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ABSTRACT

Kluyveromycessp. have adapted to existence in milk due to thelugon of
permeabilisation and hydrolytic systems that alkhw utilisation of lactose, the sugar
most abundant in milk. Lactose hydrolysis, to etplar units of glucose and galactose,
is facilitated by a glycoside hydrolase, ifggalactosidase (EC 3.2.1.23). The versatility
of this enzyme allows its application in numerongustrial processes, amongst the most
significant of which, is its role in the alleviatioof lactose intolerance, one of the most
prevalent digestive ailments, globally. In thisidst, p-galactosidase production by
Kluyveromyces lactit$JOFS y-0939 was initially optimised in shake flasKture with
lactose as the sole carbon source, and therepftatyction was scaled up to batch, fed-
batch and continuous culture. Shake flask studiesaled optimum conditions of 30°C,
pH 7 and a 10% inoculum ratio, to be most favowdbk B-galactosidase synthesis,
producing a maximum of 0.35 + 0.05 U.nlwhen cell lysates were prepared by
ultrasonication with glass beads. Batch cultivaiio 28.2 and 40 g:t lactose revealed
that elevated levels of the carbon source wasntbitory top-galactosidase production,
as maximum enzyme activities of 1.58 and 4.08 U, mdspectively, were achieved. Cell
lysates prepared by ultrasonication and homogeoirsatere compared and homogenised
cell lysates were more than 3.5 fold higher thaséhprepared by ultrasonication, proving
homogenisation to be the superior method for aslugtion. The lactose feed rate of
4 g.L'*.h? in fed-batch culture operated at + 20.4% DO, apgmkdo be inhibitory to
biomass production, as indicated by the lower bsnaroductivity in fed-batch
(0.82 g.'*.h?) than batch culture (1.27 g'lh?). Enzyme titres, however, were favoured
by the low DO levels as a maximum of 8.7 Um5.5 fold more than that obtained in
batch culture, was achieved, and would be expectedcrease proportionally with the
biomass. Continuous culture operated at a dilutite of 0.2 H, under strictly aerobic
conditions, revealed these conditions to be inbilito the lactose consumption rate,
however, the non-limiting lactose and high DO eomwment was favourable for

B-galactosidase synthesis, achieving an average-d.8 U.mi* in steady state.



CHAPTER ONE: INTRODUCTION AND LITERATURE REVIEW

1.1 INTRODUCTION

Humankind has, for centuries, been riddled withyaiad of illnesses that, although not
life-threatening, nonetheless, adversely affectohaity of life of many. The progression
of our species and consequent lifestyle changes tmee, have attributed to these
ailments. Diet is often considered the main cbotor to a number of non-specific
abdominal symptoms (Locket al, 2000). The prevalence of perceived food intoiee

in the general population is about 20-25% (Naetlal, 1989). There are several non-
allergenic mechanisms by which food can cause advesymptoms, e.g. from

pharmacological reactions to foods containing agdfe.g. caffeine, salicylates and
histamine), or enzyme deficiencies leading to afoolerance (Mcdougall, 2009). One
of the most common enzyme deficiencies is thahefihtestinal enzyme, lactase, which

decreases the ability to metabolise milk sugatdke).

1.2 LACTOSE: THE MILK SUGAR

Lactose f-galactose-1,4-glucose) is a disaccharide compadethe simple sugars
glucose and galactose, bonded throu@kla- 4 glycosidic linkage. It is the key nutrient
in mammalian milk, comprising the major carbohydraource during the neonatal
period. Lactose is, from both an evolutionary arldadogical viewpoint, a unique sugar,
since it is only found as a free molecule in milk.is synthesised by lactose synthetase,
found exclusively in the mammary glands of virtyadlll female mammals (Buller and
Grand, 1990). Human milk contains the highest eatration of lactose (about 7%),
while that of most common milk product animals,,i.eows and goats, is below 5%
(Schaafsma, 2008). Lactose is also present inoadbrange of dairy products and
processed foods such as ice cream, salad saucessasabes (Ratzinget al, 2010). It

is even applied in the pharmaceutical industry whéris chemically oxidised to
lactobionate, which is a strong chelator of calciand is used in calcium supplement
(Gerling, 1997).



In addition to its nutritional value, lactose impes the absorption of the minerals
calcium, magnesium and zinc (Abrane$s al, 2002) and promotes the growth of
Bifidobacterium(Ananiaet al, 2008), a natural inhabitant of the gastrointestiract that

aids in digestion. Furthermore, galactose, whicteleased upon the digestion of lactose,

is an essential nutrient for the formation of ceatlyalactolipids (Ananiat al, 2008).

1.2.1 Digestion and metabolism of lactose
Most dietary disaccharides are normally hydrolyaed absorbed in the proximal portion
of the small intestine (Fox and Thomson, 2007).cthse exits in two isomeric forms,
alpha and beta, which are in equilibrium in aguesnlgtions (Génzlet al, 2008). These
forms differ in the orientation of the hydroxyl gq in position one of the glucose
moiety. In suckling mammals, milk lactose is ldygeydrolysed into its monosaccharide
components mainly by the enzyme lactase-phlorigoirdiase (LPH), commonly known
as lactase of-galactosidase, which is bound to the mucosal mengiof the small
intestine. Human LPH is encoded by the lactasee denated on the long arm of
chromosome 2 (Kruset al, 1988). After hydrolysis, the monosaccharidesaatively
absorbed and transported to the liver via the pega. Both glucose and galactose
share the same absorption pathway and are thesoglgrs that are actively absorbed.
Lactase has a higher affinity for the beta formaatose and this causes a shift in the
equilibrium between both isomeric forms of the sugdavour of the beta form which is
referred to as mutarotation. After absorptionidae is converted into glucose in the
liver via the Leloir pathway, as described in theee equations below. The conversion
requires three enzymes: galactokinase (E1), galactephosphate uridyltransferase (E2)
and uridine-diphospho-galactose-4-epimerase (E3)g&sma, 2008).

El
Eq. 1 Gal + ATP — Gal-1-P + ADP

E2
Eq. 2 Gal-1-P + UDPG UDPGal + G-1-P

EZ3

Eq. 3 UDPGal . UDPG



1.2.2 Lactose intolerance
Modern classifications have divided adverse reastio food into those that are immune
mediated, i.e., food allergy, and those that as® akproducible, but not immune-
mediated, i.e., food intolerance. Non-immunologioadctions to food can be further
subdivided into those that are due to enzymaticigeicies or pharmacological reactions,
and those that do not fit into either categorielakooet al, 2001).

The most common form of disaccharidase deficiersyprimary adult hypolactasia,
commonly known as lactose intolerance (Auriccbial, 1963; Dahlqviset al, 1963).
Lactose intolerance is defined as the inabilityligest lactose into the monosaccharides
glucose and galactose, owing to insufficient lewélkctase (Kerbeet al., 2007). There
are three main types of lactase deficiency.

i. Congenital lactase deficiencyis the condition in which the lactase enzyme is
absent or severely reduced at birth and remainsratai throughout life. This is
extremely rare and due to an error of metabolisahi(SL994a). Individuals with
this disorder would have to follow a lifelong lassfree or extremely low lactose
diet.

ii. Secondary lactase deficiencyis a temporary condition resulting from disease or
injury that results in damage of the intestinal osac where lactase is normally
active (Villako and Maaroos, 1994). Once healiag bccurred, lactose digestion
improves.

iii. Primary lactase deficiency:is the most common type and is also referred to as
late onset or lactase nonpersistence. This typefidiency is directly related to
the loss of the majority of intestinal lactase atyj yet the loss is seldom total
(McBean and Miller, 1998).

The age of presentation with symptoms of lactogelerance varies between ethnic
groups, but is dependent on the speed of declirlactase and the amount of lactose
digested. Classically, the onset is around thenbétg of the second decade of life,
approximately 10-14 years (Fox and Thomson, 200 He timing of the onset of lactase

decline may be genetically determined (Sahi, 1994b)



1.2.3 The global prevalence of lactose intolerance

It has been reported that people who are descendéatihose who lived in areas where
dairy herds could be raised, such as in Europes aveloped the ability to digest milk.
Most adults whose ancestors lived in extreme cls#tat did not support dairy herding,
or areas where deadly cattle diseases were préyalento 1900, however, do not retain
the ability to digest milk after infancy. Theselumded the continent of Africa and many
regions of Asia (Cornell University, 2005). Blooamd Sherman (2005) conducted a
comprehensive lactose intolerance study spanningpflilations in 39 countries ranging
latitudinally from southern Africa to southern Gndsnd. The data generated included the
mean adult lactose malabsorption frequencies afarniation on average latitude,
temperature and number of deadly endemic cattkades prior to 1900 for each of these
countries. It was found that the frequency of athdtase malabsorption in populations
from Eurasia and Africa decrease with increasirguide and increase with increasing
temperature, and especially with numbers of deadlyle diseases that were present
before 1900. The implication is that harsh climaé®d dangerous diseases negatively
impacted dairy herding and geographically restdictiee availability of milk, thereby

causing humans to physiologically adapt to thesmipistances.

About 75% of adults worldwide are reported to betdae maldigesters or have low
lactase levels (Suarez and Savaiano, 1997; Scrwnsiwad Murray, 1988). The
percentage of adult primary lactase deficiency umolge, Africa, Asia, the Middle East
and the Americas are shown in Table 1.1. It islem from Table 1.1 that adult primary
lactase deficiency is most prevalent in populatiohthe Far East, and significantly high
in certain regions of Africa, particularly the nortast and north west. In South Africa,
the prevalence of lactose intolerance is approxinail.03% of the total population
(Dairy Allergies and Lactose Intolerance, 2011)n arlier study by Segat al. (1983)
reported 78% lactase deficiency among the diffetebes of the South African Black
population and also concluded lactase deficiencpaoimpartial to tribal origin. In
northern Europe, however, lactase deficiency is abinimum. Of the populations of
North America, Blacks and Indians exhibited the hlegf percentage of lactase

deficiency.



Table 1.1 Prevalence of adult primary lactase deficiencydpetage of
adult population) (Alm, 2002).

Country Percentage
France 30-40
Germany 15-20
Russia 20-30
Finland 15-20
Sweden <5
Greece 70-80
Ethiopia 80-90
Nigeria 80-90
Nomadic Fulani <10
Sudan 60-65
China 90-100
Japan 95-100
India 60-65
Jordan 20-25
Israel 70-80
Israel (Jemenites) 40-50
North America (Whites) 10-15
North America (Blacks) 65-70
North America (Indians) 85-90
Mexico 50-60
Uruguay 60-65
South America (Indians) 90-100
Greenland (Eskimos) 85-90
Australia (Aborigines) 80-85

1.2.4 Symptoms and diagnosis of lactose intolerance
Individuals with lactose maldigestion may experensymptoms of intolerance
depending on the dose of lactose consumeddtal, 1993), gastrointestinal transit (Lin
et al, 1993; Martini and Savaiano, 1988), the naturetre dairy food consumed
(Savaiano and Lewitt, 1987; Savaiagb al, 1984) and the ability of the colon to
metabolize the lactose (Hertzler and Savaiano, ;198Bnsoret al, 1993). Since the
intestinal digestion of lactose is performed by rheame bound lactase (located on the
brush border of the small intestine), in the ewtbat this hydrolysis is incomplete, lactose
would be transported to the colon. Colonic baat&grment this sugar and produce short-
chain fatty acids and the gases hydrogen, carbmadd#i and methane. Short-chain fatty
acids are rapidly absorbed by the colonic muco$ae development of diarrhoea or
gaseous symptoms depends partly on the balancedmetive production and the removal

of these fermentation products, e.g. diarrhoeairsconly when the rate of delivery of



lactose to the colon exceeds the rate at whictb#logeria ferment lactose (Suadzal,
1995; Saunders and Wiggins, 1981). Further symgtamslude the occurrence of
abdominal pains, distension, bloating (Vermitial, 2010), and nausea or vomiting
(Anania et al, 2008). In some instances, gastrointestinal Iityotis decreased and
subjects can present with constipation. Such Bystesymptoms as headaches,
light-headedness, muscle and joint pain, and laedrythmia have also been attributed to
lactose malabsorption (Verng al, 2010; Matthewst al, 2005).

Several tests are currently used for the diagnosifactose intolerance. The direct
measurement of lactase activity in biopsies fromgmall intestinal mucosa is the ‘gold
standard’ (Newcomest al, 1975). This method, however, is invasive, espanand is
not readily available (Kerbegt al, 2007). It is also undesirable for the diagnaxis
paediatrics due to the invasive nature of the gtoe Furthermore, the results of the
biopsy can be influenced by the uneven distributtbrlactase activity throughout the
small intestinal mucosa (Usat al, 2008). A low cost, and the most widely used
procedure in clinical practice, is the hydrogenalinetest (HBT) (Verniaet al, 2010).
When lactose is digested to its component glucosegalactose, glucose is eventually
oxidized to carbon dioxide which is expelled bydiheng. Lactose that is not absorbed
is converted by intestinal bacteria to hydrogen gad short chain fatty acids. This
hydrogen gas is also expelled by breathing. The HB€asures the hydrogen
concentration in the exhaled air after the oral iadstration of lactose. A study
conducted by Arola (1994) evaluated the validityHBT to direct lactase analysis and
determined its specificity and sensitivity to be time range between 89-100% and
69-100%, respectively. Despite these statistibsret are certain limitations to this
procedure that lead to false negative results (dezhal, 2010). Prior intake of oral
antibiotics, active diarrhoea, the use of coloniemas, a drop in colonic pH and
hydrogen utilisation by methanogenic bacteria mesult in a reduction, or even the
elimination of the hydrogen response, resultingfalse negative tests (Vernit al,
2003; Solomons, 1983; Permanal, 1981). Furthermore, the HBT is time-consuming

and cumbersome for both the patient and the mepiocééssional.



A more recent diagnostic tool for lactose intoleamtilises genotyping of two single
nucleotide polymorphisms (SNPs) located about 14rdb 22 kb upstream of the lactase
gene (LCT-13910 C/T and LCT-22018 G/A) (Kuokkan2f03; Enattatet al, 2002).
Enattahet al. (2002) reported that, in patients of European adigdbe CG 3910 genotype
was found to be almost completely associated waittoke intolerance, while the G&is
genotype was slightly less consistent with lactiefeciency. A later study by Kerbet.

al., (2007) compared the results of LCT genotyping with theultssof HBT among
Austrian patients presenting with symptoms ofaivle bowel syndrome. The correlation
between the CGs910 and GGy01s genotype and a positive HBT was almost perfect
(97.4% and 100%, respectively). Ingrahal. (2007) conducted a study among 15
different groups living in Africa and the Middle &a and discovered that while the
CC.139100€notype was almost completely associated wittosacintolerance in European
individuals, this was not so with people of Eastriedn or Arabian ancestory.
Re-sequencing of the lactase gene resulted iniskevcery of new SNPs that are frequent
in East Africans and even some West Africans. U$&e of the CGsg10 genotype as a
diagnostic tool for lactase intolerance in Eastigsins and Arabians, is therefore not

advised.

1.2.5 Improving lactose intolerance

It has been reported that the appearance and sewétactose intolerance is related to
lactose dosage (Tamm, 1994; Villako and Maaroo841#artini and Savaiano, 1988).
The larger the amount of lactose consumed, thetggrélae risk of more frequent and
severe symptoms. It is now well accepted thaakecteficient individuals can consume
up to 11 g of lactose per day without side effestsen this portion is distributed over the
day and ingested with meals (Heyman, 2006; McBeah Miller, 1998). In order to

determine the threshold for lactose, affected idials should start by consuming small
portions of lactose-containing foods frequentlyd aradually increase the serving size
until the individual begins to experience symptorvoreover, several investigators have
demonstrated that consuming lactose with solid f@sdopposed to in water after a 12
hour fast, improves tolerance to lactose. Whemo$ac is consumed with solid food,

gastric emptying and/or delivery of lactose to tmdon is slowed, which allows more



opportunity for any endogenous lactase enzyme présdiydrolyse the lactose (McBean
and Miller, 1998).

The use of fermented dairy foods has also long lsed as a strategy for overcoming
lactose intolerance. Yoghurt, for example, hashlmmonstrated repeatedly to improve
lactose digestion and intolerance. This is attedutto the release of lactase
(B-galactosidase) from the bacterial cultureStreptococcus thermophilus and
Lactobacillusbulgaricus used in the preparation of yoghurt (Vedaal, 1996). The
lactase in these cultures survive passage thrdweghdid environment of the stomach due
to the excellent buffering capacity of yoghurt (Kiairet al, 1987), and is active in the
intestine, where it aids in the digestion of laetgMartini et al, 1991; Pocharet al,
1989; Kolarset al, 1984). Hertzler and Clancy (2003) investigatgtether plain and
flavoured kefir, a fermented milk beverage preparsithg kefir grains, improved lactose
digestion and tolerance in adults with lactose mgelktion. The species of bacteria and
yeasts used to make kefir vary, depending on gebgrdocation. The kefir used in their
study containedS. lactis L. plantarum S. cremoris L. case] S. diacetylactis
Saccharomyces florentinumnd Leuconostoc cremoris The investigation revealed that
plain kefir improved lactose digestion just as veslplain yogurt. This was possibly due
to the high level of lactase activity in kefir (apgimately 60% higher than the plain
yoghurt). Furthermore, the flavoured kefir wasetated just as well as the plain kefir
and plain yoghurt. Hertzler and Clancy (2003) tligsnonstrated another potential

strategy for overcoming lactose intolerance, algiofurther investigations are necessary.

