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Yx/s = Cell Mass Yield Coefficient W.R.T G Substrate Consumed
Yp/s = Product Yield Coefficient W.R.T G Substrate Consumed
Yx/s = Cell Mass Yield Coefficient with W.R.T.G Substrate Consumed
qs = Specific Consumption Rate
qp = Specific Product Rate



xx

ABSTRACT

This study shows that strain of thermotolerant Kluyveromyces marxianus was used for the

production of ethanol and invertase (fructofuranosiadse, Ffase). This strain (D-67283)

was collected from Shakkar Gunj Sugar Mills, Jhang, selected through Gamma rays on

1.5 % (w/v) deoxy-Dglucose (DG) in liquid medium after growth at 60 °C for 5 days and

designated as K. marxianus M15.

The selected mutant strain produced maximum ethanol and Ffase at 48 h of cultivation

on different substrates including glucose, sucrose, and molasses each at 10, 12, 15 and

17% total sugars in 23 L fermentor (working volume 15 L). Optimized studies on

different carbon sources displayed that product formation rate (Qp) was greater on

glucose- followed by molasses- medium but was found to be lower on sucrose medium.

Product yield (Yp/s) and specific product yield (Yp/x) were also significantly higher on

glucose (15%) whereas found as lower on sucrose medium. Specific product formation

rate (qp) was also recorded higher on glucose medium and remained lower on sucrose

medium.

Nitrogen sources like ammonium sulphate, corn steep liquor (CSL), and urea were added

to the growth medium to enhance growth and ethanol formation. All these sources were

used at the rate to contain 0.11, 0.16 and 0.21 % nitrogen in the growth medium. The best

results were observed for fermentation kinetic parameters of growth and product

formation by ammonium sulphate using 0.75% (w/v). In further studies, temperature of

fermentation was optimized for maximum ethanol production, and substrate utilization,

for both wild and mutant strains of K. marxianus. For this purpose, they were grown at

different temperatures ranging from 20- 65 oC.

The study further revealed that maximum ethanol production on molasses medium

supplemented with ammonium sulphate was used 0.75% at pH 5.5 after 48 h at 40 oC.



xxi

Effect of various agitation rates from 250-450 rpm on production of ethanol by K.

marxianus cells was carried out and the maximum amount of ethanol produced on the

sugar based used was more than 89.96 %. Further increase in agitation intensity did not

increase ethanol production in both organisms. Hence, agitation rate of 300 rpm was

optimized.

The production of ethanol is an anaerobic fermentation process; therefore supply of

oxygen to the yeast culture is of great importance as it is needed to support an initial

amount of cell mass for maximum ethanol production. At a constant rate of oxygen

supply, agitation rate supports uniform distribution of cells and maintain a constant

temperature by uniformly stirring the media to dissipate excess heat. Effect of supplying

air to the fermentor at different aeration rates (0.25 - 1.5 LL-1min-1) on ethanol

fermentation, amount of ethanol produced was 72.5-74.8 gL1 when the aeration rate was

kept at 1.0 LL1min1 for 8 h and then between 0.25 - 0.50 LL1min1. Further increase in

aeration rate, resulted in lower production of ethanol and greater amount of cell mass in

the fermented broth but up to a certain extent. The maximum amount of ethanol (75 gL1)

produced when the aeration rate was kept at 0.30 LL 1min1.

Maximum ethanol specific or volumetric productivity increased with the increased

temperature up to 40 oC and 45 °C in the case of wild and mutant respectively. The

activation enthalpy for ethanol formation (H* = 55.6 KJ/mol) pathway was lower than

that for phytase production ((H*70-80 KJ mol1).The estimated values of enthalpy of

Ffase formation (13.1 kJ mo1l) network was lower as compared with the product

inactivation (12.0 kJ mol1 ) network. This usually happens in the case of thermotolerant

organisms as reported earlier. Over all these studies revealed that mutant strain acquired

significantly better changes in the genetic make up and qualifies for its evaluation at

industrial scale ethanol production.
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CHAPTER 1

INTRODUCTION

1.1 GENERNAL

All the developed and to some extent developing countries have taken up bioethanol

as an alternate fuel for partial replacement of gasoline. This situation has developed

due to the depletion of oil reserves, increase in cost of fossil fuels and environmental

factors, Government of Pakistan is also taking keen interest to add ethanol as E5 and

E10 to gasoline in a bid to relieve pressure on fossil fuel. Cellulose and hemicellulose

are the major components of the plant biomass and can be degraded to glucose and

pentoses by the action of potent and cheap mixture of cellulolytic and xylanolytic

enzymes, respectively. The developed enzymes must have the optimal properties of

temperature and pH stability and high specific activity. Cost of these enzymes and

pretreatment of biomass have been the limiting factors for utilization of this

technology. There is a need to establish R & D work for the over-production of these

cellulases by using recombinant DNA technology.

The biofuel policy aims to promote the use of ethanol made from biomass in transport

vehicles, to provide economic opportunties for people in rural areas in developing

countries. The central policy of bio-fuel is jobs creation, greater efficiency in the

general business, and protection of the environment. Use of indigenous renewable

sources of energy have potential to provide energy services with zero or almost zero

emissions of both air pollutants and green house gases (Ayhan, 2009).

The ethanol produced by the fermentation ranges from a few percent to about 9-10

percent. Ethanol is normally concentrated by the distillation of aqueous solutions, but

the composition of the vapors from aqueous ethanol is 96%, and in this range product

is called as rectified spirit.

The manufacture of alcohol and alcohol related products makes a significant

contribution to our economy because it is the most heavily taxed product. Jobs
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numbers provided related to industries for alcohol production and importance source

of income to provide it. It is amongst major export product of our country and

continues to provide foreign exchange to the country.

Main production regions of ethanol are Brazil and North America. A volume of 3.4

billion gallons of ethanol blended into gasoline in 2004 amounted to about 2% of all

gasoline sold by volume and 1.3% (2.5 × 1017 J) of its energy content. However,

production of ethanol was achieved through fermentation of cane juice, sucrose and

corn starch. Alcohol produced from raw sugar cane, molasses and corn on blending

with petroleum has shown very encouraging results in places like Brazil and USA.

More than one billion gallons (4 x 109 liters) of ethanol are produced annually from

corn. However, these substrates compete with the food and increase prices of

commodities like corn.

As we enter the new millennium, Pakistan faces two problems, huge import bill of

fuel (petroleum products) and single product based sugar industry. Apparently there

seems to be no correlation between the two problems and one single remedy. These

two problems of fuel oil scarcity and air pollution caused by the growing use of

petroleum fuels, alternate renewable clean burning fuels should be explored for use in

motor vehicles.

1.2 PRODUCTION OF ETHANOL FROM VARIOUS SOURCES

Various sources of raw-materials are used for the production of ethanol containing

sugar. It varies place to place. Ethanol produced from different lignocellulosic

materials such as forest residues, wood and agricultural waste has the potential to be a

best substitute for or complement to, ethanol. A major resource in the Northern

hemisphere is softwood (Galbe et al. 2002). Malaysia has a large quantity of

lignocellulosic biomass from agriculture waste, forest residues and municipal solid

waste. The current status in Malaysia was laconically elucidated, including an

estimation of dry biomass available with a total amount of 47,402 k ton/year. Total

capacity and domestic demand of second-generation bio-ethanol production in
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Malaysia were computed to be 26,161ton/day and 6677ton/day, respectively (Goh et

al. 2009).

Ethanol production by immobilized cells of Saccharomyces cerevisiae HAU-1 has

been studied using synthetic and molasses based medium in column reactors.

Immobilization of 30% yeast cells biomass (wet) in 1.5% calcium alginate gel

resulted in the production of 20.8 g L1 h1 alcohol at a dilution rate of 0.36 h-1 with

approximately 1/3rd volume of the column reactor packed with gel beads. Optimum

diameter of the beads was found to be 3.5 mm for efficient fermentation (Yadav et al.

2007).

The coversion of cellulose about 80-90% after 72 hours prodused in solid fraction

hydrolysed with cellulose enzymes. More than 40% wheat straw of the arabinoxylan

could be extracted with high-molecular-mass and the conversion of the cellulose solid

residue after 72 hours was about 70-85%. The high conversion of the cellulose

pretreated barley wheat and straw shows that they can be used for ethanol production

without further treatment (Person et al. 2009).

Other raw material for ethanol production includes hops, barley, yeast and water, but

maximum brewers use various adjuncts. Fermentation of alcohol the contribution of

aroma compounds from other ingredients to the final beer flavor depends on the wort

composition, yeast strain and mainly on the process conditions. On this contest,

banana can also be a raw material favorable to alcoholic fermentation being rich in

carbohydrates and minerals providing low acidity. For this, static fermentations were

conducted at 15 oC at pilot scale (140 L of medium). The addition of banana that

changed the concentration of all-malt wort from 10 degrees P to 12 and 15 degrees P

were evaluated (degrees P is the weight of the extract or the sugar equivalent in 100g

solution, at 20 oC). The results showed an increase in ethanol production, with

approximately 0.4 g g1 ethanol yield and 0.6 g L1 h volumetric productivity after 84

h of processing when concentrated wort was used (Carvalho et al. 2009).
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POET, (Production of ethanol transportation) the maximum ethanol producer in the

world, is a leader in biorefining through its efficient, vertically integrated approach to

production. The 20-year-old company produces more than 1.54 billion gallons of

ethanol annually from 26 production facilities nationwide. POET recently started up a

pilot-scale cellulosic ethanol plant, which uses corn cobs as feedstock, and will

commercialize the process in 2011.

1.3 MOLASSES PRODUCTION IN PAKISTAN

Pakistan imports molasses upto tune of 3.1 billion US$ for industrial production of

ethanol as an alternate source of motor fuel. This has put extra burden onto National

Exchequer. Therefore, it is high time to explore alternate options for fuel requirement

of the country. Pakistan’s expected consumption of gasoline in the year 2005-2006

was around 1.6 million tonnes, if the country starts blending petrol with ethanol with a

ratio of 10%, we are going to have additional fuel ethanol of 160,000 tonnes (MoInd,

2005).

The total production of sugar is about to be 3.65 MT, up about 3 % from the current

year estimate of 3.57 MT and imports according to Foreign Agricultural Service. Use

of molasses about 4.35 MT and imports at 730,000 tonnes. Manufacture of sugar beet

for ethanol production has proven successful but industry is reluctant to encourage

expanded production due to technical and administrative challenges. In Pakistan’s

sugar factory produces more than ½ MT of alcohol per annum from cane molasses,

more than 50 % exported to Europe, Far East and Middle East countries. Cane

molasses produces variety of valuable products such as ethanol used as a fuel,

significant uses in pharmaceutical industry, baggase used for making paper, as a fuel

and chip board manufacturing and as a rich source of organic matter for crop

production. Over all year wise molasses production and ethanol export record is

shown in the following Table 1.1. (www.The Bioenergy.com).
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Table 1.1: Year wise molasses production and ethanol export

* projected

Ethanol has been made since ancient times by the fermentation of sugars especially

used for wine and beverages. About 9 percent ethanol is produced synthetically and

consequently fermentation is responsible for 91% of global ethanol production. In

Pakistan blackstrap molasses is the main source of fermentable sugars for alcohol

production. The fermentation of sugars to ethanol is very old and well-known process,

and has great industrial importance. However, the process is still subject of much

research and development, with the aim of getting higher production and lower by-

products yield (Taherzadeh, 1999).

The ethanolic fermentation reaction is represented by the following equation:

Year
Molasses Production

(Million Metric Tonnes)

Ethanol Export

(Metric Tonnes)

2002-2003 2.048 61,710

2003-2004 2.122 99,711

2004-2005 1.497 122,104

2005-2006 1.438 169,233

2006-2007 1.911 273,079

2007-2008* 2.650 315,846
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Ethanol is still one of the most important products originating from the

biotechnological industry with respect to both value and amount. In addition to

ethanol, a number of byproducts are formed during an anaerobic fermentation of

Saccharomyces cerevisiae (Nissen et al. 2000). Along with ethanol as biofuel, ethanol

is used as feedstock for production of several other products.

1.4 MULTIPLE USES OF ETHANOL

Ethanol melts at –114.1oC, boils at 78.5 oC, and has a density of 0.789 g/ml at 20 oC.

Its low freezing point made it also very useful. Ethanol is being used as:

 A gasohol, substitute fuel in vehicles that are environment friendly.

 Sterilizing and antiseptic agent for hospitals and pharmaceutical industry.

 To make solvent for the paint and glue industry.

 For making the perfumes and lacquer explosives.

 Miscible with water in all proportions and a good organic solvent.

 Stabilizing agent in medicine.

 Flavor enhancer for the food industry.

 As a raw material in various chemical industries including Ethylene, srprit,

synthetic rubber etc.

Yeast produces varying amounts of other substances namely methanol, higher

alcohols including glycerine and various organic acids. Production of ethanol by the

yeast fermentation is comonally regarded as uneconomical in hot climate due to the

maximum energy required for controlling temperature at 30 °C to maximize ethanol

yield (Singh et al. 1998). Various benifits obtained at maximum temperature (40 to 45

°C) during fermentation process by yeast for the production of ethanol. Major

advantageous are quicker recovery of ethanol, low risk of contamination, very

economical cost in case of refrigerator in summer in some and temperate countries

such as Pakistan. These strains are almost used for simultaneous saccharification and

production of ethanol from plentifully available lignocellulosic substrates. Especially

for the sugarcane molasses, the growth and ethanol production at higher temperature

more than 40 oC in some temperate countries has been frequently used as
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thermotolerant strain (Banat et al. 1998). Some types of mutant strains of

Saccharomyces cerevisiae capable of growth at a maximum of 35°C have been

reported as thermotolerant (Morimura et al. 1997). Other thermotolerant yeast

belonging to the genus Kluyveromyces marxianus were reported to produce ethanol at

40°C (Banat et al. 1992; Singh et al. 1998).

1.5 FERMENTATION PROCESSS

Fermentation efficiency of Saccharomyces cerevisiae at high temperatures (above 35

°C) is low due to increased fluidity in membranes to which yeasts generally respond

by changing their fatty acid composition (Banat et al. 1998). Additionally, increasing

the growth temperature usually results in the biosynthesis of heat-shock proteins

which are implicated in conferring thermal and ethanol cross-tolerance in various

organisms (Abdel-Fattah et al. 2000). Molasses having high sucrose was unfavourable

outcome on the final produced ethanol with cheap activity of invertase or

fructofuranosidase (Gough et al. 1996). Effect of temperature on yeast fermenting

sucrose in molasses have a clearly measure and preservation of invertase activiyy and

yeast flavours at 40 °C in order to provide in sequence for selection strain and

enhancement for commercial management. Saccharomyces cerevisiae was

performed with UV rays mutation for the variants capable of growth at 45 °C in plate

tests for increased invertase activity. The putative mutant was tested for enhanced

substrate consumption, and ethanol production with concomitant retention of higher

invertase activities and ability to synthesize flavour compounds in fully controlled

bioreactor (B. Braun, Germany) in batch culture studies (Rajoka et al. 2005).

1.6 SCOPE OF THERMOTOLERANT KLUYVEROMYCES MARXIANUS

YEAST

Present study pertaining with the production of ethanol from thermotolerant yeast of

Kluyveromyces marxianus, was first described in 1888 by EC. Hansen, at that time, it

was named Saccharomyces marxianus after Marxianus, the person who originally

isolated this yeast from grapes (Gustavo et al. 2008). In Pakistan, only Saccharomyces

cerevisiae is being used for the production of ethanol, there is no use of
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theromotolerant Kluyveromyces marxianus. Whereas in India and Brazil, K.

marxianus strains are commonaly used for the production of ethanol. Indigenous

Kluyveromyces marxianus yeast will be best economical source for the fermentation

industries in Pakistan. Ethanol production in tropical countries at high temperature is

a key requirement for maximum production, where average day-time temperatures are

high throughout the year. Other benifits are fast process of fermentation at high

temperature are not only reduced risk of contamination but also decreased in cooling

costs (Limtong et al. 2007).

Theromotolerant Kluyveromyces marxianus is capable of faster growth and ferment

molasses-sugars and other sugars while producing relatively high alcohol as reported

earlier (Banat et al.1992; Brady et al. 1995; Banat & Marchant, 1995).

The alcohol yield depends upon the amount of fermentable sugars present in sugar

cane molasses which is a suitable raw material with high content of fermentable

sugars. Cane molasses is a major feedstock for distilleries in Pakistan for ethanol

production. Cane molasses is the cheap by-product of the sugar industry and is the

most economic source of carbohydrates for the fermentation of ethanol and citric acid.

Reducing sugars available in carbohydrates which can be converted into ethanol

(Ghasem & Shan, 2003).

Limtong et al. (2007) cited various reports of probable applications for the industrial

production of ethanol related with the of thermotolerant yeast strains. Only a few have

been concerned with thermotolerant S.crevisiae (Kida et al. 1992; Morimura et al.

1997 ; Kiran Sree et al. 2000 ; Sirdhar et al. 1998 ; Rajoka et al. 2005). Recently most

of them focused on Kluyveromyces marxianus strains (Banat et al. 1992; Riordan et

al. 1995; Gough & McHale, 1998; Singh et al. 1998; Kourkoutas et al. 2002; Zafar &

Owais, 2006) due to its potential industrial applications and its wide substrate

specificity (Limtong et al. 2006). Thermotolerant strains of S. cerevisiae and K.

marxianus resulted were capable of growth at 40-43 °C. They grew and fermented

sugar molasses at 43 ° C under batch conditions with sugar-conversion efficiencies >

94% and ethanol concentrations of 6.8-8.0 % (w/v) (Abdul-Fatah et al. 2000).
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1.7 MAIN OBJECTIVES OF STUDY

Main objectives of this study were as under:

 Isolation and mutation of thermotolerant Kluyveromyces marxianus.

 Effect of oxygen flow rate and agitation intensity on mutant and parental

cultures.

 Optimization of sugar concentration in molasses to support maximum

production of ethanol.

 Influence of controlled and uncontrolled fermentation temperature on ethanol

production rate and other kinetic parameters by mutant culture

 Comparison of wild and mutant strain for batch production of ethanol in 23 L

fermentor under optimized conditions.

1.8 Organization of Thesis

Before presentation of results and discussions, a review of the literature for studies for

production of ethanol from molasses is presented in chapter two. The methods and

materials used for production system are described in chapter three while chapter four

and five results and discussions are given separately. Finaly, conclusions and

suggestions for future work are given in chapter six.
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CHAPTER 2

LITERATURE REVIEW

2.1 GENERNAL

Yeasts are the single-celled, most domesticated group of microorganisms belonging to

the Kingdom Ascomycotina, commercially exploited by man. Eukaryotic organism

was the first established the complete genomic sequence in 1996. After passing time

in years, yeast proof itself, a useful reference against which sequences of human,

animal or plant genes and those of a huge amount of unicellular organisms under

study could be compared. Further more, the ease of genetic treatment in yeast opened

the possibility to functionally dissect gene products from other eukaryotes in the yeast

system. In the‚post-genomic era, yeast was again at the forefront in functional

genomics (Aiba et al. 1973).

Yeast specially used for fermentation process, by many microorganisms carried out

and which produces a numerous of beneficial compounds. Industrial fermentation

future depends on its power to utilize the maximum efficiency and conversion of

enzyme catalysis to synthesize complex products and on its capacity to overcome

variations in quality and availability of raw materials. Molasses is a by-product of

sugar factory, and is a cheap source of ethanol fermentation. Reducing sugars present

in molasses are converted into ethanol by the yeasts (Saccharomyces cerevisiae or

other yeasts). Originating from the biotechnological industry, ethanol is the more

efficient and expensive product due to its value and amount. These chemical reactions

catalyzed by yeast can be investigated in terms of the different factors that involve the

rate of a chemical reaction, including reactant temperature, concentration and

stoichiometry (Aiba et al. 2000).

Gay-Lussac investigated more intensively the field of research opened by

Lavoisier. He formulated the following equation to show what he believed was the

essential chemical reaction of ethanol fermentation:
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Presently, Pakistan imports petroleum products to the tune of 3.1 billion US$, and has

completed an important payment to the rising trade deficit of the country. In order to

address this issue, it is high time to explore other options for fuel requirement of the

country. Pakistan’s expected consumption of petrol in the year 2005-2006 was around

1.6 million tons, if the country starts blending petrol with ethanol @ of 10%. We are

going to have additional fuel ethanol of 160,000 tons (Ministry of Industries,

Production and Special Initiative’s working paper, March 17, 2005). The production

of alcohol and alcohol related products are showing valuable contribution to the

economy because it is very highly taxed products than the others and adds to

country’s tax earning. The local jobs will increased with the increasing the number of

alcoholic industries, which will go into the favour of the nation. It is amongst major

export product and continues to provide foreign exchange to the country.

The interest of Pakistan’s sugar industry in alcohol production is natural. Molasses

production remained between 1.3- 2.1 million tons and export remained between

1.30-1.748 million tons during the last ten years. So, there is a great potential to

utilize sugar cane for producing ethanol. It would contribute a lot to local economy

(GOP press release, May 03, 2005). The alcohol yield depends upon the amount of

fermentable sugars present in sugar cane molasses which is a suitable raw material

having high fermentable sugars. In sugar industries molasses is the by-product and it

is very economical source of carbohydrates for alcohol and citric acid fermentation.

Mostly containing abridged polymeric sugars that might be further responded to form

fermentable sugars during enzymatic hydrolysis (Ghasem and Shan, 2003).

6(CH2O) 2(C2H2OH) 2CO2

Fermentable
Sugars
180g 100%

Ethanol
92g 51%

88g
49%

+(~140Kcal/Kg)
Heat

+

The Gay-Lussac Equation
Yeast Nutrients – O2
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For alcohol production, the molasses differs from other feed stocks such as corn and

potato. These plant products contain carbohydrates stored as starch that must be

treated by cooking and enzymatic action to hydrolyze starch into fermentable sugars.

In contrast the carbohydrates in the molasses are readily available in the form of

sugars (fermentable) and need no pre treatment (Murtagh, 2003). Saccharomyces

cerevisiae is the conventional yeast for ethanol production in Pakistan, produces 80

kcal heat energy/mol. Thus temperature rises during fermentation and is controlled by

chilled water. There is a need to use yeasts which preferably can grow at 45-50 °C so

as to utilize them both in winter and summer season. Moreover, there are distinct

advantages in high-temperature (40 to 45 °C) fermentation by yeasts to ethanol. These

include reduced risk of contamination, faster recovery of ethanol, and considerable

savings on capital and running costs of refrigerated temperature control in summer in

some temperate countries such as Pakistan. These strains are also almost use for

simultaneous saccharification and production of ethanol from plentifully available

lignocellulosic substrates. Especially for the sugarcane molasses the growth and

ethanol production at higher temperature more than 40 °C in some temperate

countries has been frequently used as thermotolerant yeast (Banat et al. 1998). These

strains are capable of fermenting molasses maximally at 35 °C. Other thermotolerant

yeast belonging to the genus Kluyveromyces were also reported to produce ethanol at

40 °C (Singh et al. 1998).

Fermentation efficiency of Saccharomyces cerevisiae at high temperatures (above 35

°C) is low due to increased fluidity in membranes to which yeasts generally respond

by changing their fatty acid composition (Banat et al. 1998). With the, increasing the

temperature, growth of organism shows biosynthesis of heat-shock proteins that are

implicated in conferring thermal and ethanol cross-tolerance in different organisms

(Abdel-Fattah et al. 2000). Cytoplasmic accumulation of aberrant or partially

denatured proteins triggers their synthesis. Saccharomyces cerevisiae / baker’s yeasts

are grown aerobically on molasses containing sucrose as the primary carbon source

and genotypes with highest growth rate and productivity on molasses are favoured

(Murtagh, 2003). Under anaerobic conditions, a higher sucrose concentration in

molasses has detrimental effect on the final ethanol produced. This may be due to
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reduced activity of ß-fructo-furanosidase, or invertase (Gough et al. 1996). During

fermentation of molasses, glucose is consumed first followed by fructose and sucrose

(Rincon et al. 2001). Catabolic suppression by glucose and fructose does not permit

the formation of both extra- and intra-cellular invertase and the sucrose converts into

glucose and fructose which are sequentially consumed by the fermentative organism.

This project was designed to obtain ethanol, the major and desired product of yeast

sugar fermentation at higher temperature and enhance its yield through mutation of

wild organism and optimize the conditions for hyper production of ethanol and

invertase. Moreover, in Pakistan a total output of agricultural wastes viz. rice, wheat

bran, rice polishing, bagasse, molasses, corncobs and alike is estimated over 50-60

million tons per year (Rajoka et al. 1997).

2.2 PRODUCTION OF ETHANOL FROM VARIOUS SUBSTRATES

Sheoran et al. (1998) reported a fermentation system for the continuous ethanol

production from sucrose and molasses using calcium alginate immobilized S.

cerevisiae strain HAU-1. Immobilization of active yeast cells (30%, w/v) was

accomplished in 1.5% calcium alginate and these yeast-beads were employed for

ethanol production in a vertical column reactor. Singh et al. (1998) reported that these

strains are capable of fermenting molasses maximally at 35 °C. Other thermotolerant

yeasts belonging to the genus Kluyveromyces were also reported to produce ethanol at

40 °C.

Carvalho et al. (2003) identified the effect of reactor filling time (T) (3-5 h), initial

mass of inoculum (M) (1000-2100 g) and exponential time decay constant for the

substrate feed rate (K) (0.6-1.6 h-1) on production of ethanol by Saccharomyces

cerevisiae grown in sugarcane blackstrap molasses through a fed-batch culture.

