0.32338 + 0.0405
83.5( 5.28167 + 0.3229 5.925+ 0.04] 0.0143 0f 0.2868 + 0.0071] 0.2443 = 0.0053] 0.32025 + 0.0028
96| 4.91333+ 0.264| 6.075+ 0.01] 0.0127 % 0f 0.299 + 0.0021] 0.2553 + 0.0011] 0.32675 + 0.0004
120f 4.99167 + 0.3041| 6.07 £ 0.03] 0.0222 + 0f 0.3165 + 0.0057] 0.273 £ 0.0049] 0.342 + 0.0035
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For Figures 4.36 to 4.40: Fermentation time profil&ohascus rubem Erlenmeyer flasks

Time Biomass (mg Orange pigment Yellow pigment
(day) Moisture content (%) pH cdw/gids) Red pigment (Asoonm) (Agzonm) (Aggonm)
0 50.256 0.651 5.10 + 0.000 + 0.000 0.000 + 0.000 + 0.000 +
2 52.700 # 0.778 5.05+ 0.01 2.189 + 0.200 0.283 £+ 0.000 0.247 + 0.070 0.500 * 0.100
4 53.500 0.212 470 £+ 0.20 8.091 + 0.400 2.963 =+ 0.100 4911 + 0.300 3.921 + 0.500
6 55.000 # 0.658 455+ 0.21 17.633 + 7.955 10.631 + 0.214 11.711 + 3.524| 16.051 * 3.844
7 56.213 0.165 418 £+ 0.03 43.068 + 5.539 58.379 + 3.310 73.479 % 2.029| 82.996 * 7.581
8 56.000 * 0.636 3.84 + 0.03 58.958 + 3.000 94.345 + 4.000f 105.632 + 2.000f 132.712 * 4.000
10 55.700 # 1.556 353+ 0.37 92.612 + 5.329 142.809 + 8.206] 195.855 + 13.261| 248.168 + 11.748
12 55.000 + 0.849 3.27 + 0.06] 119.811+ 2.512| 258.127 + 10.000| 346.084 * 5.000{ 400.714 =+ 2.000
14 56.770 2.308 3.14 + 0.03] 125.849 + 10.410( 328.140 + 5.339| 440.031 + 3.630| 453.172 * 1.922
15 53.435 + 0.658 3.35+ 0.03] 126.577 + 5.056| 326.529 + 15.498] 438.279 =+ 26.553| 451.882 + 21.001
17 52.988 * 1.414 340+ 0.00f 120.041 + 5.000f 300.298 + 10.000] 402.000 * 3.000| 400.140 * 3.000

For Figures 4.51 to 4.56: Fermentation time courddarfascus rubem packed-bed bioreactor

Time Biomass (mg Red pigment Orange pigment Yellow pigment
(day) Moisture content (%) pH cdw/gids) (Asoonm) (As70nm) (Asoonm)
0 55.036 + 4.370] 5.28+ 0.01f 0.000+ 0.000f 0.393 + 0.000 0.393 + 0.000 0.524 + 0.020
2 55.600 + 0.600] 5.00+ 0.20f 5.066+ 0.300f 1.964 + 0.300 4.800 + 0.340 2.836 + 0.000
4 56.800 + 0.700] 4.80+ 0.05[ 12.955+ 0.800f 20.291 + 1.200| 25.200 + 1.400 24.982 + 1.200
6 57.964 + 1.394] 3.89+ 0.03[ 23.403+ 1.932 59.658 + 3.338| 76.138 + 2.400| 104.844 + 3.400
8 60.000 + 0.300] 3.70+ 0.40f 50.822 + 4.000{164.291 + 4.700( 241.636 + 3.600] 299.673 + 4.530
10 62.587 + 1.842] 3.47+ 0.14f 91575+  3.865[495.499 + 1.768| 713.639 + 10.013| 722.091+ 3.338
12 62.000 + 0.600] 3.50 + 0.10f 102.947 + 2.000{662.727 + 5.700| 958.473 + 12.650( 902.400 + 12.760
14 58.443 + 2.941] 3.65+ 0.07 108.817 +  3.865[800.806 + 17.678|1165.207 + 24.200| 1086.713 + 22.540
16 58.500 + 0.500] 3.50 + 0.20f 116.155+ 4.000{816.327 + 23.600/1235.891 + 3.320] 1144.691 + 21.300
18 59.013+ 0.855] 3.45+ 0.02f 122.183 + 7.730{890.050 + 28.284|1285.458 + 25.284| 1208.036 + 30.284




For Figures 4.42 and 4.43: Effect of initial moisture content on pigments and biomassipnoaiuday 14

Initial Moisture | Biomass (mg cdw/g pH Final moisture Aw Red pigment Orange pigment Yellow pigment
Content (%) dry matter) (%) (Asoonm) (As70nm) (As00nm)
35.0 5.036 + 0.183] 5.75+ 0.02|32.091 + 0.205| 0.974 + 0.003 3.240 + 0.000 3.940 + 0.028 6.160 + 0.000
45.0 30.475 + 0.000] 3.86 + 0.13]|42.750 + 0.081] 0.992 + 0.001| 37.720 + 0.000f 50.840 + 0.000| 60.680 + 2.319
55.01 117.252 + 0.000] 3.31 + 0.03]|69.916 + 4.348| 0.998 + 0.001| 328.000 + 0.000| 492.000 * 0.000| 444.850 + 2.899
70.0 36.415+ 0.365| 3.78+ 0.19]|72.114+ 1.977] 0.996 + 0.001| 111.520 + 0.000( 168.100 + 1.160| 137.760 + 2.319
75.0 1.291 + 0.000] 4.39 + 0.06] 75.058 + 0.213| 0.999 + 0.000] 30.340 + 1.160| 43.460 + 1.160| 45.920 + 0.000

