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SUMMARY

Ophiostoma piliferum is an important mould for wood and paper industry. The
ability of O. piliferum to produce lipolytic enzymes to degrade pitch, an important
problem for paper manufacture, makes it an industrially important organism.
O. piliferum can use lipids of plant and animal origin as a carbon and energy source
for growth, thus it can be an interesting organism for lipase production. Additionally,
lipases are also used in food, pharmaceutic, textile and detergent industries. In
industrial processes, high temperature processes are common. Thus, it would be
advantageous to have an organism that can resist high temperatures and shows lipase

activity at elevated temperatures.

The aim of this study was to improve lipase productivity and broaden the
temperature range of lipase activity in O. piliferum. In order to achieve this, media
optimization and evolutionary engineering, an inverse metabolic engineering

approach, was employed.

In order to create genetic variation, chemical mutagenesis was applied and a mutant
generation was obtained with improved lipase productivity. Media optimization
studies were done to determine the optimal concentrations of carbon sources for
growth and lipase activity. As the next step, the evolutionary engineering approach
was applied to the original mutant population to select for new mutant generaions
with improved resistance to high temperature stresses and with a lipase activity
higher than the wild type also at elevated temperatures. Four mutant generations
were obtained with lipase activity detectable at high temperatures, such as 56°C. The
results showed that evolutionary engineering is a useful strategy for strain

improvement for temperature stress resistance.

Keywords: evolutionary engineering, lipase, Ophiostoma piliferum, temperature
stress



OZET

Ophiostoma piliferum tahta ve kagit endiistrisi i¢in 6nemli bir kiiftiir. Kagit imalat:
icin Snemli bir sorun olan zifti pargalayan enzimler iiretmesi O. piliferum’u
endiistriyel agidan onemli organizma haline getirmigtir. Karbon ve enerji kaynagi
olarak bitkisel ve hayvansal kaynakli lipitleri kullandigindan O. Piliferum lipaz
tiretimi i¢in ilgi ¢ekici bir organizmadir. Ayrica lipazlar gida, ecza, tekstil ve deterjan
endiistrisinde de kullanilirlar. Endiistriyel prosesler i¢inde yiiksek sicaklik prosesleri
yaygindir. Bu ylizden yiiksek sicaklifa dayanikli ve yliksek sicakliklarda lipaz

aktivitesi gosteren bir oranizmaya sahip olmak oldukg¢a avantajlidir.

Bu c¢alismanin amact O. piliferum lipaz Uretimini arttirmak ve lipaz aktivitesi
gosterdigi sicaklik araligini genisletmektir. Bunu saglamak amaciyla besiyeri
optimizasyonu ve bir tersine metabolizma mithendisligi yaklagimi olan evrim

mithendisligi uygulandi.

Genetik cesitlilik yaratmak igin kimyasal mutasyon uyguland: ve lipaz iiretimi daha
iyi olan bir mutant jenerasyon elde edildi. Bliylime ve lipaz aktivitesi igin gerekli
karbon kaynaklarinin  optimum konsantrasyonunu bulmak ig¢in  besiyeri
optimizasyonu c¢aligmasi uygulandi. Bir sonraki adim olarak yiiksek sicaklik
streslerine dayanikli ve yliksek sicakliklarda orjinal tipe gore daha yiiksek lipaz
aktivitesi gOsteren yeni mutant jenerasyonlart se¢gmek i¢in evrim miihendisligi

yaklagimi1 uygulandi.

Lipaz aktivitesini 56°C derece gibi yiiksek sicakliklarda gsterebilen dort mutant
jenerasyon elde edildi. Sonuglar suglar1 yiiksek sicaklik streslerine dayanikli hale

getirmek i¢in evrim mithendisliginin uygun bir yéntem oldugunu gésterdi.

Anahtar kelimeler: evrim mithendisligi, lipaz, Ophiostoma piliferum, sicaklik stresi

Xi



1. INTRODUCTION

1.1 Ophiostoma piliferum

Ophiostoma piliferum is an industrially important fungus which can degrade pitch
from wood. Pitches are the sticky compounds which cause paper stain and fouling of
the equipment during paper and pulp manufacture. O. piliferum is known to cause
decrease in wood triglycerides when applied to solid wood leading to increase in the
free fatty acid content (Brush et al., 1999). This shows that O. piliferum is a producer
of lipolytic enzymes. Lipase activity was identified in liquid cultures of O. piliferum
(Brush et al., 1999). O. piliferum is a good choice for lipase production because it is
able to utilize lipids of plant and animal origin as the source of carbon and energy for
growth (Dorado et al., 2000). The carbon and nitrogen sources have an important
effect in the production of extracellular lipase from O. piliferum. Induction of lipase
activity by olive oil has been reported in O. piliferum species
(Calero-Rueda et al., 2002).

O. piliferum has higher sequence identity with the ascomycetes (91-97%) than with
basidiomycetes (84-87%). Thus, it is shown under the ascomycota. Phylogenetic
relationships among ascomycetes revealed that O. piliferum closely grouped with
Rhynchosporium secalis (Schroeder et al., 2001). Studies showed that O. piliferum is
not a virulent pathogen so this makes O. piliferum suitable for several applications
(Dunn et al., 2002).

The ability of O. piliferum to outcompete beetle mutualists on both artifical and
natural substrates indicates promise for this fungus which grows much faster than
beetle mutualists. It reduces the growth of mutualists, prevents colonization of

mutualists and results in discolorization of colonized wood (Klepzig, 1998).

One likely scenario for the use of O. piliferum in field would involve inoculating a
spore suspension of the fungus into trees as soon as it becomes apparent that the trees

are being attacked.



Wood sap-staining fungi are saprophytes that grow in and discolor softwood and
hardwood lumber (Schroeder et al., 2001).

Sapstain fungi are ideally suited for wood pretreatment because they are capable of
assimilating the easily available carbon and nitrogen mutants present in parenchyma
cells, resin ducts and other woody tissues. Additionally, these fungi can rapidly

colonize non-sterile wood chips (Dorado et al., 2000).

Many sapstaining species belong to the ascomycete Ophiostoma genus, within this
genus, O.piliferum has been manipulated by ascospore mating and selection

procedures to generate colorless strains.

Wood compounds soluble in organic solvents, a complex fraction collectively named
as extractives, amount to 2-6 % of wood dry weight (George et al., 1999). The
concentration and composition of extractives in wood varies with species, within and

among trees or with environmental conditions (Leone and Breuil 1998).

Wood extractives are non-structural lipophilic constituents of wood consisting
mainly of triglycerides, resin acids, free long chain fatty acids, sterols, waxes and
steryl esters (Dorado et al., 2000). Triglycerides tend to be the dominant class in the
sapwood of most wood species, accounting for between 60 and 70 % of the total
extractives (Leone and Breuil, 1998). Resin acids such as dehydroabietic acid
(DHA), abietic acid, primeric acid and isopimaric acid are primary source of toxicity
to fish (Wang et al., 1995).

In pulping and paper manufacture, triglycerides and other lipophilic components of
wood extractives are responsible for the formation of undesirable deposits, pitch in

the pulp and paper manufacture (George et al., 1999).

Pitch deposition is a serious problem in the industry and is responsible for;
e Reduced levels of production
e Higher equipment maintenance costs
e Higher operating costs

e Increased incidence of quality defects in the finished product

2



Pitch problems are particularly important in the manufacture of mechanical,

chemical- mechanical and sulfite pulps (Dorado et al., 2000).

Also the deposition of extractives in in paper machines is responsible for;
e Decreased machine runnability
e Occassional breakage of the paper sheet
e And unplanned shut-down of operations (Dorado et al., 2000).