Kluyveromyces marxianus possesses the natural ability to excrete enzymes. This is a

desired property for cost-efficient downstream processing of low- and medium-value

enzymes (Hensing et al. 1994). Pectinases are industrially used in the extraction and

clarification of fruit juices i.e., apple grape and; (Schwan et al. 1997). Further
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remarkable applications are corelated to the maceration of vegetables, oil extraction,

and formulation of animal feed using complex mixtures with cellulases to make the

nutritional assimilation easier (Blanco et al. 1999). Kluyveromyces marxianus has

considerable economic advantages over Aspergillus as an endo-PG source, even

without genetic improvement of the strains (Harsa et al. 1993).

Production of ethanol from raw starch of spoiled quality sorghum and wheat grains

was consummate by utilizing crude amylase preparation from B. subtilis VB2 and an

amylolytic yeast strain Saccharomyces cerevisiae VSJ4. Different concentrations of

spoiled wheat and sorghum starch from 10% to 30% (v/v) were used and 25% was

established to be optimum for damaged wheat and sorghum starch yielding 4.40%

(v/v) and 3.50% (w/v) ethanol respectively. While 25% raw starch of fine value wheat

and sorghum grains gave yield of 5.60% (v/v) and 5.00% (w/v) respectively. The

process was carried out at 35 °C, pH 5.8 and 200 rpm stirring speed for 4 days

(Suresh et al. 1999)

Latif and Rajoka (2001) obtained a maximum concentration of ethanol 27, 23, 21g L-1

(w/v) from 200 g L-1 (w/v) dry corn cobs by Saccharomyces cerevisiae, Candida

tropicalis and the co-culture, respectively, after 96 h of fermentation. However,

theoretical yields of 82%, 71% and 63 % were observed from 50 g L-1 dry corncobs

for the above cultures, respectively.

Kiransree et al. (2000) isolated four thermotolerant, osmotolerant, flocculating yeasts

(VS1, VS2, VS3 and VS4) samples collected from the soil contained by the hot regions

of Kothagudem, thermal Power plant Andhra Pradesh, India. They experienced

Saccharomyces cerevisiae VS1 and VS3 for their growth characteristics and

fermentation abilities on different carbon sources counting molasses at 30 °C and 40

°C respectively. On the basis of sucrose, fructose and glucose maximum biomass and

fermentation were observed, high amount of alcohol produced by VS3 containing 150

g L-1 of these substrates were 74, 73, and 72 g L-1 at 30°C and 64, 61 and 63 g L-1 at

40 °C respectively. With molasses containing 14% sugar, the amount of ethanol

produced by VS3 was 53.2 and 45 g L-1 at 30 °C and 40 °C respectively. VS3 strain
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showed 12% (w/v) ethanol tolerance. VS3 strain was also characterized for its ethanol

producing ability using various starchy substrates in solid state and submerged

fermentation. Maximum ethanol was produced in sunken than solid-state

fermentation.

Gustavo et al. (2008) studied strains belonging to the yeast species Kluyveromyces

marxianus isolated from a huge variety of habitats. Different biotechnological

applications have been investigated with this yeast: production of enzymes (β-

galactosidase, β-glucosidase, inulinase, and polygalacturonases, among others), of

single-cell protein, of aroma compounds, and of ethanol (including high-temperature

and simultaneous saccharification-fermentation processes); decrease of lactose

content in food products; bioremediation; as an anticholesterolemic agent; production

of bioingredients from cheese-whey and as a host for heterologous protein

production. Since 1970’s, a number of studies has been published on biochemical and

metabolic aspects of different Kluyveromyces marxianus strains. Few studies were

actually meant at identifying correct classification methods for K. marxianus, which

has always been a challenging task.

Rajoka et al. (2004) improved parental culture of Aspergillus niger using -ray

treatment for enhanced productivity of ethanol from uncooked starch under non-

aseptic conditions. One derepressed mutant was isolated after extensive screening and

optimization and grown on corncobs, maize starch, soluble starch and wheat bran

solid media moistened with Vogel's salts solution and corn steep liquor. The mutant

was 2·5-fold improved over its parent with respect to enzyme productivity, product

yield and specific activity. Starch hydrolyzed with mutant-derived glucoamylase

supported higher volumetric and product yields of ethanol than those of parental and

other strains. Gough et al. (1996) isolated thermotolerant yeast Kluyveromyces

marxianus using molasses as a substrate for ethanol production at 45 oC. A maximum

ethanol concentration of 7.4% (v/v) was product from un-supplemented molasses at a

concentration of 23% (v/v). The effect on ethanol production of increasing the sucrose

concentration in 23% (v/v) molasses was determined.
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Atiyeh et al. (2008) studied fructose syrup and ethanol production from beet molasses

using Saccharomyces cerevisiae ATCC 36858. In batch experiments with a total

sugar concentration between 94.9 and 312.4 g L-1h-1, the fructose yield was above

93% of the theoretical value. The ethanol yield and volumetric productivity in the beet

molasses media with sugar concentration below 276.2 g L-1h-1 were in the range of

59- 76% of theoretical value and between 0.48 g/g and 2.97 g of ethanol L-1h-1,

respectively. The fructose fraction in the carbohydrates content of the produced

syrups was more than 95% when the total initial sugar concentration in the medium

was below 242.0 g L-1h-1.

Siqueira et al. (2008) developed an economical bioprocess to produce the bio-ethanol

from soybean molasses at laboratory, pilot and industrial scales. A strain of

Saccharomyces cerevisiae (LPB-SC) was selected and fermentation conditions were

defined at the laboratory scale, which included the medium with soluble solids

concentration of 30% (w/v), without pH adjustment or supplementation with the

mineral sources. According to kinetic parameters, ethanol productivity of 8.08 g L-1h-

1, YP/S 45.4%, YX/S 0.815%, µm 0.27 h−1 and μX 0.0189 h−1 were determined in a bench

scale bioreactor. Production of ethanol yields after the scale-up were suitable, with

slight decreases from 169.8 l at the laboratory scale to 163.6 and 162.7 l of absolute

ethanol per ton of dry molasses, produced at pilot and industrial scales, respectively.

Oliva et al. (2003) analyzed the effect of selected compounds on growth and ethanolic

fermentation of the thermotolerant yeast strain Kluyveromyces marxianus CECT

10875 was tested. Various fermentations on glucose medium, containing individual

inhibitory compounds found in the hydrolysate, were carried out. On yeast strain

growth and ethanolic fermentation, the degree of inhibition was determined. For all

experienced compounds, growth was inhibited to a minor coverage than the

production of ethanol. Lower concentrations of catechol (0.96 gL-1) 4-

hydroxybenzaldehyde (1.02 g L-1) were required to produce the 50% reduction in cell

mass in comparison to other tested compounds.

Banat et al. (1998) investigated thermotolerant yeast for the following potential

applications; simultaneous scarification and fermentation of cellulose, where the high
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fermentation temperature allows more rapid and efficient enzymatic cellulose

hydrolysis. Considerable research has been directed towards investigation of fatty

acid composition changes in response to these stresses and the role of heat shock

proteins in tolerance mechanisms. If thermotolerant yeast is to be used in commercial

processes, bioreactor configuration will play an important part in the design of

production process.

2.3 KLUYVEROMYCES MARXIANUS IS MORE TOLERANT, EFFICIENT

AND PRODUCTIVE

Banat et al. (1992) isolated five yeast cultures from samples obtained from India. In

which two cultures were determined as Kluyveromyces marxianus. An all five grew

on plate culture up to 52 °C, with highest growth rates in liquid culture at 40 oC and

produced alcohol concentrations 5.7 to 7.0% (w/v) at 45 oC. The highest amount of

ethanol produced on supplemented molasses was 5 to 8.0 where as it was 6.5 to 7.0%

(w/v) at 37 oC and 40oC respectively. Earlier, Anderson et al. (1988) identified

thermotolerant yeasts, with the capability to ferment sucrose at temperatures above 40

oC; 35 were identified as Kluyeromyces marxianus var. marxianus. Previous

thermotolerant strains were identified as Hansenula polymorpha, Geotrichum

capitatum, Saccharomyces cerevisiae, Candida spp. and Debaromyces spp. With no

studying their production of ethanol capability.

Fleming et al. (1993) obtained thermotolerant yeast strains of Kluyveromyces

marxianus IMB3 to grow on sucrose (10% w/v) containing media at 45 oC. Under

such conditions the organism reached stationary phase within 20 h and yielded

ethanol concentrations in the region of 33 g L-1. During growth on sucrose containing

media the organism produced a cell-associated activity capable of hydrolyzing

sucrose. In addition the enzyme was shown thermo stable at optimum pH = 5.0 and

optimum temperature 50-55 oC.

Breadle et al. (1999) investigated two best performing strains a Sacchromyces

cervisiae FIII and a Kluyveromyces marxianus WR12 were used for industrial ethanol

production and found that the magnitude of activation energy during de-activation
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phase was lower than corresponding magnitude in the growth phase and confirmed

the findings of other authors for thermophilic organisms.

Neelam et al. (1999) isolated six thermotolerant yeasts at 37 oC over-ripe grapes by

serial dilution technique using glucose yeast extract medium. Purified yeast cultures

were screened for ethanol production at 37 oC by batch fermentation, using cane

molasses containing 20% sugars. Sugar conversion efficiency of these isolates full of

varied from 66.0 to 88.5% and ethanol productivity from 1.11 to 1.73 g L-1h-1, the

highest ethanol producing isolate of differed sorts was exposed to v-radiation and 13

mutants were picked up from the v treatment exhibiting 0.1 to 1.0 %, survival. The

v-mutants varied in cell size from parent as well as among themselves.

Determination of ethanol produced by in 4.5 to 6.2% increase in sugar conversion and

8.25 to 18.56% increase in ethanol concentration coupled with maximum ethanol

productivity of 2.4 g L-1h-1 in 48 of batch fermentation of cane molasses (20%

sugars) at 37 oC temperature.

Singh et al. (1998) identified the strains of Kluyveromyces marxianus var. marxianus,

having a wide range of metabolic capabilities that could be used in industrial

applications. It appears that there are a number of specific situations where

thermotolerant yeast could find industrial applications. A full-scale industrial ethanol

production trial using this yeast was successfully carried out in India. Kluyveromyces

marxianus IMB3’s performance in terms of the ethanol concentrations achieved was

comparable to that obtained using the distillery’s own yeast strain with an added

advantage of eliminating cooling.

Gulati et al. (1997) studied Kluyveromyces marxianus with an upper growth limit of

52 oC and a capacity to produce ethanol up to 7% (v/v) was from cane molasses.

Since the ethanol tolerance of this strain measured as growth in the presence of added

ethanol, did not exceed 7.5% (v/v), it might have infringed upon the organism to

produce beyond 7% (v/v).
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Rajoka et al. (2004) determined kinetic parameters in batch culture for uptake of

glucose, xylose, cellobiose and lactose by Kluyveromyces marxianus cells. The values

of activation energy in thermal growth activation and inactivation phase were mainly

comparable which indicated that the organism was a thermotolerant one. The highest

values of specific growth rate (µ), substrate saturation constant (Ks), cell yield

coefficient (Yx/s), volumetric rate of substrate consumption (Qs), specific rate of

substrate consumption (qs), maintenance energy (m g substrate/g cells h) requirements

were 1.50 / h, 850 mg L-1, 0.5g cells/g substrate consumed, 3.45/g cells h, and 1.5g

substrate/g cells h are remarkably high as are ethanol production parameters.

Oliva et al. (2004) studied the numerous lignocelluloses belongings disgrace products

on glucose fermentation by the thermo-tolerant Kluyveromyces marxianus yeast. The

toxicity of the aromatic alcohol catechol and two aromatic aldehydes (4-

hydroxybengzaldehyde and vanillin) was identified in dual combinations. The

aldehyde furfural that is usually present in relatively high concentration in

hydrolyzates from pentose degradation was also tested. The presence of aldehydes in

the fermentation medium strongly inhibits cell growth and ethanol production.

Kluyveromyces marxianus reduced aldehydes to their corresponding alcohols to

mitigate the toxicity of these compounds. To start production of ethanol, the total

diminution of aldehydes was required. Vanillin in binary combination was

dramatically toxic and was the only compound for which inhibition could not be

overcome by yeast strains assimilation, causing a 90% reduction in both cell growth

and fermentation.

Nonklang et al. (2009) studied capability of strain Kluyveromyces marxianus to be a

well-organized ethanol production and host for expressing hetrologous proteins as an

alternative to Saccharomyces cerevisiae. The comparison study of two strains as

Kluyveromyces marxianus and Sacchromyces cerevisiae were carried out for the

growth of cells and production of ethanol under the same conditions. K.marxianus

DMKU3-1042 was originated best appropriate strain for maximum production of

ethanol and growth at high temperature (45 °C). K. marxianus has added advantage

that if preserved after fermentation, it can be used as a cholesterol-lowering agent.
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Yoshida et al. (2005) investigated that the hypocholesterolemic activities of the yeasts

varied remarkably between strains. Kluyveromyces marxianus YIT 8292 exhibited the

most potent hypocholesterolemic activity among the yeasts.

Bellaver et al. (2004) investigated the functioning of strain as Kluyveromyces

marxianus CBS6556 having less affinity to tolerate ethanol under coverage to sugar

in excess, & the break up of carbon flux which occurs at the level of glucose-6-

phosphate. Capacities were performed in batch processes and after glucose or a

lactose pulse functional to chemostat-grown respiration (with a dilution rate of 0.1/h).

There outputs propose that the fewer propensities for ethanol formation in

Kluyveromyces marxianus might be a significant of this yeast’s capacity of keeping

the glycolytic flux constant, due at least in part to the diversion of carbon flux to the

biosynthesis of carbohydrates and towards the pentose phosphate pathway.

Karandikar et al. (2006) worked on yeast of thermotolerant Kluyveromyces marxianus

was the immobilized on glass wool reinforced silica aerogel. Silica aerogel, being

nonporous, has extremely low density with large open pores. High surface area and

biocompatibility make it a promising material for immobilization of biologically

active molecules notably enzymes. However its brittle nature limits the performance

as support material. Reinforcement of silica aerogel with glass wool increases its

strength and flexibility making it useful for such applications. Electron microscopy

and invertase activity measurements showed that aerogel provides a suitable platform

for cell immobilization and can be reused without degradation.

Mansour et al. (1993) determined the use of whey for the production of yeast biomass

have advantages that it is a simple treatment process and the final discharge of the

whey is facilitated since the pollutant load is significantly reduced and the whey

lactose is converted into yeast biomass. The SCP could be produced from whey using

yeasts such as Kluyveromyces, Candida and Trichosporon, as they are naturally able

to metabolize lactose. However, it has been observed that in aerated cultures of

Kluyveromyces fragilis, K. lactis a change in cellular metabolism from oxidative to a

mixed oxidative-fermentative state can occur. This change causes the production of
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by-metabolic products such as alcohol, aldehydes, esters, etc., which reduce the yields

of biomass on whey.

Brady et al. (1996) studies found that the thermotolerant yeast, Kluyveromyces

marxianus IMB3 formed 11g ethanol/l during growth at 45 oC on media containing

4% (w/v) lactose when immobilized in alginate beads whereas the free cells produced

5g ethanol/l. Zafar et al. (2005) this study shows the Kluyveromyces marxianus strain

MTCC 1288 was working to study the batch kinetics of biomass and ethanol

production from crude whey. The yeast was able to metabolize mainly of the lactose

within 22 h to give 2.10 g L-1 ethanol and 8.9 g L-1 biomass. Limtong et al. (2006)

investigated Kluyveromyces marxianus DMKU 3-1042, isolated by an enrichment

technique in a sugar cane juice medium supplemented with 4% (w/v) ethanol at 35 oC.

This ethanol tolerant organism produced high concentrations of ethanol at both 40 and

45 oC.

Ethanol production by this strain in shaking flask cultivation in sugar cane juice

media at 37 oC was highest in a medium containing 22% total sugars, 0.05% (NH4 )2

SO4 , 0.05% KH2PO4 0.15% MgSO4 .7H2O and pH of 5.0, The ethanol concentration

reached 8.7% (w/v), Study on ethanol production in a 5 L fermentor with an

agitation speed of 300 rpm and an aeration rate of 0.2 vvm throughout the

fermentation, Kluyveromyces marxianus DMKU 3-1042 yielded a final ethanol

concentration of 6.43% (w/v), a productivity of 1.3 g L-1h-1 and a yield of 57.1% of

theoretical yield. Enzyme levels were constant during the exponential phase and

increased 1.3 - 1.8 fold during the brief deceleration phase. The utilization of protein

hydrolyzed whey as a medium for the production of -galactosidase by

Kluyveromyces marxianus CBS 712 and CBS 6556 was studied by Rech et al. (1999).

Yuan et al. (2008) studied fermentation with Kluyveromyces marxianus ATCC8554

from Jerusalem artichoke (Helianthus tuberosus) grown in Salina and irrigated with a

mixture of sea water and fresh water. The growth and ethanol fermentation of

Kluyveromyces marxianus ATCC8554 were studied using inulin as substrate. The

hydrolysis of inulin, activity of inulinase, which attributes to the main carbohydrate in
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Jerusalem artichoke, was monitored .The optimum temperatures were 38 °C growth

and inulinase production, and 35 °C for ethanol fermentation.

Tomas-Pejo et al. (2009) worked on several feeding strategies for ethanol production

from steam-exploded wheat straw by Kluyveromyces marxianus CECT 10875 have

been studied with the intend of producing maximum ethanol concentrations. Earlier

fermentability tests as well as SSF processes showed the complexity of using the

slurry for production of ethanol under the studied conditions. Notwithstanding, fed-

batch SSF processes with water-insoluble solids (WIS) fraction resulted in better

configuration, reaching the highest ethanol concentration (36.2 g L-1) with an initial

WIS content of 10% (w/v) and 4% (w/v) of substrate addition at 12 h, which meant

20% more ethanol when compared with batch SSF.

Yuji et al. (2009) identified fourteen lactose-fermenting strains of Kluyveromyces

marxianus, including its anamorph, Candida kefyr they were grown in two media

containing 20% (w/v) sugar as either beet molasses or cheese whey. Strain NBRC

1963 of K. marxianus converted sucrose and lactose to ethanol in both media mainly

capabily.Still, ethanol was obtained from sucrose and not from lactose by strain

NBRC 1963 in the medium containing equal amounts of sugar from beet molasses

and cheese whey.

Production of ethanol is now essential to enable its use as a substituent of gasoline

fuels at 3%, 10%, or 85%. Compared with fossil fuels, the production costs are a

major issue for the production of fuel ethanol. Cost-effective fuel production of

ethanol from numerous biomass sources, but we focus in our current report on

maximum temperature fermentation using a newly isolated thermotolerant strain of

the yeast Kluyveromyces marxianus. It was found that a 5 °C increase only in the

fermentation temperature can highly affect the fuel ethanol production costs. Hence

this approach may also be relevant to the other microbial fermentations systems and

intend that thermotolerant mesospheric microorganisms have huge potential for the

expansion of future fermentation technologies (Barbiker et al. 2009).
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Nonklang et al. (2009) investigated wild yeasts are usually non-flocculating, including

Kluyveromyces marxianus, which exhibits an effective high-temperature ethanol

fermentation aptitude. It describes here the building up of flocculent K. marxianus

strains via the introduction of the FLO1, FLO5, FLO9, and FLO10 genes from

Saccharomyces cerevisiae. The S. cerevisiae FLO genes were over articulated by

upstream inclusion of the constitutive TDH3 promoter, consequential in flocculent S.

cerevisiae strains. These TDH3p-FLO sequences were then enlarged by PCR and

introduced directly into a Kluyveromyces marxianus strain. These Kluyveromyces

marxianus strains showed a flocculation phenotype, signifying that the introduced S.

cerevisiae TDH3 supporter and all FLO genes were functional in this strain. Further

more, a flocculating Kluyveromyces marxianus strain showed the same ethanol

production report as that of its wild-type parent. The Kluyveromyces marxianus

flocculating strains generated should be useful in the future development of cost-

effective fed-batch and continuous fermentation systems at high temperatures.
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CHAPTER 3

MATERIALS AND METHODS

3.1 GENERNAL

The experimental work was carried out in collaboration with National Institute for

Biotechnology and Genetic Engineering (NIBGE) Faisalabad, Pakistan. All chemicals

were purchased from Sigma/Aldrich Chemical Co., Germany. Molasses was donated

by Habib Sugars Mills (PVT) Nawabshah and Crescent Sugar Mills Faisalabad and

corn steep liquor was donated by Rafhan Maize Products (PVT) Ltd, Faisalabad.

3.2 MICROBIAL STRAIN

The present strain of Kluyveromyces marxianus was collected from Shakkar Gunj

Sugar Mills, Jhang. They isolated this culture from their distillery’s premises and was

got identified as K. marxianus var. marxianus from M/S Sudzucker AG

Mannheim/Ochsenfurt AG Microbiology, ZAFES, Wormser Str. 11, D-67283

Obrigheim/Pfalz, G.

Fig. 3.1: Pure culture of thermotolerant Klyveromyces marxianus yeast
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3.3 MAINTENANCE OF CULTURE

Kluyveromyces marxianus culture was maintained on Saboraud’s Dextrose agar

(SDA) slants and plates. Plates and slants were stored at 4 ºC in a refrigerator and

refreshed for nightly. Before preparing inoculum, the purity of culture was checked

under compound microscope.

Fig. 3.2: Morphological observation of thermotolerant Klyveromyces marxianus

yeast

3.3.1 Inoculum preparation

For inocula preparation the yeast medium was used having the following composition

(w/v):

Components (%)

Peptone 0.5

Yeast extract 1.0

NaCl 0.5

Glucose 2.0

pH 5.5



26

All chemicals were weighed and mixed in distilled water one by one to prevent

possible precipitation in a conical flask. The pH of the media was adjusted with 1M

HCl/1M NaOH and volume was made (50 ml/flask) with distilled water. The flasks

were plugged with cotton, covered with aluminum foil and autoclaved at 121 °C and

1.05 kg/cm2 pressure for 15 min. After cooling to ambient temperature, 2ml of

sterilized 50% (w/v) stock solution of glucose were aseptically added to the

autoclaved yeast medium as a carbon source.

The test flasks containing autoclaved yeast media were inoculated with a loop- full of

Kl u y v er om y c es marxianus under aseptic conditions. They were allowed to grow

at 30±2 ºC (unless mentioned otherwise) on a rotary shaker (120 rpm) for 24 h. The

cells were harvested and centrifuged at 10,000 rpm. (8331  g) for 15 min, washed in

saline solution containing 0.01% yeast extract. The biomass content was estimated on

the basis of absorptionmetry (cells turbidity) by measurement of the light transmitted

at 610 nm. This population was used for mutational work and to inoculate the growth

media.

3.4 IMPROVEMENT OF THE STRAIN USING GAMMA RADIATION

Ethanol producing by the molasses which contains sucrose as the primary carbon

source, followed by glucose and fructose, uses for the growth of yeast. High

concentration of sucrose in molasses has detrimental effect on the final ethanol

produced and may be due to reduced activity of ß-fructofuranosidase, or invertase

(Gough et al. 1996).

There is a clear need to isolate yeast fermenting sucrose in molasses with retention of

invertase activity at 40 °C in order to provide information for strain choice and

enhancement for commercial exploitation. Efforts were made to isolate such mutant

strain of the test organism, which may produce invertase at 40-50 °C. The colony

forming unit (CFU/ml) of K. marxianus suspension was maintained at 2 109 cells/ml

on SDA medium for irradiations. The suspension were dispensed equally in 30 ml

McCartney vials and exposed to different challenging doses (0.4-1.4 kGy) of gamma

rays in gamma cell radiation chamber (Mark-V) as described previously (Hassan,
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2001). The survival curve was prepared and dose of exposure (0.8 kGy) giving one

thousandth reduction in viable was selected for mutation of the test organism. The

resistant cells were permitted to grow in the presence of 1.5 % deoxy-D-glucose (DG)

SDA liquid medium to isolate Deoxy- D-Glucose resistant (DGr) mutants. These

grown cells were plated on SDA solid medium and faster-growing colonies were

selected and replica-plated on the same medium. Each colony was independently

flooded with glucose oxidase-peroxidase solution. The colonies producing bigger

haloes of glucose production were selected and tested for glucose tolerance studies.

One best mutant Shahraj 1 was selected, characterized in liquid and solid culture as

described previously (Rajoka et al. 2005; Haq et al. 2001). This mutant derivative was

further exposed to г-rays from 1.0-1.6 kGy. The resistant cells from dose of 1.2 kGy

were allowed to grow in the presence of 1.5% (w/v) Deoxy-D-Glucose (DG) medium

and incubated at 60°C for 5 days to isolate DG and simultaneously thermotolerant

mutants. The expressed cells were serially diluted and plated on SDA containing 10 %

sucrose, 1.5% Deoxy-D-Glucose (Rajoka et al. 2005). The selection plates had

approximately 25 colonies per plates. Overall 2500 colonies were screened, the larger

ones specifically and the smaller ones randomly for mutant selection. Each colony

was studied for hyper-production of invertase in vivo by measuring the diameter of

red zones appearing around single colony individually with glucose kit solution after

incubation at 60 °C overnight. The colonies showing larger red zones were picked.

One DG resistant mutant produced larger red zone among three mutants was selected,

grown on SDA contained 1% sucrose and 1.5% DG in slants and stored at 4 ºC in a

refrigerator for further use.

3.5 GENERAL WORK PLAN ON ETHANOL PRODUCTION

For the achievement of an optimized cheap as medium, different carbon and nitrogen

sources were studied at shake flask level. The best carbon and nitrogen sources and

optimum pH, temperature and inocula size were evaluated in both parent and it’s DG

resistant cum thermophilic mutant derivative through the calculation of different

kinetic parameters like substrate utilization, biomass utilization and product formation

during time course studies.
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3.5.1 Carbon and nitrogen sources

Different carbon sources added to production medium for ethanol production and

invertase induction were glucose, sucrose and molasses media and their concentration.