For Figures 4.44 and 4.45: Effect of initial moisture content on pigments and biomassipnoaiuday 18

Initial Moisture | Biomass (mg cdw/g pH Final moisture Aw Red pigment Orange pigment Yellow pigment
Content (%) dry matter) (%) (Asoonm) (As700m) (As00nm)
35.0{ 0.258264 + 0| 4.885 + 0.262| 31.946 + 0.688| 0.979 + 0.006 6.78 £+ 0.085 7.2 + 0 12.68 + 0.0566
45.0| 46.61674 + 0.183] 2.78 + 0.014 46.956 + 0.298| 0.9955 + 0.002 79.54 + 1.16 59.04 # 0] 201.72 + 0
55.0f 124.0961 + 0.183| 2.575 + 0.021]| 61.751 + 0.704| 0.997 + 0.001| 399.75 + 2.899 348.5 + 5.798| 969.65 + 2.8991
70.0f 83.29029 + 0.183| 2.57 + 0.071| 76.512 + 2.272| 0.9995 + 7E-04| 358.75+ 20.29 284.95 = 8.697 692.9 + 0
75.0( 10.07231 + 0| 3.93 + 0.014| 75.005 + 0.701 1+ 7E-04 27.88 + 4.639 13.94 + 1.16 57.4 0

For Figures 4.47 to 4.49: Effect of aeration rate on pigments production in packedieedtor on day 6

Aeration rate | Biomass (mg cdw/g |Final temperature| _. . Red pigment Orange pigment Yellow pigment
(L/min) dry matter) (°C) Final moisture (%) (Asoonm) (Agz0nm) (Asgonm)
0.05 60.142 + 4.900] 34.20+ 0.35] 69.644 + 1.353] 101.122 + 2.849| 140.732 + 13.387] 211.954+  9.301
0.2 50.217 + 4.800] 33.80+ 0.78] 65.105+ 2.120] 104.601 + 4.419] 139.323 + 11.825| 218.849 + 19.692
0.5 29.877 + 2.500] 32.60+ 0.48] 56.563 + 4.892] 88.289 + 7.685| 111.733 + 8.226| 141.700 + 27.361
1 22.785+ 2.120] 32.10+ 0.48] 30.769 + 2.978] 33.867 + 7.800] 39.833 + 9.240] 53.333+ 13.895
2 18.442 + 0.890] 3190+ 0.56] 18.783 + 0.690| 18.433 + 0.257] 23.600 + 4.266] 26.933+  4.659

6€¢



N
~
o

For Figures 4.58, 4.63, and 4.64: Profiles of red pigment production (AU/g dry matter) afl{b&ckbioreactor

To calculate the overall pigment production on the packed-bed, following equation was used:

g_].)Ievell +( AU

(AU

%,

level2

+(A

U g‘l)

(05)-

6

Aeration (mL/min) 50 125 200

(day)/Initial moisture conte 0 144 240 336 432 0 144 240 336 432 0 144 240 336 432

level 1 0.0 0.8 2.9 17.4 34.1 0.24 2 3.92 20.4 17.7 0.0 0.2 1.8 0.6 0.2

level 2 0.0 2.5 49.2 114.8 123.0 0.24 3.7 60.1 106.7 94.2 0.0 0.3 11.5 47.6 4.8

level 3 0.0 6.6 64.0 136.1 173.8 0.24 7.5 74.9 150.6 161.9 0.0 2.9 67.2 152.5 72.2

level 4 0.0 9.7 159.9 352.6 323.9 0.24 8.5 190.3 372.6 367 0.0 6.8 180.4 225.5 143.5

level 5 0.0 6.2 164.0 307.5 315.7 0.24 9.7 209.6 340.8 327.2 0.0 13.5 209.1 287.0 377.2

45% |level 6 0.0 7.6 118.9 315.7 319.8 0.24 12.5 163.1 314.2 350.7 0.0 13.1 176.3 250.1 426.4

level 1 0.2 3.8 87.7 357.0 346.8 0.3 11.0 95.8 144.1 111.9 0.4 24.4 72.5 47.9 33.3

level 2 0.2 7.6 178.5 708.9 892.5 0.3 18.4 336.2 574.7 659.5 0.4 53.8 102.4 494.0 447.5

level 3 0.2 7.9 265.2 861.9 1244.4 0.3 24.5 405.2 949.8 1097.5 0.4 74.0 440.0 792.5 1075.0

level 4 0.2 14.0 336.6 887.4 1213.8 0.3 29.0 489.6 1034.7 1269.6 0.4 66.0 447 .4 977.5 1224.0

level 5 0.2 19.1 295.8 1065.9 1326.0 0.3 30.4 504.6 1041.8 1199.0 0.4 60.0 975.0 1010.5 1098.0