Lactose-hydrolysed milk and dairy products are a#sailable for those lactose
maldigesters who wish to consume large quantitiedactose without developing

symptoms and for those exceptional cases wherg@atient isn’'t able to tolerate even
small doses of lactose (McBean and Miller, 1998ctose hydrolysis in milk and whey,
a by-product of the cheese manufacturing process,be performed by acids or acid
resins. This technology, employing extremely acichnditions (pH < 1.5) at very high
temperatures (up to 150°C), was known since thinhig of the 28 century (Whittier,

1925). The use of acid is, however, undesirabig¢hfe hydrolysis of lactose in milk due



to the generation of off-flavours, odours, coloansl reduction of nutritional value of the
milk (Laredoet al, 2002). An alternative is the enzymatic treatmehmilk. The
interest of the dairy industry in this approach pasked in recent years due to newly
acquired knowledge of the extent of lactose malgiism and the potential market for
modified milk products (Harju, 2003; Jelen and T®assnen, 2003; Zadow, 1993;
Zadow, 1992). Lactose-reduced milk is preparedstithlly by adding agueous solutions
of enzyme to previously pasteurized milk and alloyvithe reaction to occur for a
specified period of time. Once the appropriateelesf lactose reduction has been

reached, the milk is re-pasteurised to stop ladigseolysis (McBean and Miller, 1998).

Alternatively, the lactose maldigester can, himsatiuce the lactose content of the milk
he wishes to ingest, by incubating milk with anyne preparation overnight. This
‘miracle’ enzymatic ingredient, lactase, is readilailable globally in both liquid (drop)
and solid (capsule, tablet) form. The additiorbadr 15 drops of the liquid enzyme to
one cup of milk hydrolyses 70% or 100 % of the daet respectively (Suaret al,
1995). Another option is the consumption of orakzyagme replacement tablets or
capsules. When taken at the beginning of a mhaly have been proved to reduce

lactose maldigestion.

1.3B-GALACTOSIDASE: A GLYCOSIDE HYDROLASE

A hydrolase is defined as an enzyme that catalirsedydrolysis of a chemical bond.
Enzymes are classified by an Enzyme Commission (fi@hber based on the chemical
reaction they catalyse (Webb, 1992), hydrolasesgoelassified as EC 3. Furthermore,
glycoside hydrolases, or glycosylases, classifiedE@ 3.2.1, hydrolyse the glycosidic
bond between two or more carbohydrates, or betweerarbohydrate and a non-
carbohydrate moiety (Sarry and Gunata, 2004). @wudirates are complex structures,
since the number of possible combinations from kroldosaccharides results in a
structural and functional diversity for these comipads far greater than that possible with
peptides or nucleic acids of comparable size. @land polysaccharides, therefore, play

a pivotal role in an array of biological process&€dycoside hydrolases, the enzymes that
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hydrolyze these molecules, are, therefore, alsolicated in a wide spectrum of
biological processes. Several systems of clasasific exist for glycoside hydrolases, the
simplest of which is based on their substrate $ijpdms (Henrissat and Davies, 1997).
This classification is on the basis of the recomdagions of the International Union of
Biochemistry and Molecular Biology (Webb, 1992) aadkxpressed in EC numbe®-
Glycoside hydrolases are given the code EC 3.2vihere the substrate specificity is
indicated by ‘x’. In some cases, ‘X’ may alsoregent the molecular mechanism or the
type of linkage. The advantage of this systemdassimplicity. Its limitation, however,
becomes evident in the classification of enzymest thct on several substrates.
Classification of glycoside hydrolases into fanslibased on amino acid sequence
similarities has thus been reported to be compltargnto other classifications and a
powerful tool for modern scientists (Henrissat &avies, 1997).

Hydrolases are among the group of enzymes of isargandustrial application of which
B-galactosidase has received special interest (fFuwiaal, 2000). According to the
CAZy (carbohydrate active enzymes) database, ibkas classified under the glycoside
hydrolase 2 (GH 2) family of carbohydrate activezygnes (Panesaet al, 2006).
B-Galactosidase (EC 3.2.1.23) occurs widely in ratand has been isolated from
animals, plants and microorganisms. Microlfiadalactosidase is more technologically
important (Gosové&t al, 2008) due to its many advantages, includingeti®y handling,
higher multiplication rate and high production yiedf microorganisms (Panesar al,
2006). A number of fungi, yeasts and bacteria HBen assessed as potential sources of
B-galactosidase (Table 1.2). These organisms ameever, only a few examples of the
vast array of investigated microbial sourcespajalactosidase, several of which have

been purified, sequenced and extensively charaeteri
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Table 1.2 Potential sources di-galactosidase (Chet al, 2003; EI-Grindy, 2003; Hoyourt al,
2001; Nagyet al, 2001; Mahoney, 1997; Berget al, 1995; Adamet al, 1994; Brandao

et al, 1987).

Fungi Yeasts Bacteria
Aspergillus foetidis Candidapseudotropicalis Bacilluscirculans
A. fonsecaeys S.anamenis B. coagulans
A. niger S. fragilis B. stearothermophilus
A. oryzae Kluyveromyces bulgaricus Bifidobacteriumbifidum
A. carbonarius K. fragilis B. infantis
Fusarium moniliforme K. lactis Corynebacteriunmurisepticum
F. oxysporum K. marxianus Escherichia coli
Mucor meihei L. acidophilus
M. pusillus L. bulgaricus
Penicillium conescens L. lactis
P. chrysogenum L. sporogenes
Trichoderma reesei L. thermophilus

L. citrovorum

Pseudomonas fluorescens
S. cremoris

S. lactis

S. thermophilus

1.3.1 General description and characteristics of rorobial p-galactosidase
The pB-galactosidase most studied is that frdf coli (Panesaret al, 2006).
B-galactosidase frorg. colihas a molecular weight of 464 kDa (Panegaal., 2006)and
both M¢* and N& are required for maximal enzyme activity (Walldsfand Wiel,
1972). The enzyme consists of a tetramer composddur polypeptide chains, each
consisting of 1023 amino acids. Each 1023 aming-aonomer is in turn made up of
five domains, the third of which has af or ‘TIM’ barrel structure with the active site
located on the C-terminal end of the barrel. la tatramer, the four monomers are
grouped around three mutually-perpendicular twod-fotes of symmetry.

Amino acid sequences have been established3dgalactosidase from several other
bacterial sources and display extensive homologth wihe enzyme fromE. coli
(Mahoney, 2003). Conversely, relatively littlekisown about the enzyme structure from
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eukaryotes, although the enzyme frokh lactis does show extended sequence
homologies with theE. coli enzyme, thus suggesting a close evolutionary oglshiip
(Panesaet al, 2006).

1.3.1.1 Mechanism of action op-galactosidase

B-Galactosidase has two catalytic activities, thdrblysis of the disaccharide lactose to
glucose and galactose, and the conversion of kad¢thanother disaccharide, allolactose,
which is the natural inducer for th&c operon (Matthews, 2005)Enzymatic hydrolysis
of the glycosidic bond of lactose takes place \eaagal acid catalysis that requires two
critical residues, a proton donor and a nucleofifalge. Wallenfels and Malhotra (1960)
first proposed that the cystine and histidine nessd acted as proton donor and
nucleophile/base, respectively. It has now beesbéshed, however, thtgalactosidase
from a variety of microbial sources, has two glutacid residues (Gff? and GIG>}

that act as both proton donor and nulceophile/baee enzymatic reaction.

CHyOH ‘BF'BZ CHoOH /' CHu0H c|)':182 CHoOH
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C +
coo- ?_0 HO
i : N
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482 i o [ 482
CH20H ([):‘“ H j CHs0H OH
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Fig. 1.1 Schematic mechanism of lactose hydrolysigimalactosidase (Zhou and Chen, 2001).

The reaction mechanism (Fig. 1.1) involves thaahfiormation of an enzyme-glycosyl
complex with the liberation of a glucose molecul&€he enzyme-glycosyl complex is

transferred to an acceptor molecule that contaihgdaoxyl group. In diluted lactose
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solutions, water rather than glucose and lactasendre prevalent and thus acts as
acceptor, so that galactose is formed and relefised the active site. In a solution

containing a high concentration of lactose, howgethex lactose molecule has more of an
opportunity to act as the acceptor, binding wite #nzyme-galactose complex to form

oligosaccharides (Zhou and Chen, 2001). This moietermed transgalactolysation.

1.3.2 Applications off-galactosidase
One of the major applications of enzymes in indussr the preparation of lactose-
hydrolysed milk and whey usirfiygalactosidase. In addition to the use of the emzin
milk and fermented dairy products as mentioned éctisn 1.2.5, the enzymatic
hydrolysis of lactose offers additional benefitshe areas of health, food technology and
the environment. The cleavage of lactose underaicertonditions, results in the
simultaneous formation of galactooligosaccharide®$), which are used as prebiotic
food ingredients, thereby promoting the growth esidable intestinal microflora (Gosova
et al, 2008; Mahoney, 1998). As these GOS are gewnearaligestible, they can also act
as a dietary fibre source (Gosoeé al, 2008). The temperature, concentration of
substrate and origin of the enzyme play an impontale in the enzymatic synthesis of
GOS (Boonet al, 2000). The initial lactose concentration, howevieas a more
predominant effect. In general, higher quantibésarger sized GOS can be produced
with higher initial lactose concentrations (Panegal., 2006).

In food technology, the high lactose content inknpifoducts such as ice cream, frozen
milks, whey spreads and condensed milk, can leagixt@ssive lactose crystallisation
(Gosovéet al, 2008). The most undesirable texture defect inygaoducts is sandiness,
particularly in ice cream and the Norwegian whegade, mysost. Sandiness is caused
by lactose crystals which are large enough to lectible in the mouth, but which do
not dissolve readily, thus producing a rough ottgrsensation (Ganzlet al, 2008).
Gelatine has been reported to be a crystallinebndni that reduces the rate of
crystallisation by 25-60% but is ineffective in peating sandiness in ice cream
(Nickerson, 1962). The use pfgalactosidase to process ice cream could redoteska

concentrations to acceptable values, thus prewgtiystallisation and improving some
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gualities of dairy foods, e.g., increasing the didmlity, softness, creaminess, etc.
(Zadow, 1993).

Milk whey (cheese whey), which is the most impottdoy-product in cheese
manufacturing and having a high lactose conceptratposes a major environmental
problem. Over the past 50 years or so, half ofvibed’s production has been wasted
directly into aqueous habitats (Gonzalez-Sizo, 19%6here the biological oxygen
demand would have increased many times (Paret¢salr, 2006). The enormity of the
problem is evident in the data quoted by Yang aihca $1995) that shows in the United
States alone, 27 million tons of waste cheese valnelypermeabilised whey are available
as substrates for lactose conversion per year. ddaw(1994) showed that the
bioconversion of milk whey lactose could reduce enttian 75% of water pollution. The
hydrolysis of whey usin@-galactosidase is thus an important applicatiothisfenzyme.
Concentrated hydrolysed whey is a very useful swwetp that can be used in the dairy,

confectionary, baking and soft drink industriesvéPnik et al.,1995).

1.3.2.1 Immobilisation off-galactosidase

Immobilised enzyme is defined as ‘the enzyme plajlsicconfined or localised in a
certain defined region of space with retentiontsfdatalytic activity, which can be used
repeatedly and continuously’ (Chibata, 1978)Galactosidase is one of the most studied
enzymes in terms of its immobilisation (Gosataal, 2008). Discarding the enzyme
after a single use in the applications as describetl3.2, would be far too costly. It
must, therefore, be immobilised to allow reuse rafb@atch reactions. Economic
considerations indicate that use of the immobilieedyme for lactose hydrolysis is
economically feasible despite the cost of the imifiggttion process (Aravind and
Mulimani, 2008; Giacominet al, 1998).

The selection of a suitable immobilisation methegehds on the physical properties of
the enzyme (molecular weight, protein chain lengthgd position of the active site),
matrix, reaction conditions, reactor and so fofflanaka and Kawamoto, 1999). The

three most popular methodsBfalactosidase immobilisation are:
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i.  Physical adsorption, the simplest and oldest metfadimmobilising an
enzyme onto a water soluble carrier, has been dsimaded by numerous
researchers for the immobilisation of yeast andyflif-galactosidase (Carpio
et al., 2000; Woudenberg-van-Oosteroat al, 1998; Papayannakos and
Markas, 1993; Bakkeeatal., 1990).

ii. Covalent binding is the most frequently used metliod p-galactosidase
immobilisation. Enzymes are linked to the suppmihg functional groups not
essential for the catalytic activity. Szczodrak(@) demonstrated the covalent
binding of B-galactosidase froriK. fragilis on porous silanised glass modified
by glutaraldehyde. The coupling efficiency wasyviigh since more the 90%
of the enzyme was active and 87.5% of the proteis mound to the support.

iii. Gel entrapment is most popular for the immobilsatof whole cells, rather
than enzymes. It is based on the localisatiomarayme within the lattice of a
polymer matrix or membraneK. fragilis B-galactosidase was entrapped in
alginate-carrageenan gels to form beads (MammaetaRubliolo, 2005). The
presence oK-carrageenan had favourable influence on the enzymeaction
as the gel was formed with "Kions, which increased the enzyme activity.
Limited investigations involving the gel entrapmeot yeast and fungal

B-galactosidase, as compared to covalent bindingt.ex

1.3.2.1.1 Industrial applications of immobilisedi-galactosidase

Although numerous immobilisation systems for laetosiydrolysis have been
investigated, few have been successfully scaleé@ng even less of these have been
applied at an industrial or even pilot scale. Tikisnainly because the materials and
procedures for immobilisation are either too cqstlydifficult to implement at industrial
scale (Albayrak and Yang, 2002a). In the 1970mydéver, SnamProgetti (Italy) and
Sumitomo Chemicals (Japan) pioneered the use ofollized B-galactosidase in the
food industry. SnamProgetti uspebjalactosidase frorK. lactis, entrapped in cellulose
triacetate fibres, to hydrolyse lactose in milk ¢®tani and Morisi, 1978). Sumitomo
Chemicals had developed a highly pure immobilieghlactosidase fronA. oryzae
covalently bound to the macroporousamphoteric iochange resin of a phenol
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formaldehyde polymer. This was used for producimayket milk and hydrolysed whey
(Katchalski, 1993). Industrial scenarios where irbifiged B-galactosidase had been

successfully implemented have been detailed inelr'ald.

Table 1.3 Successful examples of immobilispdjalactosidase applied in industry (Groseval, 2008).

Company and Source of

| . Immobilisation Technique Application of enzyme
ocation enzyme

Specialist Dairy Unknown Covalent binding to silica beads Lactoseérblysed
Ingredients (North whey

Wales)

Gist Brocades K. lactis Entrapment in cellulose triacetate fibres Lactogdralysis in
(Holland); milk

Centrale del Latte

(Italy)

Rohm GmbH Fungal Covalently bound to macroporous beads mad@rocessing of whole
(Germany) of Plexiglas-like material milk

Valio Laboratory Fungal Adsorption to phenol-formaldehyde resin Whey processing
(Finnland) Duolite ES-762

Industrially, the choice of suitable reactor systerth immobilised biocatalyst depends
mainly on the type of immobilisation and the typeepoocess (Roy and Gupta, 2003).
The packed bed reactor (PBR) is the most populaH @ioreactors for enzymatic lactose
hydrolysis. In a PBR the immobilised enzyme isdhgl a column and substrate is
pumped through in plug flow direction. This typé lmoreactor permits the use of
biocatalysts at a high density, resulting in higilumetric productivities. The PBR is
preferred in the process involving product inhimiti which occurs in enzymatic

hydrolysis of lactose, especially for fungagalactosidase (Grosoed al, 2008).

1.4 MICROBIAL ‘FACTORIES’ OF INDUSTRIAL B-GALACTOSIDASE

Although B-galactosidase has been isolated from many diffebémiogical sources,

microorganisms are considered to be the most deitaburce of this enzyme for
industrial applications. The optimum conditions flegalactosidase production by these
organisms differ, thus also dictating the industpibcesses in which they are applied.