Traditionally, pitch deposits during pulping processes have been reduced by
debarking and seasoning logs and wood chips and by adding pitch control agents.
However, often the results are far from satisfactory (Gutierrez et al., 1999). Chemical
methods are mainly based on the flocculation of colloidal resin with aluminum
sulfate, adsorption of pitch on to talc, or dispersion of colloidal resin by addition of
different types of dispersants and surfactants. These chemical additives can have
undesirable side effects. Along with chemical methods, wood seasoning is often
applied for pitch control. Seasoning considerably reduces the extractive content in
wood; however, this requires storage of the wood for relatively long periods. Other
disadvantages of seasoning include high personal and capital costs
(Dorado et al., 2000).

Alternatively, biological control of pitch deposits by treatment of pulp with enzymes
and treatment of wood with different microorganisms have been suggested in recent
years. These biotechnological approaches have involved mainly treatment of wood
with Opiliferum and related species, as well as some basidiomycetes
(Gutierrez et al., 1999). Treatment of wood chips with Cartapip, a colorless isolate of
O.piliferum, result in 60-80% decrease in their triglyceride content. This indicates
that the fungus is a producer of the lipolytic enzymes. Enzymatic treatment of
mechanical pulp has been reported to solve pitch problems and reduce bleaching

chemical requirements (George et al., 1999).

Many wood species consist of 2-6% lipids and sapstaining fungi use sapwood
triglycerides during colorization by producing extracellular lipases that hydrolyze

triglycerides into free fatty acid and glycerol (Breuil, 1997). Triglyceride hydrolysis



by fungal lipases produced during wood colorization did not lead to an accumulation

of free fatty acids in the treated wood (Dorado et al., 2000).

Because of these advantages, O. piliferum is quite suitable to be used in biopulping
in large scale industrial applications as a pretreatment for wood chips before

mechanical pulping, to remove pitch and prevent blue stain.

Despite many advantages such as degrading triglycerides in wood extracts,
O.piliferum has some properties which have to be improved. While triglycerides and
fatty acids are easily metabolised by O. piliferum, steryl esters/waxes, which play an
important role in hardwood pitch problems, appear to be more resistant to fungal
degradation. There are some other fungal species which can degrade or modify steryl
esters/waxes but degradation occurs more slowly than would be needed for industrial

application (Leone and Breuil, 1998).

The poor ability of sapstain fungi to degrade resin acids has also been reported in a
study considering several strains in the genus Ophiostoma. The relatively low level
of oxygen substituents and the high degree of saturation were suggested to make

resin acid structures very stable and difficult to degrade (Dorado et al., 2000).

O.piceae esterase and related enzymes could have a high interest for pitch biocontrol
in paper pulp manufacturing since sterol esters are problematic compounds forming
pitch deposits during pulping of eucalypt and other hardwoods that contain high
amounts of the oleate and linoleate esters of sterols. Esterase from O.piceae is able to

hydrolyse both triglycerides and sterol esters (Calero-Rueda et al., 2002).

Also P. crassiuscula is a promising new strain for pitch control. It can effectively

reduce the extractive content from scots pine sapwood (Dorado et al., 2000).

Recently, the biopulping strains Ceriporiopsis subvermispora, Phanerochaete
chrysosporium and Phlebiopsis gigantea were reported to reduce the extractive
content in wood. These findings suggest that the use of white-rot fungi could enable
the development of a single biotechnological process for the depitching,
detoxification and biopulping of wood chips. Such a process could be very
advantageous compared to recently introduced biological methods for pitch control,

i.e. deresination of wood chips by pretreatment with the sapstain fungus O. piliferum



and the enzymatic degradation of the pulp triglycerides with lipase preparations.

Furthermore, it should be noted that the use of white rot fungi could have some
drawbacks as compared to sapstain fungi. These include the need for chip
presteaming and nutrient supplementation which is not required for the application of
sapstain fungi. Careful process control is also critical when white rot fungi are used
in wood chips pretreatment. Unlike sapstain fungi, white rot basidiomycetes could
attack the structural components of the woody cell wall and cause undesired losses in

pulp yield and quality during extended incubation periods (Dorado et al., 2000).

Consequently, to be more effective in controlling pitch problems in pulping, it is
necessary either to find organisms that can degrade all extractives classes or more
likely to use mixtures of synergistic microorganisms that act on different extractives

classes (Leone and Breuil, 1998).

1.1.1 Cartapip™: the commercial Ophiostoma piliferum strain

Natural isolants of O. piliferum cause blue stain in the sapwood of conifers. Colorless
isolants of O. piliferum, isolated in the laboratory, marked as Cartapip™™ have been
shown not to cause discoloration of wood (Farrell 1993). The forestry uses
Cartapip™ for two reasons: first it secretes a lipase that breaks down pitch in wood,
which minimizes fouling of equipment during paper manufacture. Second,
colorization by Ophiostoma piliferum excludes other fungi, including those that stain

wood dark blue, thereby reducing its value (Liu et al., 2001).

1.2 Lipases

Enzymes, also named as biocatalysts, are proteins, fulfilling a number of important
functions. They are involved in reactions where substances will be broken down or

synthesized at a higher rate (Jeffries, 2004).

Lipases (glycerol ester hydrolyses EC 3.1.1.3) are enzymes that catalyze the
hydrolysis of ester bonds of triacylglycerol substrates. Most of the lipases are water

soluble enzymes acting on water-insoluble substrates (Beisson, 2000).

Lipases have a wide range of properties depending on their source with respect to

positional, fatty acid and stereospecificity. Other characteristics such as thermo

5



stability, optimum pH etc. suggest that one could find a suitable lipase for any

desired application (Heerden et al., 2002).

Yeast and fungal strains can produce lipase cell-bound or excreted into the medium,
by submerged cultivation under optimum conditions. The presence of triglycerides,
surfactants or vegetable oils in the culture medium has in most cases an inducible

effect on lipase synthesis by yeast and fungal strains (Ionita et al., 1997).

Lipases have been utilized for transesterification reactions, synthesis of structured
triglycerides for nutrition, and ester synthesis. Due to the utilarian value of the
reactions catalyzed, organic chemists have created a toolbox of lipases with different
properties. The various properties include thermotolerance, reactivity and stability in
organic solvents. To expand the repertoire of catalytic possibilities in their toolbox,
chemists continue to search for new lipases from nature or to engineer the desired

properties into available enzymes (Brush et al., 1999)

Practical use of microbial lipases caused a great interest in biotechnological research,
concerning the improvement of both the producing strains and the biochemical

properties of the lipolytic enzymes (Ionita et al., 1997).

In general, lipases are very popular in various applications. This is because firstly
they are readily available in large quantities, as many of them can be produced in
high yields from microbial organisms, namely fungi and bacteria. Secondly, the
crystal structures of many lipases have been solved, facilitating considerably the
design of rational engineering strategies. Finally, they do not usually require

cofactors nor do they catalyze side reactions (Jaeger and Eggert, 2002).

The latest trend in lipase research is towards the discovery of novel enzymes and a
greater understanding of previously discovered enzymes and their functional

significance using molecular tools such as protein engineering (Gupta et al., 2003).

1.2.1 Industrial use of lipases

Lipases are commonly used in food industry: in the production of fruit juices, baked
foods and vegetable fermentation to dairy enrichment. Microbial lipases have been

used for the production of desirable flavors in cheese and other foods.



Lipases also have biomedical applications: they are capable of catalyzing synthetic

reactions, which leads to the production of life-saving drugs.

Lipases also exist in detergents: lipase, protease, amylase, and cellular enzymes are
added to detergents where they catalyze the breakdown of chemical bonds on the
addition of water. To be a suitable additive in detergents, lipases should be both

hemophilic and alkalophilic.