Nitrogen sources like ammonium sulphate, corn steep liquor (CSL), and urea were

added according to the growth medium. These all were used at a rate to contain

different levels of nitrogen in the growth medium (Table 4.5).

3.5.2 Growth conditions for ethanol and invertase production

Glucose, sucrose and molasses for improved production of ethanol and intracellular

FFase were examined in yeast salt medium containing (gL-1): glucose, and sucrose

(100, 120, 150, and 170), KHPO4 5.0%, (NH4)2 SO4 5.0%, MgSO4.7H2O and yeast

extract .02 (pH = 5.5) in 23-L fermentor at 40 ± 0.1 °C in duplicate, unless mentioned

otherwise. Molasses was also used at 100, 120, 150 and 170 g L-1 but was not

supplemented with above salts; only ammonium sulphate (5g L 1) was added as a

nitrogen source supplement. To prepare seed culture for fermentor studies, the

colonies of both wild and mutant isolates were used to inoculate 1 L conical flasks

containing 250 ml medium which contained in g L 1 sucrose, 10; (NH4) HPO4, 0.5

and yeast extract 0.5, at pH 5.5 and incubated for 18 h on an orbital shaker at 150 rpm

at 35 °C. Concentration of the organism was adjusted to contain 0.4 g dry cells/ L.

Fermentor studies were carried out in a micro-processor controlled 23-L stainless

steel fermenter (Biostat C5, Braun Biotechnology, Melsungen, Germany) (15-L

working-volume vessel) equipped with instruments and controllers for parameters

such as agitation, temperature, pH, and dissolved oxygen and fitted with a reflux

cooler in the gas exhaust to minimize evaporation. The vessel was filled with medium

containing sugars (15 % TRS) in molasses supplemented with optimum concentration

of (NH4) 2 SO4 (7.5 g L  1 ) or other carbon sources as given above. The pH was

adjusted to 5.5 (optimum) and the medium was steam-sterilized in situ for 30 min.

The fermenter was inoculated with 10 % (v/v) active inoculum. The aeration was

carried out through a Sparger at 15 L min-1 for 8 h to enhance biomass production

before switching over to 3 L min-1. This process lasted up to 36 h during which
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foaming was controlled by adding silicone oil as an antifoaming agent. Substrate,

nitrogen source, pH and temperature-dependent formation of ethanol occurred along

with minute quantities of acetic acid, succinic acid and glycerol. pH dropped due to

formation of acetic acid, which was controlled automatically at 5.5 using KOH. In all

studies, 100 ml samples in triplicate were collected from both parental and mutant

cultures after every 8 h for different analyses.

Fig. 3.3: Picture of Fermentor (23 L) used in current studies

(Biostat C5, Braun Biotechnology, Melsungen, Germany)

3.5.3 Effect of temperature

The parental and mutant strains of K. marxianus were grown at different temperatures

ranging from (20 °C to 65 °C with an increment of 5 °C) to evaluate optimal

temperature for maximum product (ethanol and invertase) formation.
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3.5.4 Effect of pH

To observe the effect of initial pH of medium on product formation, a range of pH

values of medium (4.0 to 6.5) with a difference of 0.5 was studied to evaluate the

effect of hydrogen ion concentrations on ethanol production and invertase synthesis.

3.5.5 Effect of aeration rate on ethanol production

In these studies, all variables were kept constant while aeration rates were varied

between 0.1 to 0.4 vvm to study their impact on substrate utilization and product

formation parameters.

3.5.6 Effect of stirring rate on ethanol production

In these studies, only stirring speed of stirrer was varied while all other variables were

fixed at their optimal value. Agitation speed of the stirred was kept at 250-450 rpm

and aeration rate was maintained at 0.5 L-1 L-1 min-1 (optimized conditions). Sterilized

silicone oil was used to control the foaming during fermentation.

3.5.7 Recovery of ethanol

After each 8 h incubation, 100 ml samples were collected periodically and were

centrifuged at 10,000 rpm for 15 min. The cell pellet was used to estimate biomass.

The amount of growth was measured as dry cell mass after centrifugation of a portion

of the cells (100 ml) (5,000 g at 10 °C for 10 min) and suspension in physiological

saline or the cells were washed twice with saline and their OD was noted at 610 nm to

calculate dry cell mass from a standard curve of dry weight and OD. The cell free

supernatant was preserved for estimation of ethanol and, protein and reducing sugars.

Cells were suspended in 100 ml buffer (pH 5.5) and sonicated to break cells and

recover crude enzyme for enzyme assay, and protein Total sugars in supernatant were

determined using a Brix hydrometer measuring specific gravity (Atago, ATC-1, Brix:

0-3%, Japan). Ethanol was determined through laboratory-scale distillation of fixed

volume of fermented broth and noting its volume. Ethanol concentrations were

confirmed chromatographically using HPLC after Nolan etal. (1994).
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3.6 DETERMINATION OF INVERTASE ACTIVITY

Intracellular invertase was also extracted with equal volume of 1 N NaOH after

incubation at 90 °C for 10 min and cooling to ambient temperature and bringing down

its pH to neutral with HCl.

3.6.1 Assay of invertase (EC 3.1.6) activity

To one ml of 0.16 M sucrose and 1 ml McIlvaine buffer (0.15 M, pH 5.5) mixture,

100 µl of appropriately diluted invertase solution was added. The reaction mixture

was agitated at 50 °C for 30 min in a shaking water bath. The 50 l reaction mixture

was added to 950 l distilled water and boiled for 10 min to inactivate the enzyme.

The amount of glucose formed was determined using glucose oxidase kit according to

the instructions of the manufacturers.

3.6.2 Protein determination

A total protein in the crude enzyme was estimated by the Bradford method (1976)

using bovine serum albumin (BSA) as standard (reagents in Appendix-2).

3.6.3 Biomass estimation

Time course study was done on different carbon and nitrogen sources. The samples

for both parent and mutant in triplicate were harvested at regular time intervals from

both fermentors (duplicate). Known mash volumes (100 ml) were centrifuged at

10,000 rpm for 15 min at 4 ºC. The cell pellets were suspended in autoclaved 0.89 %

saline solution and recentrifuged as above. The supernatant was discarded and the

pellet was suspended and dried in a reweighed dry crucible in an oven. After

sufficient drying in few days they were weighed to get dry biomass of the organism or

OD of the saline suspension of cells was noted at 610 nm. The dry cell mass was

obtained by comparison with a standard curve obtained as above.
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3.7 SUBSTRATE UTILIZATION

Fig. 3.4: Ethanol chromatogram after 36 hr fermentation in 23 L fermentor

containing 15% sugars in molasses (pH 5.5) at 40 °C

During the time course study, the amount of substrate that remained was also

determined by estimating the sugars in the sample using high performance liquid

chromatograph (HPLC) and through DNS reagent.

3.7.1 High performance liquid chromatography

Different sugars (glucose, fructose, and sucrose) were analyzed through HPLC

(Perkin Elmer Series 00, USA). Aminex HPX-87H column (300 x 78 mm) (Bio-rad,

Richmond, California) was maintained at 45 oC in a column oven. Sulphuric acid

(0.001 N) in HPLC grade water at 6 ml per min was used as a mobile phase. The

components were detected by refractive index detector and quantified using

Turbochrom 4 software provided by the suppliers. All the chemicals were of HPLC

grade. Figure 3.4 shows that all sugars were completely consumed by the mutant

organism leading to formation of ethanol only.

3.7.2 Estimation of sugars through DNS reagent

Total sugars were routinely estimated by DNS method (Miller, 1959) reagents were

made as described in Appendix-3.
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3.7.3 Glucose standard solution

Glucose was used as standard, for the determination of unutilized monomeric

reducing sugars through DNS reagent; the absorbance was compared against the

standard curve prepared as described below.

Stock solution of glucose (0.1%) was prepared with 1 mg glucose /ml. From 0.1 %

stock solution, 100, 200, 300, 400, 500, 600, 700, 800, 900 and 1000 l were taken in

separate test tubes. The volumes of all test tubes were made equal (1ml) with distilled

water. To each test tube, ml distilled water and 3 ml of DNS reagents were added.

There mixture was boiled for 10 min, cooled on ice and absorbance was recorded at

550 nm. For the blank reagent 3 ml of distilled water was added to a separate test tube

containing 3 ml of DNS reagent, which was given the same boiling treatment and

cooling as samples. There blank was used to make absorbance zero. Reducing sugars

of the sample were calculated from standard curve.
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Fig. 3.5: Glucose Standard Curves



34

3.8 DETERMINATION OF GROWTH KINETIC PARAMETERS

Fermentation kinetic parameter of K.marxianus Wild (W) and its mutant (M) strain

for growth substrate utilization and product formation were calculated (Aiba,

etal.1973).

According to Monod rate law; the cell mass, specific growth rate increased by the

following expression.

XK
SK

SX

dt

dX
d

S

m 



  1.3

Substrate utilization is given by

Xq
dt

dS
S )2.3(

Where Sq Specific substrate consumption rate.

For a culture with an appreciable maintenance factor, then

m
SK

S
Yq

S

m
XSS 




  3.3

The product formation rate then, will be

Xq
dt

dP
P ,  4.3

Where Pq Specific product formation rate.

In the case where there is appreciable non-growth associated product synthesis,

B
SK

S
Yq

S

m
XPP 





 5.3

Where B non-growth component of specific product formation rate.

Numerical integration may be used to solve equations 3.1 – 3.5 for S, X, and P as

functions of time, t. Simplified cases are solved analytically. For example, the specific

multiplication rate , may be essentially constant over a range of substrate and cell

mass concentrations. The values of XSY and XPY may also be constant. Further, the

maintenance factor, m, may be negligible. Taking all these simplifications to be valid

yields a case that is easily analyzed:
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 Initial conditions

;;;0 00 SSXXt  and 0P

 Rates

X
dt

dX
  6.3

dt

dX
Y

dt

dS
XS  7.3

dt

dS
Y

dt

dP
SP  8.3

 Conversion stoichiometry

 00 XXYSS XS   9.3

 SSYP SP  0  10.3

 Integral growth

teXX 
0  11.3

Combining equations 9 and 11 gives

 XXYSS XS  00

 t
XS eYXS  100  12.3

and  SSYP SP  0  13.3

Equation 3.12 may be rearranged to solve for the time required to reach a given

substrate concentration:
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,1ln
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The time required for a given increase in cell mass is derived by integration of

equation 6:

t
X

X


0

ln  15.3

or

,ln
1

0X

X
t


  16.3

In the case of uni-molecular growth rate of cells can be expressed in terms of the cell

concentration, X, the concentration of a growth substrate, S and an inhibitor, I, i.e.

 ISXf
dt

dx
,,

The specific growth rate  is defined as

dt

dx

X

1
 (3.17)

If the value of  is constant, then above equation represents the so-called exponential

growth, where growth is proportional to the mass of the cells present. Note that the

specific growth rate is related to the mass doubling time, dt by




693.0
dt (3.18)

Other volumetric rates Qx, Qs and Qp in g L-1 h-1 were calculated by graphs using

Slidewrite software by using the values of cell mass formation, substrate consumption

and product formation.

3.9 THERMODYNAMIC PARAMETERS FOR PRODUCTION OF

ETHANOL AND INVERTASE ACTIVITY

Empirical approach of Arrhenius was used to describe the relationship of temperature

dependent reversible and irreversible inactivation of ethanol production pathway in

the temperature range of 30-65 οC. For this purpose qp (specific rate of product
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formation (g/g.h or 1U/g cells/h) values were determined at each temperature on

which the following relationships were applied to get their true values:

qp= T KB/h .e
∆S*/R e ∆*H/RT

ln(qp/T) = ln(KB/h)+ ∆S* R - ∆H*/RT

According to Michaelis – Menton theory, (Aiba, etal. 1973) between reaction rate and

potential energy barrier for forward and reverse reaction, we have

 BA Transition state  Product  19.3

The reaction is formulated in equation 3.19. The value rf EEE  in the biological

system is approximately equal to the value of H (heat of reaction). The equilibrium

constant, ,*K for the formation of the transition state is obtained from equation 1 as

follows:

BACC

C
K

*
*   20.3

Where

*C Concentration of the transient material

BACC Concentrations of A and B in equation 3.19.

It has been shown by the absolute reaction rate theory that

h

kTC
CCk BAr

*

  21.3

Where

rk Specific reaction rate to form the product

k Boltzmann constant

h Planck’s constant

T Absolute temperature

From equations 3.20 and 3.21, we get

*
*

K
h

kT

CC

C

h

kT
k

BA

r   22.3

The equilibrium constant, ,*K is related, on the other hand, to the free energy change,

,*G as follows:
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** ln KRTG 

** STH   23.3

Where

 *H Heat of reaction of activation

 *S Entropy change of activation

R Gas constant

From equations 3.22 and 3.23, we get

*** ln STH
kT

hk
RTG r   24.3

RTHRS
r ee

h

kT
k

**   25.3

Assuming that *S is independent of temperature,

2

*

2

* 1ln

RT

RTH

TRT

H

dT

kd r 



  26.3

ERTH  *  27.3

Where

E Activation energy defined by the Arrhenius equation, which relates the change

of specific rate of reaction with temperature, namely,

2

ln

RT

E

dT

kd r   28.3

An error, due to the fact that *H in equation 3.25 is made approximately equal to E,

must be considered. However, this error is not necessarily grave because in most

biological systems at about ,300 K the value of 600300987.1 RT cal/mole and,

moreover, *H is usually more than 10,000 cal/mole. Then, from equation 3.25,we

get

RTERS
r ee

h

kT
k 

*

 29.3

The values of rk in equation 3.29 in a biological system reveal an overall picture of

the activities of the enzymes involved in a biological reaction. By measuring the

change of rk values with temperature, either the values of E or *S can be estimated.
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The values of E or *S thus determined for a specific biological reaction may give

further insight into the kinetics of the whole system.

Plot of ln (qp//T) against 1/T gave a straight line whose slope was –H*/R and

intercept was ΔS*/R + ln (KB/h) where h (Plank constant) = 6.63x10-34. JS and KB

(Boltzman constant: R/N) =1.38x10-23 J/k-1, where N (Avogadros No.) is 6.0x1023.

3.10 STATISTICAL ANALYSIS

The effect of treatments was compared by the protected least significant difference

method is presented in the form of probability (p) using Duncan multiple range test

with Mstat C software.



40

CHAPTER 4

RESULTS

This chapter is divided into three sections. Section-I comprises of results related to

improvement of Kluyveromyces marxianus through mutagenesis based on gamma

rays irradiation and section -II is application of mutant to ethanol production from

different carbon sources, nitrogen sources, initial pH of the media, and fermentation

temperature and other process variables as mentioned in materials and methods.

Moreover kinetic and thermodynamic parameters of growth of wild and mutant

strains for ethanol production have been presented. Section II discusses results

regarding the kinetics and thermodynamics of ethanol and β-fructofuranosidase

production by both wild and mutant strains of thermotolerant Kluyveromyces

marxianus. Whereas section III describes the catalytic and thermodynamic properties

of purified invertase produced by both wild and mutant strains of Kluyveromyces

marxianus.

Section-1

Extensive work was carried out in laboratories of NIBGE to select a proper strain of

yeast for production of ethanol at a temperature of 45 - 50 °C to get number of

advantages which could be exploited through the use of such organisms. The work

included screening of existing cultures, temperature adaption, mutagenesis and

molecular techniques to develop such strains. Thermo-tolerant Saccharomyces

cerevisiae strains have been obtained for ethanol production from molasses to reduce

the cooling energy cost currently spent on temperature control in summer (Rajoka et

al. 2005; Kiran Sree et al. 2000).

Kluyveromyces marxianus system has been mainly used for ethanol production at

temperature higher than 40 °C (Banat et al, 1992; Gough et al. 1996; Singh et al.

1998; Abdel-Fattah et al. 2000).
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4.1 SELECTION AND SCREENING OF MUTANT STRAINS OF

KLUYVEROMYCES MARXIANUS

Improvement of ethanol production by K. marxianus at 45 or 50 °C by gamma rays

mutagenesis was sought to isolate catabolite resistant and simultaneously ethanol

hyper-producer mutant derivatives of K. marxianus with retention of -

frucotofuranosidase activity at 45-50 °C after Rincon et al. (2001) as described in

materials and methods. After exposure to 0.8 kGy the resistant cells were permitted to

grow in the presence of 1.5 % Deoxy-D-glucose (DG) - SDA liquid medium to isolate

DG resistant (DG) mutants. These grown cells were plated on SA-DG solid medium

and faster-growing colonies were selected and replica-plated on the same medium.

One best mutant Shahraj 1 was selected, characterized in liquid and solid culture. This

mutant derivative was further exposed to γ-rays from 1.0-1.6 kGy. The resistant cells

from dose of 1.2 kGy were allowed to grow in the presence of 1.5% (w/v) Deoxy-D-

glucose (DG) and 8 % ethanol in the medium and incubated at 60°C for 5 days to

isolate DG, ethanol and simultaneously thermotolerant mutants. The expressed cells

were serially diluted and plated on SA containing 10 % sucrose, and 1.5% Deoxy-D-

glucose. The selection plates had approximately 25 colonies per plates. Overall 2500

colonies were screened, the larger ones specifically and the smaller ones randomly for

mutant selection. Each colony was studied for hyper-production of invertase in vivo

by measuring the diameter of pink zones appearing around single colony individually

with glucose kit solution after incubation at 50 °C overnight.

Among many isolated mutant strains, there were three isolated colonies that grew on

yeast medium supplemented with 9.5% (v/v) ethanol and one of them produced bio

ethanol 25% more than the wild type. The studies in plate tests also indicated that

well-developed pink zone on sucrose-agar plates appeared around 1000 colonies in

the case of mutant strains and three variants with enhanced enzyme production

abilities were selected. Semi-quantitative plate studies revealed that one derivative

capable of producing the largest amount of -fructofuranosidase with retention of

ethanol production ability could be isolated and designated M15 (Table 4.1) for

ethanol and enzyme production in vitro. The organism was recovered using replica

plating and it’s - fructofuranosidase activities were monitored in plate tests in the
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presence of increasing concentration of glucose, glycerol and ethanol. It was found

that the secretion of - fructofuranosidase was least effected in the presence of up to

5.0 - 9.5% (w/v) glucose or ethanol.

Screening for these purposes, solid culture screening on sucrose solid media was

performed. The mutant strains were selected on 1.5% deoxy-D-glucose, with addition

of 9.5 % ethanol as mentioned above. In the preliminary experiments, the selected

mutant strains were tested for production of invertase using plate tests. The criteria for

selection and production are based on pink zones formed due to formation of glucose

by reaction of sucrose with invertase. The organism liberates invertase during growth

which reacts with sucrose to produce pink zones of glucose with glucose oxidase kit.

The diameter of pink zone is taken as indicator of invertase secretion. The DG- and

higher temperature resistant mutant M15 produced larger zone among three best

mutants (Table 4.1) and was selected for further studies. Solid state fermentation

technique is well accepted and has been used by many workers for selection and

screening of large population of mutants and wild strains.

Table 4.1: Plate tests of -fructofuranosidase (invertase) production by DG–

and temperature resistant mutant derivatives of Kluyveromyces marxianus

Mutants Zone of pink colour (mm) at different time periods (hr)

24 48 72

M15 7 16 20

M21 6 14 18

M3 6 13 17
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Section-1I

4.2 EFFECT OF CARBON SOURCES ON CELL MASS AND ETHANOL

PRODUCTION

The effect of different substrates including glucose, sucrose, and molasses each at 10,

12, 15 and 17% total sugars were tested for their ability to support ethanol formation.

Fermentation was carried out in 23 L fermentor (working volume 15 L) Fig.4.1 using

above substrates as mentioned in Materials and Methods. The media supplemented

with ammonium sulphate only were inoculated with active inoculate of wild and

mutant strains of K. marxianus and fermentation was performed at 40 oC for 72 h.

Samples were withdrawn after each 8 h. The results are reported the average of n = 3

experiments. The representative kinetics of product formation by the wild and mutant

cultures from glucose, sucrose, and molasses (Fig 4.1, 4.2) indicated that alcohol

concentration in both strains reached maximum values after 36 h. These curves also

indicated that production of ethanol was growth-associated.
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Figure 4.1 Effect of different glucose and sucrose concentrations (Glucose 12,

15 & 17%) and sucrose (15%) on ethanol formation (○: W; ●: M), cell mass 

formation (∆: W; ▲: M), FFase formation (◊: W; ♦: M) and substrate present in

fermentor (□: W; ■: M) in batch culture at 40 °C. Error bars show standard

error between mean of n = 3 observations.
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Figure 4.2 Effect of different sucrose and sugars in molasses concentrations

(sucrose 17%) and molasses (12, 15 & 17%) on ethanol formation (○: W; ●: M), 

cell mass formation (∆: W; ▲: M) and substrate present in fermentor (□: W; ■:

M) in batch culture at 40 °C.
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4.2.1 Effect on growth of Cell Mass Formation

The results pertaining to growth of organisms on representative substrate

concentrations are presented in Fig. 4.1 and Fig. 4.2 and kinetic parameters are for

substrate consumption and cell mass formation are presented in Table 4.2 and their

statistical analysis is given in Table 4.2 a and Table 4.2 b. The analysis of variance

(Table 4.2a) showed that the effect of carbon sources on all growth parameters in case

of both organisms was non-significant. But difference was found highly significant

between tested organisms (wild and mutant M15 of K.marxianus) with respect to cell

mass formation rate (Qx), growth yield coefficient (Yx/s), and volumetric substrate

consumption rate (Qs) whereas non-significant results were recorded with specific

substrate consumption rate (qs) and specific growth rate (µ). Interactive effect of

carbon sources  organisms was found to be highly significant with respect to all

growth kinetic parameters.

The comparison of mean values for different carbon sources (Table 4.2b) exhibited

that cell mass formation rate (Qx) was higher with glucose followed by molasses,

whereas sucrose showed the minimum values of cell mass formation rate. Cell mass

yield (Yx/s) was found to be significantly higher in glucose than that was at sucrose

and molasses. Glucose showed maximum mean values for substrate consumption rate

(Qs) while the lowest value was recorded with sucrose. Comparison of mean values

for Qs, Yx/s and Qx showed that all substrates and both organisms were non-

significantly different with respect to supporting these parameters. Specific

consumption rate (qs) revealed that glucose depicted maximum qs whereas sucrose

was at the lowest rank. The comparison of mean values presented in Table 4.2b

showed that mutant strain of K. marxianus supports significantly higher values of all

kinetic parameters whereas wild remained lower in the case of all respective substrate

consumption parameters. Interaction of substrate and organisms was statistically non-

significant (Table 4.2a) with respect to supporting all substrate consumption

parameters.



47

4.2.2 Effect on ethanol formation

The results pertaining to ethanol formation by wild and mutant strains of K.

marxianus are presented in Table 4.3 and analysis of variance in Table 4.3a. The

comparison of mean values of wild and mutant M15 in (Table 4.3b) indicated that rate

of ethanol formation (Qp) was recorded maximum with glucose followed by molasses,

whereas minimum value of Qp was obtained from sucrose. Product yield coefficient

(Yp/s) and specific product yield (Yp/x) were recorded higher on glucose and minimum

on sucrose. Maximum value of specific product rate (qp) was also supported by

glucose as compared to molasses which exhibited minimum qp. Kluyveromyces

marxianus mutant M15 showed improved production of kinetic parameters over

parental strain (Table 4.3b). The comparison of mean values for interactive effect

between organism and carbon sources explained that mutant and wild strains showed

maximum values of Qp with glucose and minimum with sucrose and molasses

respectively. The product yield coefficient values (Yp/s) and Yp/x were recorded higher

with glucose from both wild and mutant strain, respectively.

Both Yp/s and Yp/x were non-significantly different based on mean values on these

parameters. SOV analysis also showed that impact of substrates on all kinetic

parameters was non-significant (F -values 0.1251 to 1.7267) as was the impact of

both organisms and substrates (F -values 0.3388 to 1.3362). The F- values showed

that the effect of different carbon sources and their concentrations caused a

significantly higher impact on product parameters e.g., Qp (F=27.8239, qp (F

=5.1109) Yp/s (F= 9.8399) while Yp/x) (F= 1.6231) was found to be non-significantly

influenced by the substrates and their concentrations. The difference was also found

highly significant due to tested organisms of K. marxianus in respect of all product

formation parameters (Tables 4.4a and Table 4.4 b).
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Table 4.2: Fermentation kinetic parameters of K.marxianus (W) and its

mutant strain (M) for growth and substrate utilization ,using ammonium

sulphate (0.75%) , pH (5.5) in the presence of different carbon sources at 40 °C.