Microorganisms producing industrial enzymes shadkhlly have a higher production
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capacity and require cost effective enzyme exwacgirocedures (Panesairal, 2006).
Fungi and yeast, especially those of the gedspergillus and Kluyveromyces
respectively, are the organisms most commonly usete -galactosidase production
industry.

1.4.1Aspergillus sp.
The fungal species most frequently used for thelyecbon ofp-galactosidase, has been
the filamentous fungusA. niger (Bailey and Linko, 1990). Howeveg-galactosidase
preparations derived frorA. oryzaehave more recently appeared on the market, e.g.
Ro6hm Lactase 2214 C (Germany), Biocon Biolactas8A)) MKC Takamine ® and
EDC Enzecor ® fungal lactase (Bailey and Linko, @@90ther products include Fungal
lactase from the Enzyme Development CorporationAlU&nd B-galactosidase from
Sigma-Aldrich (UK). Fungap-galactosidases usually have a pH optimum in th&icac
range (2.5 to 5.4), rendering them suitable for phecessing of acid whey and its
ultrafiltration permeate (Panesat al, 2006). A further advantage of ti#e oryzae
enzyme is its higher residual activity at the naltygH of milk, 6.7 (Van Griethuysen-
Dilber et al, 1988), which makes it a more versatile biocatalyShe patented. oryzae
ATCC 20423 strain was reported to prodiegalactosidase activity of 500 nkat:fih
shake flask culture medium containing wheat brahspent grain.

A further application off-galactosidase fromAspergillus sp. is the formulation of
enzyme tablets or capsules that can be ingestéactnse intolerant individuals prior to
the consumption of a dairy product, to curb lactesddigestion. In the stomach, gastric
fluids provide strongly acidic conditions affidgalactosidase enzyme preparations that
are effective at neutral, alkaline or slightly acidonditions are thus either inactivated or
destroyed.p-galactosidase preparations fréwspergillussp., particularlyA. niger, would

be suitable for action in such conditions sinceythee pH stable and thus would not
require enteric coatings to provide protection aglaihe harsh gastric environment (Huff,
1973). Those currently on the market range from0OQ@ to 65 000 lactase units per

gram.
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The attractiveness dfspergillusp-galactosidase is that the enzyme is largely espres
extracellularly and cell disruption is, thereforeot required. Furthermore,
immobilisation of B-galactosidase fronAspergillus sp. has been reported by several
authors (Haider and Husain, 2009; Haider and Hu24107; Albayrak, 2002a, b, ¢) and
its advantages over the free form of the enzymavateknown. As described in section
1.3.2.1.1, immobilised forms of thespergillusenzyme, are currently being implemented

in industry.

1.4.2Kluyveromyces sp.

Yeasts have been used in both traditional and mdaietechnology for the production of
food, beverages, fine chemicals, pharmaceuticgler®a and enzymes. There are a wide
diversity of yeasts that have biotechnology applece, including the genus
KluyveromyceglLane and Morrissey, 2010). The gerdlayveromycesvas named by
van der Walt (1956), who transferred species frowm genusSaccharomyceso this
group. After numerous classifications and re-c¢fasgions, the genu&luyveromyces
currently comprises only 6 species (Lachance, 20®f) which K. lactis and

K. marxianusare the most studied.

1.4.2.1K. lactis

K. lactisis described as a budding yeast whose naturalatabidairy products (van der
Walt, 1970). K. lactis research began in the early 1960s and was iyitialven by a
purely academic concern: the possible adaptivelaggn of sugar metabolism in a lower
eukaryote. Biotechnological interest in the spedellowed much later (Fukuhara,
2006). Since therK. lactis has been used by the scientific community as tbdein
organism in theKluyveromycegyenus, leading to a much better understandingsof i
physiology and to the full sequencing of its genam®ugh the ‘Génolevures’ project
(Fonsecaet al, 2008; Dujoret al, 2004).
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1.4.2.1.1 Properties oK. lactis p-galactosidase

The B-galactosidase frorKluyveromycesp. has a neutral pH optima and is, therefore,
suitable for the hydrolysis of milk that can be diser the preparation of flavoured milk,
cheese and yogurt. Furthermore, the quality ofcream can be significantly improved
by the addition of lactozyme p{galactosidase) as the enzyme would prevent
crystallisation, thereby reducing sandiness (Panetal, 2006). Another desirable
quality of this enzyme is that its GRAS (Generdlggarded As Safe) status has been
affirmed by the United States Food and Drug Adniiateon (FDA) as a direct ingredient
of food (Randolph, 1984).

K. lactisis known to produce an inducible, intracellupagalactosidase encoded for by
theLAC4gene. Poclt al (1992) cloned and sequenced the etk€4 gene of a strain
of K. lactisand found that the deduced amino acid sequenealexl extended sequence
homologies with all the published prokaryofigalactosidaseequences, suggesting that
the eukaryoticB-galactosidase is closely related, evolutionarihg atructurally, to its
prokaryotic counterparts.

Cavaille and Combes (1995) investigated the stractand Kkinetic properties of
MAXILACT LX 5000, a commercial liquid preparatiorf f-galactosidase frord. lactis
The 200 kDa enzyme is a glycoprotein containing 4&%w) carbohydrate and is
composed of two identical subunits. Galactose glndose (the hydrolysis products of
the enzyme) are competitive and non-competitive ibitdrs, respectively.
B-galactosidase has similar affinity for both laetdshe substrate) and galactose (the
product) as both are capable of occupying the actite of the enzyme with equal
probability (Juradeet al, 2002). The Michaelis-Menten constant ¢enitrophenolf-D-
galactopyranoside (ONPG), the preferred substratettie -galactosidase assay, is
1.7 mM and that of lactose is 17.3 mM (Cavaille &wmbes, 1995) and the optimum
pH and temperature f@rgalactosidase production k& fragilis (K. marxianu$ is pH 6.6
and 37°C and ii. lactisis pH 6.9 to 7.3 and 35°C (Juraetbal, 2002).
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1.4.2.1.2 Intracellular p-galactosidase

As mentioned previously-galactosidase is located intracellularlyknlactis. Various
methods have been investigated for the releaski®thzyme. Disruption methods can
be divided into those that produce cell leakageesponse to the application of shear
forces, and those that result in digestion of tbk envelope by the action of chemicals
and/or exogenous and endogenous lytic enzymes (huojfitoa and Sungur, 2004).
Becerraet al. (2001) reported on chemical (chloroform, methaetthanol, isopropanol
and t-butanol) and mechanical (vortexing, vortexing wglass beads and sonication)
methods oK. lactis cell disruption, of which sonication proved to the most effective.
These methods may be suitable for use in the l&drgrabut not so in large-scale
industrial processes. Two methods commonly usgeharmaceutical or biotechnology
industries for large-scale cell disruption are hsgieed bead milling and high pressure

homogenising (Buret al, 2001).

Industrially, the application of intracellulgB-galactosidase is impeded due to the
difficulty and excessive cost of releasing actimeyane in good yields from cells and the
expense of purification process. An interestirigrahtive could be the use of whole cells
as a source df-galactosidase. This poses a further problem altieet poor permeability
of the cell membrane to lactose. The use of varagents has been investigated for the
permeabilisation oKluyveromycegyeast cells (Panesat al, 2006). Detergents such as
digitonin and cetyltrimethylammonium bromide (CTAB)ave been reported to be
successful, with the activity of the permeabilisetls being significantly greater than the
untreated cells (Bachhaweital, 1996; Bhatt al., 1993; Joshet al, 1989; Gowdat al,
1988).

Numanglu and Sungur (2004) investigated permeabilisatbrK. lactis whole cells
using two chemical (toluene and ethanol-chlorofoamy one mechanical (vortexing with
glass beads) disruption method. The cells were dhiliised into gelatin using
glutaraldehyde as the crosslinker. The activityamied for the immobilised cells was
30% higher than that obtained for the free, perntisald cells, and the immobilised
enzyme retained more than 80% of its original agtiafter 17 uses within 34 days. This
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seems to be a promising method to decrease thetcthst-galactosidase biocatalyst in

the food industry, by the elimination of costly ffication processes.

1.4.2.2K. marxianus

It is important to mentiorK. marxianus formerly known a<. fragilis and S. fragilis
(Cortéset al, 2005). The common trait shared wihlactis is the ability to assimilate
lactose and to use this sugar as a carbon soulteaddition, both organisms have
achieved GRAS and QPS (Qualified Presumption oétgafstatus in the United States
and European Union, respectively. The contrastéet the two, however, is that, while
K. lactis has been the recognised academic research spetheXluyveromycegenus,
K. marxianushas been preferred for use in industry. Thisuigdly due to the numerous
desirable characteristics exhibited Ky marxianus It has been reported to have the
fastest growth rate of any eukaryotic microbe (Land Morrissey, 2010) and is able to
grow on an array of substrates at higher temperatuBtrains oK. marxianushave been
isolated from a variety of habitats, therefore, abetic diversity is broad and the
potential for biotechnological application is vari¢Fonsecaet al, 2008). The most
interesting characteristic, however, is the natumbllity to excrete enzymes, e.g.
extracellular inulinase (Hensingt al, 1994), thus eliminating the need for cell

disruption.

Amongst its numerous biotechnological applicationsluding the production of ethanol
from whey or lactose, the production of biomass)gle cell proteins, aromatic
compounds, and numerous environmental applicatisnsh as the treatment of paper
wastes and sludg&. marxianushas the potential to produce endogenous enzynfies, 0
which B-galactosidase is one (Lane and Morrissey, 2018umerous authors have
reported on the effect of a variety of culture dtinds on the production of
B-galactosidase b¥. marxianus(Barberis and Segovia, 2002; Schneidemal, 2001,
Barberis and Gentina, 1998; Barberis and SegovB97;1 Topeteet al, 1997;
Inchaurrondcet al, 1994; Ozilgeret al, 1988; Garcia-Garibagt al, 1987; Mahonegt

al., 1975). Furthermore, Furlat al (2000) also showed the potential d.amarxianus

strain to produceB-galactosidase in a lactose-free medium with s@cis the main
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carbon source. These extensive investigations hedyeo two commercial products
currently on the market that are derived frén marxianus Lactozyme (Novozymes
A/S, in Bagsvaerd, Denmark) afiehalactosidase (Sigma-Aldrich in the UK) (Panesar
al., 2006).

1.5 CULTURE METHODS FOR B-GALACTOSDASE PRODUCTION BY
Kluyveromyces sp.

The production ofp-galactosidase in shake flask cultures has beeengixely
investigated. For exampl@-galactosidase production by a strain Kf lactis was
optimised in shake flask experiments, investigaaggation speed, pH, initial substrate
concentration and incubation time (Dagbagli and ssolgur, 2008). In the shake flask
scenario, however, growth parameters that affegarsuransport, such as pH and
dissolved oxygen concentration (Weusthetigl, 1994) cannot be regulated. Cultivation
in a fermenter, where process parameters can leotted, would seem a more feasible
option for the production of-galactosidase (Inchaurronca al, 1994; Moresiet al,
1989; Beausejouet al, 1981; Dickson and Markin, 1980).

There are two main types of feeding scenarios fermenter, batch and fed-batch. To
minimise the Crabtree effect, a metabolic regulafathway that results in a metabolic
shift leading to the undesirable fermentation aftdae to ethanol under fully aerobic
conditions, the fed-batch feeding scenario is prete The advantage of fed-batch
culture is that cell growth can be controlled bgulating the nutrient feeding rates and
thus extend the duration of high volumetric enzymaductivity, as demonstrated by Nor
et al (2001).

The chemostat or continuous culture is anotherivetibon method that could be
employed for the production ¢¥-galactosidase. In such a fermentation, nutria@nés

continuously fed to the culture, and spent mediataioing biomass and product, is
continuously removed at the same rate of feedi@gntinuous cultivation offers unique

possibilities to manipulate the rate of sugar tpansin growing cells (Weusthumst al,
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1994), and, therefore, enzyme production. Limdeth is, however, available regarding

the continuous production gfgalactosidase, and more research into this aregjisred.

1.6K. lactis UOFS y-0939

K. lactis UOFS y-0939, the organism under investigation his tstudy, has other
designations, including, CBS 2359, NRRL Y-1140, AO®@585 and NCYC 1368,
depending on the culture collection in which it lee®en deposited. It was first isolated
by N. C. Laffer from a creamery in lllinois, USA émnitially deposited in the culture
collection of the Agricultural Research Servicelud US Department of Agriculture, the
NRRL, in 1971. The yeast is known to grow aeroltycah lactose and to produce an
intracellularp-galactosidase. Numerous studies have been cawuath this particular
strain of K. lactis including a physiological study d¢f-galactosidase induction in the
organism (Dickson and Markin, 1980), charactersatof the transport of lactose in
K. lactis (Dickson and Barr, 1983), sequencing of Khdactis p-galactosidase (Poatt
al., 1992), a study on different techniques for tbhafjgation of B-galactosidase (Becerra
et al, 1998) and the investigation of various methaatstiie extraction of intracellular
proteins (Becerraet al, 2001), among others. Furthermore, the prodoctod
B-galactosidase in aerobic continuous culture by garticular strain oK. lactis has
been investigated (Inchaurrondbal, 1998), although, not extensively.

1.7 SCOPE OF THE STUDY

Kluyveromycesp. have exhibited tremendous potential as ingligtsignificant strains.
Their application in the production @tgalactosidase, particularly for the alleviation of
lactose intolerance in present day South Africapfigrimary importance. Since this
K. lactisUOFS y-0939 strain shows great potential for lesgale commercial production
of B-galactosidase, more information on the optimalwgnounder different feeding
scenarios is required. It was, therefore, the gsrpof this study to optimise cultivation
conditions of the wild typeK. lactis UOFS y-0939 strain for the production of the

enzyme in shake flask cultures. Optimised shakskfcultures were scaled up to batch
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and fed-batch cultures. Finall}-galactosidase production in continuous culture was

investigated.
1.7.1 Objectives
i)  To optimise temperature, pH and inoculum sizesivake flask cultures for the

production off-galactosidase big. lactisUOFS y-0939.

i)  To optimise the ultrasonication period required maximum cell disruption and,

therefore, enzyme vyield.

i) To scale upp-galactosidase production to 3 L batch fermentabigrapplying the
optimised conditions as obtained from shake flagleaments.

iv)  To investigate3-galactosidase production in a 10 L fed-batch fertia@on.

v) To examingd-galactosidase production in a 3 L continuous fertaison.
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CHAPTER TWO: OPTIMISATION OF B-GALACTOSIDASE PRODUCTION
IN SHAKE FLASK EXPERIMENTS

2.1 INTRODUCTION

Knowledge of the effects that different environnadridctors have on enzymatic activity
would be highly useful to industrial applicationSuch factors include temperature, pH,
medium composition, shaking speed, and shear (@ueadal, 2004). The effect of
temperature on enzyme activity has been descriedwb thermal parameters: the
Arrhenius activation energy, which describes tHeatfof temperature on the catalytic
rate constant, and thermal stability, which deswithe effect of temperature on the
thermal inactivation rate constant. Irregulariieshis model has recently been resolved
by a new model (the Equilibrium Model), which ma@mpletely describes the effect of
temperature on enzyme activity by including an addal mechanism by which enzyme

activity decreases as the temperature is raisadremet al, 2007).

The activities of many enzymes are also pH dependiea to ionogenic groups in the
enzyme active site being able to provide for cai@igctivity only with a certain state of
protonation. In this case, catalysis depends erctimcentration of the activated enzyme
and thus on the pH of the medium (Tsygankbal, 2007). Enzymes typically are most
active in a pH range of 5 to 9 since most physiglgigenvironments reflect this pH.
Individual enzymes usually have a narrow pH ramgjece a variety of amino acid
residues, including the carboxyl and amide terroinproteins, have a pKa range in the
range of intracellular pH. As a result, a changphhcan protonate or deprotonate a side
group, thereby changing its chemical features. &enrdrastic pH change can denature
the enzyme by altering the protein folding, therebynpletely deactivating the enzyme

or by causing irreversible proteolysis (Berg, 2007)

Several investigations have focused on the optiiisaf a variety of culture conditions
for the production of}-galactosidase biluyveromycesp. (Dagbagli and Goksungur,
2008; Furlanet al, 2001; Furlanet al, 2000; Borjorgeet al, 1999; Fiedurek and
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Szczorak, 1994; Cheet al, 1992). Medium composition, in addition to eovimental
parameters, plays an essential role in enzyme igctivSince K. lactis produces an
intracellularp-galactosidase, cell disruption is the first stagthe procedure for isolating
the intracellular material (Keshavaet al, 1987). Cell disruption thus has considerable
influence on the total quantity of the desired prcid-ecovered, the biological activity of
the product, its association with other cellulampmnents, and the possible presence of
proteolytic degradation and contaminants that mélyence the subsequent purification
steps (Millard and Charles, 1990). Ultrasonicatiohich is the cell disruption method
used in the optimisation phase of this study, idelyi used at laboratory scale. The
structure and function of biological molecules tanaltered by the ultrasound vibrations.
The most common interaction mechanisms are acallgtioduced cavitational activity,
heat or chemical effects. In addition, inactivataf biomolecules by ultrasonication can
also be caused by mechanical effects i.e., shezgsstieveloped by eddies arising from
the created shock waves. Thus, the level andsiites of ultrasound has a direct effect

on the activity or inactivity of many enzyme&eteret al, 2006).