Lipases are used in the cosmetics and perfume industry as well: the overwhelming
interest of technocrats in screening lipases for use in the cosmetics and perfume
industry has mainly been due their activity in surfactants and in aroma production,

which are the main ingredients in cosmetics and perfumes.

Lipases find applications in pulping: they can be used in pulp and paper processing.
Biological control of pitch deposits can be obtained by treatment of pulp with lipase.
Triglycerides, the key component in resins for pitch problems are degraded by these
enzymes, which leads to fewer deposits (Gutierrez et al., 1999).

1.3  Detection of Lipase Activity

Various methods are available in the literature for measuring the activity of lipases.
These methods differ in terms of their basic principle, substrate selectivity,

sensitivity and applicability (Beisson et al., 2000).
These methods can be classified as follows:
a) Qualitative estimation
e QGel diffusion assay
b) Quantitative estimation
e Titrimetry
e Colorimetric assays

e Fluorescence



e Chromatographic procedures
¢ Immunological methods (Gupta et al., 2003)

In all of these methods, lipase activity is measured depending on the triacylglycerol

hydrolysis reaction catalyzed by lipases and measurement of released free fatty acids.

It should be kept in mind, however, that the general triacylglycerol hydrolysis

reaction catalyzed by lipases can be written as follows:

TAG:_> DAGT; MAGT Glycerol

FFA FFA FFA

Figurel.3 The general triacylglycerol hydrolysis
TAG : Triacylglycerols, DAG : Diacylglycerols, MAG : Monoacylglycerols, FFA : Free
Fatty Acids (Beisson et al., 2000).

1.3.1 Qualitative estimation of lipase activity

1.3.1.1 Gel diffusion assay

For qualitative estimation, screening and isolation of microorganisms for lipase
activity, the most frequently used method is the use of agar plates containing
triglycerides or Tweens. Lipase-catalyzed hydrolysis gives rise either to clearing or

opacity zones developed around colonies of lipolytic organisms.

About 75% of the yeast and fungal strains which had been tested using GYP
(glucose, yeast extract, peptone)-agar medium supplemented with CaCl, and Tween

80 were lipase-positive (lonita et al., 1997).

Gel diffusion assay has been widely used to screen lipases in culture supernatants of
various microbes as, on the lypolysis of triacylglycerol, a clear zone is produced.
Alternatively, an indicator is added to the agar that in turn forms complexes with the
acids, and a colored zone is produced. The indicators used are Nile Blue Sulphate

and Victoria Blue.

These tests are very convenient for fast screening of lipolytic microbes growing on

agar plates (Gupta et al., 2003).



1.3.2 Quantitative estimation of lipase activity

This method enables the characterization of lipase activity, specificity, as well as the
interfacial activation. Triolein (or, as a cheap alternative, olive oil, which contains
70% triolein) is a generally used, internationally accepted substrate
(Gupta et al., 2003). The pH-stat method is highly sensitive; it is generally used as a
reference assay. The pH-stat titration technique consists of the controlled addition of
dilute acidic or alkaline solutions to maintain a constant pH in systems where a pH
affecting reaction is taking place. Under these conditions, the titration rate is

proportional to the reaction rate (Ficara et al., 2003).

This technique is applicable to any biological or physico-chemical reaction affecting
the proton concentration, i.e., any reaction converting neutral substrates into acidic or
basic products, or acidic or basic substrates into neutral products
(Ficara et al., 2003). The pH-stat unit consists of a bioreactor, where the biomass is
maintained at constant temperature and mixed at a constant rate, or pH-meter and a

titration control unit (Ficara et al., 2003).

In pH stat method, the enzyme is injected into the reaction vessel with a thermostat,
and the vessels containing the emulsified substrate. The lipase activity is measured
by recording the amount of titrate (NaOH) added to maintain the pH at a constant
end point value during the reaction (Beisson et al., 2000). Lipase activity is then
measured on a mechanically stirred emulsion of neutral or synthetic triacylglycerols
by neutralizing the free fatty acids released with time by adding titrated NaOH in

order to maintain the pH at a constant end point value (Beisson et al., 2000).



Glass
NaOH electrode

oobo obo
oo 0O

Figure 1.3.2 The pH-Stat Setup

One unit of lipase activity is defined as the amount of enzyme that catalyses the
release of 1 pumol of fatty acid (butyric acid) from olive oil (tributyrin) per min under

the standard assay conditions (Heerden et al., 2002).

However, titrimetry is laborious and time-consuming. Colorimetric and fluorimetric
assays provide the option of simpler and more rapid assays, although the substrates
are expensive and therefore not used as widely as the standard assay protocols
(Gupta et al., 2003).

1.3.2.1 Spectrophotometric assay

In spectrophotomertric assays, p-Nitro phenol esters can be used as substrates. It is
possible to measure the release of p-nitro phenol by spectrophotometer at 410 nm.
Short chain esters are water soluble and therefore their hydrolysis provides a measure
of esterase, rather than lipase activity. In this assay, the enzymatic reactions cannot
be performed at acidic pH owing to the lack of absorbance of p-nitro phenol at acidic
pH. Thus, by using this procedure, enzyme activity can be measured only at neutral
and alkaline ph values. The use of this assay for acidic conditions is possible if the

pH of the reaction mixture raised when the reaction has finished.

Also p-nitro phenol has different pH values when this assay is performed at different
pH values. Therefore, standards at the appropriate pH values should be incorporated

into the assay protocol (Gupta et al., 2003).
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p-nitro phenyl ester assay is not suitable to analyze the lipase substrate specificity,
since activity with an ester substrate does not predict lipolytic activity with a
triglyceride. However, the use of p-nitro phenyl esters does provide a quick method
for locating enzyme activity during purification and is more sensitive than titrimetry

(Brush et al., 1999).

Colorimetric assays are based on hydrolysis of the colorless ester B-naphtyl caprylate
(octanoate) to yield colored B-napthol, which is measured spectrophotometrically at
560 nm. a-Naphtyl esters such as a-naphtyl acetate, naphtyl propionate and naphtyl

butyrate are also used as substrates.

The hydrolysis of carboxylic esters of a-napthol, para-nitrophenol or 24-
dinitrophenol causes release of alcohols that can be monitored continuously and
quantitatively using a spectrophotometric method. The appearance of the yellow

colored para-nitrophenol can be monitored by reading the absorbance at 405 nm.

A continuous spectrophotometric assay based on the metachromatic properties of
cationic dye safranine has been described. Lipolytic reaction causes change in the
negative charge at the lipid/water interface. This can be monitored by the absorbance
change of safranine. Lipase activities as low as 50 mU could be detected using an
olive oil emulsion as a substrate. This method has two times higher sensitivity than

the pH-stat method. (Beisson et al., 2000).

Besides measurements of the colored product, spectroscopic assays are also based on
precipitation of fatty acids with calcium or copper. Von Tigerstrom and Stelmaschuk
have described a method that involves precipitation of fatty acids released by Tween
20 hydrolysis, with CaCl,, and increase in absorbance is measured at 500nm
(Von Tigerstrom and Stelmaschuk, 1989). This turbidimetric method is much more
simple and at least 36 times more sensitive than the titrimetric assay with Tween 20,
and at least four times more sensitive than a spectrophotometric assay with p-nitro

phenyl palmitate (Gupta et al., 2003).

Fluorescent compounds have also been used for lipase assay. The method involves
measurement of the fluorescent fatty acids released as a result of lipase activity.

Triacylglycerols having one of the alkyl groups substituted with a fluorescent group,
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such as pyrenyl, can be used (Gupta et al., 2003).