57.50% |level 6 0.2 24.5 285.6 943.5 1356.6 0.3 33.2 511.4 1188.2 1312.0 0.4 50.0 688.0 1082.0 1017.5

level 1 0.8 81.5 819.0 1713.6 2085.9 0.24 32.8 745.9 1426.9 1407.6 0.8 68.3 445.9 711.7 844.8

level 2 0.8 46.9 831.3 1509.6 1739.1 0.24 51.2 946.1 1713.8 1672.1 0.8 63.2 734.4 1683.0 1708.5

level 3 0.8 42.8 841.5 1550.4 1479.0 0.24 40.5 953.8 1675.3 1654.9 0.8 55.1 846.6 1708.5 1652.4

level 4 0.8 32.6 994.5 1688.1 1433.1 0.24 42.1 1104 1704.2 1673.9 0.8 42.8 969.0 1428.0 1560.6

level 5 0.8 40.8 1025.1 1229.1 1071.0 0.24 58.3 1045.6 1728.6 1734.2 0.8 83.6 928.2 1448.4 1555.5

70% |level 6 0.8 49.9 918.0 1055.7 1198.5 0.24 64.3 1068.8 1698.4 1677 0.8 55.1 1157.7 1514.7 1463.7
A 125 B 125

0 144 240 336 432 0 6 10 14 18

level 1 0.2 1.8 30.6 32.6 36.7 level 1 0.36 20.32] 160.952| 255.588 187

level 2 0.2 3.2 219.3 275.4 459.0 level 2 0.36 33.63 453.12 874 860

level 3 0.2 5.1 326.4 943.5 1071.0 level 3 0.36 44 484 956 1124

level 4 0.2 9.9 413.1 1137.3 1489.2 level 4 0.36 48 566 932 1050

level 5 0.2 18.7 413.1 1147.5 1326.0 level 5 0.36 42 596 936 1072

57.50% |[level 6 0.2 24.5 392.7 1244.4 1269.9 57.50% |level 6 0.36 42 630 1132 1354

Where, pigment for each level was added and the sum was devided into total level th(thleitde was 6 levels).
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For Figure 4.59: Profiles of biomass production (g cdw/g dry matter) of packeddveddbor

Aeration (mLPM) 50 125 200 |

(day)/Initial moisture conte 0 144 240 336 432 0 144 240 336 432 0 144 240 336 432

level 1 0] 0.002059] 0.007925] 0.009018] 0.010111 0] 0.001366] 0.009547| 0.010111] 0.009601 0] 0.006832] 0.002186] 0.008199] 0.000273

level 2 0] 0.006286| 0.030334] 0.065861] 0.072693 0] 0.008836| 0.024322] 0.056023] 0.053311 0] 0.012024] 0.026509] 0.027328] 0.009018

level 3 0] 0.012298] 0.044819] 0.078159] 0.12899 0] 0.011259] 0.051997| 0.083734] 0.094957 0] 0.013391] 0.037986] 0.047551] 0.026235

level 4 0] 0.011881] 0.046458] 0.087178] 0.153585 0] 0.014101] 0.046258] 0.088817] 0.116729 0] 0.02077] 0.058209] 0.069141] 0.057936

level 5 0| 0.012844] 0.047825] 0.099475] 0.144544 0] 0.012863] 0.05544]| 0.104303] 0.112702 0] 0.020496| 0.066135] 0.103028] 0.123524

45% |level 6 0| 0.010111] 0.033341] 0.100295] 0.110953 0] 0.010476] 0.049118] 0.104303] 0.130028 0] 0.013118] 0.067228] 0.091823] 0.11232

level 1 0] 0.001975| 0.029597] 0.038424] 0.06623 0] 0.010558] 0.016488] 0.05025] 0.023911 0] 0.007379] 0.012024] 0.007105] 0.000273

level 2 0] 0.006583] 0.055604] 0.123962] 0.140031 0] 0.01729] 0.067592| 0.09257] 0.095167 0] 0.019403] 0.041539] 0.068048] 0.046458

level 3 0] 0.015188] 0.077285] 0.149281] 0.192319 0] 0.017531] 0.088972| 0.146495] 0.167093 0] 0.025415] 0.079526] 0.103848] 0.12735

level 4 0] 0.00567] 0.095989] 0.172934] 0.218591 0] 0.023985| 0.102117]| 0.167906] 0.208534 0] 0.027055] 0.103301] 0.094829] 0.12981

level 5 0] 0.006118] 0.129186] 0.196901] 0.19538 0] 0.022391] 0.129409] 0.190837] 0.189904 0] 0.028422| 0.129263] 0.148393] 0.163697

57.50% |level 6 0] 0.02117] 0.118906] 0.189263] 0.243188 0] 0.029253] 0.127118] 0.175931] 0.211494 0] 0.021043] 0.138008] 0.176268] 0.204416

level 1 0| 0.032065| 0.115235] 0.14229] 0.168844 0] 0.030579] 0.106566]| 0.113278] 0.109673 0] 0.027556| 0.055613] 0.060163] 0.055363

level 2 0| 0.03261] 0.140536] 0.171643] 0.200966 0] 0.032599| 0.138217]| 0.175069] 0.16793 0] 0.028822| 0.120179] 0.173412] 0.164585

level 3 0] 0.037827| 0.164335] 0.17727] 0.173665 0] 0.031407] 0.158238| 0.183557 0.1756 0] 0.031118] 0.142319] 0.175435] 0.177612

level 4 0] 0.021043] 0.183524] 0.200736] 0.173102 0] 0.029681] 0.159897| 0.200626] 0.193691 0] 0.025279] 0.152784] 0.162795] 0.162331

level 5 0] 0.031564| 0.175858] 0.184157] 0.177457 0] 0.033475] 0.159013] 0.190156] 0.186377 0] 0.031933] 0.167578] 0.16229] 0.192893