This phase of the investigation focused on optimgisemperature, pH and inoculum size
for the production off-galactosidase b¥. lactis UOFS y-0939 using shake flask
cultivation, in a growth medium containing lactasethe sole carbon source. The time

required for maximum cell disruption using ultramation was also optimised.
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2.2 MATERIALS AND METHODS

2.2.1 Strain and culture conditions
K. lactis UOFS y-0939 was obtained from the UNESCO MIRCENasteCulture
Collection, Department of Microbial, Biochemical Bood Biotechnology, University of
the Free State. This strain was maintained on ¥B&r plates, containing 3 ¢'lyeast
extract (BioLab); 5 g.I* peptone (BioLab); 10 g:tanhydrous glucose (Saarchem); 20
g.L™ bacteriological agar (BioLab), and stored at 4°6x. fermentation experiments the

organism was sub-cultured onto YPD agar platesracubated at 30°C for + 48 h.

2.2.2 Work cell bank preparation
Two K. lactis UOFS y-0939 colonies from a freshly prepared pleiéture, were
inoculated into YPD broth (200 ml) in 500 ml coriflasks with the following medium
composition: 3 g.L' yeast extract; 5 g:tpeptone; and 10 gtanhydrous glucose. The
experiments were done in duplicate and flasks wengbated in an orbital shaker (Infors
HT Multitron, Switzerland)30°C; 200 rpm). After approximately 25 h of growtate
exponential phase was reached. The monosepte attaine of the flasks was verified
microscopically (Olympus BX-41 phase contrast nscape, Japan) and this flask
culture was used for the preparation of the work bank. An equal volume of
monoseptic broth and 50% (v/v) glycerol were mixefiective glycerol concentration,
25% (v/v)], and from this, aliquots (1 ml) were pieally dispensed in 1.2 ml cryovials
(Corning). The vials were placed in cryo-storagssets (Mr Frosties) containing iso-
propanol (Saarchenpre-cooled at 4°C. These vessels were stored ;8P4 h) after
which, the vials were transferred to cryo-boxeddog-term storage.

2.2.3 Work cell bank validation
After 36 h of storage (-80°C), three random crytsviom the work cell bank were
selected and used to inoculate three flasks cantpiPD broth (200 ml). The
monosepticity of the Log M and time zero samplesewdetermined by microscopic
evaluations and streak plating. The flasks wereubated (30°C, 200 rpm) and,

thereafter, samples were taken at 2 h intervalsowé was monitored by measuring
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optical density at 600 nm with a Biochrom Libra S&@ectrophotometer (United
Kingdom). The pH (Cyberscan pH 510, Eutech Insents, Indonesia), biomass
(section 2.2.3.1) and glucose concentration (sec?@.3.2) were determined for each

sample.

2.2.3.1 Determination of biomass concentration
Sample broth (1 ml) was added to pre-dried andwmigthed microcentrifuge tubes and
centrifuged (Biofuge Fresca, Heraeus, Thermo Edec@orporation, Germany) (13 000
rpm, 5 min) to remove the culture media and suspeémparticles. The pellet was washed
with 0.1 M HCI (Saarchem) (1 ml), followed by a sed wash with distilled water (1
ml). The resultant pellet was dried in an ovenOfQd + 24 h), then cooled in a
dessicator (x 5 h). The tubes were then weighedifaadinal biomass in the sample was

calculated. All biomass determinations were pented in triplicate.

2.2.3.2 Determination of glucose concentration
Aliquots of the sample broth (1 ml) were centrifdgé3 000 rpm, 5 min). The resultant
supernatant was diluted and analysed for glucoseertration using the Biochemistry

Analyser (YSI Inc., United States of America).

2.2.4 Optimisation studies: Inoculum medium

The inoculum medium used for the optimisation stadvas as determined by Maneta
al. (2008) to be optimum fop-galactosidase production B¢, marxianusCCT 7082.
Medium composition for liquid broth were as follav&8.2 g.L* lactose (Lactose Edible
Grade 200 Mesh, CJ Petrow Chemicals); 17 gyeast extract; 8.8 g’ ammonium
sulphate (Saarchem); 5 @ lpotassium dihydrogen orthophosphate (Saarcherd)Dah
g.L™* magnesium sulphate heptahydrate (Saarchem). €deum was prepared in 0.2 M
potassium phosphate buffer and the pH adjustecttoka was prepared separately and

added to the inoculum medium prior to inoculation.
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2.2.4.1 Optimisation of the ultrasonication period
Aliquots (1.5 ml) of an exponential phaselactis culture were centrifuged (13 000 rpm,
5 min, 4°C). The pellet was washed once with plira water (1 ml), and thereatfter,
resuspended in 0.2 M potassium phosphate buffémil). Borosilicate glass beads (0.2
g) of 1 mm diameter, were added to each tube. tNegeontrol samples (without glass
beads) were also prepared. Samples were ultragedién an ultrasonic water bath
(Ultrasonic Cleaner DC 400H, MRC, Israel) for 10, @&d 30 min at 4°C. The control
samples were not ultrasonicated. Microscopic ofagem, viable cell count (section

2.2.4.1.1) an@-galactosidase activity (section 2.2.4.1.2) wasgoered on all samples.

2.2.4.1.1 Viable cell count
Serial dilutions of each of the 10, 20 and 30 namples, and the controls, were prepared
in buffered peptone water (BioLab). Aliquots (400 of each dilution were spread onto
YPD agar plates (in triplicate) and incubated (302@8 h). K. lactis colonies on each
plate were enumerated and plates exhibiting > 3D<aB00 colonies were considered.
The viable cell count per sample (cfunivas then calculated.

2.2.4.1.2p-Galactosidase activity
B-Galactosidase activity was determined using ON®IGnga) as the substrate, according
to the method described by the Food Chemicals Co@exeral Tests and Apparatus
(1981:491-492). Cell lysate (1 ml) was added &r8M ONPG (4 ml) prepared in [27.2
g.L? potassium dihydrogen orthophosphate, 37.2 fhg.L disodium
ethylenediaminetetraacetic acid (EDTA) dehydrateaa(hem) and 20.3 mg'L
magnesium chloride hexahydrate (Saarchem)] (PEMjebhupH 6.5, and incubated
(37°C, 15 min). The reaction was stopped by adding of the reaction mixture to 1 ml
of 10% sodium carbonate (Saarchem). The mixture dilated to 10 ml with ultrapure
water. Liberated-nitrophenol (ONP) was measured spectrophotomdriaa 420 nm.
The extinction coefficiente] was calculated from a standard curve prepared @NP
concentrations ranging from 0.0012 to 0.2 pmot.mIOne p-galactosidase unit was
defined as that quantity of enzyme that would Biberl pmol of ONP per min under the
conditions of the assay and was calculated aswsltlo
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B-Galactosidase activity (U.M) = A x 5x 10/ x 15)

= average of the absorbance readings for thpkea
5 = volume in ml of the incubation mixture
10 = final volume in ml of the diluted incubatiorixture
¢ = extinction coefficient 0b-Nitrophenol
15 = incubation time in min

2.2.4.2 Evaluation of optimum temperature for-galactosidase activity
The seed culture was prepared by inoculating aveay/oulture ofK. lactisUOFS y-0939
(2 ml) into YPD broth (200 ml) which was incubatedan orbital shaker (30°C, 180
rpm). At late exponential phase, the monosemedsculture (30 ml) was transferred to
the inoculum medium (270 ml), with the effectiveoaulum size being 10%. The
temperatures evaluated were 25, 30 and 35°C arekpdiriments were performed at pH
7. Flasks were incubated in an orbital shaker {#0) and following Log M and the
time zero sample, sampling was performed at 2 érvats. The optical density at 600
nm, media pH, biomass, lactose concentratifrgalactosidase activity, specific
B-galactosidase activity and specifigalactosidase activity on biomass were determined
as described in sections 2.2.3.1, 2.2.4.2.1, 2.242.2.4.2.3 and 2.2.4.2.4, respectively.

2.2.4.2.1 Determination of lactose concentration
Lactose concentration was measured using the Bioistry Analyser. Aliquots of the
sample broth (1 ml) were centrifuged (13 000 rpnmiB) and the resultant supernatant
used for analysis. A lactose standard curve wasstoacted with lactose standards
ranging from 2.5 to 25 gt All samples were diluted 10 times and analysét e
Biochemistry Analyser. Lactose concentration weieknined using regression analysis
of the standard curve.
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2.2.4.2. K. lactis UOFS y-0939 cell lysate preparation

Aliquots (1.5 ml) of sample broth was dispensea itwo microcentrifuge tubes, and
centrifuged (13 000 rpm, 5 min, 4°C). The pelletswvashed once with ultrapure water
(2 ml), and thereatfter, resuspended in 0.2 M patasphosphate buffer, pH 7 (1.5 ml).
Samples were kept cold at all times. Borosiligtess beads (0.2 g) of 1 mm diameter,
were added to each tube and the samples store@C}:88t 12 h, negative control
samples (without glass beads) were similarly pregharSamples were thawed on ice and
ultrasonicated in an ultrasonic water bath for tipeimum period (4°C). The samples
were centrifuged (13 000 rpm, 30 min, 4°C) and ghpernatant transferred to a clean

microcentrifuge tube and stored (-80°C) until fertanalysis.

2.2.4.2.3 Specifi¢-galactosidase activity

Specific activity was determined as a function lod total protein concentration in the
sample. Total protein was measured according arer modification of the method
described by Bradford (1976). A standard curve w@sstructed using bovine gamma
globulin (BGG) as the protein standard, in conadmdns ranging from 0.025 to
1 mg.mi*, instead of bovine serum albumin (BSA). The balate (50 pl) was added to
Bradford dye (950 pl) and the reaction mixture lvetied (room temperature, 5 min).
Samples were then read spectrophotometrically &n5®. Protein concentration (g:fi
was determined from regression analysis of the dstah curve and specific

B-galactosidase activity was calculated as follows:
Specificp-galactosidase activity (U%y= A x 5x 10/ x 15x W)

A = average of the absorbance readings for thpka
5 = volume in ml of the incubation mixture

10 = final volume in ml of the diluted incubatiorixture
¢ = extinction coefficient 0b-Nitrophenol

15 = incubation time in min

W = total protein concentration of the sample
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2.2.4.2.4 Specifi¢-galactosidase activity on biomass
Specificp-galactosidase activity on biomass was determiseal fanction of the biomass

concentration of the sample, and was calculatddliasvs:

Specificp-galactosidase activity on biomass (U.g: A x 5 x 10/ x 15x W)

W = total biomass concentration of the sample

2.2.4.3 Evaluation of optimum media pH foi-galactosidase activity
The culture medium for the evaluation of the effefcinedia pH on enzyme activity was
as described in section 2.2.&. lactis UOFS y-0930 was grown in culture flasks as
described in section 2.2.4.2. The optimum growthperature, as determined in section
2.2.4.2, was applied for all pH experiments. THédent culture pHs evaluated were 5.5
and 7, and was maintained by adjusting the pH ef growth medium with 2 M
potassium hydroxide (Saarchem) prior to steril@ati Sampling and analyses were

performed as described in section 2.2.4.2.

2.2.4.4 Evaluation of optimum inoculum size fof-galactosidase activity
K. lactis UOFS y-0930 was grown in culture flasks as desdriim section 2.2.4.2. The
optimum temperature and pH, as determined in sect02.4.2 and 2.2.4.3, was applied
for all inoculum size experiments. The inoculurresi investigated were 6, 8 and 10%

(v/v). Sampling and analyses were performed asritbesl in section 2.2.4.2.
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2.3 RESULTS

2.3.1 Work cell bank validation
The K. lactis UOFS y-0939 work cell bank was validated in ortierdetermine the
growth kinetics of the test organism and, thereftire time of transfer of the seed culture
to the inoculum flasks for optimisation studieshisTwas determined to be 18 h. In the
seed culture medium containing glucose, an 8 tpkage at 30°C was observed and the
maximum growth ratep(na,) of the organism was 0.44'tbetween 8 and 14 h (Fig. 2.1).

The yield coefficient (9 of biomass achieved on glucose was 0.67.9.g
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Fig. 2.1 Growth of K. lactis UOFS y-0939 at 30°C and 200 rpm using shake ftadkvation.

Glucose concentratiom), biomass ¢) and optical density at 600 nnAj were monitored
for 24 h. Each point represents the mean of tépdi values with £ standard deviation
(SD).
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2.3.2 Optimisation of the ultrasonication period

Microscopic observation, viable cell count ghdalactosidase activity were performed
to evaluate the effectiveness of ultrasonicatioma water bath for 10, 20 and 30 min at
4°C. Microscopically, an increasing number of €allere disrupted with an increase in
ultrasonication time (Fig. 2.2). The number of \Wabcells decreased as the
ultrasonication period increased, with a 16% reidactn the number for viable cells

achieved after 30 min as compared to the contigl 3A). Consequently, volumetric

B-galactosidase activity increased as a greater aumibcells were disrupted, with the
highest activity (0.42 + 0.1 U.m) achieved after ultrasonication for 30 min (FiBB).

Fig. 2.2 Microscopic evaluation (100X magnification) showitige effect of ultrasonication on the
disruption ofK. lactisUOFS y-0939 exponential phase cells. Samplesdecthe negative
control (A) and samples sonicated for 10 (B), 20 &8d 30 (D) min. Arrows indicate

disrupted cells.
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2.3.3 Effect of temperature on growth ang-galactosidase activity
A 10% inoculum of an 18 K. lactis UOFS y-0939 seed culture was transferred to the
inoculum medium containing lactose as the sole ararbource. When the effect of
temperature on growth an@tgalactosidase activity bK. lactis UOFS y-0939 was
investigated using this medium, the highest gromates,pimaof 0.31 K and 0.30 K
was observed at incubation temperatures of 30°@ 347C, respectively, while the
lowest pmax of 0.21 K was observed at 25°C. The effect of temperatarsubstrate
consumption b lactis UOFS y-0939 under growth conditions was also extell The
lactose consumption rate was observed to be mfisieat at an incubation temperature
of 35°C, with an initial lactose of 28.2 g'lcompletely depleted within 10 h (Fig. 2.4).
Conversely, when the same organism was incubate@5aC, the initial lactose
(28.2 g.I'') was completely depleted after 14 h of growth, liimg a much slower
lactose utilisation rate. Consequently, the highésbtmass produced following
exponential growth was at 30°C (7.25 + 0.31).lith the lowest biomass production of
5.64 + 0.3 g.[* at 35°C. Even though growth at 25°C also lednt@eentual biomass of
7.62 + 0.2 g.[* being produced after 14 h, the substrate consompi this case was
much slower in comparison to other evaluated teatpegs. The yield coefficient of
biomass on lactose, (¥ at 30°C was determined to be 0.267y.gp-Galactosidase
activity of 0.35 + 0.05 U.m! and specific activity on biomass was observededHe
highest at 30°C at the late exponential phase Jl@nt thereafter decreased due to the
complete depletion of lactose, as was the occuerenc35°C (Fig. 2.5 and 2.6B). At
25°C, howeverp-galactosidase activity continued to increase atljanism was still in
the exponential phase of growth at 14 h. All negatontrol samples prepared at 12 h
exhibited either zero, or negligibfegalactosidase activity and specific activity (datd

shown).
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Fig. 2.4 Effect of incubation temperature on the growtKoflactis UOFS y-0939 at pH 7 and 180
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SD.
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2.3.4 Effect of pH on growth andB-galactosidase activity

The effect of pH on growth angtgalactosidase activity at the optimum temperatire
30°C was evaluated for 14 h (Fig. 2.7 and 2.8Ayertthough pH 5.5 was observed to be
more favourable for growth, indicating the shortiest phase (3 h) and highest biomass
(9.39 + 0.3 g.[}), this pH was not favourable frgalactosidase activity since it resulted
into the low activity of 0.28 + 0.15 U.Ml The pH of 7 was determined to be more
favourable for both growth anf-galactosidase activity as lactose was completely
consumed by 12 h, at which time the highest agtivit0.35 + 0.05 U.nmt was observed.
All negative control samples prepared at 12 h eatddbeither zero, or negligible

B-galactosidase activity and specific activity (datd shown).
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Fig. 2.7 Effect of pH on the growth df. lactis UOFS y-0939 at 30°C and 180 rpm, during shake

flask cultivation, indicating lactose utilisation pH 5.5 (m-); pH 7 (-A-) and biomass at

pH 5.5 @); pH 7 0). Each point represents the mean of triplicaterdgnations with +
SD.
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2.3.5 Effect of inoculum size on growth anfl-galactosidase activity
Inoculum variations of 6, 8 and 10% were investdatat the optimum growth
temperature and pH. A lag phase of 6 h was obddoreall inoculum ratios, however,
the specific lactose utilisation rate at 8% inoculgize (2.82 g.t.h') was marginally
higher than that at 6 and 10% (2.35§H?) (Fig. 2.9). Biomass trends demonstrated
the highest titre at 6% (9.28 + 0.1 @)L followed by 8% (8.64 + 0.5 gi), and 10%
inoculum size (7.25 + 0.3 g7) (Fig 2.9). p-galactosidase activity at 12 h corresponded
to the biomass trend since the highest activit¢1(@ 0.02 U.mif) was observed at 6%
inoculum size and the lowest (0.35 + 0.05 UY)mét 10% (Fig. 2.10A). The activity at
the investigated inoculum ratios, however, did appear significantly different as the
variation between 6 and 8%, and 8 and 10% was 0.08", and 0.06 U.mtbetween 6
and 10%, thereby suggesting that inoculum size rdbtl considerably influencé-
galactosidase activity. All negative control saespprepared at 12 h exhibited either

zero, or negligiblg-galactosidase activity and specific activity (daté shown).