The main advantages of fluorimetric assays are their sensitivity and the fact that they

make it possible to continuously maintain the reaction kinetics (Beisson et al., 2000).

1.3.2.2 Chromatographic procedures

Chromatography can be used for direct determination of the release of fatty acids
following enzyme-catalysed hydrolysis of a lipid substrate. High pressure liquid
chromotography can be used for identification of the product of lypolysis. It has been
used for lipases from Pseudomonas sp, Candida neugata, Rhizopus arrhizus,

Geotrichum candidum and Penicillum sp.

1.3.2.3 Immunological methods

The immunological methods are highly specific and sensitive. They have been used
for detection of lipases in Staphylococcus aureus. However, they cannot be used as
routine laboratory assays, since a purified enzyme sample as well as the raising of

poly- or monoclonal antibodies is prerequisites (Gupta et al., 2003).

1.4 Optimization of Lipase Activity

Different strategies can be used for the optimization of lipase activity. It is known
that carbon sources have an effect on lipase production. Optimum amount of carbon
sources for optimum activity can be estimated by a method called response surface
methodology which is discussed in detail in section 1.4.2. The use of carbon sources
at optimum level in medium will increase the lipase activity and improve the growth
of the strain. Alternatively, the lipase production capability of the strain can be
improved using evolutionary engineering, an inverse metabolic engineering strategy
(Section 1.5.) By evolutionary engineering, one can also improve the strain for the

production of lipase at a wide range of temperature and pH.

1.4.1 Effect of carbon source on enzyme production

It is reported that all combinations of carbon and nitrogen sources resulted in similar
high levels of extracellular lipase activity (143-155 Udm™) at 168™ hour post

inoculation in O. piliferum (George et al., 1999). However, it is noted that only
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cultures provided with olive oil as the carbon source exhibited these high levels of
activity as early as 96 hours post inoculation (George et al., 1999). It is reported that
O. piliferum was still in growth phase at 96.hour post inoculation in all cultures
examined. Therefore, it is possible that in cultures provided with glucose as the
carbon source, lipase production was being repressed at 96. hour, because it is likely
that glucose was still being utilized. High levels of lipase activity, during late
stationary phase in these cultures, may indicate the utilization of constituent lipids in
mycological peptone and yeast extract as an alternative carbon source

(George et al., 1999).

Out of the combinations of carbon and nitrogen sources studied, yeast extract and
olive oil resulted in the best overall lipase activity, during the seven day culture

period (George et al., 1999).

In another study esterase production by O. piciae; it is reported that esterase
secretion by O. piciae in the medium with olive oil as the sole carbon source reached
the maximal esterase activity at 3 incubation days (around 55 mU/ml) during the
stationary growth phase. In the medium containing only glucose as the sole carbon
source, the esterase activity was produced after 3 incubation days, when glucose was
depleted, reaching the maximal activity after 6 incubation days (around 85 mU/ml).
In the glucose medium supplemented with olive oil, the stationary phase was attained
after 7-8 incubation days. It is reported that the esterase activity increased with

increasing olive oil concentration in the medium (Calero- Rueda et al., 2002).

1.4.2 Response surface methodology

Response Surface Methodology (RSM) is a collection of statistical and mathematical

techniques useful for developing, improving and optimization processes.

The most extensive applications of RSM are in the industrial world, particularly in
situations where several input variables potentially influence some performance
measure or quality characteristics of the product or process. This performance

measure or quality characteristics is called response.

In the industrial world, a very important problem is determining the conditions that

optimize the process. RSM can be used for determining the levels of time and
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temperature which result in maximum yield, or it can be used for the optimization of

amounts of carbon sources (Myers and Montgomery, 1995).

Figure 1.4.2 shows the relationship between the response variable yield (y) in a
chemical process and the two process variables (or independent variables) reaction
time (&) and reaction temperature (§,). Note that for each value of &; and &, there is a
corresponding value of yield y, and that view these values of the response yield as a
surface lying above the time-temperature plane, as in Figure 1.4.2(a). It is this
graphical perspective of the problem environment that has led to the term response
surface methodology. It is also convenient to view the response surface in the two-
dimensional time-temperature plane, as in Figure 1.4.2(b). In this presentation it is
looked down at the time-temperature plane and connecting all points that have the
same yield to produce contour lines of constant responses. This type of display is

called a contour plot.

Clearly, if the graphical displays could be easily constructed in Figure 1.4.2,
optimization of this process would be very straightforward. By inspection of the plot,
it is noted that yield k maximized in the vicinity of time & = 2.0 hr and temperature
&=500°C. Unfortunately, in most practical situations, the true response function in
Figure 1.4.2 is unknown. The field of response surface methodology consists of the
experimental strategy for exploring the space of the process or independent variables
(here the variables &; and &), empirical statistical modeling to develop an appropriate
approximating relationship between the yield and the process variables, and
optimization methods for finding the levels or values of the process variables &; and

&, that produce desirable values of the responses (in this case that maximize yield).
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Figure 1.4.2 (a) A theoretical response surface showing the relationship between yield of a
chemical process and the process variables reaction time (&;) and reaction temperature (£ ;).
(b) A contour plot of the theoretical response surface (Myers and Montgomery, 1995).

1.4.3 Effect of temperature and pH on lipase activity

Heerden et al, 2002 reported that the lipase from Aspergillus niger showed
preference for acidic conditions, with maximal activity between pH 3 and pH 5 that
compares well with the lipase purified from Penicillum simplissimum. The
extracellular lipases produced by A.niger and A.oryzae, Chromobacterium viscosum
and Rhizomucor spp. are particularly active at acidic pH to neutral ranges. Many
authors have reported on lipases with pH optima in the alkaline regions, mostly of

bacterial origin (Heerden et al., 2002).
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In another study, lipase purified from O. piliferum was used (Brush et al., 1999). In
that study, the lipase demonstrated no loss of activity over 2 hour upon incubation
from pH4 to pHS8. An increasing loss of activity was observed as the temperature was
increased to 55°C. After 30 minutes at 55°C, no activity was detected. Using olive
oil as the substrate, lipase activity was accessed at various temperatures and pH

values (Brush et al., 1999).

In a different study, it was reported that increasing culture medium pH from 6.5 to
7.5 had relatively little effect on the activity of extracellular lipase but halved the
activity of extracellular esterase. Poor biomass production, at that pH, was indicated
by the increased yields of both enzymes. Decreasing medium pH, from 6.5 to 5.5,
resulted in an increase in the extracellular activities of lipase. Biomass production
was lower at pH 5.5 than at 6.5 as indicated by the higher factors of increase in yields

compared with those for activity (George et al., 1999).

It was reported that most microbial lipases exhibit maximum activity in the pH range
from 5.6-8.5 and temperature range of 30-40°C. The optimum activity at 45°C and
pH 6,9 observed for the O. piliferum lipase is in agreement with activity profiles of

other lipases isolated from mesophilic organisms (Brush et al., 1999).

1.5 Metabolic Engineering and Inverse Metabolic Engineering

Metabolic engineering has been defined as “the improvement of cellular activities by
manipulation of enzymatic, transport and regulatory functions of the cell with the use

of recombinant DNA technology” (Bailey, 1991).

In other words, the term “metabolic engineering” embodies a wide array of
manipulations and experimental approaches to improve the productivity of a desired
metabolite by an organism (Strohl, 2001). Included under the banner of metabolic

engineering are examples of}
e Improvement in productivity and /or yield,
e Improvement of substrate uptake,

e Broadening the substrate range of an organism,
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e Improvement of the suitability of an organism in fermentations (ie, “fitness”),
e Analysis and modifications of metabolic fluxes,

e Elimination of metabolic overflow,

o Elimination of unwanted or competing metabolic pathways,

e Improvement of the organism to resist noxious conditions such as solvents

and so forth (Strohl, 2001).