70% |level 6 0] 0.017695] 0.172148 0.204] 0.201246 0] 0.032744] 0.169239] 0.214736] 0.21313 0] 0.031883] 0.165027] 0.207791] 0.215122
A 125 | B 125

0 144 240 336 432 0 6 10 14 18

level 1 0] 0.01811] 0.020405] 0.068253] 0.026506 level 1 0] 0.003006| 0.012571] 0.032247] 0.021316

level 2 0] 0.017948] 0.066317] 0.070908] 0.093864 level 2 0] 0.016632] 0.068868] 0.114233] 0.096469

level 3 0] 0.014019] 0.098965] 0.149516] 0.17732 level 3 0] 0.021043] 0.078979] 0.143474] 0.156865

level 4 0] 0.024741] 0.113504] 0.203542] 0.225222 level 4 0] 0.023229] 0.09073] 0.132269] 0.191845

level 5 0] 0.015814] 0.122176] 0.235468] 0.230321 level 5 0] 0.028968] 0.136642] 0.146207] 0.149486

57.50% |level 6 0] 0.029811] 0.126612] 0.212214] 0.257105 57.50% |level 6 0] 0.028695| 0.127624] 0.139648] 0.165883




cve

For Figure 4.60: Profiles of moisture content (%) of packed-bed bioreactor

Aeration (mLPM) 50 125 200

(day)/Initial moisture contel 0 6 10 14 18 0 6 10 14 18 0 6 10 14 18

level 1 48.1115] 33.45567| 24.63426{ 29.02629] 19.13585] 48.1115] 24.74154] 31.03614] 17.6605| 15.12243] 48.1115] 15.78806| 15.42497| 14.58674] 13.52277

level 2 48.1115| 47.51779] 50.24232| 53.31065| 50.51654] 48.1115| 43.59194| 47.61227| 38.67179| 23.02016] 48.1115| 27.09749| 29.74496] 18.88269| 14.03522

level 3 48.1115] 51.74278] 55.43144{ 59.70423] 62.04453] 48.1115] 49.67142] 49.4413] 50.40607| 46.07828] 48.1115| 47.81214| 48.11816] 36.51211] 15.01253

level 4 48.1115| 55.81269] 55.7718| 61.08424| 63.18139] 48.1115| 48.66646| 48.02868| 56.87157| 53.8165] 48.1115| 54.90143| 54.31812| 44.33287| 23.10343

level 5 48.1115| 56.00045| 57.32756| 61.26817| 64.43002] 48.1115| 49.57262| 48.91334| 54.94432| 57.80318] 48.1115| 55.70806] 58.1601| 52.61107| 53.49157

45% |level 6 48.1115| 51.84287| 56.38939| 64.62073| 64.79172] 48.1115| 49.56741| 49.74996| 56.47227| 57.89421] 48.1115| 57.77055| 58.24272| 55.59505| 58.41621

level 1 59.96798| 48.82496| 43.95988| 48.90729| 39.82586] 59.96798| 43.1088| 30.19388| 15.7815| 16.49818] 55.03562| 24.32146| 20.16461] 16.90976| 15.88656

level 2 59.96798] 59.33635| 60.53948| 72.03092| 72.87619] 59.96798] 56.10642] 59.14316{ 50.20832| 53.80839] 55.03562] 59.82156] 61.30951] 36.9895| 45.88749

level 3 59.96798| 59.56473 65.125| 74.57381| 76.6346] 59.96798| 59.38497| 65.77539| 70.51314| 73.98171] 55.03562| 64.45127| 68.29928] 63.50385| 67.00749

level 4 59.96798] 62.6257| 70.06646| 75.14587| 78.32245] 59.96798] 62.96963| 70.37554| 76.27006| 77.97085] 55.03562| 64.42637| 74.1771] 74.43655| 73.05443

level 5 59.96798| 61.70606| 74.51834| 77.21215| 78.35967] 59.96798| 63.90922| 74.50959| 79.27204| 79.71356] 55.03562| 65.50232| 74.78798] 78.12707| 74.6091

57.50% [level 6 59.96798| 66.01777| 74.8032| 74.86961| 78.9696] 59.96798| 67.24543| 75.13757| 80.03413| 79.93316] 55.03562| 69.25993| 76.78614| 80.69368| 77.63281

level 1 67.69594| 60.43806| 74.24301| 79.27162| 79.88132] 67.69594| 53.5807| 46.7167| 43.46336| 33.52876] 67.69594| 55.55735| 38.45508] 50.04397| 47.40571

level 2 67.69594| 72.35522| 79.4451| 81.98868| 82.78347| 67.69594| 68.0072| 68.86474| 71.01587| 73.39562] 67.69594| 70.9851| 75.49197] 77.54706| 79.09958

level 3 67.69594| 71.90451| 80.20909| 81.68554| 82.86909] 67.69594| 68.3328| 69.89262| 71.55123| 76.16219] 67.69594| 71.52312| 77.91434] 78.89374| 79.83364

level 4 67.69594| 70.32068| 80.75649| 81.62554| 82.21346] 67.69594| 68.37776] 70.31309| 73.46098| 77.60575] 67.69594| 72.98256| 79.15174] 79.86757| 79.70818

level 5 67.69594| 73.34267| 81.22665| 81.69503| 82.0548] 67.69594| 68.67894] 71.19076{ 75.79353| 80.16109] 67.69594] 72.15564| 80.68446] 80.44304 80.6192