35 11
10
30
-9
25 - 8
5 !
2 20 - 6 %
(<]
3 5 8
g 151 £
© S
— -4 m
10 - -3
-2
5 -
-1
0@ 0
16
Time (h)
Fig. 2.9 Effect of inoculum size on the growth &f lactis UOFS y-0939 at 30°C, pH 7 and 180

rpm, during shake flask cultivation, indicating lactose utilisatib 6% @); 8% (A); 10%
(), and biomass at 6%); 8% @); 10% (). Each point represents the mean of triplicate

determinations with + SD.



43

A

0.60
£ 0.50
2
> 040
=
3]
©
Q030
1]
©
2
£ 020
K]
©
Q
< 0.10 |

0.00 ®

0 14
Time (h)
B

2000
B
2
S 1600 ]
=
3]
©
® 1200
©
©
%
ie)
3
S 800
@
(-=N
o
S 400
o
)

O T T T T T T T
0 2 4 6 8 10 12 14
Time (h)

Fig. 2.10 Effect of inoculum size during the shake flask cultivatiof K. lactis UOFS y-0939 at
30°C, pH 7 and 180 rpm, dtgalactosidase activity (A) and specific activity (B) at 6%

(m); 8% (A); 10% (@). Each point represents the mean of triplicate determimsatidgth +
SD.



44

2.4 DISCUSSION

Lactose is one of many carbon compounds that camrmbétabolised byK. lactis
(Wésolowski-Louvel et al, 1996). Two genesLAC4 and LAC12 encoding
B-galactosidase and lactose permease, respectarelyesponsible for lactose utilisation
(Breunig et al, 2000). B-galactosidase is an intracellular enzyme, the yorton of
which is induced by the sugars lactose and its cmapt, galactose (Podt al, 1992),
and repressed by glucose (Martatsal, 2002).

The growth dynamics dk. lactis UOFS y-0939 was observed in a medium containing
10 g.L* glucose (Fig. 2.1). Complete glucose consumptiaa observed only after 24 h
of growth and 0.67 g of biomass was produced pamgof glucose. Even though the
Hmax Of 0.44 R' between 8 and 14 h, was high, the 8 h long lagesan indication that
glucose is not an optimal carbon source for thevgref K. lactis UOFS y-0939, though

it is the preferred carbon source for numerousradbhganisms. Lactose, however, is the
preferred carbon source foK. lactis (Dickson and Markin, 1980). Subsequent
experiments were, therefore, conducted in a medimtaining lactose as the sole carbon

source.

The rate of chemical reactions generally increastha temperature is elevated (Daweiel
al., 2007). This is evident in Fig. 2.4 where laetogas consumed at the fastest rate at
35°C, and considerably slower at 25°C. A maximurmwgh rate fina) of 0.31 R,
however, was observed at 30°C, with the higfiegalactosidase activity of 0.35 £ 0.05
U.mlI™. A decline inp-galactosidase activity at 10 h at both, 30 andC35°depicted in
Fig. 2.5A. As lactose is hydrolysed to glucose galdctose, the cumulative presence of
glucose, a known repressor pfgalactosidase, may have resulted in the decline of
B-galactosidase activity at that point of the groptiase. Glucose has been described to
influencep-galactosidase synthesisn coli by: (i) inducer exclusion, the prevention of
entry of lactose into the cell; (ii) carbon catatelrepression, the reduction of the
differential rate offf-galactosidase synthesis by half, and; (iii) transirepression, the

reduction in the initial rate gi-galactosidase production (Dickson and Markin, 3980
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At 30°C, after the exhaustion of glucose, the olgfanmay have synthesised mdre
galactosidase in an effort to utilise the residaeiose of 2.8 g.t, resulting in the second
activity peak. This phenomenon has been deschlgddagbagli and Goksungur (2008)
who investigated the production and optimisatior-@falactosidase bi{. lactis NRRL
Y-8279. A similar effect was observed at 35°C, hesve as the residual lactose
concentration at 10 h was 0.05 @,Lthe second activity peak resulted in a lower
B-galactosidase activity (0.27 + 0.2 Ulthan at 30°C (0.35 + 0.05 U.Hl In
complete contrast, however, is the report by Dioksnd Markin (1980yvho investigated
B-galactosidase induction K. lactisNRRL Y-1140 (the organism under investigation in
this study) and Y-1118. It was reported that glecasd not exclude lactose from
K. lactis nor cause permanent carbon catabolite repres$igpigalactosidase, or prevent
lactose utilisation. The decline in enzyme activay 30 and 35°C after complete
consumption of the carbon source (stationary phass)also observed by Dagbagli and
Goksungur (2008), and may have been as a resutheofdeficiency of inducer, the
presence of proteases, or enzymatic inhibitionhef hydrolysis products, in that high
concentrations of galactose has been reportechtbitiff-galactosidase activity (Martins
et al, 2002). Specifi@-galactosidase activity per total protein (Fig.B.&and specific
activity on biomass (Fig. 2.6) was also reporteduring lag phase of growth when
minimal enzyme titres were produced, spedifigalactosidase activity values were low.
As growth progressed, however, specific enzymevisgtincreased, and eventually
plateaued during exponential and stationary phasen indication thgi-galactosidase
was neither being produced at excessively highldeveeither was there repression of
enzyme synthesis. This trend was also observedtimthe pH (Fig. 2.8B) and inoculum
size (Fig. 2.10B) optimisation studies. The diredationship betweefi-galactosidase
activity and biomass production at all temperatunegstigated, is demonstrated in Fig.
2.6, confirming the observation by Dagbagli and S&oigur (2008). Volumetric
B-galactosidase activity is therefore, growth assed. This trend was also observed in
all the shake flask (pH and inoculum size) expentsi¢hat followed (data not shown).

The ideal pH range for yeast growth is 5 to 6 (Refchl, 1999). This was confirmed in
the present investigation, as indicated in Fig. 227 pH 5.5, the shortest lag phase (3 h)
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was observed and the highest biomass was atta@@@ £ 0.3 g.[!). This result was in
agreement with that of Reeh al. (1999), who confirmed that pH 5.5 resulted in eager
initial growth rate for two strains d&f. marxianus(CBS 712 and 6556) and Furlahal.
(1995), cited in Reclet al. (1999), who reported that sevetél marxianusstrains
showed optimum growth at pH 5.5. Growth rate mayehbeen optimal at pH 5.5,
however, maximung-galactosidase activity (0.28 + 0.15 Uhivas lower at this acidic
pH than at neutral pH 7 (Fig. 2.8A). This was canable to the work of Burin and
Buera (2002) who reported that at pH values up .6 [Bgalactosidase activity from
S. lactis(K. lactis) was significantly lower than at pH 6. Guy and Biag (1978) also
observed thai-galactosidase activity fror@. lactis(K. lactis) declined rapidly below pH
5.9 in fluid whey, as did Zhou and Chen (2001) whkported that a commercig}
galactosidase fronkK. lactis exhibited very low activity at around pH 5.5. Fhwvas
mainly due to the fact that theo-electric point (pp) of the enzyme was 5.42. At pH 7,
the maximum activity of 0.35 + 0.05 U.thivas observed at 12 h (Fig. 2.8A). Possible
glucose repression @fgalactosidase activity was only observed at pH 70ah, and not
at pH 5.5. Since a pH of £7 has been demonsttatexkveral authors, to be optimal for
B-galactosidase production §luyveromycesp. (Dagbagli and Goksungur, 2008; Zhou
and Chen, 2001; Gist-Brocades, 1998), as confirmethe present study, pH 7 was,
therefore, concluded to be optimum for enzyme pectidn in subsequent studies. It must
be noted that the effect of pH 8 was &n lactis UOFS y-0939 growth and
B-galactosidase production was also investigatedhis Tata, however, has not been

reported since enzyme titres at pH 8 were not Bggmitly greater than at pH 7.

The size of the inocula is a well investigated pss parameter in microbial
fermentations (SreenivasRab al., 2004; Papagianni and Moo-Young, 2002; Mediha
al., 1997). The effect of inoculum size on the gtowhdp-galactosidase production by
Kluyveromycesp. has not been extensively reported, howevé t@culum size has
been used K. marxianusshake flask investigations (Manertal, 2008) resulting in a
B-galactosidase activity of 10.6 U.nlat optimum conditions. The present study
demonstrated that a lag phase of 6 h was obseoreallfinoculum ratios (Fig. 2.9), an

unusual result as a lower inoculum size, i.e., feyeast cells, should lead to an extended
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lag phase. Furthermore, biomass titres ugdlactosidase activity followed the similar
trend, as detailed in section 2.3.3, howewgalactosidase activity between the
inoculum sizes, did not appear significantly diéier at 12 h after complete lactose
depletion (Fig. 2.10A). Furlaet al. (2001) had investigated the optimisation of inacul
ratio for B-galactosidase production Bg. marxianusin a lactose-free medium and
reported that there was no significant differenegveen inoculum ratios of 1% (v/v) and
10% (v/v), thus validating the result of the prasemwestigation. It was the aim of the
investigation to determine the optimum inoculuniorédr B-galactosidase production and
since 6, 8 and 10% did not result in significarfitedlences irp-galactosidase activity, and
as 10% inoculum size had been used in the studyofftanised the inoculum medium
employed in the present investigation (Manetaal, 2008), 10% inoculum ratio was

used in the successive fermentations.

The effectiveness of ultrasonication with glassdseat various times, as a cell disruption
method was also investigated. It was observed d@hgteater number of cells were
disrupted as the ultrasonication period increas€be viable cell count revealed that a
16% reduction in the number for viable cells wakiewed after ultrasonication for 30
min, as compared to the control, an@lgalactosidase activity increased to
042 + 0.1 Umf, a 99.5% improvement as compared to the control
(0.002 + 0.0001 U.rifl) (Fig. 2.3). Albeit the application of 30 min $ubsequent shake
flask investigations, ultrasonication in a watethbaas not optimal for the disruption of
K. lactis UOFS y-0939 cells, as compared to other disrupti@ihods. In the study by
Dagbagli and Goksungur (2008), isoamyl alcohol wmast effective in the extraction of
B-galactosidase frorK. lactis NRRL Y-8279, and resulted in the maximum voluneetri
activity of 14.12 U.mf in a medium with 30 gt lactose, pH 7 and growing at 30°C,
conditions similar to those in the present studgomparatively, the highest activity
achieved in the present study under the optimunditons, was 0.35 U.rifi (Fig. 2.5A),

a considerable 40 fold less than that of Dagbagtl &oksungur (2008). It can be
concluded that the use of an ultrasonic water baith significantly underestimated the
B-galactosidase activity. Becermaal. (2001), however, reported sonication as the most

effective method fop-galactosidase extraction in the strainkKoflactis as used in this
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study, compared to other mechanical extraction atthand extraction by solvents and
enzymes. It must be noted, though, that isoangohall was not among the solvent
extraction methods tested by Beceetaal. (2001). It is of interest to note that the
physiological state of cells and the conditiongawth at the time of extraction have a
major effect on disruption kinetics. Cells hareestduring the exponential phase of
growth are more easily disrupted than those haededtrring the stationary phase. This
is due to cells grown at a higher specific grovatebeing probably easier to disrupt than
those grown at lower specific growth rates, sirfoe ¢ells would direct the available
energy towards reproduction rather than strengtiieaf the cell wall (Keshavaret al,
1987).

Shake flask optimisation studies, therefore, reack#thatk. lactis UOFS y-0939 favoured

a temperature and pH of 30°C and 7, respectivety, the optimal yield of
B-galactosidase. Furthermore, an inoculum ratitQ86 was to be applied in subsequent
investigations. Since cell disruption in an ultmaie water bath was found to be
ineffective, it was also necessary to apply anradtive disruption method in the scale-up

investigations that follow.
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CHAPTER THREE: BATCH, FED-BATCH AND CONTINUOUS CULTURE
FOR THE PRODUCTION OF B-GALACTOSIDASE

3.1 INTRODUCTION

Since the primary goal of fermentation researchthis cost effective production of
biological products, it is important to developudtivation method that allows production
of the desired product to a high concentration whigh productivity and yield
(Leeet al, 1999). Batch fermentation is still the most ortant process operation used
in bioprocessing industries due to its simpliciBugairi, 2008). The batch reactor is a
closed system where all components, except gaseabstrates such as oxygen,
pH-controlling substances and antifoaming agents, @aced in the reactor in the
beginning of the fermentation. During the procelsye are no input or output flows.
The microbial growth phase in such a process fdldhe typical lag, exponential,
stationary and death phase path. For the battivation of an aerobic microorganism,
aeration is an important design parameter in tloeehctor, and by its efficient control,
the overall productivity of the process can be@ased (Saarekt al, 2003). Despite its
advantages, however, batch culture becomes letsbluwhen substrate inhibition on
cell growth by product formation occurs (Hammes &vkiley, 1993). Some problems
of batch culture can be overcome by fed-batch dieréBusairi, 2008).

In the fed-batch process, substrate nutrientseatecdntinuously or sequentially without
the removal of fermentation broth (Busairi, 200&)d is widely used for the production
of microbial biomass, ethanol, organic acids, aotibs, vitamins and enzymes (Roukas
and Kotzekidou, 1998). Fed-batch is generally Bopdo batch processing and is
especially beneficial when changing nutrient comegions affect the productivity and
yield of the desired product (Yamane and ShimiA84). Since both overfeeding and
underfeeding of the limiting nutrient is detrimdrtia cell growth and product formation,
development of a suitable feeding strategy is aaitiin fed-batch cultivation

(Leeet al, 1999). Various strategies have been developddrelude the following:
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i. Simple indirect feedback method: couples nutrieetdfng with the measurement
of pH (pH-stat) or dissolved oxygen (DO-stat) (L£896).

ii. Exponential feeding strategy: allows exponentidll g@wth by feeding substrate
in proportion to the exponentially growing cell mg8sloret al, 2001).

iii. Corrected feedback control strategy: incorporatesrdine method to estimate
to implement exponential feeding with compensatamnchanges in p (Noet al.,
2001).

iv. Nutrient feeding according to nutrient uptake omded: the carbon source in the
culture medium can be controlled at a desired vdlitecan be measured online
(Leeet al,, 1999).

Batch and fed-batch production pfgalactosidase fronKluyveromycessp. has been
investigated (Cortést al, 2005; Pinheircet al, 2003; Noret al, 2001; Barberis and
Segovia, 1997). The enzyme is reported to be moatisly synthesised in induced
cultures, and in batch operations, the maximundyieging obtained at the beginning of
the stationary phase of growth, after which theldyief the enzyme decreases
(Ranziet al, 1987). Pinheir@t al. (2003) investigated the effect of an increaswial
air pressure on cell growth and intracellylagalactosidase activity in batch cultures of
K. marxianus CBS 7894 and discovered that specifigyalactosidase productivity
increased from 5.8 to 17.0 U.gCI* (units per gram cell dry weight per hour) using
6 bar air pressure instead of air at atmosphegsgure. -galactosidase production is
influenced by a variety of culture conditions anome studies have revealed the
important role of dissolved oxygen tension (DOT) mxtygen transfer rate (OTR)
(Schneideret al, 2001; Barberis and Gentina, 1998; Garcia-Gardiagl, 1987). The
influence of oscillating DOT on the batch produntiof B-galactosidase bi(. marxianus
NRRL-Y1109, in comparison to constant DOT, was stigated by Cortést al. (2005)
who demonstrated that maximum specfligalactosidase activity (2 800 + 250 U)g
and final volumetric activity (32 700 + 2000 U‘L.was achieved at the lowest oscillation
period tested (300 seconds), while at a const&it Df 20%, specifif3-galactosidase

activity and final volumetric activity were 2 500g™*and 31 100 U.L, respectively.
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In fed-batch operation, DO-stat is the most commsinategy for industrial aerobic yeast
cultures due to its simplicity and straightforwamtplementation (Yamane and Shimizu,
1984). Noret al (2001) reported maximum volumetrig:galactosidase activity of

26.2 U.ml*, and specific activity of 2 U.migiry weight, during the fed-batch cultivation
of a wild-type mutant oK. fragilis (K. marxianu$ under DO stat conditions (25-35%
DO). Comparative maximum volumetrfzgalactosidase activity and specific activity

reported under batch conditions were 3.1 ULarid 1 U.mgdry weight, respectively.