Besides playing a role in improving yield and productivity, metabolic engineering
offers the possibility to construct novel pathways, for example through recruiting

heterologous enzyme activities or through engineering novel enzymes.

A rational approach to strain improvement based on metabolic engineering generally
requires knowledge of the pathway characteristics; normally it is not possible to
consider the pathway leading to the metabolite of interest alone, but the whole
metabolic network has to be considered. For this reason, it is important to quantify
how the carbon fluxes are distributed in the network and how these fluxes are

controlled (Nielsen, 1998).

Although metabolic engineering is typically applied to microorganisms and plants,
its approach and motivation mirror that of gene therapy and therefore may find

increased application to greater eukaryotes (Wang et al., 2000).

Metabolic engineering covers the whole biotechnology. The field is poised to benefit
further from developments in genomics, proteomics and new technologies such as

DNA microarrays that probe the expression phenotype of cells.

However there are some difficulties associated with metabolic engineering such as;
¢ Difficulties in determination of the flux-limiting step,
e Need on detailed knowledge of the pathway of interest,

» Information of the identity of the pathway and the identity of the enzymes

involved in this pathway,
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e Detailed information on the enzyme kinetics and the intermediate metabolites

(to determine the flux-limiting step),
e The need for a high number of stimulus-response experiments (Bailey, 1991).

Later developments of metabolic engineering have considered much more
complicated metabolic network and objectives such as selectivity improvement or
creation of a pathway new to the original network. However, common to most of
these exercises is a rational, deductive approach (Bailey, 1991). Typically based on
knowledge of the metabolic system of interest, a genetic manipulation is proposed
which in some way has postulated potential benefit based on the expected
perturbation within the known biochemical network. This classical way of posing the
metabolic engineering problem and of formulating a solution strategy is termed

“constructive metabolic engineering® (Bailey et al., 1996).

Constructive metabolic engineering often fails because the designer is ignorant of
important processes connected with the pathway of interest (Bailey et al., 1996). To
overcome these kinds of difficulties a new approach was employed which is called

“inverse metabolic engineering” (Bailey et al., 1996).

Inverse metabolic engineering (IME) is a convenient framework for integrating
evolutionary engineering approaches, based on random mutagenesis and selection,
with ‘direct’” metabolic engineering approaches, based on recombinant DNA

technology and a thorough analysis of metabolism.

IME was first codified as: “The elucidation of a metabolic engineering strategy by:
first, identifying, constructing, or calculating a desired phenotype; second,
determining the genetic or the particular environmental factors conferring that
phenotype; and third, endowing that phenotype on another strain or organism by

directed genetic or environmental manipulation” (Bailey et al., 1996).

A potential advantage of inverse metabolic engineering is initiation of the design

process with a known, different, desirable phenotype (Bailey et al., 1996).
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Figure 1.5.a The inverse metabolic engineering approach. First, evolutionary mechanisms
operating in nature or in the laboratory result in the generation of the phenotype of interest.
Genetic studies are performed to elucidate the basis of the phenotype, which provides
guidance for further metabolic engineering. The genes are either engineered into a strain
more suited to the intended application or the natural host is used for industrial production.
Alternatively, further laboratory evolution may be pursued and the IME approach executed
until the desired phenotype is obtained.
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Figure 1.5.b Principles of metabolic engineering (Thykaer and Nielsen, 2003)
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1.6 Genetic Variation

The occurence of spontaneously arising genetic variants of microorganisms and the
experimental use of chemical and physical mutagens to induce genetic variations are

at the basis of microbial genetics which has its origin in the 1940s (Arber, 2000).

There are three strategies which cause spontaneous generation of genetic variants by

spontaneous alterations in the sequence (Arber 2000, Sauer 2001).
These strategies are;
1. Small local changes in the nucleotide sequence of the genome

This strategy brings about local DNA sequence changes such as nucleotide
substitutions, small deletions and small insertions of one or a few nucleotides or a

limited scrambling of nucleotides.
2. Intragenomic reshuffling of segments of genomic sequences

This second strategy is a segmentwise rearrangement of genomic DNA sequences by

recombinational reshuffling.
3. The acquisition of DNA sequences from another organism

This is based on horizontal gene transfer and results in the acquisition of foreign

DNA sequences.

Nature takes advantage of nongenetic factors for the production of genetic variants.
Chemical and physical mutagens are the member of nongenetic factors. They are
used for the production of genetic variants. The use of chemical and physical
mutagens to induce genetic variations is at the basis of microbial genetics which has

its origin in the 1940s (Arber, 2000).

Genetic variation is a prerequisite for biological evolution. The sequence of any gene
can be “evolved” to the sequence of any other gene by a series of discrete mutations
that include base substitutions, duplications and/or deletions induced by mutagens.
Thus, small local changes in the nucleotide sequences of the genome can be obtained

by using chemical mutagens (Hall, 1999).
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Figure 1.6 Sources of genetic diversity (Arber, 2000)

1.6.1 Chemically induced mutagenesis

Induction of mutagens by chemical treatment is frequently used because it is

technically simple and widely applicable to almost any organism.

Most chemical mutagens preferentially introduce certain types of mutations such as
exchange of specific nucleotides or frame shifts, but many including ethyl methane

sulfonate (EMS) can also induce deletions of considerable length (Sauer, 2001).

EMS has been very popular due to its ability to introduce mutations at high
frequency.

EMS mutagenesis is a standard technique to induce point mutations in DNA. EMS
alkylates primarily guanine leading to mispairing: alkylated G pairs to T instead of

C. The resulting mutations are mainly transitions (GC—>AT)

The molecular drawback of EMS mutagenesis is that the molecular lesions are

primarily G/C to A/T transitions.

Codons for five amino acids: phe (UUY), ile (AUY, AUA) tyr (UAY), asp (AAY),
and lys (AAR) are mutable by EMS to other residues only at extremely low
frequencies and codons such as those for proline (CCX) and glycine (GGX) are not

normally produced by EMS mutagenesis (De Stasio, 2001).
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Another chemical mutagen N-ethyl-N-nitrosourea (ENU) is more potent mutagen
than EMS. ENU has been shown to produce a different spectrum of mutations. ENU
induced mutagenesis is able to induce mutations in all codons most being from GC to
AT.

This shows that ENU is a superior mutagen for genetic studies of protein function
and protein-protein interaction, in which a variety of amino acid changes are desired;
such variety may also give rise to a wider range of phenotype mutagenesis (Kim,

2004).

But apart from this advantage, ENU has an important disadvantage that it is more

toxic than EMS (De Stasio et al., 2001).

For efficient evolutionary engineering, mutagenic treatment with an optimum dose of
mutagen is particularly critical when performing successive rounds of mutagenesis
and selection. While the primary requirement is to increase the proportion of mutants
in the surviving population, the optimum dose yields the highest proportion of
desirable mutants. Although the optimum dose may be difficult to estimate for
complex or difficult to detect phenotypes, related but easily scorable may be used to
help determine the optimum range. Any mutagenic treatment will give a dose
response curve similar to either curve A or B (Figure. 1.6.1) where in the type of
curve appears to depend on the scored phenotype rather than on the mutagenic
treatment used. Suboptimal mutagen dose will obviously create less diversity (Sauer
2001). It is generally accepted that the frequency of mutations increases with an
increase in dosage and dose rate. However, the survival of organisms decrease with
an increase in dosage/dose rate with the risk that a favorable mutation may be

accompanied by one or more that are unfavorable (Bhagwat and Duncan, 1998).