70% |level 6 67.69594| 71.7526| 82.66212( 81.49801| 81.32269] 67.69594| 68.56252| 70.72832| 84.49744| 78.58903| 67.69594| 73.38713| 81.96507| 81.98549| 80.47181
125 125

A 0 6 10 14 18 B 0 6 10 14 18

level 1 59.96798] 43.1088| 30.19388| 15.7815] 16.49818 level 1 55.03562| 37.33787| 21.91647| 24.53678| 18.23564

level 2 59.96798| 56.10642| 59.14316f 50.20832| 53.80839 level 2 55.03562| 59.75414| 63.00779] 70.22245] 66.83621

level 3 59.96798| 59.38497| 65.77539| 70.51314| 73.98171 level 3 55.03562| 65.35241| 69.08609| 72.96404| 74.9372

level 4 59.96798| 62.96963| 70.37554| 76.27006] 77.97085 level 4 55.03562| 64.32245| 72.98777| 75.07128| 76.06829

level 5 59.96798| 63.90922| 74.50959| 79.27204| 79.71356 level 5 55.03562| 67.61844| 75.73893| 78.02804| 76.71464

57.50% |level 6 59.96798| 67.24543| 75.13757| 80.03413| 79.93316 57.50% [level 6 55.03562] 65.41469| 76.9693| 76.54547| 79.06555




For Figure 4.61: Profiles of water activity (Aw) of packed-bed bioogact

eve

Aeration (MLPM) 50 125 200

(day)/Initial moisture conte| 0 144 240 336 432 0 144 240 336 432 0 144 240 336 432

level 1 0.9915 0.987 0.947 0.95 0.906 0.9915 0.953 0.951 0.8365 0.673 0.9915 0.777 0.685 0.595 0.569

level 2 0.9915 0.999 0.9915 0.997 0.9975 0.9915 0.993 0.997 0.9805 0.951 0.9915 0.9575 0.955 0.913 0.5835

level 3 0.9915 0.9985 0.995 0.9975 0.9995 0.9915 1.0005 0.997 0.994 0.9885 0.9915 0.9925 0.9875 0.975 0.732

level 4 0.9915 0.993 0.994 0.9985 0.998 0.9915 1.0005 0.997 0.997 0.9955 0.9915 0.9955 0.9945 0.985 0.953

level 5 0.9915 0.994 0.9975 0.9985 0.999 0.9915 1.0015 0.998 0.9965 0.9965 0.9915 0.9935 0.997 0.997 0.995

45% |level 6 0.9915 0.994 0.997 1.0015 0.9995 0.9915 1.0005 1 1.001 0.9955 0.9915 0.992 0.9965 0.9975 0.995

level 1 1.0005 0.992 0.986 0.991 0.992 0.997] 0.98025 0.955 0.9155| 0.827875 1.0005 0.9655 0.914 0.8425 0.6815

level 2 1.0005 0.9925 0.99 0.994 1 0.997] 0.99275 0.982 0.99] 0.969625 1.0005 0.9845 0.9645 0.9805 0.9435

level 3 1.0005 0.996 0.992 0.996 1.0005 0.997] 0.98975| 0.993375| 0.99275] 0.99225 1.0005 0.9795 0.985 0.9875 0.984

level 4 1.0005 0.992 0.9885 0.997 0.997 0.997] 0.990625| 0.99425| 0.99475] 0.99325 1.0005 0.9785 0.9855 0.9905 0.988

level 5 1.0005 0.9955 0.9905 0.997 0.997 0.997| 0.991375 0.994| 0.996625 0.9945 1.0005 0.9805 0.9845 0.993 0.989

57.50% |level 6 1.0005 0.9955 0.9935 0.996 1.001 0.997] 0.991625 0.996] 0.999125| 0.997625 1.0005 0.9805 0.9905 0.9975 0.992

level 1 0.9935 0.9835 0.987 0.9985 0.993 0.9935 0.995 0.996 0.9885] 0.97425 0.9935 0.979 0.979 0.9865 0.9795

level 2 0.9935 0.9885 0.9925 1 1.001 0.9935 1.001 0.9995 0.9995] 0.99575 0.9935 0.9795 0.983 0.9955 0.997

level 3 0.9935 0.9875 0.995 0.9995 1.0025 0.9935 1] 1.00175 0.998 1.0005 0.9935 0.981 0.9925 0.997 0.9985

level 4 0.9935 0.982 0.9955 0.998 1.0015 0.9935] 1.00275 1.003 0.999 0.9985 0.9935 0.9805 0.9945 0.9955 0.996

level 5 0.9935 0.982 0.994 1 0.999 0.9935] 1.00225 1.0035] 1.00025 1 0.9935 0.981 0.997 1 0.998

70% |level 6 0.9935 0.981 0.995 1.004 1.001 0.9935] 1.00275 1.0015] 1.00075] 1.00325 0.9935 0.9825 0.9945 1.0005 1.001
125 125