Continuous culture offers the advantage of wellirgaf growth conditions such as
growth rate and nutrient limitation (Inchaurrondd al, 1998). The nutrients are
continuously fed to the culture while continuousnowal of culture fluid containing
biomass, products and non-depleted nutrients, egsilnat the culture volume is kept
constant. The media that is fed into the cultsrelésigned such that one nutrient of
choice (the limiting nutrient), for example, therlwan source, determines the biomass
concentration in the culture, and is almost conghfetonsumed so that its residual
concentration in the culture is minimal. In steatte, when the growth rate and dilution
rate are equal, the concentration of all nutrieimsluding the growth-limiting substrate,
remains constant over time, and as a result oftanhgrowth conditions, the physiology
of the microorganism also remains constant (Weus#tual, 1994). It has been reported
that in many yeasts, the biomass yield from thessate is virtually constant over a wide
range of dilution rates (Pirt, 1975), leading ttinear relationship between the dilution
rate and the specific rate of substrate consumptidhis linear relationship, however,
only applies when the biomass yield does not chanmige the dilution rate. This
phenomenon was observed when the dilution rateeiiac, glucose-limited cultures of
C. utilis CBS 621 was varied between 0.1 and 0-§Rostmaet al, 1988).

The continuous cultivation dfluyveromycesp. has also been well investigated. For
example K. fragilis (K. marxianu$ biomass production was investigated in a chemosta
using a medium containing 2.5% fructose. The marmniiomass productivity obtained
was 4.81 g..h* (Kim et al, 1998). Furthermore, the continuous flow aerqisimcess

has been used successfully for the production rgflesicell protein from cheese whey
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usingK. fragilis (Ghaly and Ben Hassan, 1995; Ghatyal, 1992; Moreskt al, 1990;
Mickle et al, 1974). The metabolic behaviour Iéf marxianusin aerobic chemostat
cultures of deproteinised whey was also studiegketermine the characteristics of energy
metabolism (Castrillo and Ugalde, 1992).

Continuous production of-galactosidase biluyveromycessp. has been investigated
previously, however, there have been limited repoithe consequence of dilution rate
on B-galactosidase activity iK. lactis grown in cheese whey permeate, was investigated
(Ornelaset al, 2008) and 0.24 hwas found to be optimum. Barberis and Gentina
(1998) examined the effect of dissolved oxygen eatration on continuous
B-galactosidase production byKa fragilis NRRL Y-1109 in a bioreactor with a defined
medium (1 L) and reported 10% to enable both adrigpecific3-galactosidase activity
and higher volumetric productivity. Moreover, lathrondoet al (1998) reported on
the growth and3-galactosidase synthesis Kf lactis in aerobic continuous culture in
900 ml medium, under carbon, nitrogen and phosplrai&tion in a bioreactor. The
inducedp-galactosidase expression was repressed whemegkésgrown under nitrogen
or phosphate limitation. In lactose or galactosetéd cultures, however, the enzyme
accumulated in amounts equivalent to 10-12% oftdiel cell protein. Finally, the
simultaneous production @tgalactosidase and inulase was investigated irhkzatd 3 L
continuous cultures oK. fragilis. The highest specifi§3-galactosidase activity in
continuous culture (0.78 U.rigiry cell weight) was obtained in a medium withezpual

mixture of fructose and galactose (Hewitt and Grhgassink, 1984).

This chapter focused on assessing the productioB-gélactosidase using batch,

fed-batch and continuous processes on a scaleelvafy under optimised conditions.
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3.2 MATERIALS AND METHODS

3.2.1 Seed culture and Bioreactor inoculum
K. lactis UOFS y-0939 seed culture and bioreactor inoculd®P4) was prepared as
described in section 2.2.4.2. The inoculum wapgmed (30°C, pH 7, 10% seed culture

inoculum ratio) and incubated for 12 h, prior tansfer into the bioreactor.

3.2.2 Batch cultivation ofK. lactis UOFS y-0939
Two Biosta® B-DCU Bioreactors (B. Braun Biotech Internation@ermany) of 6.6 L
total volume were used for the cultivation Kf lactis UOFS y-0939 in batch culture in
concurrent experiments. These were equipped witflebaand temperature, pH and
dissolved oxygen (DO) controllers. The growth niedi(3 L) was the same as described
in section 2.2.4. Yeast extract and the salts vagssolved in tap water (1.7 L) and
transferred to the bioreactor prior to sterilisatioThe pH probe (Mettler Toledo) was
calibrated prior to sterilisation. The pH was mained using 25% ammonia (Saarchem)
and 25% sulphuric acid (Saarchem). Antifoam (Dabpwas sterilised separately and
used to control foaming during the fermentationcpss. The bioreactor was sterilised
(121°C, 60 min). Following sterilisation, the ditsed oxygen probe (Mettler Toledo)
was allowed to polarise for a minimum of 6 h, ptiorcalibration. Lactose was prepared
separately and aseptically transferred to the hmog using a peristaltic pump (Watson
Marlow 101 U/R, United Kingdom) prior to inoculatipafter which the LogM sample
was taken. The monosepticity and OD (600 nm) efitloculum was determined and the
inoculum aseptically transferred to the bioreactoltpwing which, the time zero sample
was taken. Operating parameters were controlledrnaonitored online by the MFCS
Shell software. Growth parameters were maintaige80°C and pH 7 with 1.5 vwm
airflow (4.5 slpm) and a stirrer speed of 800 rp&amples (30 ml) were withdrawn from
both bioreactors at 2 h intervals. Growth was mesas spectrophotometrically (at 600
nm), and by the determination of biomass (as dasdrin section 2.2.3.1). The pH,
lactose concentratiof;galactosidase activity and specific activity walgo measured as
described in sections 2.2.4.2.1, 2.2.4.1.2 andl 23, respectively.
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A second batch cultivation was also run under idahtonditions, with the exception of

an increase in lactose concentration to 40'g.L

3.2.2.1K. lactis UOFS y-0939 cell lysate preparation
Two methods were compared to extract the enzymasthyf; each cell lysate was
prepared by homogenisation of the fermentationhbusing the Microfluidizer® M110S
(Microfluidics, USA), operated by compressed ai@ (00 psi). Each sample (20 ml),
which was stored on ice, was homogenised (7 mimjuats (2 ml) of each sample were
centrifuged (13 000 rpm, 4°C, 5 min). The resul®rpernatant was transferred to clean
microcentrifuge tubes and stored (-80°C) until Hert analysis. Secondly, in the batch
fermentation cultivated with 28.2 g'llactose, the sample at 12 h was also prepared by
ultrasonication (as described in section 2.2.4.2@)as to compare the two extraction

methods.

3.2.2.2p-Galactosidase activity and specific activity
B-Galactosidase activity and specific activity weletermined as described in sections
2.2.4.1.2 and 2.2.4.2.3, respectively.

3.2.3 Fed-batch cultivation oK. lactis UOFS y-0939
The fed-batch production df. lactis UOFS y-0939 was performed in 30 L Biogat
C-DCU Bioreactor using a 10 L working volume. Tinereactor was steriliseid situ.
The medium and operating conditions were the sarferathe batch fermentation with
the exception of the airflow which was reduced tevin (10 slpm). In addition, once
DO had reached approximately 20%, airflow and ettirspeed were manually
manipulated to maintain the DO. The lactose fel87 (g.L') was started once the
residual lactose in the initial charge had reacimutoximately 1.9 g.t, and was fed at a
rate of 4 g.[*.h™, which was the lactose consumption rat&ofactis UOFS y-0939 as
determined in preceding batch investigations. Smg@and analyses were performed as
described in section 3.2.2, howev@rgalactosidase samples were only prepared by
homogenisation as described in section 3.2.2.1.
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3.2.4 Continuous cultivation ofK. lactis UOFS y-0939
The continuous production @fgalactosidase was performed in 6.6 L Biggt&-DCU
Bioreactors with 3 L working volume. The bioreacteedium and the feed compaosition
was the same as that used for the batch fermemsag®mction 2.2.4.2). The bioreactor
preparation was performed as described in secti@r2,3however, further provisions
were made for the feed inlet and the product outleings. The feed (15 L) was
prepared in Nalgene bottles (20 L) that were presgsted prior to sterilisation (121°C,
2 h). Lactose (28.2 g}) was prepared separately and aseptically traesfao the feed
after sterilisation.

The inoculation of the bioreactor, growth parangtesampling and analyses were
performed as described in section 3.2.2, howevamping was performed at
approximately 4 h intervals in steady state. Tlas$of the fermentation broth was also
monitored throughout the run. The feed was stadede the initial lactose in the
medium was reduced to approximately 274.1The peristaltic pumps regulating the feed
supply and product removal were calibrated to naaing dilution rate of 0.2h i.e.,

feeding and product removal were maintained at@2&r volume of medium per hour.

In the first continuous fermentation, the extractiof B-galactosidase fronkK. lactis
UOFS y-0939 biomass was performed by ultrasonicatie described in section
2.2.4.2.2. The second continuous fermentation al&s run under identical conditions,
with the exception that the cell lysates were pregpdy homogenisation as described in
section 3.2.2.1.
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3.3 RESULTS

3.3.1 Batch cultivation ofK. lactis UOFS y-0939
The production of-galactosidase was evaluated in batch culture 28t8 and 40 g.t
lactose as carbon source. It was observed thait Bt h, lactose in both fermentations
had declined to an average of 1.6 4nd did not proceed to complete depletion (Fig.
3.1). Thepmax at 28.2 g.[* lactose (0.37 1) was marginally higher than at 40 g.L
lactose (0.32 ). Although a final biomass of 20.07 g-land 17.77 g.X was produced
from 40 g.I* and 28.2 g.I* lactose, respectively (Fig. 3.1), the conversibtactose to
biomass was 20.7% greater at the lower lactoseertration level (Ys40 g.L'* =
0.5 g.g" and Ys28.2 g.I'* = 0.63 g.¢). The most significant difference at both 28.2 an
40 g.L* lactose concentrations is tRayalactosidase activity (Fig. 3.2). The final wityi
at 40 g.[* lactose (4.08 U.nf) is 2.6 fold higher than at 28.2 ¢'L(1.58 U.mM).
Furthermore B-galactosidase activity and specific activity omrbass of homogenised
samples were more than 3.5 fold greater than tlchiewed with ultrasonication
(Table 3.1).
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Fig. 3.1 Batch cultivation ofK. lactis UOFS y-0930 at 30°C, pH 7, and 4.5 slpm airflow with a

stirrer speed of 800 rpm, indicating lactose utilisation atiratal concentration of
28.2 g.L'! lactose #); 40 g.L* lactose (1), and biomass with 28. gillactose @&); 40 g.L*

lactose 4).
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Fig. 3.2 Batch cultivation ofK. lactis UOFS y-0939 at 30°C, pH 7 and 4.5 slpm airflow with a

stirrer speed of 800 rpm, indicatirygalactosidase activity at 28.2 d.llactose #);
40 g.L''lactose (), and biomass at 28.2 g-lactose @& ); 40 g.L'* lactose 4).

Table 3.1 Comparison of ultrasonication and homogenisatiofi-galactosidase activity and specific
activity on biomass during the batch productionKoflactis UOFS y-0939 in 28.2 git.
lactose. Samples were taken at 12 h and each value eefgrdabe mean of duplicate

determinations.

Sample p-Galactosidase activity Specific activity
(U.ml™ (U.gh
Ultrasonicated 0.43 24.57

Homogenised 1.55 91.02
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Fig. 3.3 Batch cultivation ofK. lactis UOFS y-0939 at 30°C, pH 7 and 4.5 slpm airflow with a
stirrer speed of 800 rpm, indicating dissolved oxygen a2 28" (o) and 40 g.r* (A)

lactose.

3.3.2 Fed-batch cultivation oK. lactis UOFS y-0939

The fed-batch cultivation dk. lactis UOFSy-0939in 10 L fermentation medium was
investigated with an initial lactose concentratafr?8.2 g.I'*. Lactose feed commenced
once the initial lactose concentration had reacgatoximately 1.9 g (15.33 h) and
was fed at a rate of 4 g'h?® at which time the biomass concentration and
B-galactosidase activity was 12.5 g.and 1.7 U.mt, respectively (Fig. 3.4). Biomass
increased exponentially, until 20 h and the finantass titre (34.47 g1) increased
2.8 fold at a rate of 0.8 glLh* after the feed start3-Galactosidase activity increased at
a rate of 0.18 U.riL.h* after the feed start, reaching a maximum of 8mlYat 37.31 h
with a corresponding biomass titre of 32°4.LAn average DO of + 20.4% was manually
maintained from 20 h onwards, during which perfadalactosidase activity increased

and reached a maximum (Fig. 3.5).



59

45 10

40 b © § 9 %
o 3
%) -7 P
g S
L 6 b
5 8
m -5 %
~ 3
o 4D
=) 8
g B
el | [}
E ° 2
- -1 =

0

0 5 10 15 20 25 30 35 40 45

Time (h)
Fig. 3.4 Fed-batch cultivation oK. lactis UOFS y-0939 at 30°C, pH 7, with initial 10 slpm airflow

and stirrer speed of 800 rpm, indicating lactose utilisatia)y piomass A) and

B-galactosidase activity ¢-).
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Fig. 3.5 Fed-batch cultivation oK. lactisUOFS y-0939 at 30°C, pH 7, with initial 10 slpm airflow
and stirrer speed of 800 rpm, indicating D) §éndp-galactosidase activity ¢-).
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3.3.3 Continuous cultivation ofK. lactis UOFS y-0939
In the first continuous fermentation, feeding comoexr at 10.05 h, when residual
lactose concentration was 2.72 Q.(Fig. 3.6). Thepmax Observed during the batch
portion of the run was 0.43’h Steady state was maintained from 14.66 h onwands
an average residual lactose concentration of 1.234.1'* was evident during this time.
The biomass value reached a maximum of 17" gllring late exponential phase and an
average biomass of 19.02 + 1.2 §.was maintained throughout the steady state.
Ultrasonication oK. lactis UOFS y-0939 biomass confirmed maxim@rgalactosidase
activity of 1.6 U.ml* at the late exponential phase (Fig. 3.6) follovegda decrease in
activity during steady state. A peakfirgalactosidase activity was also observed after
26.7 h. An average of 45.5 £ 8.9% DO was mainthittgoughout steady state even
though DO was not controlled during the investigatfFig. 3.7).

In the second continuous fermentation, albeit idaht conditions, the lactose
consumption rate was reduced when compared toirgtecbntinuous fermentation, as
evident by the slowepimax of 0.32 K. Feeding was initiated at 15.77 h, when the
residual lactose concentration was 1.57'g(Eig. 3.8). Steady state was maintained
from 20.15 h onwards and the average residual dactmncentration and biomass
production during this time was 0.92 + 0.2 ¢.land 18 + 0.9 g.[}, respectively.
B-galactosidase activity in the homogeniskd lactis UOFS y-0939 biomass was
significantly higher (Fig. 3.8) in comparison taeethltrasonicated samples (Fig. 3.6). In
contrast to the first continous fermentatifrgalactosidase activity continued to increase
after feeding commenced and maintained an avera@00.9 U.ml* in steady state
with a maximum activity (10 U.ri) observed after 32 h. An average DO of 34 + 1.9%

was maintained throughout the steady state (F. 3.
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Fig. 3.8 Continuous cultivation oK. lactis UOFS y-0939 at 30°C, pH 7 and 4.5 slpm airflow with

stirrer speed of 800 rpm, at a dilution rate of 02 imdicating lactose utilisationm,
biomass 4), and p-galactosidase activity ¢-). Cell lysates were prepared by

homogenisation.
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Fig. 3.9 Continuous cultivation oK. lactis UOFS y-0939 at 30°C, pH 7 and 4.5 slpm airflow with
stirrer speed of 800 rpm, at a dilution rate of 0*2ihdicating DO ¢) andp-galactosidase

activity (-o-). Cell lysates were prepared by homogenisation.
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3.4 DISCUSSION

Controlled cultivation conditions are essentialtfoe study of enzyme production. Shake
flask cultures do not meet this requirement, sipideand dissolved oxygen concentration
cannot be regulated, and both these parameters @&atrong influence on the rate of
sugar transport (Van Leeuwen al, 1992; Van den Broek, 1986; Van den Broek and
Van Steveninck, 1982; Hofer and Misra, 1978), dmast enzyme production. Batch
cultivation in bioreactors equipped with such colwrs would be more suitable.