This is because advantageous adaptive mutations that occur in the background of
neutral or weak mutations allow these undesired mutations to hitchhike along
(Sauer, 2001).
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Figure 1.6.1 Typical mutation kinetics curves (Sauer, 2001).

1.7 The Aim of the Present Study

In this study, the aim was to improve lipase productivity and to broaden the
temperature range of lipase activity in Ophiostoma piliferum by using media
optimization and evolutionary engineering strategies. For this purpose, firstly,
chemical mutagenesis (EMS) was applied to create genetic diversity in the original
strain. A mutant population with improved lipase activity and without any growth
deficiency was obtained. Media optimization studies with two carbon sources
(glucose and olive oil) were then performed with the mutant population for optimum
growth and lipase production. Response Surface Methodology (RSM) was used for
this purpose. Additionally, an evolutionary engineering approach was applied to the
original mutant population to select for new mutant generations with improved
resistance to high temperature stresses and with a lipase activity higher than the wild
type also at elevated temperatures. For this purpose, the temperature stress level was
either gradually increased or kept at the same internal low level as two alternative
selection strategies. The mutant populations selected with two methods were

compared and discussed.
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2. MATERIALS AND METHODS

2.1 Materials

2.1.1 Mould strain

Ophiostoma piliferum PCL D207 was kindly provided by Prof. Dr. Tajalli

Keshavarz, University of Westminister, London, UK.

2.1.2 Mould culture media

2.1.2.1 Composition of solid medium

Potato Dexstrose Agar (PDA) Composition

Potato infusion ......ccceeevveecvverceennnes 4 g
D-glucoSe ...eeevvereerrerrerneeneenseenaenne 20 g
AZAr-agar ....ccoeverrererencererersennecseennes 15 g

per liter of distilled water

2.1.2.2 Compoeosition of liquid medium

Basal salts

NaH,PO4 12 g
KH2POg ooceviiieniiirinniniiiiiiiiirinens 2 g
CaCla.2HoO auuuveiviviieieiiiieirevnenirannns 330 mg
MgSO4.7H20....ciiiiiriirinireininenes 30 mg
ZNSO4THLO . riivirereeeieeieenennnne 30 mg
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MnSO4AH0..c.ooeeeereereeeeeereesnen 12 mg
TSSO Va5 270 JOU 500 pg

Carbon Source

OliVE Ol..eeeeeneeeereneeneerecreeneecnerenne 6.25 ml
Nitrogen Source

Yeast eXtract....cocceerrvveenereenncneeeenne 205 g
per liter of distilled water

The pH of the medium was adjusted to 6.5 with NaOH.

2.1.3 Chemicals

Acetic acid was purchased from Riedel-de Haen (Germany)

Acetone was obtained from Merck (Germany)

Calcium chloride di hydrate was purchased from Merck (Germany)
Ethyl methane sulfonate (EMS) was obtained from Sigma (Germany)
Glucose was purchased from Riedel-de Haen (Germany)

Glycerol was obtained Carlo Erba Reagent (Rodano)

Gum arabic was purchased from T.J. Baker (Holland)

Hydrochloric acid was obtained from Merck (Germany)

Iron sulfate was purchased from Riedel-de Haen (Germany)
Magnesium sulfate was obtained from Riedel-de Haen (Germany)

Mangane sulfate was purchased from Riedel-de Haen (Germany)
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Olive oil was obtained from Fluka Biochemica (Germany)

PDA was purchased from Merck (Germany)

p-nitrophenol palmitate obtained from Sigma (Germany)

Potassium di hydrogen phosphate was purchased from Merck (Germany)
Sodium carbonate was obtained from Merck (Germany)

Sodium deoxycholate was purchased from Fluka Biochemika (Switzerland)
Sodium di hydrogen phosphate was obtained from Merck (Germany)
Sodium hydroxide was purchased from Riedel-de Haen (Germany)
Sodium Thiosulphate was obtained from Merck (Germany)

Tris-HCI was purchased from Cal Biochemika (Switzerland)

Tween 80 was obtained from Merck (Germany)

Yeast extract was purchased from LAB M (UK)

Zinc sulfate was obtained from Riedel-de Haen (Germany)

2.1.4 Buffers and solutions

Glycerol.....ueveeeeeereercrerruenensersaenne 50%  (v/v)
Tween 80.....covveeeieeeceecreeeerereenne 0.01% (w/v)
Sodium thiosulphate....................... 10%  (w/v)
Potassium phosphate pH7 .............. 50 mM
Sodium carbonate...........coccoververnne 2 M
p-nitrophenyl palmitate................... 10 mM
Tris Glycine pHS.5.c..vevevevrennennnnen. 1 mM
Sodium CloTur.....ccoveevervecvererreeenene 1 M
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Calcium chloride......uueveeeeieeeveennennns

Olive

Gum arabic

(03 ) PSRRI

Emulsifying solution;

Sodium deoxycholate...........cc........

GUM ArabiC.mueuneeieieeeieceeieriesraeveenenen.

Tris HC1 buffer pH7.....cccveeuveneene.

2.1.5

Laboratory equipment

AULOCIAVE eoveeeveeeitcrereeeserersneness

AULOCIAVE coooveeviereeeieeeeee e

MicCrofuge......cccerevereerererecrereencrencnnes

MicCropipettes .....cccocververevenervnnnas

Orbital Shaker .....coovvvveevveireinneeneeen.

pH-m:

(5717 (OO N

Refrigerator .......cocveeveveeecrnvcenenncas

...............................................

10% (v/v)

...................................... 1%  (m/v)

23 gL
1.1 g/L
25 mM

NiiveOT 4060 Steam Sterilizer (Turkey)
Tuttnauer Autoclave 2549 ml (Switzerland)
20 ° C Argelik (Turkey)

-80 ° C Heto Ultrafreeze 4410 (Denmark)
Niive EN400 (Turkey)

Ozge (Turkey)

Beckman Coulter Microfuge (USA)

Mettler Toledo (Switxerland) 1000ul, 200pl
100pl.

Certomat® SII B. Braun Biotech International
(Germany)

Mettler Toledo MP220 (Switzerland)
+4 % C Argelik (Turkey)

Beckman Coulter JA-30.50 (USA)
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SONICALOr ...coververererrererieeereranienns B. Braun Lab Sonic® U (Germany)

Thermomixer.......cccevcverveerverevennnne. Eppendorf, Thermomixer comfort, 1.5-2 ml
(Germany)
Ultrapure Water System................. USF-Elga UHQ (USA)

UV-Visible Spectrophotometer...... Shimadzu UV-1601 (Japan)

Water Bath .....ccoceevevvvenveneeniennnnnee. Memmert wb-22 (Switzerland)

2.2 Methods

2.2.1 Spore harvesting

Spores of O. piliferum on PDA slope agar at 4°C were harvested by using sterile
glass beads and Tween 80. Firstly 2mm glass beads were added into slope agar bottle
and vortexed. Then 0.01% (w/v) sterile Tween 80 was added. The resulting

suspension was mixed well and spore solution was obtained.

2.2.2 Shake flask cultivations

Stock cultures were inoculated into liquid medium in shake flasks. Incubation

temperature was 26°C and agitation was done at 200 rpm.

2.2.3 Optimization of sampling time

In order to achieve the highest activity and cellular dry weight, optimization of the
sampling time was done. Samples were taken at 3 different time points; at 24™ hour,
48™ hour and 168™ hour. Dry weights and lipase activities were measured for each

sample.