A 0 6 10 14 18 B 0 6 10 14 18

level 1 0.9935 0.995 0.996 0.9885| 0.97425 level 1 1.0005 0.971 0.931 0.9495 0.9465

level 2 0.9935 1.001 0.9995 0.9995| 0.99575 level 2 1.0005 0.983 0.984 0.987 0.9905

level 3 0.9935 1| 1.00175 0.998 1.0005 level 3 1.0005 0.9825 0.9865 0.989 0.9915

level 4 0.9935| 1.00275 1.003 0.999 0.9985 level 4 1.0005 0.9805 0.986 0.985 0.9905

level 5 0.9935| 1.00225 1.0035] 1.00025 1 level 5 1.0005 0.9775 0.992 0.9915 0.991

57.50% |level 6 0.9935| 1.00275 1.0015] 1.00075| 1.00325 57.50% level 6 1.0005 0.9805 0.989 0.9935 0.998




N
~
~

For Figure 4.62: pH profiles of packed-bed bioreactor

Aeration (MLPM) 50 125 200

(day)/Initial moisture conte 0 144 240 336 432 0 144 240 336 432 0 144 240 336 432

level 1 5.83 5.405 5.65 4,855 5.13 5.83 5.805 4.305 5.705 5.425 5.83 5.64 5.545 5.505 5.62

level 2 5.83 4.89 3.775 3.29 3.32 5.83 5.335 3.79 4.07 44 5.83 5.545 4,945 4.215 5.305

level 3 5.83 451 3.525 3.215 3.29 5.83 5.255 3.65 3.6 3.36 5.83 4.805 3.795 3.965 4,555

level 4 5.83 4.35 3.435 3.36 3.43 5.83 5.025 3.635 3.57 3.215 5.83 4.445 3.23 3.47 3.715

level 5 5.83 4,545 3.515 3.38 3.45 5.83 5.005 3.55 3.36 3.095 5.83 4.335 3.11 3.245 3.345

45% |level 6 5.83 4,525 3.7 3.36 3.35 5.83 4,78 3.53 3.265 3.03 5.83 4.33 3.185 3.195 3.3

level 1 531 5.17 4.325 3.28 3.265 531 4.9075| 4.7125 4.8 4.415 5.275 4,53 4,68 5.35 5.14

level 2 5.31 4,525 3.485 2.985 3.065 5.31 4.425 3.4 3.2575 3.18 5.275 3.825 3.615 3.57 3.205

level 3 531 4,63 3.225 2.98 3.08 531 4,365 3.295 3.15 3.06 5.275 3.785 3.15 3.255 3.085

level 4 5.31 4.26 3.25 2.975 3.13 5.31 4.1 3.23 3.105 3.035 5.275 3.73 3.12 3.265 3.06

level 5 531 3.925 3.185 3 3.08 531 4.0675] 3.2125 3.11 3.1425 5.275 3.77 3.115 3.205 3.07

57.50% |level 6 5.31 3.955 3.23 3.015 3.035 5.31 3.925 3.19 3.175 3.12 5.275 3.68 3.16 3.24 3.145

level 1 5.18 3.71 3.04 3.315 3.4 5.18 49 3.425 3.375 3.375 5.18 3.475 3.13 3.035 3.215

level 2 5.18 3.605 2.995 3.08 3.335 5.18 4.6 3.19 2.96 2.865 5.18 3.69 2.96 3 3.16

level 3 5.18 3.74 3.03 3.095 3.39 5.18 4,74 3.21 3.275 2.855 5.18 3.715 3.005 3.075 3.22

level 4 5.18 3.82 3.045 3.46 341 5.18 4,715 3.485 2.99 2.87 5.18 3.81 3.035 3.04 3.245

level 5 5.18 3.745 3.125 3.505 3.455 5.18 4,88 2.965 2.92 2.83 5.18 3.775 3.1 3.14 3.415

70% |level 6 5.18 3.755 3.07 3.69 3.57 5.18 4.81 3.135 2.995 2.885 5.18 3.84 3.07 3.255 3.605
125 125

A 0 144 240 336 432 B 0 6 10 14

level 1 5.275 5.285 4.88 5.865 5.19 level 1 6.06 4,53 4,545 3.735

level 2 5.275 4,965 3.55 3.28 3.275 level 2 6.06 3.885 3.25 3.235

level 3 5.275 49 3.39 3.07 2.995 level 3 6.06 3.83 3.2 3.23

level 4 5.275 4,395 3.275 2.995 2.975 level 4 6.06 3.805 3.185 3.215

level 5 5.275 4.38 3.27 3.015 3.15 level 5 6.06 3.755 3.155 3.205

57.50% |level 6 5.275 4,065 3.19 3.125 3.07 57.50% |level 6 6.06 3.785 3.19 3.225




For Figures 4.65 to 4.71: Variables and responses of the central composite d&@3@h af the packed bed bioreactor

Variables Responses
Standwrc Run . . _ Pigment _ , ,
Initial moisture Aeration rate Total pigmen o Pigment yielc Total biomass
order order _ productivity _
content X1) (%) (x2) (L/min) (AU) (AU/g cdw) (g cell dry weight)
(AU/L h)
1 4 45 0.05 18616.2 144.9 2829.5 6.6
2 1 70 0.05 74173.1 577.5 8101.7 9.2
3 3 45 0.2 17071.3 132.9 2775.9 6.1
4 5 70 0.2 86238.9 671.4 9022.2 9.6
5 8 45 0.125 21364.1 166.3 2919.5 7.3
6 6 70 0.125 86822.6 676.0 8778.1 9.9
7 9 57.5 0.05 54992.6 428.1 5543.0 9.9
8 7 57.5 0.2 63099.0 491.3 7362.7 8.6
9 2 57.5 0.125 68679.7 534.7 5088.6 13.5
10 10 57.5 0.125 64952.9 505.7 7185.3 9.0

ave



For Figures 4.74 to 4.77: Absorption UV-visible sjppem of the extracted and purified

pigment from submerged culture (filtrate and myael

Absorbance value

Wavelength
(nm) Extraction of Purified red band Extraction of Purified yellow
filtrate sample of filtrate sample mycelia band of mycelia