Carbon source

(%)

Strain µ

(h-1)

Qx

(g cells

/l/h)

Yx/s

(g cells/g

substrate)

Qs

(g/l/ h)

qs

(g/g/h)

td

(h)

Glucose 10 W 0.22abc 0.800a 0.085a 4.551a 2.58abcd 3.1bcd

M 0.23abc 0.825a 0.090a 4.925a 2.55abcd 3.0bcd

12 W 0.23abc 0.814a 0.088a 4.672a 2.61abc 3.0bcd

M 0.24ab 0.850a 0.092a 4.954a 2.60abc 2.8cd

15 W 0.20abc 0.875a 0.095a 4.712a 2.10cde 3.4abc

M 0.25a 0.895a 0.098a 5.010a 2.55abc 2.7d

17 W 0.18c 0.840a 0.084a 4.705a 2.14de 3.8a

M 0.24ab 0.866a 0.094a 4.980a 2.55abcd 2.8cd

Sucrose 10 W 0.20abc 0.755a 0.077a 4.340a 2.59abcd 3.4abc

M 0.21abc 0.820a 0.082a 4.770a 2.56bcde 3.3abcd

12 W 0.22abc 0.810a 0.079a 4.530b 2.78abc 3.1bcd

M 0.23abc 0.831a 0.087a 4.805a 2.64abc 3.0bcd

15 W 0.23abc 0.825a 0.080a 4.621a 2.87a 3.0bcd

M 0.24ab 0.850a 0.088a 4.810a 2.72a 2.8cd

17 W 0.23abc 0.816a 0.082a 4.692a 2.80ab 3.0bcd

M 0.24ab 0.840a 0.089a 4.820a 2.69abc 2.8cd

Molasses 10 W 0.22abc 0.799a 0.083a 4.550a 2.65abc 3.1bcd

M 0.23abc 0.825a 0.091a 4.924a 2.52abcd 3.0bcd

12 W 0.21abc 0.815a 0.084a 4.705a 2.50cde 3.3abcd

M 0.24ab 0.852a 0.092a 4.970a 2.60abc 3.4abc

15 W 0.20abc 0.841a 0.085a 4.707a 2.35abc 3.0bcd

M 0.24ab 0.865a 0.093a 4.970a 2.58abcd 2.8cd

17 W 0.19bc 0.838a 0.080a 4.710a 2.37e 3.6ab

M 0.24ab 0.836a 0.090a 4.960a 2.66abcd 2.8cd

LSD values(P ≤ 0.05) 0.0519 0.04830 0.05191 0.9754 0.4153 0.5113



49

Means followed by different subscripts are significantly different at P≤ 0.05 using

MStat C software. Carbon source concentrations were 10%, 12%, 15%, and 17%

(w/v). Ammonium sulphate (0.75%) was used as a nitrogen source.

Table 4.2a: F-values for effect of carbon sources on kinetics of substrate

utilization and cell mass formation parameters of wild and mutant organisms of

K. marxianus.

SOV Df µ Qx Yx/s Qs qs td

C.source (A) 2 0.0512 0.695 6.3419 1.662 5.2297 0.3096

Organisms

(B)
1 22.32 2.0966 8.5498 8.719 1.219 16.029

A x B 2 1.426 0.0197 0.0616 0.260 1.987 1.636

Error 48

Total 53

Table 4.2b: Comparison of mean values of growth kinetic parameters of wild

strain of K. marxianus and its mutant derivative for substrate utilization

parameters in fermentor studies

K.marxianus

strains

µ Qx Yx/s Qs qs td

Wild 0.208b 0.819b 0.085b 4.499b 2.544b 3.211a

Mutant 0.234a 0.848a 0.091a 4.912a 2.610a 2.917b

In all substrates more than 98-100% carbohydrates were used whereas the level of

expression of genes for ethanol formation pathway was distinctly different.
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Table 4.3: Fermentation kinetic parameters of K. marxianus (W) and its

mutant M15 strain (M) from different carbon sources in yeast medium

Carbon source (%)

Strain

Qp

(g/l/h)

qp

(g/g/h)

Yp/s

(g /g

substrate)

Yp/x

(g/g

cells)

Glucose 10 W 4.52bcdef 1.20cde 0.46a 5.48a

M 5.10abcd 1.33abcde 0.49a 5.82a

12 W 4.82bcde 1.26abcde 0.50a 5.50a

M 5.27ab 1.38abcd 0.51a 5.75a

15 W 4.84bcde 1.34abcde 0.45a 5.80a

M 5.79a 1.56a 0.51a 6.25a

17 W 3.50g 1.39abcd 0.41a 5.60a

M 4.79bcde 1.53ab 0.51a 6.14a

Sucrose 10 W 4.20efg 1.09e 0.44a 5.45a

M 4.80bcde 1.15de 0.48a 5.50a

12 W 4.35def 1.24cde 0.48a 5.65a

M 4.85bcd 1.29abcde 0.49a 5.65a

15 W 4.43def 1.31abcde 0.45a 5.72a

M 4.95bcd 1.38abcde 0.50a 5.75a

17 W 4.00fg 1.29abcde 0.41a 5.65a

M 4.40def 1.39abcde 0.50a 5.82a

Molasses 10 W 4.50def 1.21cde 0.47a 5.52a

M 5.05abcd 1.31abcde 0.48a 5.72a

12 W 4.70bcdef 1.26abcde 0.45a 5.52a

M 5.24abcd 1.45abcd 0.51a 6.05a

15 W 4.00bcde 1.28abcde 0.40a 5.58a

M 5.20abc 1.47abc 0.49a 6.15a

17 W 4.50cdef 1.21abcde 0.47a 5.52a

M 4.65bcdef 1.45e 0.51a 6.05a

LSD values(P ≤ 0.05) 0.7612 0.3200 0.050 0.9066
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Means followed by different subscripts indicate that they are significantly different at

P≤ 0.05 using Stat C software. Carbon source concentrations were 10%, 12%, 15%,

and 17% (w/v). Ammonium sulphate was used as the nitrogen source.

Table 4.3a: F-values for effect of carbon sources on kinetics of ethanol

production by wild strain of K. marxianus and its mutant derivative in 23 L

fermentor

SOV df Qp Yp/s Yp/x qp

C.source (A) 2 3.3631 0.5351 0.1251 1.7267

Organism (B) 1 27.8239 9.8399 1.6231 5.1109

A x B 2 1.3362 0.3897 0.3388 0.4061

Error 48

Total 53

Table 4.3b: Comparison of wild strain of K. marxianus and its mutant

derivative for ethanol production kinetic parameters following growth on

different carbon sources in 23 L fermentor.

Organisms Qp Yp/s Yp/x qp

Parent 4.431b 0.456b 5.617b 1.264b

Mutant 5.008a 0.499a 5.783a 1.368a

4.2.3. Effect on ß-fructofuranosidase (FFase) production

For analysis of FFase production, the samples collected for Fig. 4.1 and Fig.4.2 were

used for time course production (figures not shown). The results pertaining to FFase

production kinetic parameters are presented in Table 4.4 and statistical analysis is

given in Table 4.4a and Table 4.4b. The F-values (Table 4a) showed that the effect of

carbon sources and organisms were found to be highly significant on all product

parameters e.g., Qp, Yp/s, Yp/x and qp. The interactive effect of carbon sources 

organism was also highly significant.
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Table 4.4: Fermentation kinetic parameters of K. marxianus (W) and its

mutant strain (M) for β-fructofuranosidase formation, following product

formation using ammonium sulphate (0.75%), pH (5.5) on different carbon

sources at 40°C

Carbon source (%) Strain Qp

(IU/l/h)

qp

(IU/g/h)

Yp/x

(IU/g

substrate)

Yp/x

(IU/g cells)

Glucose 10 W 905bcd 235.2fghi 105g 1120bc

M 1025abc 287.1 abcde 120bcdefg 1305ab

12 W 914bcd 247.5efghi 108efg 1125bc

M 1045ab 303.6abcd 130abcd 1320ab

15 W 915bcd 258.0defghi 110efg 1122bc

M 1224a 331.2a 144a 1325a

17 W 916bcd 270.1cdefg 115defg 1125bc

M 1124ab 310.8abc 137abc 1310ab

Sucrose 10 W 902bcd 223.6i 104g 1118bc

M 1022abc 273.4bcdef 118cdefg 1201abc

12 W 912bcd 235.6fghi 106fg 1122bc

M 1035abc 291.0abcde 127abcde 1225ab

15 W 913bcd 258.3defghi 110efg 1124bc

M 1020abc 286.0abcde 135abc 1225ab

17 W 912bcd 269.2cdefgh 114defg 1124bc

M 1122ab 302.0abcd 137abc 1224ab

Molasses 10 W 904bcd 224.0hi 104g 1120bc

M 1024abc 286.0abcde 120bcdef 1201abc

12 W 914bcd 246.8efghi 107fg 1122bc

M 1044ab 303.6abcd 132abcd 1304ab

15 W 915bcd 258.5defghi 110efg 1124bc

M 1220a 318.0ab 138ab 1310ab

17 W 915bcd 269.0cdefghi 115defg 1124bc

M 1122ab 303.5abcd 130abcd 1305ab

LSD values (P ≤ 0.05) 222.7 45.31 19.35 194.3
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The comparison of mean values for different carbon sources (Table 4.5b) displayed

that product formation rate (Qp) was greater in glucose followed by molasses medium

and it was found to be lower in sucrose medium. Product yield coefficient (Yp/s) and

specific product yield (Yp/x) were also significantly higher in glucose- (15%) whereas

it was found to be lower with sucrose-medium. Specific product formation rate (qp)

was recorded higher in glucose and remained lower in sucrose medium. The

comparison of mean values presented in Table 4.4b indicated that mutant M15 strain

supported significantly higher values of Qp, Yp/s, Yp/x and qp as compared to the wild

strain. The comparison of mean values for interactive effect between two organisms

and carbon sources (Table 4.4a) explained that both parent and mutant M15 strains

showed maximum values of Qp on glucose medium and minimum with sucrose

respectively. The comparison of mean values presented in Table 4.5b indicated that

mutant M15 strain supported significantly higher values of Qp, Yp/s, Yp/x and qp as

compared to the wild strain. It is revealed from this work that all the substrates

supported the growth of K. marxianus strains and produced FFase but glucose was

superior for the production of this enzyme among all carbon sources. This indicates

that both wild and mutant derivative were devoid of catabolite repression.
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Table 4.4 a: F -values for effect of carbon source on kinetics of growth and

product formation by wild and its mutant of Kluyveromyces marxianus on β-

fructofuranosidase formation using different carbon sources as in Table 4.4.

SOV Df Qp Yp/s Yp/x qp

Substrate (A) 2 9.0102 10.683 11.1503 20.373

Organism (B) 1 36.320 57.740 28.219 70.016

A x B 2 0.778 0.526 0.397 0.483

Error 48

Total 53

Table 4.4 b: Mean values for effect of organisms (wild and its mutant M15) of

Kluyveromyces marxianus on FFase production grown in the presence of

different carbon source.

Organisms Qp Yp/s Yp/x qp

Parent 885.25b 107.89b 1106.58b 247.12b

Mutant 1077.98a 129.00a 1254.80a 301.56a
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4.3 EFFECT OF NITROGEN SOURCES ON ETHANOL PRODUCTION

4.3.1 Effect on growth

Nitrogen sources like ammonium sulphate, corn steep liquor (CSL), and urea were

added to the growth medium to enhance growth and ethanol formation (Fig 4.3). All

these sources were used at the rate to contain 0.11, 0.16 and 0.212 % nitrogen in the

growth medium. The results prepared for growth kinetic parameters are presented in

Table 4.5 and analysis of variance is given in Table 4.5a. The analysis of variance

(Table 4.5a) showed that the effect of different nitrogen sources on all growth

parameters was found to be highly significant. Similarly difference was also found

highly significant with tested organisms in all growth parameters except Qs , Qx and

Yx/s was found nonsignificant. Interactive effect of nitrogen sources and organisms

was found to be non-significant. When both organisms were compared based on the

mean values on all nitrogen sources, mutant strain was highly significantly different

with that of its wild counterpart in supporting all kinetic parameters (Table 4.5) with

respect to Qs, and  and whereas nonsignificant effect was observed with Qx, and Yx/s .

The comparison of mean values for different nitrogen sources (Table 4.5b) indicated

that cell mass formation rate (Qx) was ranged between 0.65 -1.25 g cell L-1 h-1. It was

found maximum with ammonium sulphate and minimum with CSL containing media.

Cell mass production (Yx/s) was found to be significantly higher in corn steep liquor

whereas it was found significantly lower in ammonium sulphate. Substrate

consumption rate (Qs) ranged between 1.34 - 2.29 g L-1 h-1, which is recorded

maximum in CSL and minimum in DAP. Parent and mutant strains of K. marxianus

both showed maximum values with substrate supplemented with CSL. Specific

consumption rate (qs) was found to be greater in ammonium sulphate and lower value

remains recorded with CSL supplemented medium. The values of qs ranged between

0.95-1.05 g L-1 h-1. The CSL supplemented medium showed significantly higher

values of  as compared to medium contained urea as nitrogen source. The

comparison of mean values (Table 4.5b) showed that mutant strain of K.marxianus

was significantly better in all growth kinetic parameters, whereas parent strain
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supported lower values of respective parameters. The values of qs was also higher in

mutant strain but had nonsignificant difference.

Figure 4.3 Effect of different nitrogen sources (ammonium nitrate 0.5, 0.75 &

1.0 %) and CSL (3.5%) on ethanol formation (○: W; ●: M), cell mass formed (∆: 

W; ▲: M), FFase formation (◊: W; ♦; M) and substrate present in fermentor (□:

W; ■: M) containing 15% sugars in molasses (pH 5.5) at 40 °C.
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Table 4.5: Fermentation kinetic parameters of K. Marxianus (W) and its

mutant strain (M) for growth and substrate utilization in the presence of

different nitrogen sources

Nitrogen source

(%)

Strain µ

(h-1)

Qx

(g

cells

/l/h)

Yx/s

(g cells/g

substrate)

Qs

(g/l /h)

qs

(g/g/h)

td

(h)

(NH4)2SO4 0.5 W 0.24cdefg 0.82abc 0.085b 4.81a 2.82defg 2.89cdef

M 0.30ab 0.865ab 0.090b 4.92a 3.33abc 2.31gh

0.75 W 0.29bc 0.83abc 0.091b 2.22c 3.19abcd 2.39fgh

M 0.35a 0.89a 0.098a 5.01a 3.62a 1.98h

1.0 W 0.22fgh 0.84abc 0.088b 4.51ab 2.50gh 3.15bcd

M 0.28bcd 0.85ab 0.090b 4.72ab 3.11bcd 2.47h

Corn Steep

Liquor

2.65 W 0.23defgh 0.81abc 0.075b 4.82a 3.06cde 3.01gh

M 0.29bc 0.82abc 0.080b 4.91a 3.57ab 2.39fgh

3.9 W 0.24cdefg 0.82abc 0.081b 4.75ab 2.96cdefgh 2.89cdef

M 0.30ab 0.83abc 0.088b 4.95a 3.41abc 2.31gh

5.3 W 0.21fgh 0.82abc 0.085b 4.63b 2.47gh 3.30abc

M 0.27bcde 0.85abc 0.089b 4.81a 3.03cdef 2.56defg

Urea 0.22 W 0.20gh 0.71c 0.080b 4.81a 2.50gh 3.46ab

M 0.26bcdef 0.75bc 0.088b 4.91a 2.60efgh 2.66defg

0.34 W 0.21fgh 0.72bc 0.082b 4.82a 2.56fgh 3.30abc

M 0.27bcde 0.78abc 0.090b 4.93a 3.00cdef 2.56efg

0.45 W 0.18h 0.73bc 0.084b 4.87a 2.11h 3.85a

M 0.24cdefg 0.79abc 0.089b 4.90a 2.70defg 2.89cdef

LSD values(P ≤ 0.05) 0.05237 0.1385 0.2283 1.196 0.4912 0.5664
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Means followed by different subscripts indicate that they are significantly different at

P≤ 0.05 using Mstat C software. All three nitrogen sources were used at equimolar

nitrogen concentration basis as 0.11%, 0.16% and 0.21%.

Table 4.5 a: F- Values for effect of nitrogen sources on kinetics of substrate

utilization and cell mass formation on ethanol production by wild and mutant of

Kluyveromyces marxianus.

SOV Df µ Qx Yx/s Qs qs td

N. Source(A) 2 19.795 7.699 1.197 2.292 17.618 14.943

Organisms(B) 1 74.769 2.653 0.689 1.914 33.145 43.937

A x B 2 0.000 0.2403 1.0003 4.018 0.305 1.3708

Error 36

Total 41

Table 4.5 b: Comparison of organisms wild and its mutant of Kluyveromyces

marxianus on ethanol production grown in the presence of different nitrogen

sources

K.marxianus

strains

µ Qx Yx/s Qs qs td

Wild 0.224b 0.790b 0.120b 4.474b 2.685b 3.076a

Mutant 0.284a 0.826a 0.089a 4.746a 3.150a 2.459b

4.3.2 Effect on ethanol production parameters

The results pertaining to ethanol production by both wild and mutant organisms are

presented in Table 4.6. The F-values showed that the effect of different nitrogen

sources on all product parameters was found to be highly significant. The difference

was also found highly significant due to tested organisms in respect of all product

formation parameters. The interactive effect of tested organisms and nitrogen sources

was found highly significant on all parameters. The mean values for Qp (Table 4.6b)
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ranged between 119.6 –269.5 IU/l/h, recorded maximum for CSL containing substrate

and minimum with DAP supplemented substrate. Product yield coefficient (Yp/s) and

specific yield (Yp/x) were recorded significantly higher with CSL containing media

and minimum with DAP containing media. Specific product rate (qp) ranged between

252.9 – 378.4 IU/gh, and was recorded maximum with CSL and minimum with

ammonium sulphate. K. marxianus mutant strain exhibited significantly improved

production of all kinetic parameters over parent strain (Table 4.6a).
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Table 4.6: Fermentation kinetic parameters of K. marxianus (W) and its

mutant strain (M) product formation in the presence of different nitrogen

sources added in molasses medium (15% sugars) at pH (5.5) 40 °C.

Nitrogen source (%) Strain Qp

(g/l/h)

qp

(g/g/h)

Yp/s

(g/g

substrate)

Yx/s

(g/g

cells)

(NH4)2SO4 0.5 W 4.52bcd 1.39efg 0.44a 5.80a

M 5.10ab 1.84b 0.49a 6.12a

0.75 W 4.92bc 1.70bcd 0.47a 5.85a

M 5.37a 2.19a 0.51a 6.25a

1.0 W 4.60bcd 1.26gh 0.42a 5.75ab

M 5.10ab 1.70bcd 0.48a 6.10a

Corn steep liquor 2.65 W 4.23cd 1.32efgh 0.42a 5.75ab

M 4.42bcd 1.70bcd 0.48a 5.85a

3.9 W 4.36cd 1.40efg 0.47a 5.80a

M 4.50bcd 1.76bc 0.49a 5.87a

5.3 W 4.52bcd 1.14hi 0.41a 5.45d

M 4.72bcd 1.56cde 0.45a 5.80a

Urea 0.22 W 4.31cd 1.08hi 0.41a 5.40c

M 4.53bcd 1.51def 0.43a 5.82a

0.34 W 4.44bcd 0.93ij 0.42a 4.45d

M 4.61bcd 1.31fgh 0.44a 4.85cd

0.45 W 4.50bcd 0.82j 0.45a 4.55d

M 4.65bcd 1.18gh 0.48a 4.90bcd

LSD values (P ≤ 0.05) 0.7570 0.2456 0.05 0.8731
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Means followed by different subscripts are significantly different at P≤ 0.05 using

MStat C software. All three nitrogen sources were used at equimolar nitrogen

concentration basis as 0.11%, 0.16% and 0.212%.

Table 4.6 a: F values for effect of nitrogen sources on kinetics product

formation of ethanol by wild and mutant of Kluyveromyces marxianus.

SOV df Qp Yp/s Yp/x qp

N. source (A) 2 8.082 0.984 18.317 62.507

Organism (B) 1 7.539 1.053 5.118 106.415

A x B 2 1.259 0.995 0.0905 0.376

Error 36

Total 41

Table 4.6 b: Comparison of organisms wild and its mutant of Kluyveromyces

marxianus on ethanol production grown in the presence of different nitrogen

sources under 23l Fermentor.

Organisms Qp Yp/s Yp/x qp

Parent 4.467b 0.434b 5.443b 1.226a

Mutant 4.809a 2.048a 5.767a 1.639b

4.4 EFFECT OF NITROGEN SOURCES ON FFASE PRODUCTION

The results on FFase production using different nitrogen sources in time course

studies are presented in Figure 4.3 and kinetic parameters are presented in Table 4.7

and analysis of variance is given in Table 4.7a. The F-values indicated that the effect

of different nitrogen sources and tested organisms on product formation parameters

was found to be highly significant. However the interactive effect of nitrogen sources

and tested organism was found to be nonsignificant except qp. The comparison of

mean values given in Table 4.7b showed that the values of FFase formation rate (Qp)

was ranged between 58.67-91.76 IU L1h 1. Ammonium sulphate supplemented

media supported maximum value, whereas urea yielded minimum FFase

formationrate.Similarly greater values of Yp/s, Yp/x and qp were recorded with

ammonium sulphate as compared to other nitrogen sources tested in this experiment.

The comparison of mean values (Table 4.7b) for both strains of K. marxianus

displayed that mutant M15 strain was significantly improved for all kinetic
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parameters over its wild counterpart. The results are in accordance with the studies of

Srinivas et al. (1994).

Table 4.7. fermentation kinetic parameters of K.marxianus (W) and its

mutant strain (M) for ß-fructofuranosidase formation using ammonium sulphate

(0.75%)added in molasses (15%sugars) PH (5.5) on different Nitrogen sources at

40 oC.

Nitrogen source

(%)

Strain Qp

(IU/l/h)

qp

(IU/g/h)

Yp/s (IU/g

substrate)

Yp/x (IU/g

cells)

(NH4)2SO4 0.5 W 904b 258cde 114cde 1122bcdef

M 1220a 316.8ab 140ab 1320ab

0.75 W 915b 269.7cd 118bcde 1124bcdef

M 1224a 331.2a 145a 1325a

1.0 W 902b 246.4cde 105e 1120cdef

M 1219a 276.1bcd 139abc 1315abc

Corn steep

Liquor

2.65 W 901b 246.4cde 110de 1120cdef

M 1215a 248.0cde 130abcde 1240abcdef

3.9 W 910b 232.0de 115bcde 1105ef

M 1218a 234.9de 132abcd 1305abcd

5.3 W 905b 221.4e 117bcde 1107def

M 1215a 273.4bcd 130abcde 1302abcde

Urea 0.22 W 900b 242.8cde 110de 1102f

M 1205a 271.7cd 132abcd 1235abcdef

0.34 W 910b 254.15cde 112de 1105ef

M 1208a 286.3bc 130abcde 1245abcdef

0.45 W 850b 242.44cde 113de 1102f

M 1210a 272.8bcd 129abcde 1240abcdef

LSD values (P ≤ 0.05) 177.0 44.23 25.11 198.7
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They used various nitrogen sources in their studies and concluded that corn steep

liquor, urea and guar flour were the promising sources for enzyme production. Just

like carbon sources, easily metabolized nitrogen sources cause catabolic repression of

enzyme production due to down regulation of AreA protein. Among tested nitrogen

sources, ammonium sulphate proved to be the best source followed by CSL and urea.

Ammonium sulphate did not cause repression of FFase formation and was a novel

strain for FFase and ethanol formation.

Table 4.7a: F- values for effect of nitrogen source on kinetics of growth and

product formation by wild and its mutant of Kluyveromyces marxianus on β-

fructofuranosidase formation using molasses medium (15%sugars)

SOV df Qp Yp/s Yp/x qp

N.sourrce (A) 2 10.0102 10.673 11.1503 10.371

Organism (B) 1 34.220 58.140 24.219 68.016

A x B 2 0.768 0.426 0.397 0.483

Error 36

Total 40

Table 4.7 b: Comparison of organisms wild and its mutant of Kluyveromyces

marxianus on ethanol production grown in the presence of different nitrogen

sources

Organisms Qp Yp/s Yp/x qp

Parent 899.66b 112.59b 1111.88b 246.30b

Mutant 1214.89a 132.77a 1280.77a 279.01a

4.5 EFFECT OF TEMPERATURE ON ETHANOL PRODUCTION

4.5.1 Effect on growth and substrate utilization

To evaluate the optimum temperature for maximum ethanol production, and substrate

utilization, both wild and mutant strains of K. marxianus were grown at different

temperatures ranging from 20o - 65oC with an increment of 5. The results pertaining
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to growth kinetic parameters are presented in Table 4.8 and their statistical analysis is

given in Table 4.8a. The mean values showed that effect of temperature on growth

parameters was found to be highly significant whereas effect of tested organisms was

also found to be highly significant with all growth parameters except qs. The

interactive effect of temperatures and organisms was found to be nonsignificant with

respect to all growth kinetic parameters. The comparison of mean values for different

temperatures displayed that maximum value for Qx was yielded at 40 oC. Specific

consumption rate (qs) and specific growth rate (μ) were maximum at 45 oC. The

comparison of mean values for tested organisms (Table 4.8b) indicated that mutant

strain exhibited higher values of all kinetic parameter as compared to those of wild

strain except specific consumption rate (qs).

Figure 4.4 Effect of different Temperatures 40 °C and 45 °C on ethanol

formation (○ : W; ●: M), cell mass formed (∆: W; ▲: M), FFase formation (◊ 

:W;♦; M) and substrate present in fermentor (□:W;■: M) containing 15% sugars 

in molasses (pH 5.5).
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Table 4.8: Fermentation kinetic parameters of K. marxianus (W) and its

mutant strain (M) for growth and substrate utilization using ammonium

sulphate (0.75%) , pH (5.5) added in molasses medium (15% sugars) on different

temperatures under control conditions.