B-Galactosidase production K. lactis UOFS y-0939 batch culture was investigated
using 28.2 and 40 gllactose as carbon source. After 14 h, biomasdymed from
28.2 g.L! lactose was 17.77 gl and marginally higher at 40 ¢'L(20.07 g.[") (Fig.
3.1). The point of interest is the yield of biass on lactose (¥), in that more lactose
had been converted to biomass at the lower sugareotration, 28.2 gt (Yys= 0.63
g.g%), than at 40 g.t (Yys= 0.5 g.g). Lukondehet al (2005) also reported decreasing
biomass vyields with increasing lactose concentnatidarticularly, at 20 and 40 d.L
lactose, biomass yield coefficients of 0.45 and @3j* was reported, respectively. This
phenomenon has been described by Belem and Le8)(M80 reported that increases in
lactose concentrations can lead to the accumulafigyruvate resulting from the greater
glycolytic flux in Kluyveromycesstrains, thereby causing a reduction in final sm
yields. The DO profiles for both fermentations ldesd during lactose utilisation and
displayed an increase once the initial lactose eomation neared depletion, thus

following the usual trend of those in batch cult(fFey. 3.3).

The maximunp-galactosidase activity in batch culturekaflactis UOFS y-0939 at both
28.2 and 40 g.t lactose was observed at stationary phase (Fig. 3This was also
demonstrated by Inchaurrondobal. (1994) who investigated growth afejalactosidase
production byKluyveromycestrains andC. pseudotropicalisn aerobic batch culture in
lactose-limited medium. Maximurprgalactosidase levels were reached at the onset of
stationary phase in all investigations, and renthig@ble thereafter. Pinheiet al

(2003) also reported maximurfi-galactosidase activity at early stationary phase,
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however, the activity subsequently exhibited ahtlidecrease, and as reported by Ranzi

et al (1987), activity decreased continuously in staiy phase.

In the present study, the highgspalactosidase activity produced By lactis UOFS
y-0939 at 28.2 g. was 1.58 U.mt, considerably lower than the activity achieved at
40 g.L* (4.08 U.mtY) (Fig. 3.2). K. lactishas been chosen as a model, Crabtree negative,
lactose utilising organism (Fukuhara, 2006; Lackeaid®98). According to the criteria of
Alexander and Jeffries (1990) Crabtree negativetgeshow aerobic fermentation, but no
detectable respiration repression, and are unab@gaw in the absence of oxygen. In
contrast, Gonzéalez-Siset al (1996) demonstrated th&t. lactis produced the same
qguantity of ethanol as$s. cerevisiaethe Crabtree positive prototype, when grown in
discontinuous culture, oxygen-limited aerobic cdods, complete media, and 2%
glucose. It was reported that even in well-aeratadiures, a slight fermentation was
detectable if the substrate (sugar) levels weré kigough. It has long been established
that high sugar concentrations in batch culturemsigecan result in Crabtree repression,
which inhibits respiratory enzymes and increasésredl production (Fiechteet al,
1987; De Deken, 1966), and has been known to rgsalteduction in enzyme yield$n

the present investigation, however, the elevateel$eof lactose did not result in Crabtree

repression, and were, therefore, non-inhibitorf-galactosidase production.

Since an alternative cell disruption method, ilBomogenisation, was employed as
ultrasonication was proven to be ineffective, itswimportant to draw a comparison
between the two methods. During the batch culbwadf K. lactis UOFS y-0939 in 28.2
g.L? lactose, the cell lysate at 12 h was prepared bt thomogenisation and
ultrasonication. TheB-galactosidase activity (1.55 U.Ml and specific activity on
biomass (91.02 U obtained after homogenisation was more than@dbHigher those
obtained after ultrasonication (Table 3.1), thusmdestrating the supremacy of
homogenisation over ultrasonication. In the extomcof intracellular enzymes, the cell
disruption method employed should be robust enotmhdisrupt cell envelopes
efficiently, yet gentle enough to preserve enzyms@vidy (Numardbglu and Sungur,

2004). The Microfluidizer® processor operates kvated air pressures, and it is
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estimated that every 1 000 psi of pressure appbedater in the system, results in a
temperature rise by 1.0 to 1.7°C (temperature asaewould vary depending on the
material). Elevated temperature is known to dematomoteins and would therefore
compromise enzyme activity (it is for this reasbattthe Interaction Chamber is kept
cold with ice during processing). In spite of thesperational factors, the

Microfluidizer® processor was efficient in the diption ofK. lactis UOFS y-0939 cells

(microscopically, approximately 90% of cells wensrdpted-data not shown) and the

preservation of enzyme integrity.

Fed-batch culture has been successfully used tevachigh culture productivity due to
its ability to overcome the Crabtree effect (Naral, 2001) by incremental feeding of
essential nutrients into the bioreactor, and is tladvantageous over the batch process.
In practise, fed-batch cultivations are not operatea constant growth rate, but involve a
feed profile that leads to a continuous decreaggawth rate. Industrially, this profile is
governed by a variety of factors, including oxydeansfer and the cooling capacities of
industrial bioreactors (De Hollander, 1993; Beudekeal., 1990).

The present study investigatfealactosidase production I§ lactis UOFS y-0939 in
fed-batch culture, employing a constant lactosd.feBue to the possibility of elevated
lactose levels being inhibitory to biomass productithe study was conducted with
28.2 g.I! lactose, instead of 40 g'L At the lactose feed rate of 4 §.b, an average
residual lactose concentration of 1.34 Y.was observed throughout the fed-batch
portion of the run. Residual lactose should, peddly, have been maintained at a lower
concentration. The pmax Observed during the batch portion of the fermematvas
0.22 K, andu declined to 0.1 after feed start (between 15.88 and 23.95 h), lwtsic

typical of fed-batch operations.

K. lactisUOFS y-0939 was cultivated in fed-batch culturen@ximise the production of
biomass, and consequentfrgalactosidase activity. The fed-batch was sudck#s
achieving higher biomass titres (34.47 4.ln 41.73 h) than batch fermentation, and
consequentp-galactosidase activity (Fig. 3.4)p-galactosidase activity reached a
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maximum at 37.31 h (8.7 U.ijl and then exhibited a decline (Fig. 3.4). The
proportionate increase in biomass fndalactosidase activity was also demonstrated by
Nor et al (2001) who reported that in the fed-batch produmcof B-galactosidase by a
strain of K. fragilis (K. marxianu$, high cell density (69 g dry wtl) resulted in
increased volumetric enzyme activity (2 U.neell dry wt). In contrast, the complexity
of fed-batch operations has also been demonst(#fedsthuiset al, 1994) where, as a
result of an increase in biomass, a change in ¢graanditions is inevitable. It has been
reported that the formation of many toxic by-praduts linearly proportional to the
amount of biomass produced which may contributereiduced enzyme titres. This
phenomenon may have been the cause of the denliaeziyme activity after 37.31 h.
Furthermore, continuous lactose feeding would h@seilted in increased measures of
the hydrolytic products of lactose, glucose andagialse. As high concentrations of
galactose has been reported to inhbgalactosidase activity (Martiret al, 2002), this

too, may have contributed to the reduced enzymeitgct

The relationship between volumetric oxygen massistex ka), or OTR, and
B-galactosidase specific activity has been showregadoet al, 1996; Garcia-Garibagt

al., 1987; Mahone¥t al, 1974). Furthermore, it has been reported fhgdlactosidase
production is strongly dependent on dissolved orygencentration in the fermentation
broth of K. fragilis (K. marxianu$ grown on lactose as a sole source of carbon and
energy (Barberis and Gentina, 1998). Two differstudies investigatind. fragilis
(K. marxianu3 NRRL Y-1109, have reported the lower dissolveggen concentrations
of 10% and 30% as being most suitable fegalactosidase production (Barberis and
Gentina, 1998; Barberis and Segovia, 1997). Ba&lard Gentina (1998) also reported
that even though the biomass concentration was [&5%6at 10% DO, than at 60% DO,
the increase in enzyme activity was greater thanr¢hluced biomass concentration. In
the present fed-batch study, the DO profile dispthgn increase once the initial lactose
concentration neared depletion and proceeded imdext the onset of feeding (Fig. 3.5).
The effect of 20% DO was investigated, and waseagtd by manual manipulation of the
airflow and stirrer controllers. It was observedt{3-galactosidase activity continued to
increase at 20% DO up to 8.7 Unthus validating the reports of Barberis and Genti
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(1998) and Barberis and Segovia (1997). In addlitas lower DO concentrations have
been reported to reduce biomass production, it im&ybserved that the maximum
biomass produced (34.47 gL may have been improved upon at a higher DO

concentration.

Following fed-batch cultivation, the continuous gweation ofpf-galactosidase bi. lactis
UOFS y-0939 was investigated in two separate baboeecultivations under identical
conditions. Cell lysates from the first bioreactoultivation were prepared by
ultrasonication, while those from the second weepared by homogenisation. Albeit
indentical conditions, differences were evidenthe batch portion of both continuous
fermentations. While @imax of 0.43 K was observed in the first study, and feeding
commenced at 10.05 h (Fig. 3.6), feeding in theséstudy was initiated 5.72 h later (at
15.77 h) due to the slower growth ratg.d = 0.32 i) (Fig. 3.8). The most probable
cause for the difference in the second chemostétas due to an obstruction in the
exhaust gas line causing pressure in the bioreadissolved oxygen levels were
drastically reduced between 0 and 6 h reachingnanmam of 1%. After the exhaust line
had been detached, normal DO levels resumed.njttbas, be deduced that the reduced
dissolved oxygen available to the yeast cells durime first 6 h after inoculation,
inhibited respiration thereby resulting in a sloweowth rate and causing a delay in the
feed start. Despite the initial discrepancy in gegond continuous fermentation, the
average biomass titres produced during steady stdieth investigations, were similar
[19.02 + 1.2 g.[* (Fig. 3.6) and 18 + 0.9 g1 (Fig. 3.8)].

The rate of substrate consumption can be manigllbte varying the dilution rate
(Weusthuiset al, 1994) and it has been reported that at veryddution rates, energy
requirements for maintenance processes affect tioenass vyield (Pirt, 1975).
Inchaurrondcet al. (1998) demonstrated that during the aerobic\atitn ofK. lactisin

continuous culture at a dilution rate of 05 kthe biomass vield (¥ on lactose was 180
g.mol*, which was reduced to approximately 164 g:mat 0.1 K. Furthermore,
residual lactose that remained at approximatelyn@\l from 0.05 to 0.25 T increased

to approximately 0.5 mM at a dilution rate of 0.5. hThe linear increase in oxygen
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uptake rate with an increase in dilution rateKaylactis NRRL Y-1140 has also been
reported (Gonzélez-Siset al, 1996). As it is known that an increase in digso

oxygen in the medium increases biomass concentréBarberis and Gentina, 1998),
these reportsubstantiate that biomass yields are enhancedamitincrease in dilution
rate. In the present study, at the intermedidteidh rate of 0.2 f§, the biomass yield on
lactose throughout steady state was 0.67" guad 0.63 g.§ in the first and second,

continuous fermentations, respectively.

Both continuous fermentations were operated afudiah rate of 0.2 H as it has also
been found to be optimal f¢*-galactosidase production (Barberis and Gentin@8)19
Furthermore, Inchaurrondet al (1998) reported the highest specific enzyme agtto
correspond tK. lactis NRRL Y-1118 cells grown at dilution rates betwe@d and
0.2 h', and Ornelast al (2008) reported 0.24'hto be optimum foK. lactis specificp-
galactosidase activity. Inchaurrondbal (1998) further demonstrated that the specific
rate of enzyme synthesis was shown to increase imparoximately linear manner to a
maximum at an intermediate dilution rate of 0.2350h", and declined above 0.4'h
The present investigation compaiegdalactosidase activity in cell lysates frafnlactis
UOFS y-0939 continuous cultures prepared by ultrestion and homogenisation. The
maximum activity achieved by ultrasonication (1.610") occurred at late exponential
phase (10.68 h) and thereafter declined duringihgedcexhibiting a peak at 26.7 h
(Fig. 3.7). Asp-galactosidase is a growth associated product @iat, 2001), enzyme
activity during the steady state was expected toare constant, similar to biomass
concentrations. The discrepancy in the enzymeictrend may possibly be due to the
inefficiency of ultrasonication to disrupt the hitjtves of biomass (+ 19 g) (Fig. 3.6)
achieved during continuous fermentation, as congpéoethe lower titres achieved in
shake flask cultures (~ 7-9 ¢')(section 2.3.5, Fig. 2.9). Comparatively, maximp-
galactosidase activity of the homogenised cellsearidentical conditions (10 U.f)
(Fig. 3.8), exhibited greater than a 6 fold inceetizan that achieved by ultrasonication,
thus confirming the efficacy of homogenisation ascedl disruption method, over
ultrasonication. The production df-galactosidase followed that of biomass and an

average of 8 + 0.9 U.mlwas achieved in steady state (Fig. 3.8).
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The current investigation was operated under ngasslimiting conditions as lactose
was continually fed to the growing culture, resqudtiin a residual concentration of
0.92 + 0.2 g.l! in the second continuous fermentation (Fig. 3.B)was observed that
under such conditions,B-galactosidase synthesis was uninhibited (Fig. .3.8)
Inchaurrondoet al (1998), however, reported that the maximum speaiate of
B-galactosidase synthesis was reached in lactoset @alactose-) limiteK. lactis
cultures at intermediate growth ratgsgalactosidase accumulated in amounts equivalent
to 10% of the cell protein. WheK. lactis cells were grown in a lactose-sufficient
environment with nitrogen or phosphate limitatiblwever,-galactosidase repression
was observed. Enzyme levels were reduced 4 tm&sticompared to those in carbon-
limited cultures and this was attributed to inceshsoncentration of internally released
glucose. Furthermore, when a lactose-limited cretatovas pulsed with an excess of
lactose, growth ceased immediately ghdalactosidase was progressively inactivated.
This phenomenon, known as substrate-accelerateth,d@as explained in terms of
uncontrolled sugar uptake into the cell after thisg, leading to osmotic stress. This, in
combination with a possible decrease in internaldue¢ to rapid proton influx, could
have resulted in cellular death (Inchaurroed@l, 1998). It has been demonstrated that
enzyme inactivation under conditions of stress, mediated by mechanisms of
phosphorylation and subsequent proteolytic degr@aagHilt and Wolf, 1992; Gancedo
and Serrano, 1989).

In typical Kluyveromycescultivation, high cell densities are reached amxggen is
usually the major limiting factor (Onken and Liefk©990). In the present study, steady
state conditions were strictly aerobic as dissoleggigen levels were maintained at
45.5 + 8.9% and 34 + 1.9% in the first and secamttinuous fermentations, respectively
(Fig 3.7 and 3.9). These conditions appearedetsignificantly favourable for the
production of p-galactosidase, contributing to an avergiygalactosidase activity of
8 + 0.9 U.mt" in the second continuous fermentation (Fig. 3.8)beit the studies of
Barberis and Gentina (1998) and Barberis and Sag@®97)report the dissolved
oxygen levels of 10 and 30% to be most suitablepfgalactosidase production, this

present study indicates that greater than 30%,oupp #5% DO is not inhibitory to
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B-galactosidase synthesis. This finding is comgdaralith that of Garcia-Garibagt al
(1987), who theorised that the fermentation procssuld necessarily be operated at
high k.a where the cell concentration is significantly reased, thus increasing
volumetric enzyme productivity, while recognisingat the enzyme activity will be

slightly reduced.

It can be deduced from the scale-up investigatibas a high concentration of 40 g.L
lactose is not inhibitory tf-galactosidase production By lactis UOFS y-0939 in batch
culture, due to Crabtree repression. Furthernfecebatch cultivation oK. lactis UOFS
y-0939 is more favourable for the production ofhgg biomass yields and equivalent
B-galactosidase titres, than batch cultivationswds also confirmed that homogenisation
was a more effective cell disruption method thatmasbnication. Finally, continuous
fermentation under non-lactose-limiting, fully aei® conditions, is a favourable

cultivation method for the production pfgalactosidase bi. lactis UOFS y-0939.
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CHAPTER FOUR: GENERAL DISCUSSION AND RECOMMENDATIONS

Most microorganisms adapted to life in milk oweittability to thrive in this habitat to
the evolution of permeabilisation and hydrolytistgms for the use of the most abundant
sugar present in milk as a carbon source, lacRabi¢-Texeira, 2006)Kluyveromyces
the lactose-assimilating yeast, has long been usethdustrial processes for the
elimination of this sugar by the application [fjalactosidase, an enzyme abundant in
nature, as acid hydrolysis is unacceptable forimdeod (Buryet al, 2001). Bacteria,
fungi and yeast are all good suppliers of this emzy Although bacteria could offer more
versatility, the confirmed GRAS status of the ys#&stlactis andK. marxianus and the
fungi A. nigerandA. oryzae still render these as the preferred sourcdsgilactosidase
for food biotechnology and the pharmaceutical imgugBonekamp and Oosterom,
1994). Depending on their source, these enzymeterdifh their optimum pH,

thermostability and intracellular or secretary matu

In the present study, shake flask cultivation sgéras a preliminary tool to determine
optimum parameters for the growth of, and intradetl B-galactosidase production by
K. lactis UOFS y-0939. The optimum temperature, pH anduhoun size, were to be
applied in scaled up batch, fed-batch and contiadeumentations. It must be noted,
though, that the current optimisation method emgibyi.e., the variation of one
parameter while maintaining the others at a condeuel, is limited in that it does not
reflect interaction effects among the variables leygd and does not depict the net effect
of various factors on enzyme activity (Dagbagli @@dksungur, 2008). A range of
mathematical and statistical techniques have beeveloped, however, including
response surface technology, that are designedeterndine the effects of several

variables and optimise different biotechnologicagesses (He and Tan, 2006).