650 | 0.063 0.018 | 0.008 0.003 | 0.049 0.006 | 0.419 0.003

I+ |1+
I+ |1+
+ |+
+ |+

640 | 0.070 0.018 | 0.011 0.003 | 0.054 0.006 | 0.428 0.003

I+
I+
I+
I+

630 | 0.082 0.016 | 0.018 0.003 | 0.064 0.006 | 0.440 0.003

620 | 0.111 0.015 | 0.029 0.003 | 0.079 0.006 | 0.453 0.003

I+ |1+
I+ |1+
+ |+
+ |+

610 | 0.158 0.016 | 0.050 0.003 | 0.100 0.007 | 0.473 0.003

I+
I+
I+
I+

600 | 0.236 0.017 | 0.085 0.002 | 0.130 0.007 | 0.497 0.002

I+
I+
I+
I+

590 | 0.350 0.017 | 0.140 0.004 | 0.170 0.007 | 0.532 0.004

580 | 0.501 0.018 | 0.221 0.003 | 0.223 0.007 | 0.570 0.003

I+ |1+
I+ |1+
+ |+
+ |+

570 | 0.685 0.017 | 0.332 0.002 | 0.287 0.007 | 0.613 0.002

I+
I+
I+
I+

560 | 0.885 0.016 | 0.467 0.004 | 0.357 0.006 | 0.659 0.004

550 | 1.071 0.016 | 0.605 0.002 | 0.423 0.006 | 0.700 0.002

I+ |1+
I+ |1+
+ |+
+ |+

540 | 1.219 0.016 | 0.723 0.002 | 0.481 0.006 | 0.735 0.002

I+
I+
I+
I+

530 | 1.322 0.018 | 0.808 0.002 | 0.524 0.006 | 0.766 0.002

I+
I+
I+
I+

520 | 1.386 0.018 | 0.868 0.002 | 0.558 0.006 | 0.793 0.002

510 | 1.405 0.018 | 0.906 0.003 | 0.586 0.006 | 0.821 0.003

I+ |1+
I+ |1+
+ |+
+ |+

500 | 1.360 0.018 | 0.907 0.003 | 0.608 0.005 | 0.874 0.003

I+
I+
I+
I+

490 | 1.236 0.017 | 0.843 0.003 | 0.617 0.005 | 0.959 0.003

480 | 1.050 0.018 | 0.715 0.003 | 0.600 0.005 | 1.041 0.003

I+ |1+
I+ |1+
+ |+
+ |+

470 | 0.866 0.017 | 0.574 0.003 | 0.586 0.004 | 1.132 0.003

I+
I+
I+
I+

460 | 0.758 0.017 | 0.477 0.003 | 0.654 0.004 | 1.345 0.003

I+
I+
I+
I+

450 | 0.805 0.016 | 0.474 0.003 | 0.848 0.004 | 1.646 0.003

440 | 1.004 0.015 | 0.569 0.004 | 1.141 0.004 | 1.821 0.004

I+ |1+
I+ |1+
+ |+
+ |+

430 | 1.183 0.012 | 0.661 0.004 | 1.480 0.004 | 1.805 0.004

I+
I+
I+
I+

420 | 1.227 0.011 | 0.664 0.004 | 1.808 0.004 | 1.735 0.004

410 | 1.170 0.009 | 0.607 0.003 | 2.052 0.005 | 1.619 0.003

I+ |1+
I+ |1+
+ |+
+ |+

400 | 1.051 0.008 | 0.515 0.003 | 2.156 0.005 | 1.490 0.003

I+
I+
I+
I+

390 | 0.894 0.006 | 0.406 0.004 | 2.121 0.003 | 1.355 0.004

380 | 0.691 0.005 | 0.287 0.003 | 1.680 0.004 | 0.963 0.003

I+ |1+
I+ |1+
+ |+
+ |+

370 | 0.610 0.008 | 0.232 0.004 | 1.605 0.004 | 0.963 0.004

I+
I+
I+
I+

360 | 0.533 0.005 | 0.192 0.004 | 1.409 0.006 | 0.895 0.004

I+
I+
I+
I+

350 | 0.490 0.006 | 0.176 0.003 | 1.170 0.001 | 0.800 0.003

246



For Figures 4.78 and 4.79: Absorption UV-visiblespum of the purified pigment from