Temp.

o C

Strain µ

(h-1)

Qx

(g cells /l/h)

Yx/s

(g cells/g

substrate)

Qs

(g/l/h)

qs

(g/g/h)

td

(h)

20
W 0.10fg 0.780abcdef 0.087abc 1.85g 1.149hi 6.93d

M 0.20de 0.839abc 0.090abc 2.05g 2.222defghi 3.46fg

25
W 0.12f 0.786abcde 0.085abc 1.86g 1.412fghi 5.78e

M 0.24cd 0.842abc 0.094ab 2.79def 2.553def 2.89gh

30
W 0.20de 0.810abcd 0.089abc 2.61f 2.247defghi 3.46fg

M 0.24cd 0.889ab 0.096ab 3.88b 2.500defg 2.89gh

35
W 0.21cde 0.812abcd 0.094ab 3.12cde 2.230defghi 3.30fg

M 0.26bc 0.890ab 0.100ab 4.11b 2.600def 2.66ghi

40
W 0.23cde 0.814abcd 0.098ab 3.35c 2.347defgh 3.01fgh

M 0.30b 0.895a 0.102ab 4.76a 2.941de 2.31hi

45
W 0.18e 0.799abcdef 0.099ab 1.33h 2.001efghi 2.48hi

M 0.36a 0.899a 0.109a 4.99a 3.303d 1.92i

50
W 0.10fg 0.708def 0.078abc 1.26hi 1.282ghi 6.93d

M 0.30b 0.823abcd 0.100ab 3.98b 3.001de 2.88gh

55
W 0.08fgh 0.674f 0.075abc 0.83ij 1.066i 8.66c

M 0.20de 0.764bcdef 0.087abc 2.83cd 2.298defghi 3.46fg

60
W 0.06gh 0.210g 0.005de 0.36jk 12.00b 11.55b

M 0.19e 0.723cdef 0.054bcd 2.67ef 3.518d 3.65fg

65
W 0.03h 0.133g 0.001e 0.21k 30.00a 23.1a

M 0.18e 0.675ef 0.039cde 0.34k 4.615c 3.85f

LSD values

(P ≤ 0.05)
0.05218 0.1278 0.521 0.4811 1.261 0.9436
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Table 4.8 a. F- values for effect of temperatures on kinetics of substrate

utilization and cell mass formation by wild and its mutant of Kluyveromyces

marxianus On ethanol formation using molasses medium (15%sugars)

SOV Df µ Qx Yx/s Qs qs td

Temperatures(A) 9 49.331 29.14 72.97 87.88 247.48 194.09

Organisms (B) 1 478.51 75.83 54.14 451.56 179.82 887.99

AxB 9 9.888 9.45 5.227 22.95 188.33 141.24

Error 40

Total 59

Table 4.8 b: Comparison of organisms wild and its mutant of Kluyveromyces

marxianus on ethanol production grown in the presence of different

temperatures.

K.marxianus

strains

µ Qx Yx/s Qs qs td

Wild 0.130b 0.654b 0.071b 1.676b 2.572b 7.407a

Mutant 0.247a 0.824a 0.087a 3.272a 3.926a 3.004b

4.5.2 Effect of temperature on ethanol production

The results for ethanol production at elevated temperatures from 20-65°C are

presented in Table 4.9 and analysis of variance is given in Table 4.9a. The sum of

squares showed that the effect of different temperatures and tested organisms on

product formation parameters was found to be highly significant. The interactive

effect of temperatures and organisms was also found highly significant on Qp, Yp/s and

Yp/x.
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The comparison of mean values (Table 4.9 b) indicated that maximum value of all

kinetic parameters occurred at 45 oC in the case of mutant derivative while they were

maximum at 40 °C in the case of wild organisms. Interactive impact of organisms and

temperatures on all kinetic parameters was highly significant. Mean values of all

kinetic parameters for wild and mutant organisms indicated that mutant was

significantly improved power its wild counterpart with respect to supporting all

Kinetic parameters.
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Table 4.9: Fermentation kinetic parameters of K. marxianus (W) and its

mutant strain (M) product formation using ammonium sulphate (0.75%) , pH

(5.5) added in molasses medium (15% sugars) on different temperatures under

control conditions.

Temp. °C Strain Qp

(g/l/h)

qp

(g/g/h)

Yp/s

(g/g subs)

Yp/x (g/g

cells)

20
W 1.83i 0.18j 0.16g 1.80hij

M 3.83efg 0.27hi 0.26ef 1.35j

25
W 2.83h 0.27hi 0.29def 2.25gh

M 4.18cde 0.31ij 0.38b 1.29j

30
W 3.75efg 0.35hi 0.38bc 1.75hij

M 4.75abc 0.39ghi 0.48a 1.62ij

35
W 4.05ef 0.45fgh 0.47a 2.14hi

M 5.18ab 0.59ef 0.51a 2.27gh

40
W 4.90ab 0.72de 0.48a 3.13ef

M 5.20ab 0.85c 0.51a 2.83fg

45
W 4.13cdef 1.10ab 0.26ef 6.11c

M 5.28a 1.29a 0.51a 3.58de

50
W 3.50fg 0.81cd 0.13g 7.10a

M 4.57bcd 1.12b 0.33cd 3.73d

55
W 3.35gh 0.54fg 0.118g 6.75a

M 4.05def 0.80cd 0.31de 4.00d

60
W 0.13j 0.00k 0.053h 0.00k

M 3.31gh 0.55fg 0.29ef 2.90f

60
W 0.12j 0.00k 0.012h 0.00k

M 3.30gh 0.35hi 0.24f 2.00hi

LSD values

(P ≤ 0.05)
0.6412 0.1566 0.052 0.5716
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Table 4.9a: F values for effect of temperatures on kinetics of product

formation by wild and its mutant of Kluyveromyces marxianus on ethanol

formation added in molasses medium (15%sugars)

SOV df Qp Yp/s Yp/x qp

Temperatures(A) 9 55.48 92.26 166.38 77.86

Organisms(B) 1 225.49 262.00 50.27 72.16

AxB 9 9.57 8.879 57.77 4.34

Error 40

Total 59

Table 4.9b: Comparison of organisms wild and its mutant of Kluyveromyces

marxianus on ethanol production grown in the presence of different

temperatures.

Organisms Qp Yp/s Yp/x qp

Parent 2.856b 0.236b 2.202b 0.464b

Mutant 4.364a 0.381a 3.567a 0.677a

4.5.3 Effect of temperature on ß-fructofuranosidase (FFase) production

The results of FFase production are presented in Table 4.10 and analysis of variance

is given in Table 10a. The F-values displayed that the effect of organisms and

temperatures were found to be highly significant on all product formation parameters.

Whereas the interactive effect of organism and temperatures was found to be highly

significant on Qp and Yp/s while non-significant results were observed with Yp/x and qp.

The comparison of mean values (Table 4.10b) displayed that mutant strain exhibited

improved production of all kinetic parameters over parental strain. It was revealed

that the growth of K. marxianus wild and its DG-resistant mutant derivative) was

strongly affected by temperature. The growth of test organisms at higher and lower

temperature resulted in a decrease in enzyme activity. The optimum temperature was
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40 and 45oC for biosynthesis of FFase activity and cell mass formation rate in wild

and mutant strains respectively. The ethanol production of mutant was improved 1.4

fold as compared to parental strain and invertase production by 1.34 fold.
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Table 4.10: Fermentation kinetic parameters of K. marxianus (W) and its

mutant strain (M) for β-fructofuranosidase formation, following product

formation using ammonium sulphate (0.75%) , pH (5.5) added in molasses

medium (15% sugars) on different temperatures.

Temp. °C Strain Qp

(IU/l/h)

qp

(IU/g/h)

Yp/x (IU/g

substrate)

Yp/x (IU/g

cells)

30
W 835bc 187.0d 71g 935f

M 841bc 244.0d 75fg 1018ef

35
W 848bc 213.8d 86efg 1018ef

M 960b 323.2d 97cde 1243abcd

40
W 855bc 253.0d 97cde 1100cdef

M 860bc 385.5d 112bc 1285ab

45
N 859c 202.5d 107bcd 1125cde

M 912b 445.8b 123b 1325ab

50
N 912b 107.0d 110bc 1070def

M 1292a 416.0a 145a 1378a

55
N 850bc 80.0d 85efg 1000ef

M 1020b 345.2b 115b 1266abc

60
N 550de 59.4d 78fg 990ef

M 952b 217.2c 91def 1143bcde

65
N 354e 29.4d 72g 980ef

M 854bc 204.0c 84efg 1132cde

LSD values (P ≤ 0.05) 225.4 49.43 16.47 182.3
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Table 10 a:F values for effect of temperatures on kinetics of growth and product

formation by wild and its mutant of Kluyveromyces marxianus on β-

fructofuranosidase formation using molasses medium (15%sugars)

SOV Df Qp Yp/s Yp/x qp

Temperature(A) 7 6.961 21.317 3.669 32.862

Organism(B) 1 36.464 35.207 35.175 217.71

AxB 7 2.573 1.631 0.715 22.627

Error 32

Total 47

Table 10 b: Comparison of organisms wild and its mutant of Kluyveromyces

marxianus on ethanol production grown on different temperatures.

Organisms Qp Yp/s Yp/x qp

Parent 735.32b 88.29b 1027.62b 214.57b

Mutant 971.53a 105.25a 1215.27a 341.16a

4.6 THERMODYNAMICS OF ETHANOL PRODUCTION

Thermodynamic analysis on the product formation was performed to evaluate the

thermostability of the process leading to ethanol production. In enzyme-catalyzed

reactions, the concept of transition state stabilization for rate enhancement of product

formation has been presented previously by Benkovic and Hammes-Schiffer (2003).

With increase in temperature, movement rate of reacting species increases and is

suggested to bind substrate in geometry close to that of the transition state. This

transits the activation barrier impelled by movements along reaction coordinate and

influences directly the role of protein movements in enhancing rate of product

formation (Garcia-Viloca et al. 2004). It is generally believed that thermostability of

metabolic network is described by melting temperature and related thermodynamic

parameters (activation energy for product formation, enthalpies and entropies values)

using the steady-state analysis (Alberty, 1998) and were adopted in this study to

examine the thermal behaviour of metabolic network of glycolytic pathway possessed

by K. marxianus .
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4.6.1 Thermodynamics of ethanol formation

Maximum parent- and mutant-derived ethanol specific or volumetric productivity

increased with the increased in temperature up to 40 oC and 45 °C in the case of wild

and mutant respectively (fig 4.5). The activation enthalpy of ethanol production was

graphically calculated from fig4.5 for parental and mutant ethanol formation.

The values of the thermodynamic parameters (Table 4.11) indicated that the activation

enthalpy of mutant ethanol formation (H* = 55.6 KJ/mol) was quite low. The

phenomena responsible for thermal inactivation of glycolytic pathway leading to

ethanol formation was characterized by inactivation enthalpy (HD*) of 31.6 KJ/mol

for mutant ethanol formation and was remarkably lower than that for its production. It

means that the rate of deactivation does not decrease faster with temperature than

product formation rate.

Figure 4.5 Effect of fermentation temperature on ethanol specific

productivity/T: Arrhenius relationship to calculate enthalpy and entropy of

ethanol formation metabolic network of wild (○) and mutant (●) organisms.
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Table 4.11: Enthalpy and entropy values of ethanol production and

inactivation pathways

Organism

H* (kJ/mol) S*(J/mol.K)

Ethanol

formation

Thermal

inactivation

Ethanol

formation

Thermal

inactivation

Wild 67.3a 64.8a -28.5a -79.4a

Mutant 59.5c 55.7c -450.2c -468.6c

Mean 63.4b 60.25b -239.4b -274.0b

LSD 0.8838 1.031 47.66 46.17

4.6.2 Thermodynamics of FFase production

Under controlled environmental conditions, the values of the generalized transmission

coefficient, intracellular ionic strength, and mass of currency metabolites have highly

controlled values and thermodynamic parameters are driving force for microbial

growth and product formation. Low magnitudes of enthalpy, Gibbs free energy and

entropy reveal the stability of the metabolic network equilibria (Phisalaphong et al.

2006). Expressed by the Arrhenius relationship, the temperature dependence of these

parameters for FFase formation is shown in Figure 4.6 The estimated values of

enthalpy of Ffase formation (13.1 kJ. mol-1) equilibria and product inactivation (12.0

kJ mol-1) (Table 4.12) were found contrary to the higher values reported in literature

for mesophilic organisms (138.9- 177 kJ mol-1) (Phisalaphong et al. 2006) possessing

lower values. The magnitude of activation energy during deactivation phase was

lower than corresponding magnitude in the growth phase and confirms the findings of

others for thermophilic organisms (Beadle et al. 1999; Phisalaphong et al. 2006).

Requirement of lower energy of activation (Ea) for growth and product formation is

considered indicator of thermostable metabolic network (Goldberg et al. 2004). These

stabilizing forces were supposedly provided by the system itself during product

formation, which assisted the folding of protein within cells (Borges & Ramos 2005).

Other authors also reported that in stressed conditions S. cerevisiae accumulated

glycerol under temperature stress (Aldiguier et al. 2004). This suggested that the
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genetic make up of the mutant derivative was thermodynamically more stable

comparable to other thermo-stable organisms.

Figure 4.6 Effect of fermentation temperature on FFase specific

productivity/T: Arrhenius relationship to calculate enthalpy and entropy of

FFase formation metabolic network of wild (○) and mutant (●) organisms.

Table 4.12: Enthalpy and entropy values of FFase production and its

inactivation pathways

Organism

H* (kJ/mol) S*(J/mol.K)

FFase

formation

Thermal

inactivation

FFase

formation

Thermal

inactivation

Wild 30.2a 33.3a -135.9c -307.0c

Mutant 29.8c 21.9c -101.0.a -261.5a

Mean 30.0b 27.6b -118.5b -284.3b

LSD 0.0717 1.905 7.222 7.222

When organism was grown at 55 - 65 °C, thermal inactivation of the metabolic

network was observed. The thermal inactivation of enzymes of the metabolic network

is accompanied by the disruption of non-covalent linkages, including hydrophobic

interactions of enzymes of the metabolic network, with concomitant increase in the
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enthalpy of activation and the entropy of activation (Declerck et al. 2003). The value

of thermodynamic parameter of inactivation calculated from Figure 4.6 gave a

magnitude of activation enthalpy (∆HD
*) of thermal inactivation for the mutated cells

of 11.6 kJ mol-1 and was lower than that for its production (12.5 kJ mol-1). It meant

that its rate of deactivation did not increase with increase in temperature, indicating its

conformational stability. It was also significantly lower than the values on other

thermo-tolerant microbial system (160-235 kJ mol-1) (Converti & Dominguez 2001;

Perego et al. 2003).

The activation entropy value of thermal inactivation by the mutant culture was also

very low (-160 kJ mol-1 K-1) and had negative symbol and found to be comparable

with that of α-amylase and butanol production from Bacillus licheniformis as revealed

by negative ∆S* values (Declerck et al. 2003; Perego et al. 2003). This suggested that

this inactivation phenomenon implied no de-folding of the enzyme production

pathway during growth on the substrate up to 65 °C. This most probably was due to

acquiring chaperones, which assisted the folding of protein within the cells (Borges &

Ramos 2005), thus supporting our assumption that the mutation stabilized the

biological system of mutant cells during production of enzymes. It was quite in

contrast to previous findings that mutation made the enzyme thermo-labile (Rincon et

al. 2001) but it supported the assumption that DOG-resistance modulates the transport

mechanism of enzymes and causes post-transnational modifications (Mizuno et al.

2006) by putting polysaccharides on protein ensemble and could have induced

thermo-stability during product accumulation.

4.7 EFFECT OF pH ON ETHANOL PRODUCTION

4.7.1 Effect on growth

To observe the effect of initial pH of medium on enzyme production, parental and

mutant strains of Kluyveromyces marxianus were grown at a pH range of 5.0 - 8.0

with an increment of 0.5. The results for different growth kinetic parameters are

presented in Table 4.13 and statistical analysis is given in Table 4.13a. The analysis of

variance displayed that effect of different hydrogen ion concentration and organism
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on growth kinetic parameters were found to be highly significant except specific

growth rate (µ) that was significant with organisms and nonsignificant with different

pH values of the medium. The interactive effect of pH  organism was nonsignificant

on all parameters.

Figure 4.7 Representative time of ethanol and FFase production in molasses

medium supplemented with ammonium sulphate (0.75 g/l) at 40 °C. All other

variables were kept constant while pH of the medium was varied.

The comparison of mean values for different pH (Table 4.13) showed that cell mass

formation rate (Qx) was significantly higher at pH 5.5 and at part with values recorded

at pH 6.0 and 6.5. The mean values for cell mass formation (Yx/s) depicted maximum

value at pH 5.5 and at par with value obtained at pH 6.0. The mean values for

substrate consumption rate (Qs) showed maximum consumption rate of substrate at

pH 5.5 followed by pH 6.0. The specific consumption rate (qs) was supported

maximum at pH 5.5 and was at par with pH 6.0. The mean values for specific growth

rate (µ) as given in Table 4.13b showed that pH 5.0 has maximum value of µ with

nonsignificant difference with values recorded with other pH. The comparison of

mean values presented in Table 4.13c revealed that mutant strain was significantly

better in all growth parameters whereas parent remained lower in same attributes.



78

Table 4.13: Fermentation kinetic parameters of K. marxianus (W) and its

mutant strain (M) for growth and substrate utilization using ammonium

sulphate (0.75%) , added in molasses medium (15% sugars) on different pH

values 40°C under control conditions.

pH Strain

µ

(h-1)

Qx

(gcell/l/h)

Yx/s(g

cells/g

substrate)

Qs

(g/l/h)

qs

(g/g/h)

td

(h)

pH4.0
W 0.20f 0.78a 0.098a 3.12d 2.04d 3.46a

M 0.26bcde 0.84a 0.100a 4.97b 2.60b 2.66cde

pH4.5
W 0.21ef 0.81a 0.097a 3.34d 2.16cd 3.30ab

M 0.27bcd 0.85a 0.104a 4.34bc 2.60b 2.56de

pH5.0
W 0.24cdef 0.82a 0.099a 2.98d 2.42bcd 2.89bcd

M 0.30ab 0.86a 0.102a 4.98ab 2.50bc 2.31ef

pH5.5
W 0.29bc 0.79a 0.105a 1.33c 2.76ab 2.39ef

M 0.35a 0.90a 0.114a 4.98a 3.04a 1.98f

pH6.0
W 0.22def 0.75a 0.102a 1.20c 2.15cd 3.15abc

M 0.28bc 0.87a 0.110a 3.45cd 2.54bc 2.48de

pH6.5
W 0.21ef 0.75a 0.097a 1.15e 2.16cd 3.30ab

M 0.27bcd 0.88a 0.100a 3.44cd 2.70ab 2.56de

LSD values

(P ≤ 0.05)
0.05329 0.4394 0.0533 0.4576 0.4196 0.462
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Table 4.13 a: F - values for effect of pH on kinetics of growth and substrate

utilization by wild and its mutant of Kluyveromyces marxianus on ethanol

formation using molasses medium (15%sugars)

SOV Df µ Qx Yx/s Qs qs td

pH (A) 5 9.712 0.469 1.108 14.597 4.369 8.594

Organisms(B) 1 48.017 2.279 2.572 146.97 21.17 49.772

Ax B 5 0.006 0.528 0.123 3.414 0.803 0.323

Error 24

Total 35

Table 4.13 b: Comparison of organisms wild and its mutant of Kluyveromyces

marxianus on ethanol production grown in the presence of different pH values

K.marxianus

Strains

µ Qx Yx/s Qs qs td

Wild 0.227b 0.822b 0.099b 2.187b 2.279b 3.081a

Mutant 0.286a 0.953a 0.105a 4.472a 2.662a 2.437b

4.7.2 Effect of pH on ethanol production parameters

The results pertaining to ethanol production are presented in Table 4.14 and statistical

analysis is given in table 4.14a & 4.14b. The F-values showed that the effect of

different pH and organisms on ethanol formation parameters was found to be highly

significant. The interactive effect of pH and organisms was found to be nonsignificant

with Qp and Yp/s whereas highly significant results occurred with Yp/x and qp in β-

galactosidase. In -galactosidase Yp/s and qp values were found to be highly

significant. The comparison of mean values (Table 4. 14c) indicated that ethanol

formation rate (Qp), product yield (Yp/x and specific product rate (qp) were recorded

maximum with pH 5.5 followed by pH 6.0. The comparison of mean values for

organisms tested (Table 4.14c) showed that mutant strains exhibited improved

production over parent strain.
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It was concluded that maximum production of ethanol occurred at pH 5.5. After that

ethanol production dropped slowly. The studies indicated that in the absence of pH

control, initial pH of 5.5 is regarded as optimal for ethanol production. It was seen

that during growth, pH decreased from 5.5 to 4.50 that might be due to production of

acetic acid, succinic acid. Earlier Rajoka and Yasmeen (2005) studied effect of initial

pH (5.0 - 7.5) of medium on glucoamylase production by A. niger. They reported that

optimum pH for maximum enzyme production was 6.5. Favela-Torres et al. (1998)

adjusted initial pH at 4.5 for growth studies of A.niger.
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Table 4.14: Fermentation kinetic parameters of K. marxianus (W) and its

mutant strain (M) product formation using ammonium sulphate (0.75%) ,

added in molasses medium (15% sugars) on different pH values at 40°C under

control conditions.

pH Strain

Qp

(g/l/h)

Yp/s

(g/g/ subs)

Yp/x(g/g

cells)

qp

(g/g/ h)

pH4.0
W 2.85e 0.26e 3.25de 0.65d

M 3.92bc 0.42bc 4.29bc 1.11bc

pH4.5
W 4.13b 0.32d 3.40de 0.71cd

M 5.00a 0.48a 4.52b 1.22bc

pH5.0
W 4.14b 0.38cd 3.75cd 0.90d

M 5.02a 0.48a 4.75ab 1.42b

pH5.5
W 4.13b 0.26e 4.77ab 1.37b

M 5.28a 0.51a 5.26a 1.84a

pH6.0
W 3.25d 0.26e 3.20de 0.70cd

M 4.15b 0.49a 4.32bc 1.12bc

pH6.5
W 3.10de 0.26e 3.00e 0.63d

M 3.90bc 0.47ab 4.11bc 1.10bc

LSD value (P ≤ 0.05) 0.7050 0.05329 0.6907 0.4058
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Table 4.14 a: F values for effect of pH on kinetics of product formation by wild

and its mutant of Kluyveromyces marxianus on ethanol formation using molasses

medium (15%sugars)

SOV Df Qp Yp/s Yp/x qp

pH (A) 5 14.339 3.960 9.930 7.667

Organism(B) 1 51.689 214.98 51.272 31.558

AxB 5 0.449 3.00 0.536 1.129

Error 24

Total 35

Table 4.14 b: Comparison of organisms wild and its mutant of Kluyveromyces

marxianus on ethanol production grown in the presence of different pH values

Organisms Qp Yp/s Yp/x qp

Parent 3.544b 0.291b 3.564b 0.848b

Mutant 4.546a 0.478a 4.542a 1.301a

4.7.3 Effect of pH on β–fructofuranosidase production

The results pertaining to FFase production are presented in Table 4.15 and statistical

analysis is given in table 4.15a & Table 4.15 b. The F-value showed that the effect of

different pH and organisms on β–fructofuranosidase formation parameters was highly

significant. The interactive effect of pH and organisms was nonsignificant with Qp

and Yp/s whereas highly significant results occurred with Yp/x and qp in β –

fructofuranosidase production process. In this product Yp/s and qp values were found to

be highly significant.

The F-values showed (Table 4.15b,) indicated that FFase formation rate (Qp), product

yield (Yp/x) and specific product rate (qp) were recorded maximum with pH 5.5

followed by pH 6.0. The comparison of mean values for organisms tested (Table

4.14c and 4.15c) showed that mutant strains exhibited improved production over

parent strain.
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It was concluded that maximum production of enzyme occurred at pH 5.5. After that

enzyme production dropped slowly. The studies indicated that initial pH of 5.5 is

regarded as optimal for FFase production in fermentor studies. Earlier Rajoka and

Yasmeen (2005) studied effect of initial pH (5.0 - 7.5) of formation medium on

glucoamylase production by A. niger. They reported that optimum pH for maximum

enzyme production was 6.5.

Table 4.15: Fermentation kinetic parameters of K. marxianus (W) and its

mutant strain (M) for β-fructofuranosidase formation, following product

formation using ammonium sulphate (0.75%) added in molasses medium (15%

sugars) on different pH vales at 40°C.

pH Strain

Qp

(IU/l/h)

qp

(IU/g/h)

Yp/s

(IU/g

substrate)

Y p/x

(IU/g

cells)

4.0
W 840cd 194e 75e 925d

M 848cd 223cde 79de 1015bcd

4.5
W 855bcd 222.6de 83de 1012cd

M 912bc 268.4b 90cde 1220ab

5.0
W 859bcd 258.5bcd 95cd 1124bc

M 960bc 316.8a 105c 1320a

5.5
W 950bc 256.8bcd 125b 1070bcd

M 1292a 343.7a 145a 1375a

6.0
W 920bc 225.12bcde 95cd 1072bcd

M 1010b 266.20bc 102c 1210ab

6.5
W 750d 198.0e 78e 990cd

M 860bcd 236.5bcde 90cde 1125bc

LSD values (P ≤ 0.05) 156.4 43.30 16.59 187.2
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Table 4.15 a: F- values for effect of pH on kinetics of growth and product

formation by wild and its mutant of Kluyveromyces marxianus on β-

fructofuranosidase formation using molasses medium (15%sugars)

SOV df Qp Yp/s Yp/x qp

pH (A) 5 8.753 26.512 4.359 12.400

Organism (B) 1 14.542 9.331 24.148 33.995

AxB 5 2.337 0.498 0.6161 1.095

Error 24

Total 35

Table 4.15 b: Comparison of organisms wild and its mutant of Kluyveromyces

marxianus on ethanol production grown in the presence of different pH values.