2.2.4 Optimization of carbon source

To optimize the carbon source for optimum growth and lipase activity, 2 different
carbon sources were investigated. These were olive oil and glucose. Media with three

different combinations were prepared (Table 2.2.4.a).
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Table 2.2.4.a Optimization of Carbon Source

M;*;‘,‘m Olive oil (cm*/L) Glucose (g/L)
1 0 20
2 6,25 10
3 12,5 0

The best combination was chosen according to dry weight and activity values

Additionaly, response surface methodology (RSM) was performed in order to
optimize the carbon sources in medium. According to previous experiments and
literature, glucose concentration and olive oil concentration at the center point were
determined as 11g/L. and 5.5 g/L.. To find the optimum amount of glucose and olive
oil, five different concentrations were tested. The amount of glucose and olive oil at
+1 and -1 points must have the same distance to the center. This is also the same for
+a and -o. points. The concentrations of glucose and olive oil at -1, +1, +a and -a
points were determined according to the results of the previous experiments. Five
different concentrations of glucose and olive oil were used to enhance the lipase

production. Experimental range for the two ingredients is shown in Table 2.2.4.b.

Table 2.2.4.b Experimental range for the two ingredients important for lipase production

Component (g/L) | -a -1 0 1 +a
Olive oil 1 6 11 16 21
Glucose 1 3,25 5,5 7,75 10

A 2% full factorial central composite design with total 13 runs, 5 runs being at the
center point was made to define the nature of the response surface. According to the
concentrations given in Table 2.2.4, different combinations were designed and 13

sets of medium were prepared as shown in Table 2.2.4.c
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Table 2.2.4.c Medium compositions

Run Order Olive oil (cm’/L) | Glucose (g/L)
1 11 5,5
2 6 3,25
3 11 5,5
4 16 3,25
5 11 5,5
6 11 5,5
7 1 5,5
8 6 7,75
9 11 1

10 16 7,75
11 21 5,5
12 11 5,5
13 11 10

2.2.5 EMS mutagenesis

One ml of culture was inoculated into 50 ml liquid medium and incubated at 26°C
and 200 rpm. At the 168™ hour of growth 2.5ml of this culture was centrifuged in a
Beckman Coulter JA 30.50i rotor at 5000 rpm for 5 minutes. The supernatant was
removed and pellet was washed twice in a distilled water and resuspended in 50 mM
potassium phosphate buffer (pH 7). Then 300 pl of EMS was added to 10 ml of
resuspended solution, vortexed and incubated at 30°C for 30 minutes. To stop EMS
mutagenesis, an equal volume of freshly made 10% (w/v) sodium thiosulphate was
added, and the resulting solution was vortexed. Cells were collected by
centrifugation at 10000 rpm for 10 minutes, using a Beckman Coulter TA 30.50i
rotor. After the removal of supernatant, cells were washed twice with sterile distilled
water. The mutated culture was then inoculated into liquid medium and named as

101. The original culture, which was not exposed to EMS mutagenesis, was named
as 100.
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2.2.6 Determination of the lipase activity

Lipase activity was assayed on all samples via the colorimetric measurement of p-
nitrophenol palmitate (George et al, 1999). The substrate
(10mM p-nitrophenylpalmitate) was dissolved in acetone and stored at -20°C.
Immediately prior to assay, 5 ml of substrate was mixed with 45 ml of emulsifying
solution (2.3 g sodium deoxycholate, 1.1 g gum arabic in 1L of 25 mM Tris-HCI
buffer, pH 7, stored at 4 °C) and heated to 37°C with constant stirring. The final
solution was sonicated by using B. Braun Sonic under continuous sonication cycles
for 15 minutes. 100 ml of the culture was centrifuged at S000 rpm for 5 minutes in a
Beckman Coulter Microfuge, the supernatant was added to 2 ml of substrate and
emulsifying solution, and incubated at 37°C in a shaking water bath for 15 minutes.
The reaction was stopped by the addition of 900ul of sodium carbonate. Next,
centrifugation was done at 13000rpm for 1 minute in a Beckman Coulter Microfuge.
The amount of p-nitrophenyl released was determined by using spectrophotometer
readings at 410nm. An assay solution prepared with fresh medium was used as zero

reference. The molar extinction coefficient for this reaction was 152000 mol'em™.

Unit enzyme activity was the amount of enzyme that causes the release of 1
micromol palmitic acid from 1 micromol palmitate at 37°C at pH7 for a reaction time

of 15 minutes (George et al, 1999).

In addition to colorimetric assay, titrimetry was also used in medium optimization

studies to determine the activities (Heerden et al, 2002).

A Metrohm 718 STAT Titrino pH-Stat system was used with a thermostatically
controlled titration vessel at 30°C. The assay buffer consisted of 1 mM Tris-Glycine
(pH 5.5), 0.1 M NaCl and 5 mM CaCl,. The liquid tributyrin was emulsified; the
substrate contained 10% (v/v) olive oil and 1% (m/v) gum arabic in assay buffer. The
substrate was then sonicated for 5 minutes to stabilize the emulsion. Substrate (1ml)
and buffer (40 ml) were mixed in the titration vessel and 100 ul of samples were
added. The amounts of liberated fatty acids were determined by titrating the vessel
contents with standardized 0.1 m NaOH solution. One unit enzyme activity was
defined as the activity of enzyme that causes the release of 1 umol free fatty acid at

30°C in one minute (Heerden et al, 2002).
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2.2.7 Determination of cellular dry weight

Firstly, 1.5 mL microfuge tubes were dried in the 80°C oven for 48 hours. At the end
of 48 hour tubes were taken out from the oven and their lids were closed quickly.
The tubes were then replaced into a desicator for 30 minutes. The empty tubes were
weighed (DW1). During the experiment one ml of culture samples were taken and
placed into the tubes. They were then centrifuged at 14000 rpm for 5 minutes by
using a Beckman Coulter benchtop centrifuge. The supernatants were discarded, and
I ml of culture was taken again and added onto the pellets in the tubes.
Centrifugation was repeated at same conditions and the supernatants were discarded.
Tubes with pellets (lids open) were placed into 80 °C oven for 24 hours. At the end
of this time the lids were closed and eppendorfs were placed into the desicator for 30
minutes. Next, eppendorf tubes with pellets were weighed (DW2). By calculating
the difference between DW2 and DWI1 (Eqn. 2.2.7) cellular dry weight was

determined.

CDW=W2-W1 Eqn. 2.2.7

2.2.8 Screening for stress conditions

2.2.8.1 Screening for the lipase activity at a broad pH range

Screening was performed in a pH range of 3 to 7. At the 96" hour following the
inoculation, 1ml of cultures were transferred into microfuge tubes. Centrifugation
was done at Beckman Coulter Microfuge for five minutes at 13000 rpm. Pellets were
washed twice with fresh medium. One ml of the suspensions were then inoculated

into fresh medium with varying pH values, and incubated at 26°C, 200 rpm.
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l 1 ml of culture 1 ml of culture 1 mi of culture

250 ml flask 250 ml flask 250 ml flask
50 ml medium 50 ml medium 50 ml medium
pH 3 pH 3,5 pH 4
l 1 ml of culture l 1 mi of culture l 1 ml of culture
250 ml flask 250 ml flask 250 ml flask
50 ml medium 50 ml medium 50 ml medium
pH 4,5 pHS pH 5,5
1 ml of culture l 1 ml of culture l 1 ml of culture
250 ml flask 250 ml flask 250 ml flask
50 ml medium 50 mi medium 50 mi medium
pHE pH 6,5 pH 7

Figure 2.2.8.1 In pH screening 9 different pH values were used. One ml of culture was
necessary for each inoculation to grow cells at a different pH value.