submerged culture (filtrate and mycelia) isolatexhf TLC plate

Absorbance value

Wavelength | Purified red spot Purified red spot
(nm) of TLC from of TLC from

filtrate mycelia

I+
I+

650 | 0.002 0.001 | 0.018 0.001

I+
I+

640 | 0.009 0.000 | 0.019 0.001

630 | 0.021 0.000 | 0.020 0.001

+ [+
+ [+

620 | 0.042 0.000 | 0.022 0.000

I+
I+

610 | 0.079 0.000 | 0.025 0.000

I+
I+

600 | 0.131 0.001 | 0.028 0.001

590 | 0.213 0.000 | 0.033 0.001

+ [+
+ [+

580 | 0.323 0.000 | 0.037 0.001

I+
I+

570 | 0.451 0.001 | 0.044 0.000

560 | 0.581 0.001 | 0.049 0.000

+ [+
+ [+

550 | 0.692 0.000 | 0.054 0.000

I+
I+

540 | 0.774 0.001 | 0.057 0.001

530 | 0.831 0.001 | 0.060 0.001

+ [+
+ [+

520 | 0.864 0.000 | 0.062 0.000

I+
I+

510 | 0.866 0.000 | 0.061 0.000

I+
I+

500 | 0.819 0.001 | 0.060 0.000

490 | 0.712 0.001 | 0.057 0.000

+ [+
+ [+

480 | 0.578 0.000 | 0.053 0.000

I+
I+

470 | 0.460 0.000 | 0.052 0.001

460 | 0.399 0.000 | 0.054 0.000

+ [+
+ [+

450 | 0.448 0.000 | 0.060 0.001

I+
I+

440 | 0.584 0.001 | 0.069 0.000

I+
I+

430 | 0.678 0.001 | 0.077 0.000

420 | 0.672 0.001 | 0.080 0.001

+ [+
+ [+

410 | 0.608 0.001 | 0.080 0.001

I+
I+

400 | 0.507 0.001 | 0.079 0.000

390 | 0.390 0.000 | 0.076 0.001

+ [+
+ [+

380 | 0.308 0.001 | 0.070 0.001

I+
I+

370 | 0.244 0.002 | 0.071 0.000

I+
I+

360 | 0.207 0.002 | 0.071 0.001

I+
I+

350 | 0.203 0.003 | 0.075 0.000
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For Figure 4.81: The stability of the crude rednpant under light and dark condition

Time (h)/ Treatment
Condition Light | Dark
0.00 | 100.00 £ 0.00 100.00 * 0.00
200 | 99.32 £ 2.00 100.41 * 0.00
4.00| 9789 X 0.07 99.73 * 0.30
7.33| 9565 * 0.00 98.85 * 0.07
21.25| 80.16 * 1.00 89.59 * 0.00
23.00| 7738 * 0.07 88.92 * 5.00
47.00 | 7215 £ 0.00 85.61 * 0.07
95.00 | 64.20 * 0.07 76.89 £ 0.14
167.35| 50.27 * 1.00 67.70 £ 2.00

For Figures 4.82 and 4.83: The stability of thederved pigment at different temperatures

a) Temperature of 7G

Time % Aspp Remaining
(h) Submerged culture Solid-state culture
0 100.00 * 0.99 100.00 = 2097
0.5 89.62 * 1.00 91.05 * 0.00
1.17 7098 * 057 9861 * 178
15 6539 * 042 97.02 * 0.00
4 5044 * 0.07 98.00 * 0.00
5 46.32 * 2.00 99.00 * 297
6 4330 * 0.00 93.84 * 0.00
8 4148 * 0.07 89.26 * 2097
b) Temperature of°C
Time % Asgo Remaining
(h) Submerged culture Solid-state culture
0.0 100.00 * 0.07 100.00 * 0.00
2.0 99.71 * 0.00 100.00 * 1.30
6.8 9959 * 0.00 100.00 * 0.50
8.0 99.00 * 0.07 100.00 * 0.20
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c) Temperatures of 100 and 12iC

After treatment (submerged culture)
Treatment | Before
treatment | Submerged culture | Solid-state culture
Boiling 100 9593 * 262 95.15 * 0.02
Autoclave 100 7425 * 141 77.78 * 467

For Figure 4.84:
a) Under submerged culture

% Asoo Remaining
Time pH 7.26 (without
(h) treatment) pH 4 pH 7 pH 10
0 100.00 * 0.00 100.00 * 0.00 100.00 * 0.00 100.00 * 0.00
0.5 99.65 * 0.07 86.97 £ 255 9951 £ 0.99 88.60 * 0.35
1 99.41 £ 0.00 86.77 £ 255 99.31 £ 1.13 89.44 £ 0.14
2 98.42 £ 042 8559 * 2.69 98.22 * 0.85 87.76 £ 0.42
3 9798 £ 0.78 8480 * 2.83 9758 £ 0.92 8855 * 1.27
5 9585 £ 0.85 82.68 * 2.62 95.76 £ 0.85 87.12 £ 460
8 96.00 £ 0.64 8268 * 233 9561 £ 0.78 85.24 * 0.92

b) Under solid-state culture pH 7

Time (h)

% Asgo Remaining

pH 7

0

100 0

0.166667

+ [+

74.0741 0.5

0.5

I+

81.1861 2.97

1

76.8758 2.97

15

+ [+

79.031 2.97

I+

77.5223 0.9

I+

79.2465 13

77.5223 0.7

o O (b~

+ [+

79.2465 5.94

¢) Under solid-state culture pH 9.85 and withoaatment

% Asgo Remaining
Time pH 4.04 (without
(h) treatment) pH 9.85
0 100.00 * 0.03 100.00 * 0.00
0.5 100.00 * 0.03 55.62 * 2097
3.22 100.10 * 0.01 5451 * 148
8 99.00 * 0.00 52.00 * 0.00
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