Organisms Qp Yp/s Yp/x qp

Parent 862.33b 91.79b 1032.19b 226.33b

Mutant 980.33a 101.81a 1214.14a 276.27a

4.8 EFFECT OF AGITATION INTENSITY

The effect of different agitation rates (250  400 rpm) on production of ethanol by K.

marxianus cells was carried out (Table 14.6). The maximum amount of ethanol

produced on the basis of sugar used was more than 89.96 %. Further increase in

agitation intensity did not increase ethanol production in both organisms. Hence,

agitation rate of 300 rpm was optimised. Thus an increase in ethanol production on

increasing agitation could be due to increased oxygen transfer rate, increased surface

area of contact with the media components or better dispersability of the substrate.

There was no enhancement in ethanol production on further increasing the agitation

rates. However at agitation rates of 300 rpm, there was a reduction in growth as well

as ethanol production due to shearing stress on the organism.
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The production of ethanol is an anaerobic fermentation process. Thus supply of

oxygen to the yeast culture is of great importance as it is needed to support an initial

amount of cell mass for maximum ethanol production. At a constant rate of oxygen

supply, agitation rate supports uniform distribution of cells and maintain a constant

temperature by uniformly stirring the media to dissipate excess heat.

Effect of supplying air to the fermentor at different aeration rates (0.25 -1.5 LL 

1min1) on ethanol fermentation was also carried out (Table4.16). The amount of

ethanol acid produced was 72.5-74.8 g/l when the aeration rate was kept at 1.0 LL 

1min1, for 8 h and then between 0.25 - 0.50 LL 1min1. Further increase in aeration

rate, resulted in lower production of ethanol and greater amount of cell mass in the

fermented broth but up to a certain extent. The maximum amount of ethanol (75 g L

1) produced when the aeration rate was kept at 0.30 LL 1min1. The sugar

consumption, dry mycelial weight and final pH of the medium were 149.0g L1, 9.5 g

L1 and 5.5, respectively.
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Table 4.16: Fermentation kinetic parameters of K. marxianus (W) and its

mutant strain (M) for growth and substrate utilization using ammonium

sulphate (0.75%) , pH (5.5) added in molasses medium (15% sugars) on different

imitational intensity(RPM) at 40°C under control conditions.

RPM Strain
µ

(h-1)

Qx

(g cell/l/h)

Yx/s

(g/l/h)

Qs

(g/l/h)

qs

(g/g/ h)

td

(h)

250
W 0.24cde 0.855a 0.082a 3.210d 2.92bcd 2.88d

M 0.30ab 0.890a 0.091a 4.910a 3.29ab 2.31f

300
W 0.29bc 0.850a 0.090a 2.452e 3.22abc 2.39f

M 0.35a 0.895a 0.099a 5.012a 3.53a 1.98g

350
W 0.21def 0.830a 0.076a 3.192d 2.76cd 3.30c

M 0.27bc 0.874a 0.085a 4.815ab 3.18abc 2.57e

400
W 0.20ef 0.822a 0.072a 2.340e 2.77cd 3.46b

M 0.26bcd 0.854a 0.082a 4.101c 3.18abc 2.66e

450
W 0.18f 0.757a 0.070a 2.250e 2.57d 3.85a

M 0.24cde 0.810a 0.080a 4.250bc 3.00bcd 2.88d

LSDvalues(P ≤0.05) 0.05386 0.1425 0.05386 0.6235 0.5138 0.09329

Table 4.16 a: F- values for effect of agitational intensity(RPM) on kinetics of

substrate utilization and cell mass formation by wild and its mutant of

Kluyveromyces marxianus on ethanol formation using molasses medium

(15%sugars).

SOV Df µ Qx Yx/s Qs qs td

RPM (A) 4 15.110 1.1306 1.928 7.857 4.369 14.83

Organisms(B) 1 36.335 1.832 0.328 203.39 21.17 43.567

AxB 4 0.0275 0.0144 0.924 1.770 0.803 0.824

Error 20

Total 29
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Tabe 4.16 b: Comparison of organisms wild and its mutant of Kluyveromyces

marxianus on ethanol production grown in the presence of different agitational

intensity.

K.marxianus

strains

µ Qx Yx/s Qs qs td

Wild 0.223b 0.823b 0.078b 2.689b 2.854b 3.176b

Mutant 0.282a 0.864a 0.081a 4.593a 3.236a 2.481a

Table 4.17: Fermentation kinetic parameters of K. marxianus (W) and its

mutant strain (M) for growth and product formation using ammonium sulphate

(0.75%) , pH (5.5) added in molasses medium (15% sugars) on different

agitational intensity(RPM) at 40°C under control conditions.

RPM Strain Qp

(g/l/h)

Yp/s

(g/g subs)

Yp/x (IU/g

cells)

qp

(g/g/ h)

250
W 4.85abc 0.44bc 5.70abc 1.37d

M 5.12a 0.48ab 6.13ab 1.84b

300
W 4.90ab 0.46abc 5.80abc 1.68bc

M 5.36a 0.51a 6.25a 2.18a

350
W 4.05d 0.42bc 5.20c 1.09ef

M 4.52bcd 0.46abc 5.39abc 1.45cd

400
W 4.01d 0.40bc 5.10bc 1.02ef

M 4.35bcd 0.43bc 5.27bc 1.37d

450
W 3.77d 0.41c 5.02c 0.90f

M 4.12cd 0.42bc 5.10bc 1.22de

LSD values (P ≤ 0.05) 0.7463 0.07617 0.9140 0.2526
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Table 4.17a: F values for effect of agitational intensity (RPM) on kinetics of

growth and product formation by wild and its mutant of Kluyveromyces

marxianus on ethanol formation using molasses medium (15% sugars).

SOV df Qp Yp/s Yp/x qp

RPM (A) 4 9.0216 2.9580 3.2870 34.495

Organism(B) 1 4.2783 4.2875 2.0683 55.555

AxB 4 0.0588 0.4705 0.2207 0.4410

Error 20

Total 29

Table 4.17 b: Comparison of organisms wild and its mutant of Kluyveromyces

marxianus on ethanol production grown in the presence of different agitational

intensity (RPM).

Organisms Qp Yp/s Yp/x qp

Parent 4.315b 0.429b 5.5377b 1.212b

Mutant 4.647a 0.462a 5.659a 1.612a

4.9 EFFECT OF AIR FLOW RATE (VVM) ON ETHANOL

PRODUCTION

Experiments were carried out on 0.1 - 0.4 vvm (volume per volume per min) air flow

rate as shown in Table 4.18, in which o.1vvm was optimized for maximum ethanol

production, maximum cell mass formation and to completely consume sugars in

molasses. It was found that under such optimized air flow rate ethanol content in the

medium increased from70 g L 1 to 75 g L 1 and cell mass from 7.4 g L 1 to 9.0 g L 1

with consumption of 98 % total sugars at the moderate air velocity (0.1 v/vm) and

decreased at lower (0.2 v/v) and upper limits (0.3-0.4 v/vm) of air flow rate. F- values

for effect of oxygen flow rate on kinetics of substrate utilization and cell mass

formation by wild and its mutant of Kluyveromyces marxianus on ethanol formation

using molasses medium (15% sugars) shows in Table 4.18 .The comparison of mean

values for different oxygen flow rate (Table 4.18c) showed that cell mass formation
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rate (Qx) was significantly higher at 0.1 vvm and recorded lower at 0.2-0.4vvm. The

mean values for cell mass formation (Yx/s) depicted maximum value at 0.1vvm.

Table 4.18: Fermentation kinetic parameters of K. marxianus (W) and its

mutant strain (M) for growth and substrate utilization using ammonium

sulphate (0.75%) , pH (5.5) added in molasses medium (15% sugars) on different

oxygen flow rate at 40°C under control conditions.

Oxygen

flow rate

l/min

Strain

µ

(h-1)

Qx

(g

cell/l/h)

Yx/s

(gcells/g

substrate)

Qs

(g/l/h)

qs

(g/g/ h)

td

(h)

0.1
W 0.29a 0.78ab 0.104b 1.44c 2.78ab 2.39cd

M 0.35a 0.90a 0.113a 4.98a 3.10a 1.98d

0.2
W 0.23a 0.80ab 0.101b 2.49b 2.27bcd 3.01b

M 0.30a 0.86a 0.111b 4.54a 2.70ab 2.31cd

0.3
W 0.19a 0.72b 0.099b 2.97b 1.90d 3.64a

M 0.25a 0.85ab 0.100b 4.53ab 2.50bc 2.77bc

0.4
W 0.18a 0.71b 0.090b 1.15c 2.00cd 3.85a

M 0.23a 0.840b 0.095b 3.41b 2.42bc 3.01b

LSD values

(P ≤ 0.05)
8.757 0.1448 0.05474 0.6988 0.5076 0.5076

Table 4.18 a: F- values for effect of oxygen flow rate on kinetics of substrate

utilization and cell mass formation by wild and its mutant of Kluyveromyces

marxianus on ethanol formation using molasses medium (15% sugars) .

SOV Df µ Qx Yx/s Qs qs td

oxygen flow

rate (A)
3 0.9666 0.9824 240.796 17.793 6.8191 21.725

Organisms(B) 1 1.0560 11.2243 228.742 194.62 16.190 34.4923

AxB 3 0.9939 0.1787 244.032 6.8007 0.1246 0.766

Error 16

Total 23
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Table 4.18 b: Comparison of organisms wild and its mutant of Kluyveromyces

marxianus on ethanol production grown in the presence of different oxygen flow

rate

K..marxianus

strains

µ Qx Yx/s Qs qs td

Wild 0.220b 0.750b 0.099b 2.093b 2.197b 3.219a

Mutant 0.343a 0.862a 0.102a 4.395a 2.679a 2.514b

Table 4.19: Fermentation kinetic parameters of K. marxianus (W) and its

mutant strain (M) for growth and substrate utilization using ammonium

sulphate (0.75%) , pH (5.5) added in molasses medium (15% sugars) on different

oxygen flow rate at 40 °C under control conditions.

Oxygen

flow rate

l/min

Strain Qp

(g/l/h) Yp/s

(g/g subs)

Yp/x

(g/g

cells)

qp

(g/g h)

0.1
W 4.12bcd 0.26c 5.72a 1.65b

M 5.28a 0.51a 6.24a 2.18a

0.2
W 4.11bcd 0.24cd 4.42b 1.02cde

M 5.11a 0.46ab 6.01a 1.80ab

0.3
W 3.84cd 0.21cd 3.22c 0.61de

M 4.82ab 0.45b 4.15b 1.04c

0.4
W 3.42d 0.20d 3.05c 0.55e

M 4.52abc 0.44b 4.10b 0.94cd

LSD values (P ≤ 0.05) 0.7702 0.05474 0.8247 0.3792
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Table 4.19a: F- values for effect of oxygen flow rate on kinetics of growth and

product formation by wild and its mutant of Kluyveromyces marxianus on

ethanol formation added in molasses medium (15%sugars)

SOV df Qp Yp/s Yp/x qp

oxygen flow rate(A) 3 3.2599 3.7694 36.7857 35.567

Organism(B) 1 34.0765 242.52 27.712 47.339

AxB 3 0.0529 0.1289 1.880 3.601

Error 16

Total 23

Table 4.19 b: Comparison of organisms wild and its mutant of Kluyveromyces

marxianus on ethanol production grown in the presence of different oxygen flow

rate

Organisms Qp Yp/s Yp/x qp

Parent 3.871a 0.229b 4.100b 0.873b

Mutant 4.931b 0.465a 5.123a 1.489a
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Table 4.20: Fermentation kinetic parameters of K. marxianus (W) and its

mutant strain(M) for β-fructofuranosidase formation, following product

formation using ammonium sulphate (0.75%) , pH (5.5) added in molasses

medium (15% sugars) on different agitational intensity (RPM) at 40°C.

Table 4. 20 a: Comparison of agitational intensity on kinetics of growth and

product formation by wild and its mutant of Kluyveromyces marxianus on β-

fructofuranosidase formation using molasses medium (15%sugars)

SOV df Qp Yp/s Yp/x qp

RPM (A) 4 1.354 2.1513 0.845 5.200

Organism(B) 1 27.880 12.734 39.607 47.800

AxB 4 0.8032 0.1780 0.1349 0.248

Error 20

Total 29

RPM Strain
Qp

(IU/l/h)

qp

(IU/g/h)

Yp/s (IU/g

substrate)
Yp/x (IU/g

cells)

250
W 988ab 255.6cde 120bcd 1065bc

M 1275a 328.8ab 140ab 1370a

300
W 990ab 256.0cd 122bcd 1067bc

M 1280a 343.7a 144a 1375a

350
W 975ab 243.8cde 121bcd 1060bc

M 1270a 318.0ab 135abc 1325a

400
W 950c 223.03de 115cd 1015c

M 1225ab 293.25bc 129abcd 1275a

450
W 923bc 202.0e 108d 1010c

M 1215ab 258.72cd 120bcd 1232ab

LSD values (P ≤ 0.05) 309.7 50.25 21.44 201.9



93

Table 4.20 b: Comparison of organisms wild and its mutant of Kluyveromyces

marxianus on ethanol production grown in the presence of different pH values

Organisms Qp Yp/s Yp/x qp

Parent 902.45b 117.20b 1043b 234.04b

Mutant 1253.00a 133.60a 1315a 308.52a

Table 4.21: Fermentation kinetic parameters of K. marxianus (W) and its

mutant strain (M) for β-fructofuranosidase formation, following growth and

product formation using ammonium sulphate (0.75%) , pH (5.5) added in

molasses medium (15% sugars) on different oxygen flow rates at 40°C.

Oxygen

flow rate

(m/l)

Strain
Qp

(IU/l/h)

qp

(IU/g/h)

Yp/s (IU/g

substrate)
Yp/x (IU/g

cells)

0.1
W 914a 269.5bc 114bc 1123ab

M 1225a 330.5a 144a 1322a

0.2
W 912a 268.8bc 110c 1120ab

M 1220a 314.4ab 140a 1310ab

0.3
W 910a 257.1bc 108c 1118ab

M 1215a 313.8ab 136ab 1308ab

0.4
N 902a 221.0c 102c 1105b

M 1125a 273.4bc 122abc 1302ab

LSD values (P ≤ 0.05) 405.4 53.59 22.80 210.8
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Table4. 21a: F- values for effect of oxygen flow rate on kinetics of growth and

product formation by wild and its mutant of Kluyveromyces marxianus on β-

fructofuranosidase formation using molasses medium (15%sugars)

Table 4.21 b: Comparison of organisms wild and its mutant of Kluyveromyces

marxianus on ethanol production grown in the presence of different oxygen flow

Organisms Qp Yp/s Yp/x qp

Parent 909.48b 109.20b 1116.41b 256.59b

Mutant 1104a 135.50a 1310.33a 299.68a

SOV Df Qp Yp/s Yp/x qp

Oxygen flow rate (A) 3 1.009 1.515 0.0248 3.329

Organism(B) 1 4.170 23.918 15.218 11.621

AxB 3 0.656 0.326 0.0024 0.715

Error 16

Total 23
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Section-III

4.10 CATALYTIC AND THERMODYNAMIC CHARACTERIZATION OF

INVERTASE

Crude and dialyzed invertases from both strains of Kluyveromyces marxianus were

purified after subjecting them to ammonium sulphate precipitation, anion exchange,

and gel filtration chromatography on Pharmacia columns. This three-step purification

procedure for invertases from parent and mutant strains of K. marxianus resulted into

9.4 and 15.6 fold purification, respectively, while their recovery was 16 and 25 %,

respectively (Table 4.22).

4.10.1 Ammonium sulphate precipitation:

The precipitation of invertases from both strains showed almost same trend. The onset

of precipitation occurred at about 25% saturation, while almost complete precipitation

occurred at 80% saturation of ammonium sulfate at 4°C. Ammonium sulfate inhibited

invertase activity because after the removal of ammonium sulfate by dialysis, its

purification factor and % recovery were increased (Table 4.22).

4.10.2 Anion exchange chromatography

Partially purified invertase, after ammonium sulphate precipitation, was further

purified by subjecting them to anion exchange chromatography (Fig-4.8). Purification

of wild and mutant-derived invertase, after anion exchange chromatography, was

about 32.86 and 3.15 fold, respectively, and their recovery was 57.3 and 59.3%,

respectively (Table 4.22). The invertase from parent strain was eluted at 660 mM

NaCl, whereas mutant-derived invertase was eluted at 180 mM NaCl concentration

(Fig-4.8).
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Fig. 4.8 Ion exchange chromatography of proteins (P pro and M Pro) and

invertase (P Inv and M Inv) derived from parental and mutant organisms

Table 4.22: Purification of invertases from parent and DG resistant mutant

derivative of K. marxianus

Treatment Total

activity

(IU)

Total

protein

(mg)

Specific

activity

(IU/mg)

Purification

factor

%

Recovery

Crude 6200 400 15.5 1 100

7800 450 17.3 1 100

(NH4)2SO4

precipitation.

5015 300 16.7 1.10 80.9

6525 325 20.1 1.17 83.7

Anion exchange

chromatography

3550

4625

80

85

44.37

54.41

2.86

3.15

57.3

59.3

Gel filtration

chromatography

1250 10.0 125.0 8.1 20.2

2000 12.0 166.7 9.6 25.6

All quoted values were taken after dialysis against distilled water: First one is native

invertase and second one is mutant-derived invertase.



97

4.10.3 Gel filtration chromatography

Above partially purified invertases after above step were finally applied on gel

filtration column to increase the purity level (Fig 4.9). The invertases of wild and

mutant-derived invertases were 9.4 and 15.6 fold purified, respectively while their

recovery was 16 % and 25 %, respectively (Table 4.23).

Fig. 4.9 Gel filtration chromatography of invertases (InvP &InvM) derived

from parental and mutant strains of Kluyveromyces marxianus.

4.10.4 Molecular mass of invertases

The native and subunit molecular masses of invertases derived from wild and mutant

strains of K. marxianus were determined using gel filtration chromatography and 10%

SDS-PAGE, respectively (reagents in Appendix 4&5). The native molecular masses

of invertases from parent and mutant organisms were almost the same i.e. 56 kDa.

The molecular masses of invertases on SDS-PAGE were both 56 kDa which indicated

that both invertases are monomer in nature. The molecular masses of invertases have

been determined by a number of workers from a variety of microbial sources.
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The purified invertases derived from wild and its mutant strain of K. marxianus were

compared on the basis of enzyme properties like: pH and temperature optima, kinetic

constants (Vmax, Km) for sucrose hydrolysis, and stability to different denaturants like:

pH, temperature, urea and proteases.

1 2 3 4 5 6 7

Fig.4.10 SDS-PAGE of invertase produced by the wild and mutant strains of K.

marxianus. Panel 1 and 2 shows purified wild and mutant-derived enzyme

respectively. Panel 3 and 4 show crude intracellular proteins derived from wild strain

and panel 5 and 6 show crude proteins derived from the mutant strain

►170

►130

► 100

► 40

► 33

► 24

► 17

► 11

► 72

► 56
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4.10.5 Effect of pH on invertase activity

Both invertases from its wild and mutant strains of K. marxianus showed same acidic

pH optima i.e. 3.5 to 5.5 (Fig 4.11, Table 4.23).

Fig. 4.11 Effect of pH on activity of invertases from parent and mutant

strains of K. marxianus

Dixon’s analysis was carried out to evaluate pKa of ionizeable groups of active site

residues, which were involved in maximum velocity for substrate hydrolysis. It was

found that parent derived invertase at 50 °C involved two types of ionizeable groups

for hydrolysis of sucrose with pKa1 and pKa2 of 2.5 and 6.3, respectively, while,

mutant –derived invertase showed pKa1 and pKa2 of 2.8 and 6.9, respectively (Fig

4.11).
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Fig 4.12 Dixon plot for the determination of pKa of active site residues

involved in Vmax for sucrose hydrolysis by invertases from K. marxianus strains
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Fig. 4.13 pH dependent stability of invertase derived from the wild (a) and

mutant (b) organisms of K. marxianus.

Slopes of each curve gave the value of specific rate of inactivation (Kd). Half-life at

each pH was 0.693/ Kd and all calculated values are presented in Table 4.23 (wild

invertase) and Table 4.24 (mutant derived invertase).
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Table 4.23 : pH dependent thermodynamic parameters of sucrose hydrolysis

catalyzed by invertase derived from the parental strain of K. marxianus at 50

°C

Half-life of enzyme decreased with increase in pH of the reaction mixture in the

case of enzyme derived from both the parental (Table 4.23) and mutant derived

enzyme (Table 4.24). When both Tables were compared the mutant derived enzyme

was more pH stable than the enzyme derived from the parental organism. Similarly

ΔG* also decreased with increase in pH of the reaction mixture in time-dependent

exposure to different H ion concentration.

pH Kcat

(103

min-1)

Half life

(min)

ΔG*

(kJ mol-1)

3 0.65 1066 110.02

4 0..70 990 109.82

5 0.75 924 109.64

6 0.81 859 109.43

7 1.17 591 108.44

8 1.78 390 107.32

9 5.78 120 104.15

10 7.9 88 103.32

11 21.0 33 100.69
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Table 4.24: pH dependent thermodynamic parameters of sucrose hydrolysis

catalyzed by invertase derived from mutant derivative of K. marxianus at 50 °C

pH Kcat

(103

min-1)

Half life

(min)

ΔG*

(kJ mol-1)

3 0.58 1195 110.42

4 0..68 1019 108.10?

5 0.69 1004 107.60

6 0.73 949 107.53

7 1.00 693 105.43

8 1.6 433 103.18

9 4.5 154 102.74

10 6.4 108 102.63

11 10.5 66 100.75

Each value is a mean of three readings.

4.10.6 Effect of temperature on invertase activity

The temperature optimum for invertase activity from parent- and mutant-derived K.

marxianus were the same and was 50°C (Fig. 4.14).
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Fig. 4.14: Effect of temperature on activity of invertases from parent (○) and 

mutant (●) strains of Kluyveromyces marxianus. Error bars show standard

deviation among n=3 experiments.

The energy of activation (Ea) for sucrose hydrolysis by invertases produced by parent

and mutant strains of K. marxianus was determined by applying Arrhenius plot. The

plots for parent- and mutant-derived invertases exhibited biphasic pattern (Fig. 4.15).

The Ea for sucrose hydrolysis by intracellular invertases by both strains has been

presented in Table 4.25.
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Fig. 4.15: Arrhenius plot for the determination of activation energy (Ea) for

sucrose hydrolysis by invertases from K. marxianus (○) wild and mutant (●) 

strains respectively.

4.10.7 Effect of sucrose concentrations on invertase activity

The test invertases from both parent and mutant strains of K. marxianus were assayed

at 50°C using different sucrose concentrations for the determination of Michaelis

kinetic constants (Vmax, Km) for which Lineweaver-Burk plot was applied (Fig 4.16).

The kinetic constants for substrate hydrolysis have been presented in Table 4.24. The

invertase derived from mutant strain showed that it was about 1.74- fold more active

than that derived from the native because their Vmax values were 564 and 324.8 U min-

1 mg-1 protein respectively. Furthermore, specificity constant i.e. Vmax/Km confirmed

that invertase derived from the mutant strain was more specific for sucrose as

compared to invertase from the wild strain because it was about 2.17-fold higher than

that of wild invertase (Table 4.25).
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Fig 4.16: Lineweaver-Burk plot for the determination of kinetic constants

for sucrose hydrolysis by invertases of K. marxianus at 50 °C, pH 5.5
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Table 4.25: Physiochemical properties of invertases from wild and DG

resistant mutant derivative of K. marxianus

Parameters Wild DG- resistant mutant

M15

Temp optima (0C) 50 50

Ea (kJ mol-1) 38.9 24.1

pH optima 3.0 – 5.5 3.0 – 5.5

pKa1 2.66 2.7

pKa2 6.25 6.9

V max 324.8 564

Km(m M) 2.5 2.0

V max/Km 129.9 282

K cat (S-1) 300.7 522

4.10.8 Thermodynamics of Sucrose Hydrolysis

Thermodynamics of sucrose hydrolysis by wild and mutant-derived invertases was

studied (Table 4.26) using the rearranged Eyring’s absolute rate equation as described

by Siddiqui et al. (2000). The result showed that the Gibbs free energy for substrate

hydrolysis was lower for mutant as compared to wild-derived invertase at 50 oC.

Similarly enthalpy of activation (∆H*) for substrate hydrolysis was lower for mutant-

as compared to wild-derived invertase. The entropy of activation (∆S*) for substrate 

hydrolysis was lower in the case of invertase from the mutant-derivative indicating

that the disorder in ES*-complex was minimum but the conversion of reactant to

product is spontaneous in mutant-derived invertase. The free energy for the formation

of transition state complex (∆GE-T*) was lower in mutant-derived enzyme and

presented an evidence that the ability to form the transition complex was higher for

mutant-derived enzyme as compared to wild invertase. The mutant derived invertase

possessed lower value of Km as compared to wild enzyme which indicated that

mutant-derived enzyme created lower hindrance for substrate binding and possessed

higher affinity of sucrose to bind to the active site. The turn over number (Kcat) and
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specificity constant (Kcat/Km) values of both enzyme showed that invertase derived

from the mutant organism was significantly improved as compared to the invertase

derived from the wild organism.