In an optimisation study conducted by Aglet al (2006), medium temperature and pH
were found to be the most significant factors tfluence lactose consumption by
K. marxianusY-8281. Present shake flask studies revealed 3R&C promoted the

growth andB-galactosidase production I lactis UOFS y-0939. At 35°C, the lactose
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consumption rate was the most efficient; howeveipmiass production and
B-galactosidase activity was not favoured. A pHrokas optimum foB-galactosidase
synthesis, even though pH 5.5 was most suitablegfowth and biomass production.
The reduced-galactosidase activity at pH 5.5 was supportedhieyreports of several
researchers (Burin and Buera, 2002; Zhou and Cke@l; Guy and Bingham, 1978).
Inoculum ratio also plays a crucial role in micrbiermentations, having a significant
influence on the lag phase duration, growth ratembass and product formation. No
significant difference was evident flrgalactosidase activity at 6, 8 and 10% inoculum

ratios, and 10% was applied in subsequent fermentat

Glucose repression di-galactosidase was evident in the shake flask tigag®ns.
Kluyveromycesstrains are reported to have variable degreeswditivity to glucose
repression (Rubio-Texeira, 2006), witk. lactis UOFS y-0939 (also designated
CBS 2359) reported to be weakly repressible (Biggetial, 2000). In theGAL/LAC
regulon there exists a delicate balance betweenvation and repression
(Breuniget al, 2000). When external increases in the levelglotose and its uptake
occur in aKluyveromycescell, glucose repression of genes involved in tse of
alternative carbon sources, are triggered. Amotigeroeffects, glucose inhibits the
central regulator kinase, KISnflp, which resultsnareased levels of active KIMiglp in
the nucleus. KIMiglp, most likely in combinationtlv a yet undefined co-repressor
complex, binds to an upstream repressor sequertbe KIGAL1 promoter, inhibiting its
expression. This impairs KlGallp-dependent releageKlGaldp from KIGal80p
repression, resulting in the inactivation of thdagtose/lactose GAL/LAQ regulon
(Rubio-Texeira, 2006(Fig. 4.1). Furthermore, Martireg al (2002) also reported on the
repressive effects of high concentrations of gaketon specifif-galactosidase activity
by K. marxianusCBS 6556. In the current study, glucose and tadaclevels were not
measured. It is recommended that, in further itigasons, these sugars should be
quantified to possibly determine their inhibitorpncentrations forp-galactosidase
production byK. lactisUOFS y-0939.
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Fig. 4.1 Model for the regulation of lactose permeabilisation and Hyslsy and glucose repression

in Kluyveromyceg¢Rubio-Texeira, 2006).

The effectiveness of ultrasonication with glassdseas a cell disruption method was
investigated in the present study. It is essenivéilen isolating intracellular microbial
products, to use methods that are capable of brgalawn the cell wall, yet at the same
time, not cause inactivation of the biological dabses (Ozbek and Ulgen, 2000). The
mechanism of ultrsonication is associated with teéian, which is a combination of
formation, growth and collapse of the vapour-fillbdbbles created by high-intensity
(ultrasound above 20 kHz) sound waves (Choonialahel 2010). The efficacy of the
cell disruption process is not only dependent anaboustic power of the sound waves,
but is also dependant on the physical strengthhefcell wall of the microorganisms
(Saueret al, 1989). Furthermore, the rate of release of rdamacellular enzyme is
dependent on its location within the cell (Clemehf95). It is, therefore, important to
note thatp-galactosidase is located within the cytosol of Wkyveromycescell
(Rubio-Texeira, 2006), and enzymes situated in tleigion, for example, alcohol
dehydrogenase, are reported to be released instanisly during cell disruption
(Melendreset al, 1993; Wagneet al, 1992). While ultrasonication is widely used at
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laboratory scale, the high speed bead-mill and pigissure homogeniser are commonly
used for large-scale applications, and have beparted to be more effective for the
disruption of microbial cells and the release3ajalactosidase than ultrasonication, with
the homogeniser being the most efficient methody{a al, 2001). This is confirmed
in the present study where cell disruption wasqgreréd in an ultrasonic water bath at
4°C. After exposure of thi€ lactis UOFS y-0939 cells for 30 min, only a 16% reduction
of viable cells was evident in shake flask culture. batch culture, the comparison of
ultrasonication and homogenisation on a stationdrgse culture oK. lactis UOFS
y-0939 revealed that homogenisation resulted iratgrethan a 3.5 fold increase in
B-galctosidase activity and specific activity on roess. Furthermore, in continuous
culture, the highesp-galctosidase activity produced by homogenisedsodld U.mt")
was 6 fold higher than that produced by ultrasaeita@ells (1.6 U.mt).

The inconsistency of ultrasonication as a cellugiipn method was also proposed due to
incomparable enzyme activities at similar periodsbiatch and continuous culture.
Maximum B-galactosidase activity in continuous culture ate l&xponential phase
(1.61 U.mI*) was 3.5 fold higher than that achieved in batatuee at this approximate
period (0.43 U.mtb). Moreover, it has been reported that ultrasditinaposes serious
disadvantages such as non-specific cell wall dissop high heat generation and
prolonged operation time leading to the generationarmful free radicals (Choonia and
Lele, 2010), thus proving it to be an inefficiengtimod for cell disruption. Alternatively,
homogenisation offers the advantage of continuquesation, short disruption times to
minimise product degradation, contained operatml, low operating costs (Middelberg,
1995; Keshavaret al, 1987). It must be noted, though, that thereawer reports on the

utilisation of an ultrasonic water bath, as usethia study, for direct comparison.

Batch and fed-batch fermentation have been widsdddor the production of numerous

industrially important enzymes, e.g., inulinasdlutase, amylase and xylanase, amongst
others. The large scale batch production of xydanan enzyme employed in the animal
feed, confectionary and pulp and paper industry, éeample, has been extensively

demonstrated (Hogt al, 1994; Baileyet al, 1993; Gamerithet al, 1992; John and
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Schmidt, 1988; Warzywodat al, 1983), up to a 15 000 L scale (Gonetsal, 1993).
Furthermore, Primalco Ltd Biotec (Finland) produwecommercial xylanase, Ecopulp
X-200, from the funguslrichoderma reesein submerged fed-batch culture (Haltrigh
al., 1996). These fermentation processes are, treredritical in the industrial scenario

on a global scale.

In the present study, following shake flask invgations, scaled u-galactosidase
production byK. lactis UOFS y-0939 in batch, fed-batch and continuousuoellunder
optimum conditions, was investigated. Batch caliivn at 28.2 and 40 g'Llactose
concentration revealed that a higher biomass vyield lactose at 28.2 gL
(Yws= 0.63 g.g) was observed than at 40 §.{Y,s= 0.5 g.g"). Furthermore, highes-
galactosidase activity was achieved at the elevsitigdr concentration. At this point, it
is important to note the metabolic mechanisnKofactis In terms of energy-yielding
metabolism, yeasts do not form a homogenous grooywever, the fate of pyruvate, a
glycolytic intermediate, determines the type of rgge metabolism.  Oxidative
metabolism takes place when all the pyruvate predus converted by the tricarboxylic-
acids’ pathway (respiration). Alternatively, oxréductive metabolism occurs when
pyruvate is reduced to ethanol or other compoufelsnéntation). Interestingly, both
mechanisms can co-exist simultaneously, leadiregrtoxed (respirofermentative) pattern
of energy metabolism (Gancedo and Serrano, 1989)lactisis commonly known to be
an aerobic, respiratory yeast and has been reptotdie Crabtree negative in fully
oxidative conditions (Kierst al, 1998; Gonzéalez-Siset al, 1996). Several researchers
have, however, demonstratéd lactis to exhibit a respirofermentative metabolism
(Gonzélez-Siset al, 2000;Gonzélez-Siset al, 1996), and Gonzalez-Sist al (1996)

in particular, challenged the proposed classifisatf Alexander and Jeffries (1990), as
described in section 3.4, and confirmed the immpmeaof culture conditions, for
example, aeration, carbon source, culture phasenatmgént limitations, in classifying a
yeast as Crabtree positive or negative. The alibeegfore, establishes that telactis
UOFS y-0939 strain under investigation, could h#nee potential of Crabtree repression
in batch culture as a consequence of the highewdaaconcentration which would inhibit

respiratory enzymes, increase ethanol productioiraauce enzyme synthesis.
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In the present study, the lactose concentratiof0of.L* did appear to reduce biomass
yields as compared to 28.2 .lactose, however, a non-inhibitory effect was enidon
B-galactosidase production. This is dueptgalactosidase activity at 40 @-Lactose,
(4.08 U.mlY) being 2.5 fold higher than at 28.2 g.llactose (1.58 U.rfl), thereby
implying the absence of Crabtree repression. Ethditees were, however, not
investigated and it, therefore, cannot be conclutiatifermentation did not occur. It is,
thus, recommended that future investigations wauitlde the measurement of ethanol
to possibly demonstrate the fermentative abilityKoflactis UOFS y-0939 under the
conditions of this study, i.e., 28.2 and 40 4lactose, 30°C, pH 7, 4.5 slpm airflow and a

stirrer speed of 800 rpm.

Since high sugar concentrations can cause undkseéfbcts in batch culture, fed-batch
cultivation offers the potential to maintain grovabnditions while maintaining relatively
low substrate (lactose) concentrations and assacisdlts and by-products early in the
fermentation (Lukondelet al, 2005). The fed-batch cultivation &f. lactis UOFS
y-0939 where lactose was fed at a rate of 4'dnL, revealed an average residual lactose
of 1.34 g.[* throughout the feeding period and the maximum hissnachieved was
34.47 g.L* in 41.73 h. This titre was 1.9 fold higher thaattachieved in batch culture
(17.77 g.I* in 14 h). It must be noted, however, that the Hatth cultivation was
performed in an initial working volume of 10 L tdhieh a total of 6.2 L of lactose feed
was added, while the batch cultivation was perfatime3 L. It would, therefore, be
expected that the increase in biomass would mkalylbe more than 1.9 fold greater in
the fed-batch investigation. Furthermore, the l@ssproductivity in batch culture was
1.27 g.L*.h* while that in fed-batch culture was 0.82 §Mi*. This result is in contrast
with numerous investigations that report highemniags titres and productivity in the fed-
batch cultivation ofKluyveromycessp. than in batch culture (Lukondeh al, 2005;
Nor et al, 2001; Barberis and Segovia, 1997). An indicatothe likely cause of the
reduced biomass levels in fed-batch, is the 1.84 gverage residual lactose during the
feeding portion of the run. This concentrationredidual lactose may, essentially, have
been too high, implying that the feed rate of 4'gh* contributed to elevated lactose
concentrations that caused a reduction in finamlaiss titres, as described by Belem and
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Lee (1999). Itis, therefore, recommended thatdb®se feed rate be optimised in future

investigations.

The B-galactosidase production, however, did not appedoe inhibited as the enzyme
activity of 8.7 U.mt" in fed-batch was 5.5 fold higher than that obtdiitebatch culture
(1.58 U.mi"). It can be deduced, however, that if biomasesitvere increased, enzyme
activity would have increased proportionally. Fermore, Barberis and Segovia (1997)
attributed an improvement in volumetflegalactosidase production rates bi.dragilis

(K. marxianu$ strain from 2 390 ULLh? in batch culture to 7 190 Urih' in fed-
batch culture, to good control of dissolved oxygelt.was observed that while + 20.4 %
DO during the fed-batch period of the present stutlg not inhibit B-galactosidase
production, increasing DO may have contributedévaed biomass titres.

During the cultivation oK. lactis UOFS y-0939 in continuous culture at a dilutiote raf
0.2 h', average biomass titres of 19.02 + 1.2'gdnd 18 + 0.9 g.I' in the first and
second continuous fermentations, respectively, voer@parable to those obtained in
batch culture under similar conditions. Fed-bataltivation, however, resulted in an
approximately two fold higher biomass titre (34.41™%) and had the potential of
improving upon this value, provided that the laetoeed concentration was not
inhibitory. In continuous cultures &f. fragilis (K. marxianu$ NRRL Y-1190, Barberis
and Gentina (1998) demonstrated that the speatie of carbon source consumption
varies with different DO saturation percentagese Tesults showed that the lower the
DO saturation, the higher the specific rate of oarbource consumption, and 10% DO
was found to be optimal. It was reported that Etvweer aeration rate, the metabolism is
more reductive, and as a consequence, produceshigiier specific rate of carbon
source consumption and higher enzyme expressionthérmore, high levels of oxygen
may have toxic effects on aerobic organisms, a @memon called oxidative stress.
During the reduction of molecular oxygen to wateotigh acceptance of four electrons,
active oxygen species, such as superoxide aniocatd,), hydrogen peroxide (D),
and hydroxyl radical (HQ are generated. These reactive oxygen species dansage to

enzymes, nucleic acids, or lipids (Izaetzal, 1995).
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In the present study, steady state conditions sfteiely aerobic and maintained at 45.5 +
8.9% and 34 £ 1.9% DO in the first and second ooinius fermentations, respectively.
It is important to note that, although the speaifite of carbon source consumption was
not measured, average residual lactose during \stetade was 1.22 + 0.3 g'Land
0.92 + 0.2 g.l! in the first and second continuous studies, reamdg. It can therefore
be deduced that, at a dilution rate of 02amd 45.5 + 8.9% and 34 + 1.9% DO, lactose
consumption was not optimal, thereby supporting réqgort of Barberis and Gentina
(1998). pB-galactosidase activity, however, was not inhibitey the fully aerobic
conditions since an average of 8 + 0.9 !mias achieved in steady state in the second
continuous fermentation, values which were comgar#d that achieved in fed-batch
fermentation at + 20.4% DO during the feeding p#r{.7 U.mI"). Furthermore, the
non-limiting lactose conditions were not inhibitoty p-galactosidase synthesis. It is
interesting to note that Barberis and Gentina (1989180 reported thak. fragilis

(K. marxianu$ NRRL Y-1190 metabolism was oxidoreductive andaatii was always
present in the culture, even when aeration cantivere close to 100% DO saturation,
meaning that the respiratory capacity of the ceMse saturated and that lactose was
partially degraded down to ethanol. Ethanol cotregion, however, was not evaluated
in the present study but is recommended in furtdostinuous investigations under the
present conditions to demonstrate the relationbeigveen ethanol production and DO

levels.

This study, therefore, demonstrates tRagalactosidase production b¢. lactis UOFS

y-0939 grown under the present conditions, wereimubited, in batch, fed-batch and
continuous culture. Furthermore, fed-batch wowddie best suited cultivation method
to achieve high biomass titres, however, continuoukures would ensure constant

production of both biomass and enzyme, and thuddudtimately provide larger yields.

Globally, there is an increasing industrial deméordp-galactosidase and cost effective
production methods are required to meet this demandthermorep-galactosidase has
tremendous significance in the health sector, asament for the alleviation of lactose

intolerance. K. lactis one of the favoured sources of the enzyme, isthétion to the
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global B-galactosidase need, amongst various others. Buts tversatility,K. lactis

continually demonstrates industrial potential, mahwhich have yet to be unravelled.

4.1 FUTURE WORK

Based on the results obtained in this study, thieviing should be addressed in future

investigations:

() Galactose and glucose concentrations should beumsehsluring all bioreactor
investigations to determine and prevent their ibrg concentrations for
B-galactosidase production By lactis UOFS y-0939.

(i) Fed-batch and continuous cultures should be opkrateler lactose-limiting
conditions, thereby possibly maximisifiegalactosidase activity in these scenarios.
In fed-batch and continuous fermentations, theoketfeed rate (4 gih?) and
dilution rate (0.2 H), respectively, should be lowered to determinér timfluence
on biomass anfl-galactosidase productivity.

(i) Ethanol levels should be quantified to determine {tossible occurrence of

anaerobic respiration.
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