Table 4.26: Thermodynamics of sucrose hydrolysis by parent and DG resistant

mutant derivative of K. marxianus

Parameter Wild DG resistant Mutant

∆G* 64.00 62.5

∆H* 36.21 21.41

∆S* -86.04 -127.21

∆GE -S* 2.46 1.86

∆ -12.86 -14.94

Km 2.5 2.0

Kca t 300.7 522

Kca t /Km 120.28 261.00

∆G*= KJ mol -1 , ∆H*= KJ mol -1 , ∆S*= J mol -1 ,

∆GE -S*= KJ mol -1 , ∆GE- T*= KJ/mol, Kca t= s -1

Kca t /Km= s -1 /sucrose, mM -1

Vmax = units min-1 mg-1 protein, Km = mM sucrose,

Vmax/Km = units min-1 mg-1 protein/ mM-1 sucrose

4.10.9 Irreversible thermostability of invertases

Irreversible thermostability represents the capability of enzyme molecules to resist

against thermal unfolding in the absence of substrate. The acidic invertases from both

wild and mutant strains of K. marxianus were heated at various temperatures in the

absence of substrate. Enzyme was periodically sampled for assays at 50 °C and

pseudo-first order plots were applied to determine the rate of thermal denaturation

(Fig 4.17).
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Fig 4.17: Pseudo-first order plot for irreversible thermostability of invertase

from wild strain of Kluyveromyces marxianus at 30,35,40,45, 50, 55, 60, 65 and 70

°C . The slopes were Kd values.

Fig. 4.18: Arrhenius plot for the determination of activation energy for

irreversible thermal desaturation “Ea (d)” of invertases from K. marxianus strains

(○ parent, ● mutant)
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In order to determine the thermodynamic parameters for irreversible thermal stability,

the energy of activation for thermal denaturation “Ea(d)” was determined by applying

Arrhenius plot (Fig 4.18). The Gibbs free energy (ΔG*) for activation of unfolding of

transition state for native at 60 °C was high (101.27 kJ mol-1) as compared to that of

mutant, which was only 96.87 kJ mol-1.  The enthalpy (ΔH*) of activation of

transition state formation between folded and unfolded state of parental invertase at

various temperature was very low as compared to mutant enzyme and was equal to 66

kJ mol-1, while mutant had the ΔH* of 19.5 kJ mol-1 .

Fig. 4.19: Determination of enthalpy and entropy of activation for

irreversible thermal stability of invertases derived from the parent (○) and 

mutant (●) strains of K. marxianus at 30 -70 °C

The values of thermodynamic parameters in the temperature range of 30-70 °C were

calculated from Fig 4.19. The enzyme derived from the mutant strain need 63.22

kJ/mol and –99.02 J mol-1 K values for ∆H* (enthalpy) of irreversible stability and

∆S* (entropy) irreversible stability respectively. The values of mutant-derived

invertase reported here are markedly lower than that for the parental organism, which

were 82.6 kJ mol-1 and -22.7 J mol-1 K respectively and were significantly lower than

those needed by the parental strain-derived enzyme. Therefore up to 70 °C, the
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mutant-derived enzyme was significantly thermostable. When enthalpy and entropy

values for inactivation were calculated at each temperature, mutant derived enzyme

exhibited lower values of all thermodynamic parameters. Moreover ∆S* had negative

values (Table 4.27 &Table 4.28) in case of wild and mutant -derived strain

invertases. This suggested that there was negligible disorderness in the enzyme when

exposed to temperature range studied

Table 4.27: Kinetics and thermodynamics of irreversible thermal stability of

invertase from parental strain of K. marxianus

Temp.

°C (K)

Kd

(min -1)

t½

(min)

∆H*

kJmol -1

∆G*

kJmol -1

∆S*

Jmol -1K -1

30 303 0.00081 855.6 80.94 102.49 -71.12

35 308 0.00082 845 80.56 104.20 -80.75

40 313 0.001 693 80.54 105.41 -79.46

45 318 0.0018 385 80.50 105.59 -78.90

50 323 0.00264 263 80.45 106.26 -79.91

55 328 0.0050 139 80.41 106.20 -78.63

60 333 0.0111 62.4 80.37 105.66 -75.95

65 338 0.021 33 80.33 105.49 -74.44

70 343 0.045 15 80.29 104.92 -71.81

t½ = half life calculated using the relation= ln2/Kd, where Kd is the rate of

desaturation obtained from Fig- 14, 15; Ea(d) = Slope. R= 8.314 J mol-1 (calculated

from Fig 4.19).
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Table 4.28: Kinetics and thermodynamics of irreversible thermal stability of

invertase from DG resistant mutant derivative of Kluyveromyces marxainus

Temp.

°C (K)

Kd

(min -1)

t½

(min)

∆H*

kJmol -1

∆G*

kJmol -1

∆S*

Jmol -1K -1

30 303 0.00074 933 64.42 102.76 -126.53

35 308 0.00078 891 64.38 104.32 -129.68

40 313 0.00099 700 64.34 105.44 -131.31

45 318 0.00168 412 64.30 105.77 -130.41

50 323 0.00224 310 64.25 106.70 -131.42

55 328 0.00295 235 64.21 107.64 -132.41

60 333 0.0055 126 64.17 107.60 -130.42

65 338 0.00888 78 64.13 107.91 -129.53

70 343 0.0126 55 64.09 108.55 -129.62

t½ = half life calculated using the relation: ln2/Kd, where Kd is the rate of

denaturation obtained from Table 4.28, Ea(d) = 66.94 kJ mol-1 (calculated from Fig

4.18).

When half-lives of mutant -derived invertase were compared with those of wild-

derived invertase, the mutant derived invertase exhibited higher values. With increase

in time-dependent temperature of reaction, both enzymes showed lower activities and

half-lives. This effect was significantly more pronounced in the case of wild derived

enzyme. At higher temperatures (55-70 °C), the mutant derived enzyme exhibited

1.69-3.6-fold higher half-lives that those shown by wild-derived invertase.

4.10.10 Stability of invertase to urea

The stability of invertase from wild and mutant strains of K. marxianus was

determined against 4 M urea at 40°C (Fig 4.20). As a whole, the invertase produced

by mutant strain presented higher stability to unfolding due to urea against 4 M
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concentrations because half life of mutant –derived invertase was higher (256.7 min)

as compared to that of invertase from the wild organism (102.4 min).

Fig. 4.20: Pseudo-first order plots for the effect of 4 M urea on stability of

invertase from K. marxianus wild (○) and mutant (●) strains at 40 °C
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CHAPTER 5

DISCUSSION

5.1 GENERAL

Improvement in ethanol production with increasing thermotolerance and retention of

invertase activity by Kluyveromyces marxianus strain by γ-ray mutagenesis was

sought as described in Materials and Methods. These studies indicated that well-

developed zones of pink colour on sucrose-agar plates appeared around 3 colonies in

the case of mutant strains. Semi-quantitative plate studies revealed that one derivative

capable of producing the largest amount of invertase could be isolated and designated,

K. marxianus M15 for invertase or fructo-furanosidase (FFase) and alcohol

production studies in vitro.

5.2 EFFECT OF SUBSTRATE CONSUMPTION RATE ON ETHANOL

AND FFASE PRODUCTION

Different carbon sources (Table 4.2) were employed to study their effect on growth,

production of ethanol and FFase by Kluyvreromyces marxianus and its mutant M15 in

time course study. The representative kinetics of product formation by parent and

mutant culture from glucose, sucrose and molasses (Fig. 4.1 & 4.2) indicated that

ethanol and FFase activity in the case of mutant derivative reached maximum values

after 36 h of fermentation in the log phase. These curves also indicated that

production of products was apparently growth-associated. True time of induction of

FFase could not be confirmed as the amount of enzyme formed up to 2 h of

inoculation in the lag phase was below the accuracy limit of enzyme assays. There

were distinct variations in the values of all substrate consumption parameters of the

wild and mutant (Table 4.2) cultures on various carbon sources and they exerted

larger variation of ethanol and FFase synthesis by both organisms. Contrary to

commonly held opinion that those substrates which were consumed faster (high Qs)

are not good substrates for products formation by several organisms due to formation

of growth inhibitory proteins (Bohm and Boos 2004). These studies indicated that
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glucose (15%) supported maximum level of both ethanol and FFase biosynthesis in

both the wild and mutant cells and mutant cells were improved for products formation

over the parent and confirmed the work reported by Rincon et al. (2001). However,

carbon sources, which enter rapidly into early steps of metabolic pathway for ethanol

production or enzyme, cause catabolic repression due to creation of repressor

proteins (Perez-Gonazalez et al. 1998) and were not in good agreement with the work

reported by other workers (deGroot et al. 2003). Among glucose, sucrose and

molasses, 15% glucose in the fermentation medium did not cause catabolite

repression of intracellular invertase synthesis and supported maximum production of

invertase while in Rhodotorula glutinis and Saccharomyces cerevisiae, glucose

caused catabolite repression of invertase synthesis (Rincon et al. 2001; Rubio et al.

2002). Normally, glucose caused lower catabolite repression of invertase synthesis in

other DG-resistant mutant derivative as well (Rincon et al. 2001). The volumetric and

specific productivity of intracellular invertase by the mutant derivative is several-fold

higher than those values reported by other workers on Aspergillus spp, S. cerevisiae

and their mutants or some recombinants (Ashokumar et al. 2002; Guimaraes et al.

2007 , 2009; Montiel-Gonalez et al. 2002; Rincon et al. 2001; Ul-haq et al. 2008).

Deoxyglucose-resistant mutant KD-15 of K. marxianus produced 867 mU invertase /

ml after 120 h fermentation of molasses (Oda and Nakamura, 2009).

In the mutant derivative, the products’ formation was not inhibited by 15% glucose

and was improved over its parental culture. The ethanol production (Table 4.3) and

enzyme production (Table 4.4) was directly correlated to substrate consumption

parameters (Table 4.2). In the wild organism, both glucose and sucrose inhibited

ethanol and FFase formation at 17% concentrations and was reflected by lower values

of kinetic parameters but mutant was significantly improved for almost all attributes

of product formation.

This is significant that for production of ethanol and FFase by mutant derivative,

molasses medium was very much higher to sucrose which is prohibitively costly,

whereas molasses produced from sugar mills would be more economical for large

scale of FFase production. Both glucose and sucrose did not repress the FFase or the
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synthesis of enzymes of glycolytic pathway as reported for the expression of

xylanases on xylose or glucose in Asgergillus spp. (deVries et al. 1999). Surrounded

by various substrates, molasses was similar with glucose to support ethanol and FFase

formation (Table 4.3 & Table 4.4). A concentration of 15% was found optimum in

each case, and maximally supported the formation of mRNA for enzymes of the

metabolic net works involved in synthesis of both FFase and ethanol. The production

of ethanol supported by K. marxianus and its mutant is higher than the reported values

by other workers on S. cerevisiae and K. marxianus (Banat et al. 1998; Singh et al.

1998).

Similarly all kinetic parameters for synthesis of FFase by both wild and its mutant

M15 of K. marxianus were significantly higher than multiple mutants reported by Haq

et al.(2008) and other mutants or some recombinants harbouring heterologous genes

for FFase (Yanai et al. 2001; Ashokkmur et al. 2002; Montiel-Gonalez et al. 2002).

When glucose was present in conjunction with sucrose in molasses, it resulted in

enhanced enzyme production in both wild and mutant cultures. Due to the derepressed

and thermotolerant mutant organism on glucose did not produce the process has been

observed of catabolite repression as in the case of cellulases obtained by mutant

derivate of cellulomonas biazotea (Rajoka et al. 1998; Rajoka et al. 1997). The

opportunity of using molasses in sugar industry for enzyme and ethanol production

was promising with K. marxianus in that induction of FFase on molasses –based

medium was greater than that on sucrose. It was promising that FFase synthesis was

also supported higher by cultures during growth on glucose, which is strong repressor

of hydrolases as mentioned earlier (de Groot et al. 2003). It was concluded that up to

15% substrates (glucose, sucrose and molasses), the formation of FFase was almost

constitutive. At 17% sugars in the media, repression of both ethanol formation

pathway and FFase production network was visible. Distilleries normally use 15%

sugars in molasses, therefore, up to this level of sugars, both wild and mutant M15 are

most suitable the highest ethanol concentration, i.e., 78.45 g L-1 (w/v) at 40 h,

equivalent to Qp of 4.65 g L-1h-1 and 99 % theoretical yield under optimized

conditions (40 °C, 17% TRS, aeration at 1 vvm for 8 h followed by 0.2 vvm for 32 h

with agitation at 300 rpm). These values were significantly higher than values
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reported by Limtong et al. (2007) from sugarcane juice containing 22% TRS and got

6.48 % ethanol concentration, a productivity of 1.3 g L-1 h-1 and a yield of 57.1% of

theoretical. Similarly, Kiran Sree et al. (2002) reported 60 g L-1 ethanol from 150g L-1

glucose in the medium at 40 °C using a thermotolerant S. cerevisiae mutant VS3. Oda

and Nakamura (2009) reported 88.9 g ethanol/l (w/v) at 72 h, with Qp of 4.9 g L-1 h-1

and 44.4 % theoretical yield under optimized conditions (40 °C, 17% TRS).

5.3 EFFECT OF NITROGEN SOURCES AND F-FASE PRODUCTION

Among the various nitrogen sources (ammonium sulphate, urea, and corn steep

liquor) normally used by distilleries added at 0.11, 0.16, and 0.21% levels of nitrogen

to media containing glucose, sucrose and molasses, corn steep liquor, one of the by

product of starchy industry and the least expensive nitrogen source did not favour

maximum ethanol and FFase production in wild and mutant cultures respectively.

Similarly urea was also not a good source of nitrogen whereas ammonium sulphate

was found to be the best source of nitrogen. As enzyme production attained its

maximum value at 0.11% nitrogen in ammonium sulphate, was retained in all

subsequent experiments. Enhanced substrate consumption and product formation

kinetic parameters suggest that the mutant organism may be exploited for bulk

production of FFase and ethanol. This may have occurred due to the positive

regulation of global nitrogen metabolism regulatory machinery (Perez-Gonazalez et

al. 1998) with ammonium sulphate in the culture medium. Pandey et al. (1994) found

that corn steep liquor increased the glucoamylase production while urea (0.25% w/v)

favoured maximum pectinase production in Streptomyces sp. RCK-SC (Khuad et al.

2004). Arshad et al. (2008) found urea as the nitrogen source for maximum

production of ethanol in industrial scale fermentation. However, Limtong et al. (2007)

used 0.5% ammonium sulphate as nitrogen source and got maximum ethanol

concentration of 6.78 %(w/v) at 48 h, equivalent to a productivity of 1.3 g L-1 h-1 and

57.1% of theoretical yield of ethanol in a jar fermenter at 40 °C from sugar cane juice

medium composed of 22% total sugars. Wang et al. (2008) constructed a flocculent

strain of S. cerevisiae which supported 8.6% (w/v) concentration of ethanol in 48 h of

fermentation. Flocculent K. marxianus mutant produced 58 g ethanol/l with a specific

ethanol rate of 1.0 g g-1 h-1) at 40 °C (Nonklang et al. 2009). Thus M15 strain reported
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in this study has potential for practical use in power alcohol production at 40 and 45

°C. The product yield of Ffase and specific product formation rate (qp) by mutant is

several-fold higher than the reported values by other workers on Aspergillus spp, S.

cerevisiae and their mutants or some recombinants (Rincon et al. 2001; Yanai et al.

2001; Montiel-Gonalez et al. 2002; ul Haq et al. 2008).

5.4 EFFECT OF TEMPERATURE ON ETHANOL AND FFASE

PRODUCTION

In the fermentation process temperature is one of the critical factors that have a

intensive influence on the production of final product. The ethanol production and

FFase by yeast-fermentation at various temperatures (30-65 °C) was carried out in the

23-L fermentor. Maximum production of ethanol (75 g/l) and of FFase (187, 548 IU/l

h)) was realized when the fermentation temperature was maintained at 40 °C in the

wild organism & 45 °C in the case of mutant organism. When it was increased above

50°C, production of ethanol & FFase decreased, gradually. The enzyme activity at

50°C was low and optimum temperature for biosynthesis of enzyme activity was 40

°C (Table 4.10). The enzyme activities of K. marxianus M15 were higher than those

of its parent at all temperatures (fig. 4.4), thus showing that the ethanol and enzyme

production process by the mutant is more to high temperature than that by its wild

parent. 2-Deoxyglucose resistant mutant KD-15 (Oda and Nakamura, 2009) of K.

marxianus produced 88.9 g ethanol /l, equivalent to ethanol yield of 0.44 g/g and

productivity of 4.9 g L -1h-1 compared to respective values of 85 g ethanol L-1, 0.51 g

g-1 and 5.28 g L-1 h-1 respectively supported by M-15 mutant derivative reported in

this work at 45 °C. All kinetic parameters of ethanol formation by M-15 were

significantly higher than those reported by Nonkang et al. (2009); Kiran Sree et al.

(2000), Wang et al. (2008), Siqurira et al. (2008) and Oda and Nakamura (2009) at 40

°C.

At low temperature, the enzyme activities are expectedly low (Aiba et al. 1973)

giving no impact on the enhancement of productivity of product of choice. However

maximum temperature can cause inactivation of enzymes of the metabolic pathway

while low temperature may not allow flow of nutrient across cell membrane, resulting
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in high command for maintenance energy (Aiba et al. 1973) for production of ethanol

and FFase by mutant and parent organisms. Activation enthalpy and entropy of

ethanol and FFase production (Table 4.27) were determined to get the basic

information on requirement of thermal energy for metabolic activity during

production of both products. Under controlled environmental conditions, the values of

the generalized transmission coefficient, and standard-state thermodynamic free

energy of activation are constant. Kramer’s theory of steady state reaction rate using

Arrhenius model (Aiba et al. 1973) can be used to calculate enthalpy and entropy of

product formation during growth of an organism.

The results indicated that the activation enthalpy of Ffase and ethanol formation by

mutant cells (19.2 and 55 k J/mol, respectively) was lower than that for its parental

cell and phytase production and -galactosidase production as reported earlier (Al-

Asheh and Duvniak, 1994; Rajoka et al. 2004) and also compared favourably with

those estimated for different enzyme production processes (Converti and Dominguez,

2001). The activation entropy of ethanol formation by the mutant (-260.0 and -12

J/mol/K, respectively) were also lower than its parental culture (-132.2 and 10 J/mol

K, respectively). This suggested that the genetic make up of the mutant derivative was

thermodynamically more stable than that of its parental culture.

When organism was grown at 45-65 °C, thermal inactivation of the metabolic

network occurred. The thermal inactivation of enzymes of the metabolic network is

accompanied by the disruption of non-covalent linkages, including hydrophobic

interactions, with concomitant increase in the enthalpy of activation (Vieille and

Zeikus, 1996) of enzymes involved in the metabolic network. The opening up of the

enzyme structure is accompanied by an increase in the disorder, randomness or

entropy of activation (Violet and Meunier, 1989). The values of thermodynamic

parameters of inactivation were calculated from Fig 4.6 gave a magnitude of

activation enthalpy (∆HD
*) of thermal inactivation for the mutated cells (18.0 and 31.6

KJ mol1) (Table 4.17) were remarkably lower than that for its production (40.0 and

55 kJ mol1). It meant that its rate of deactivation did not increase faster with

temperature, indicating its better stability than that of its parent. It was also
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significantly lower than the values on glucose isomerase system (160-235 kJ mol1)

(Converti et al. 1997). The activation entropy value of thermal inactivation by both

cultures was also very low (and had negative symbol) and was comparable with that

for product formation by a thermo tolerant yeast (Borges and Ramos 2005) which

recommended that this inactivation phenomenon inferred a little disorderness or

randomness during growth on the substrate up to 65 °C and indicated a sort of

protection exerted by both cultures against thermal inactivation.

The mutant was improved over its parental culture and its metabolism showed more

thermal stability during growth on molasses medium. This led us to conclude that the

cell system exerted protection against thermal inactivation, most probably by

acquiring chaperones through mutation, which assisted the folding of protein within

cells (Declerk et al. 2003). This suggested that enzymes involved in metabolic process

were conformationally stable as their stability depended upon stabilizing forces

arising from a large number of weak interactions, which are opposed by an almost

equally large destabilizing force due mostly to conformational entropy. The difference

between these, the net free energy of stabilization, is relatively small, equivalent to a

few interactions.

Gibbs free energy data demand for formation and inactivation of FFase were also

comparable (Table 4.24 & 4.25) and lower than for a thermostabilized reaction

(Declerck et al. 2003). When enthalpy and entropy values for inactivation were

calculated at each temperature, ∆S* had again negative values (Table 4.27& 4.28). 

This recommended that there were minor disorderness as was that of α-amylase from

Bacillus licheniformis and was found to be more ordered as revealed by its negative

∆S* (-150 J-1 mol K) at high temperature of 80 °C (Declerck et al. 2003).

Alteration in cell wall synthesis, protein synthesis or cell membrane permeability is a

common mechanism of resistance to analogues (Hanif et al. 2004). Such permeability

changes, may sometimes lead to increased production presumably through increased

rate of product export from the cell. It is conceivable that like the parental strain, the

mutant derivative can effectively utilize sucrose, glucose and molasses continue to
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grow, and secrete invertase and ethanol in the medium. These results are in good

agreement with the work reported by other workers (Allen et al. (1989), Rajoka et al.

2005; Rincon et al. (2001), Mizuno et al. (2006). 2-DG resistant mutant of S.

cerevisiae and other strains have been isolated and they produced higher target

products at elevated rates and were devoid of catabolite repression (Oda and

Nakamura, (2009), Mizuno et al. (2006), Kiran Sree et al.( 2000), Nonklang et al.

(2009). Previously DG resistant mutant of S. cerevisiae were isolated for enhanced

ethanol formation and molasses consumption rate, for lowering the formation of

different acids and esters during alcohol formation rate (Mizuno et al. 2006). Earlier,

Oda and Nakamura (2009) studied the molecular basis of catabolite derepression in 2-

DG resistant mutant of K. marxianus and confirmed the findings of Mizuno et al.

(2006).

5.5 EFFECT OF pH ON ETHANOL AND FFASE PRODUCTION

Yeasts possess efficient mechanisms of pH regulation to cope up with variations in

their environment and ion homeostasis. This property allows them to grow over a

wide range of environmental conditions (Eisendle et al. 2004). This adoption is due to

their powers to express appropriate pH regulatory genes at their cell surface to

perform needed roles. Gene expression in fungi by ambient pH is regulated via a

conserved signalling cascade whose terminal component is the zinc finger

transcription factor PacC/Rim Ip (Perez-Gonazalez et al. 1998). Appropriate ambient

pH is essential for proper function of this cascade. After proteolysis conversion at

alkaline ambient pH, PacC is able to activate those genes whose expression is

appropriate under alkaline conditions to repress those genes whose expression is

suited to acidic ambient pH (Perez-Gonazalez et al. 1998). The productivity of ethanol

and FFase depends on the effect of initial culture medium pH investigated using

molasses (15% total sugars) as the carbon source using ammonium sulphate as the

nitrogen source. The result in Tables 4.13, 4.14 &Table 4.15 shows that optimal

productivity was achieved in the range 5.5 - 6.5. In this range, the negative effect of

PacC protein was overcome and the organism over-produced both ethanol and FFase.

Therefore pH 5.5 was used in all further studies. The optimum pH of enzyme

productivity was significantly different from that reported for most other enzyme-
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producing microorganisms, namely, Aspergillus sp. (Hayashi et al. 1992),

Saccharomyces cerevisiae (Rincon et al. 2001), and Bacillus spp. (Euzenat et al.

1997). Earlier Limtong et al. (2007) studies the effect of initial pH of the medium on

ethanol production and it was reported that at 37 °C, the highest ethanol concentration

(8.7 w/v), productivity of (1.45g L1 h1) and yield (5% of theoretical yield) were

obtained when fermentation was carried out at pH 5.0 ; these values were slightly

higher than those obtained from fermentation at pH 5.5, while the lowest values were

obtained from fermentation at pH 4.0. Their ethanol fermentation carried out at 40 °C

provided the similar results. Their fermentation experiments with medsium at pH 5.5

and 5.0 at 40 °C gave better results than those at pH 4.0 and pH 4.5. Nonkang et al.

(2009) performed ethanol fermentation studies in 5 L fermenter of molasses medium

of initial pH 6.0 and recorded ethanol concentration of 60 g L1 with ethanol specific

rate of 1.0 g L1 h1 respectively.

5.6 EFFECT OF OXYGEN FLOW RATE ON ETHANOL AND FFASE

PRODUCTION

The yeast was grown in a fermentor under aerobic and anaerobic conditions and two

different impeller stir rates. Yeast cell growth, carbon dioxide evolution, ethanol

production, and glucose consumption were monitored and compared between the

aerobic and anaerobic trials. The amount of ethanol produced at 600 rpm was

comparable for aerobic and anaerobic fermentation, but anaerobic was found to

produce more ethanol than aerobic fermentation at 150 rpm due to the Crabtree effect

(Karandikar et al.2006).

This study shows the best performance of thermotolerant Kluyveromyces marxianus

in fermentation process using of oxygen flow rate as 0.1 vvm (volume per volume

per min) air flow rate as shown in Table 4.18, in which at o.1 vvm was optimized for

maximum ethanol production, maximum cell mass formation and to completely

consume sugars in molasses, Similarly for maximum production of FFase produced as

shown in Table 4.19. It was found that under such optimized air flow rate ethanol

content in the medium increased from 70 g L-1 to 75 g L-1 and cell mass from 7.4 g L-1
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to 9.0 g L-1 with consumption of 98 % total sugars at the moderate air velocity (0.1

vvm) and decreased at lower (0.2 v/v) and upper limits (0.3-0.4 vvm) of air flow rate.

The furfural was converted mainly to furfural alcohol, with a specific conversion rate

of 0.6 (±0.03) g (furfural) · g−1 (biomass) · h−1 by exponentially growing cells.

However, the conversion rate of furfural by cells in the stationary phase was much

lower (Mohammad et al.1998). The ethanol yield increases as the oxygen uptake rate

decreases. The ethanol production rate is maximized at an oxygen uptake rate of 9–12

mill mol L-1h-1. Xylitol and cell mass production and cell morphology are also

affected by oxygen level (Baillargeon et al.2005).

Ethanol production by suspended cultures was stimulated by moderate oxygen flow

rates (OFRs) but inhibited by higher OFRs (1.25 mol O2 h–1 dm–3). On the contrary,

agar-entrapped yeasts displayed the best fermentation performance under strict

anaerobiosis and were less affected than free cultures by high OFRs (Hinfray et

al.1994).

Ethanol production by this strain in shaking flask cultivation in sugar cane juice

media at 37 oC was highest in a medium containing 22% total sugars, 0.05% (NH4 )2

SO4 , 0.05% KH2PO4 0.15% MgSO4 .7H2O and having a pH of 5.0; the ethanol

concentration reached 8.7% (w/v), study on ethanol production in a 5 L fermentor

with an agitation speed of 300 rpm and an aeration rate of 0.2 vvm throughout the

fermentation, Kluyveromyces marxianus DMKU 3-1042 yielded a final ethanol

concentration of 6.43% (w/v), a productivity of 1.3 g L-1 h-1 and a yield of 57.1% of

theoretical yield studied by Rech et al. (1999).

5.7 EFFECT OF AGITATIONAL INTENSITY ON ETHANOL AND

FFASE PRODUCTION.

In pilot-scale and production-scale fermenters, oxygen is generally supplied by

compressed air, and mechanical devices are used to agitate the liquid broth. Oxygen is

a key substrate in aerobic fermentation processes, because of its low solubility in

aqueous solutions; a number of studies to enhance the efficiency of oxygen mass

transfer are needed. The concentration of dissolved oxygen in a suspension of
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respiring microorganisms usually depends on the rate of oxygen transfer from the gas

phase to the liquid, on the rate at which oxygen is transported to the site of utilization,

and on the rate of its consumption by the microorganism, as mentioned earlier.

Agitational intensity of 250 to 450 rpm was tested to see its impact on ethanol

production (4.16). It was found that 300 rpm is the best one (The maximum amount of

ethanol 75 g L1 was produced when the aeration rate was kept at 0.30 L L1min1.

The sugar consumption, dry mycelial weight and final pH of the medium were 149.0g

L1 9.5 g L1 and 5.5, respectively. However, the literature search revealed that the

highest agitational intensity of 700 rpm was used by Oniscu et al. (2004) at smaller

volumes of 5 liters for the fermentation. More agitation produces more gas dispersion,

and more gas dispersion produces more mass transfer. This combination gives higher

mass transfer and supports higher productivity.

In fermentation process, order to perform a given bioconversion in a fermenter, mass

and heat transfer, gas dispersion, and a certain homogenization are required. These

factors are generally achieved by agitation with an impeller. But in fungal

fermentation, agitation not only fulfills the above functions, but as a side effect may

also influence the morphology of fungi. Strong influence on the physical properties

due to the morphology of the organisms as fungal cultivation broth which causes

various problems in industrial fermenters with respect to mass dispersion, heat

transfer, gas dispersion and homogenization (Braun and Vecht-Lifshitz, 1991). The

process was carried out at 35 °C, pH 5.8 and 200 rpm stirring speed for 4 days

(Suresh et al. 2000).

5.8 COMPARISON OF ETHANOL PRODUCTION IN PRESENT WORK

WITH OTHERS

Present work is showing that mutant strain of Kluyveromyces marxianus more

thermotolerant, growing at 65 °C (maximum temperature) and could produce

maximum ethanol up to 50 °C. While it has been observed that, no one author

reported, growing of organism at this highest temperature (Fig. 5.1). Present work

also showing using of substrate 150 g L-1h-1 at 45 °C producing ethanol maximum as
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75.6 g L-1h-1 comparatively limington etal. (2007) was used 220 g L-1h-1 of substrate

but produced ethanol 87 g L-1h-1 which is very less amount as comparatively to

current research.

Fig: 5.1: Comparison of ethanol production in present and previous work

Other authors have isolated mutant for hyper production of inulinase but not for

intracellular invertase production and large scale ethanol production. These have been

done in this thesis work.

Present work also identified that, other author’s have done work on single mutant but

this study isolated double mutant strain, that’s why this organism is more efficient,

more thermotolerant.

In Pakistan everyday population is increasing all over the world and is facing various

problems in life, in which energy crises are going to be on the top of the list. There are

many opportunities for producing renewable sources of energy. Ethanol is the best

renewable fuel produced from biomass, various low cost wastes containing carbon
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source for microorganisms to grow upon and then give useful products for the society.

Ethanol production benefits the society as well as the environment if it may be easily

produced from thermotolerant Kluyveromyces marxianus yeast strains by the

fermentation processes.

5.9 PURIFICATION OF INVERTASES

Crude and dialyzed invertases from both strains of Kluyveromyces marxianus were

purified applying ammonium sulphate precipitation, anion exchange, and gel filtration

chromatography. This three-step purification procedure on the invertases from parent

and mutant strains of K. marxianus resulted into 9.4 and 15.6 fold purification,

respectively, while their recovery was 16 and 25 %, respectively (Table 4.22). These

values are significantly higher than those reported previously (Guimaraes et al. 2009;

Kushi et al. 2000; Rubio et al. 2002).

5.9.1 Molecular mass of invertases

The subunit molecular mass of invertases derived from parent and mutant strains of K.

marxianus were determined using 10% SDS-PAGE (Fig. 4.10). They both had the

same molecular mass of 56 kDa. Similar results were observed for invertases of K.

marxianus var. bulgaricus and A. ochraceus (Guimaraes et al. 2007). Invertases of

high mass are produced by Candida utilis, S. cerevisiae and Aspergillus spp. (Chavez

et al. 1997; Guimaraes et al. 2009).

5.9.2 Effect of pH on invertase activity

Invertase from both parent and mutant strains of K. marxianus showed same acidic

pH optima i.e. 3.5 to 5.5 (Fig 4.11). Optimal pHs from 2.6-6.5 have been reported for

invertases from different yeasts and filamentous fungi (Chaudhuri et al. 1996; Chavez

et al. 1997).

5.9.3 Effect of temperature on invertase activity

The temperature optimum for invertase activity from parent and mutant-derived K.

marxianus was 50°C (Fig. 4.14) and was comparable with other microbial invertases

giving maximum activity at 55°C (Kushi et al. 2000; Guimaraes et al. 2007).
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The energy of activation (Ea) for sucrose hydrolysis by invertases produced by parent

and mutant strains of K. marxianus was determined by applying Arrhenius plot (Fig

4.15). The plots for parent and mutant-derived invertases exhibited biphasic pattern.

The Ea for the mutant-derived invertase was 25.8 kJ/mol and was 1.5-fold lower than

that needed by the enzyme derived from the parental organism (39.5 kJ/mol) for

sucrose hydrolysis (Table 4.25) up to the transition or optimum temperature for

enzyme activity (50 °C). Invertase from K. marxianus var. bulgaricus needed 34.9 KJ

mol1 for sucrose hydrolysis. Similarly invertases from mesophilic organisms required

38.7 KJ mol1 of Ea (Guimaraes et al. 2009), while commercial invertase and

invertases from S. cerevisiae needed 73.96 KJ mol1 to form activated complex with

sucrose (Chavez et al. 1997). Acidic invertase from sugarcane baggas needed 55.3 KJ

mol1 for sucrose hydrolysis (Hussain et al. 2009).

5.9.4 Effect of sucrose concentrations on invertase activity

The test invertases from both parent and mutant strains of K. marxianus were assayed

at 50°C using different sucrose concentrations for the determination of Michaelis-

menten kinetic constants (Vmax, Km) for which Line weaver-Burk plot was applied

(Fig 4.15, Table 4.25). The invertase derived from mutant strain showed that it was

about 1.74- fold more active than that derived from the wild organism because their

Vmax values were 564 and 324.8 IU/min. mg proteins, respectively. Furthermore,

specificity constant (Vmax/Km) confirmed that invertase derived from the mutant strain

was more specific for sucrose as compared to invertase from the wild strain because it

was about 2.17-fold higher than that of parental invertase (Table4.25). Intracellular

invertase from A. niveus showed Km value of 5.78 mM and Vmax of 28.64 IU/mg

protein. (Guimaraes et al. 2009). Intracellular invertase from A. niger showed Km

value of 2.0 mM and Vmax of 6.6 IU/mg protein (Goosen et al. 2007), while invertase

from Candida utilis, and S. cerevisiae exhibited Km value of 11 and 25 mM

respectively.
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5.9.5 Effect of pH on stability of invertase

Invertase activities were quite stable in different buffers up to 120 min incubation and

exhibited different half-lives (Fig. 4.11). Half-life of parental invertase preparations

decreased with increased pH from 3.0 to 10 and were lower than 1086 min at pH 3.0

to 78 min at pH 10.0 in the case mutant derived enzyme (Fig. 4.12). The mutant

derived enzyme was more stable in all buffers than the enzyme derived from the

parental organism. Similarly ΔG* also decreased with increase in pH of the reaction

mixture in time-dependent exposure to different H+ ion concentrations (results not

presented).

5.9.6 Thermodynamics of sucrose hydrolysis

Thermodynamics of sucrose hydrolysis by parent- and mutant-derived invertases was

studied (Table 4.26) using the rearranged Eyring’s absolute rate equation as described

by Siddiqui et al. (2000). The result showed that the Gibbs free energy, and enthalpy

of activation (∆H*) for sucrose hydrolysis were lower for mutant as compared to

parent-derived invertase at 50 oC. The entropy of activation (∆S*) for substrate 

hydrolysis was also lower in the case of invertase from the mutant-derivative

indicating that the disorder in ES*-complex was minimum but the conversion of

reactant to product was spontaneous in mutant-derived invertase. The free energy for

the formation of transition state complex (∆GE-T*) was lower in mutant-derived

enzyme and presented an evidence that the ability to form the transition complex was

higher for mutant-derived enzyme as compared to parental invertase as described

earlier (Hussain et al. 2009). The mutant derived invertase possessed lower value of

Km as compared to parental enzyme which indicated that mutant-derived enzyme

created lower hindrance for sucrose binding and possessed higher affinity of sucrose

to bind to the active site. The turn over number (Kcat) and specificity constant

(Kcat/Km) values of both enzymes showed that invertase derived from the mutant

organism was significantly improved as compared to the invertase derived from the

parental organism.
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5.9.7 Irreversible thermostability of invertases

Irreversible thermostability represents the capability of enzyme molecules to resist

against thermal unfolding in the absence of substrate (Hussain et al. 2009). The acidic

invertases from both parent and mutant strains of K. marxianus were heated at various

temperatures (30-70°C) in the absence of substrate. Enzyme was periodically sampled

for assays at 50 °C and representative pseudo-first order plot of irreversible thermal

denaturation in case of invertase derived from the parental organism is shown in (Fig

4.16). Mutant-derived invertase exhibited maximum half-life of 279 min at 55 °C and

was two-fold higher than that of its parental counterpart and also lowers than for the

acidic invertase of sugarcane juice (Hussain et al. 2009). When half-lives of mutant-

derived invertase were compared with those of parent-derived invertase at each

temperature, the mutant derived invertase exhibited higher values (Table 4.27). With

increase in time-dependent temperature of reaction, both enzymes showed lower

activities and half-lives. This effect was significantly more pronounced in the case of

parent derived enzyme. At higher temperatures (55-70 °C), the mutant derived

enzyme exhibited 1.69-3.6-fold higher half-lives that those shown by parent-derived

invertase.

In order to determine the thermodynamic parameters for irreversible thermal stability,

the energy of activation for thermal denaturation “Ea (d)” was determined by applying

Arrhenius plot (Fig 4.14). The activation energy Ea(d) for unfolding of transition state

for parental invertase was high (83.5 kJ/mol) as compared to that of mutant, which

was only 66.94 kJ mol-1. The values of thermodynamic parameters in the temperature

range of 30-70 °C were calculated from Fig 4c. The enzyme derived from the mutant

strain needed 63.22 KJ mol1 H* (enthalpy) and –99.02 J mol1 K ∆S* (entropy) of

irreversible stability, respectively. The values of mutant-derived invertase are

markedly lower than that for the parental organism, which were 82.6 KJ mol1 and -

22.7 J mol1. K, respectively. Therefore up to 70 °C, the mutant-derived enzyme was

significantly more thermostable than that derived from the parental organism. These

values were also lower that those reported for invertase from sugarcane juice (Hussain

et al. 2009) and other invertases (Yanai et al. 2001; Zhang et al. 2004).
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When enthalpy and entropy values for inactivation were calculated at each

temperature, mutant derived enzyme again exhibited lower values of all

thermodynamic parameters. ∆H* magnitudes for formation of transition state of

mutant derived enzyme were significantly lower than those needed by the parental

enzyme (Table 4.26) but magnitudes of ∆G* for activation of unfolding of transition

state were increased in both cases. Moreover, ∆S* magnitudes for thermal unfolding

of transition state were significantly (P≤0.05) lower in the case of mutant derivative

and carried negative symbols (Table 4.26) in case of both parental- and mutant-strain-

derived invertases. This suggested that there was negligible defolding of both

enzymes when exposed to temperature range studied and both were significantly

thermostable.

Thermostablization is normally accompanied by a decrease in ∆S* and an increase in

∆G* (Hussain et al. 2009). As suggested earlier (Hussain et al. 2009), this happens

due to repulsion between negatively charged carboxyl groups, and thus decreases the

flexibility of an external loop. This behaviour has been noted only in the case of

thermophilic enzymes (Siddiqui et al. 2000). The stability of invertase from parent

and mutant strains of K. marxianus invertases presented higher stability to unfolding

due to urea because half life of invertase from mutant M15 was higher as compared to

that of parental invertase (Table 4.23& 4.24).
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 CONCLUSION

The conclusions of research reported in this thesis are drawn as under:

1. Γ-Rays induced mutation resulted into a viable double mutant for hyper-production

of both ethanol and β-fructofuranosidase (Ffase or invertase). The mutant was more

insensitive to catabolite repression.

2. The optimal (maximum) ethanol production and β-fructofuranosidase formation

under fermentation studies were carried out in microprocessor controlled 23-L

stainless steel fermenter. For wild organism temperature of 40 ˚C, initial pH 5.5,

molasses 15% sugars and nitrogen source ammonium sulphate (0.75%) were

optimized.

3. Most effective stirring speed in all experiments was 300 rpm and oxygen flow rate

was 1.0 vvm for 8 h followed by 0.1 vvm for 28- 32 h. The mutant supported

maximum ethanol and invertase at 45 °C. Other optimized fermentation conditions

as given above did not differ significantly and were maintained in all further

experiments.

4. Both wild (W) and mutant (M) strains of Kluyveromyces marxianus showed same

optimum pH = 5.5 but wild organism showed maximum specific growth rate at 40

°C while mutant organism showed maximum specific growth rate and ethanol

formation rate at 45 °C under controlled temperature.
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5. Both the parent and mutant cultures were thermodynamically thermostable during

product formation and mutant was superior to its parent by demanding lower

magnitudes of enthalpy, entropy and Gibbs free energy for product formation and

its inactivation.

6. The ethanol production of mutant was improved 1.4 fold as compared to parental

strain and invertase production by 1.34 fold.

7. Kinetic and thermodynamic studies of FFase revealed that mutant-derived enzyme

was more stable because it exhibited longer half-lives (t½) at 40, 45, 50, 60, 65 and

70 °C as compared to its parental strain.

8. Mutant-derivative (M15) was stronger over its parental culture due to its stable

metabolic activity, which showed more thermal stability and production of ethanol

at 50-65 oC at which wild organism could not grow.

9. The ethanol production process can be used as good model system for investigation

of molecular basis of thermostability of moderately thermostable network.

10. The results presented for both ethanol and Ffase production at 23 L fermenter level

are considerably significant for the further development of the large scale

production process, using mutant derivative.

11. The large scale production may also be anticipated as economically feasible as the

optimized carbon and nitrogen sources are cheap and found in abundance in

agricultural countries, like Pakistan. This will also support our industrial scale

production proposal.
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12. Half-lives of FFase produced by the mutant organism were higher than those of its

counter part produced by the wild organism at all temperature. The mutant derived

enzymes exhibited half-lives of 309,235, and 126, 79 and 55 min at 50, 55, 60, 65,

and 70 °C while the enzyme derived by the parental organisms showed respective

half-lives of 263, 139, 62.4, 33, and 15 min respectively. Thus invertase derived by

the Mutant M-15 was twice more thermostable than that derived by the wild

organism and other organisms reported in literature.

13. Magnitude of enthalpy and entropy of irreversible inactivation of mutant-derived

enzyme was significantly (P<0.001 and 0.001 respectively) imp[roved over that

derived by the wild organism while magnitude of Gibbs free energy were increased

for mutant-derived enzyme and is a normal phenomenon of thermostable enzymes.

14. . Half-lives of the mutant were 1086, 926, 933, 929, 693, 433,154,108, 66 at pH 3,

4, 5, 6,7,8,9 10 and 11 while those of invertase derived from the wild organism

showed half-lives of 969, 900,856, 850591, 390, 120, 898 and 33 min respectively

at above pH values.

15. In summary, this is the first report describing the 2-DG-resistant mutant of K.

maximum whose thermostability of metabolic networks involved in both FFase

and ethanol production has been studied The resulting strains showed stable

thermostable properties for 3 years and efficient ethanol fermentation ability at 45

°C (wild 40 °C). Earlier reported strains exhibited these properties at 40 °C. This

mutant organism can grow up to 65 °C and produce alcohol. Further investigations

related to its potential application at industrial scale for power alcohol production

with collaboration with Distilleries is now being undertaken.
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6.2 RECOMMENDATIONS

The recommendations of research reported in this thesis are drawn as under:

1. The results presented for both ethanol and F-fase production at 23 L fermenter level

are considerably significant for the future development of the large scale production

process, using mutant derivative.

2. The large scale production may also be anticipated as economically feasible as the

optimized carbon and nitrogen sources are cheap and found in abundance in

agricultural countries, like Pakistan. This will also support our industrial scale

production proposal.

3. According to genetic manipulation in transgenic form Kluyveromyces marxianus

might be stronger to give maximum yield of ethanol as well as invertase.

4. It is recommended to have additional study to improve the enzyme efficiency for

thermotolerant Kluyveromyces marxianus yeast for the ethanol and F-fase

production.

5. Thermal stability of invertase has been established but is needed for alcohol

dehyrogenases produced by both parental and mutant cultures.

6. Large scale studies at 500,000 L fermenter level will confirm the superiority of our

cultures over traditional cultures.

7. The organism may be more useful for biomass conversion process as this organism

can consume xylose, arabinose, mannose, galactose, lactose, cellobiose; some of

them not utilized by S. cerevisiae
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8. Genetic variability between both parental and mutant organism is kept for future

studies.

9. To make this strain potentially of greater utility in power alcohol production,

conferring flocculation properties on this yeast is desirable.
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APPENDICES
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Appendix –2

REAGENTS FOR PROTEIN ESTIMATION

Bradford reagent

It was prepared by dissolving 100 mg of coomassie blue G-250 in 50 ml of 95% ethanol.

The solution was then mixed with 100 ml of 85% phosphoric acid and made upto1 liter

with distilled water. The reagent was filtered through Whatman No. 1 filter paper and

stored in an amber bottle at room temperature. It was stable for several weeks, but slow

precipitation of dye occurred on prolonged storage. So filtration of the stored reagent was

necessary before use.

Protein standard:

Bovine serum albumin (BSA) at a concentration of 1 mg/ml in distilled water was used as

a stock solution. It was stored frozen.

Standard curve of protein estimation

From stock solution of BSA, the standard solution was prepared by adding 100µl of BSA

in 900 µl of distilled water. This standard solution 10, 20, 30, 40, 50, 60, 70, 80, 90 and

100 µl was added in separate test tube, volume of each test tubes was made up 100 µl

with distilled water then 1 ml of Bradford reagent was added in each test tube. Distilled

water (100 µl) was added into another test tube contain 1ml Bradford for the blank

reagent. The absorbance of all tubes in triplicates was determined at 595 nm within 15-60

min after adding reagent. Standard curve was plotted for concentration of BSA as OD

(absorbance). The absorbance of the sample (100 µl and 1ml B.R) was measured at 590

nm against reagent blank within 30 min. The calibration curve was plotted for each set of

assay.



157

0 1 2 3 4 5 6 7 8 9 10

BSA (ug)

0.00

0.05

0.10

0.15

0.20

0.25

0.30

O
D

a
t

5
9

5
n

m
Standard Curve For Protien Estimation



158

Appendix-3

PREPARATION OF DNS REAGENT:

3, 5-Dinitrosylsylic acid 10.0 g

Rochelle salt (potassium sodium tartrates) 182.0 g

Phenol 3.0 g

Sodium sulphate 0.5 g

Sodium hydroxide 10.0 g

The above reagents were mixed in 600 ml distilled water in a 2 liter flask, stirred

magnetically. When dissolved, volume was made up to 1 liter in a volumetric flask. The

DNS solution was filtered and stored at room temperature in an amber bottle to avoid

photo-oxidation. It was stable for about 6 months.
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Appendix-4

PREPARATION OF DIALYSIS TUBE

Giving the following stepwise requirements developed cellulosic dialysis tubing:

1. The tubing was washed with running water for 3-4 h to remove the glycerin.

2. Treated the tubes with 0.3% (w/v) sodium sulfide at 80 oC for one min to remove the

sulfur contents.

3. Treated the tubes was washed with hot water (60 oC) for 2 min following by

acidification with a 0.2% (v/v) H2SO4.

4. The tubing was again washed with excess hot water to remove the acid.

5. The tubing was stored at room temperature in a 0.2% sodium azide solution to protect

against microbial attack.



160

Appendix-5

Sodium doddery sulfate poly acryl amide gel electrophoresis

(SDS-PAGE)

A 10% SDS-PAGE was performed as described by Laemmli (1970)

Stock Solutions

1. 30% (w/v) acryl amide + 0.8% (w/v) bis–acryl amide

2. 1.5 M Tris/ HCl pH 8.8 +0.3% (w/v) SDS

Resolving gel preparation

The following reagents were mixed together in a 250 ml Buchner flask and degassed for

5 min by a vacuum pump.

Stock solution -1 ……………………………… 3.3 ml

Stock solution -2 ……………………………… 10.0 ml

Distilled water ………………………………… 16.7 ml

After degassing the following reagents were added to initiate polymerization

10% (w/v) aqueous ammonium per sulfate (APS) freshly prepared

APS……………………………………… 133 l

TEMED …………………………………. 27 l

The resolving gels were prepared by pouring the above mentioned mixture into gel

apparatus which was assembled by sandwiching 2 spacers between two glass plates (10

cm x 8 cm x 1.5 cm) on Hoefer’s“Mighty Small SE 245 Dual Gel Caster”. After

polymerization, n-butanol was layered on the top of gel to get even surface. The n-

butanol was removed and top of the gel surface was washed many times with distilled

water.
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Preparation of stacking gel

The following reagents were mixed together in a 250 ml Buchner flask and degassed for

5 min:

Stock solution -1 ……………………….1.5 ml

Stock solution - 3 ……………………….2.5 ml

Distilled water ……………………… 6.0 ml

2% (w/v) aqueous ammonium per sulfate (APS) freshly prepared

APS………………………………………100 l

TEMED …………………………………. 10 l

The stacking gel mixture was then poured on the top of polymerization resolving gel. The

comb (well marker) was immediately inserted and the stacking gel was allowed to

polymerize.

Sample buffer

The following reagents were mixed to prepare sample buffer.

0.75 m Tris/HCl buffer pH 6.5 ………………200 l

Distilled Water ………………………………. 6.3 ml

Glycerol …………………………………….. 2.5 ml

10 % w/v aqueous SDS ……………………. 1.0 ml

Bromophenol blue …………………………. 2.5 mg

- mercaptoethanol …………………………. 5 % (v/v)

Stock electrode buffer
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The following reagents were mixed to prepare stock electrode buffer and this stock

solution was diluted 10 fold in distilled water just before use.

Tris-base …………………………….. 30 g

Glycerol …………………………….144 g

SDS …………………………………. 10 g

Distilled Water ………………………. 1 L

Preparation of - galactosidase for SDS – PAGE

-galactosidase (5 mg ml-1 was mixed in SDS sample buffer. The sample was boiled for 3

min.

Preparation of proteins markers ladder SDS-PAGE

The protein molecular weight marker ladder (Fermatas- SM0431) was used as standard in

SDS-PAGE. The ladder consisted of 7 bands ranging from 20-120 kDa e.g., -

galactosidase – 116 kDa; BSA – 66.2 kDa; Ovalbumin – 45 kDa; Lactate dehydrogenase

– 35 kDa; REase BSP 981 – 25 kDa; -lactoglobulin – 18.4 kDa; Lysozyme -14.4 kDa.

The protein molecular weight marker, supplied in gel loading buffer (10% glycerol, 20 %

SDS, 5% - mercaptoethanol, 50 mM tris/HCl pH 6.8, bromophenol blue) was applied

directly to the SDS-polyacryalamide gel after slight warming.

Running of PAGE

SDS was run at constant voltage of 100 volts. The PAGE was stopped when tracking dye

front reached at bottom of the gel.

Protein staining of SDS polyacrylamide gels

A cut was applied on the lower side of gel to illustrate the direction of electrophoresis.

The gels were treated with 20% (v/v) isopropyl alcohol, a 50 mM sodium acetate buffer

(pH 5) was used to remove SDS and three washes of 15 min each were given. Then the
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gel was immersed in 50 mM sodium acetate buffer (pH 5) to remove isopropyl alcohol

(three changes of 30 min each were given).
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Figure: Standard curve for sub-unit molecular mass determination by 10% SDS-

PAGE