2.2.8.2 Screening for the lipase activity at a broad temperature range

Screening was performed in a temperature range of 20°C to 55°C. At the 96™ hour
following inoculation 1 ml of cultures were transferred into microfuge tubes. The
cells were then collected by centrifugation in a Beckman Coulter microfuge at 13000
rpm for 5 minutes. Supernatants were then removed and the pellets were washed
with fresh medium twice. One ml of suspension was then exposed to temperature
stress for ten minutes (at 1100 rpm). Then inoculated into fresh medium, and

incubated at 26°C, 200 rpm.
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1 ml of culture 1 ml of culture 1 ml of culture
exposed to 20°C exposed to 25°C exposed to 26°C

250 ml flask 250 ml flask 250 ml flask
50 ml medium 50 ml medium 50 ml medium
pH 8,5 pH 6,5 pH 6,5
1 ml of culture 1 ml of culture 1 ml of culture
exposed to 30°C exposed to 35°C exposed to 40°C
250 ml flask 250 ml flask 250 ml flask
50 ml medium 50 mi medium 50 ml medium
pH 6,5 pH 6,5 pH 6,5
1 mi of culture 1 mi of culture 1 ml of culture
exposed to 45°C exposed to 50°C exposed to 55°C
250 ml flask 250 ml flask 250 ml flask
50 ml medium 50 ml medium 50 ml medium
pH 6,5 pH 6,5 pH 6,5

Figures 2.2.8.2 In temperature screening 9 different temperature values were used, which
were varying between 20°C- 55°C. For each cultivation, 1ml of culture was used, to expose
cells to different temperature.

2.2.9 Obtaining spore solution from hyphae culture

O. piliferum hyphae (culture) was inoculated into liquid medium. At 96™ hour of
inoculation, 1 ml of culture was spread onto PDA agar. After one week, spores were
harvested from PDA agar by 0.01% Tween 80, diluted to 10' mlI”" spore suspensions.
500 ul of spore suspension was taken and spread to five points (100 ul to each point)
in each PDA agar plate. After two days of incubation at 26°C spores become visible.
By using an inoculation loop, spores were transfered to new PDA plates. One fresh
plate was used for each growth area on plates (Figure 2.2.9). After one week, spores

were harvested from PDA plates by using 2 mm glass beads and 0.01 % Tween 80.

Ten spore solutions were obtained from each of the hyphae cultures of 10 (wild type)
and 101 (EMS-mutagenized) cultures.

The 10 different spore solutions obtained from hyphae culture 100 were named as:
2/1,5/2,5/7,4/3, 5/6, 1/3, 2/2, 2/3, 1/5, 1/1.
The 10 different spore solutions obtained from hyphae culture 101 were named as:

13/3,20/4, 4/5, 3/5, 19/4, 4/1, 5/6, 18/2, 8/3, 1/3.
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Figure 2.2.9 Obtaining spore solutions from hyphae culture

2.2.10 Temperature stress applications as an evolutionary engineering selection
strategy

Temperature stress was applied in a temperature range of 50°C to 56°C. One ml of
the frozen stock was inoculated into 50 ml liquid medium. At the 96" hour of the
inoculation 1 ml of culture was taken into microfuge tube. Cells were collected
immediately by centrifugation at 14000 rpm for five minutes at Beckman Coulter
Microfuge. They were then washed with liquid medium twice and resuspended in
fresh medium. One ml of cell suspension was exsposed to temperature stress at
Eppendorf Thermomixer for ten minutes at 11000 rpm and then inoculated into 50
ml of liquid medium, incubated at 26°C, 200 rpm. The activity of the cultures was
determined at 168™ hour of growth. A higher stress level was applied to the surviving
mutant generation according to Table 2.2.10.a. Alternatively, in parallel with
increasing stress levels, a constant mild temperature stress level of 50°C was applied
to the initial EMS-mutagenized population for the same number of generations as in

the case of increasing stress levels (Table 2.2.10.b and Figure 2.2.10).
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EMS Mutagenesis O.Piliferum (101) 50°C

increasing stress Gen1 constant stress Gen1
increasing stress 50°C constant
Gen2 52°C Stress Gen2

; !

increasing stress 50°C constant
Gen3 54°C Stress Gen3

’ |

increasing stress 50°C constant
Gen4 56°C Stress Gen4

Figure 2.2.10 Evolutionary engineering strategies for selecting temperature resistant mutant
generations.
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Table 2.2.10.a Increasing stress level mutant generations.

Temperature [°C] Generation No:
50 1
52 2
54 3
56 4

Table 2.2.10.b Constant stress level mutant generations.

Temperature [°C] | Internal Control No:
50 1
50 2
50 3
50 4
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3. RESULTS

3.1 EMS Mutagenesis

By exposure of original culture to EMS mutagenesis a mutant culture was generated.
The mutant culture was named as 101. The original culture, which was not exposed

to EMS mutagenesis was named as 100.

3.2 Optimization of Carbon Sources for Optimum Lipase Activity

The hyphae culture 100 was grown in three different media containing glucose/
glucose and olive oil / olive oil as the carbon source. Lipase assays showed that there
were differences between in their activities. The culture grown with glucose and
olive oil showed higher activity than the others. Dry weight measurements showed
that the culture grown with glucose only showed similarity with the culture grown

with olive oil as the carbon source.
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Figure 3.2.a Effect of carbon source on lipase activity of O. piliferum
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Response surface methodology was performed to determine the optimum
concentrations of carbon sources. In RSM study, hyphae culture 101 was inoculated

into 3 different media containing different concentrations of carbon sources.

According to response surface methodolgy, the highest activity (146 U/mg) was seen
in medium containing 7,86 g/L glucose and 13.5 g/L olive oil as the carbon source.
The experimental study at given concentrations of medium components resulted in
an activity value of 140+4 U/mg which is in good agreement with the model and

results in a two fold increase in produced enzyme activity.

The response surface for the lipase activity as a function of glucose and olive oil

concentrations is shown in Figure 3.2.b

1 ot
1.0

" Dlive oil (g

-1.5

A0 ax —=
Glucose (g/l) I S P

Fig 3.2.b The response surface for the lipase activity as a function of glucose and olive oil
concentrations.
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3.3 Optimization of Sampling Time for Activity Measurements

The samples taken at 48" hour, 96™ hour and 168™ hours following inoculation were

used for the determination of optimum lipase activity.

Activity [U/L]

48 95 168
Hour

B Glucose O Dlive Cil O Glucose + Clive Ol

Figure 3.3 The variation of lipase activity with sampling time

At 48th hour following inoculation, the highest activity was detected in the samples

taken from media containing glucose as carbon source.

At 96th hour following inoculation, the activity of samples taken from media

containing glucose and glucose+olive oil were similar.

The highest activity was detected in the samples taken from media containing olive

oil and glucose as the carbon source, at the 168th hour of inoculation.
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3.4 Comparison of Mutant and Original Populations According to Lipase
Activity and Dry Weight Concentrations

Five different samples were taken from hyphae culture 100 and hyphae culture 101
for the determination of mean activities and dry weights. Glucose and olive oil were

used in the medium as the carbon source under standard growth conditions.
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Figure 3.4 Comparison of 100 and 101populations according to lipase activity and cellular
dry weight concentrations.

Figure 3.4 shows that according to mean activity values of 100 and 101, the mutant

population had 3 fold higher enzyme activity than the original population.

On the contrary, the mean dry weight values of 100 and 101 showed that both

cultures had similar biomass concentrations.

3.5 Screening of Hyphae 100 and Hyphae 101 for Lipase Activity at High and
Low pH Values

At the 96™ hour of growth, 1 ml of both hyphae 100 culture and hyphae 101 culture
were transfered into sterile eppendorf tubes, centrifugated and then washed and
resuspended with fresh medium. One ml of these suspensions was then inoculated

into liquid medium of 50 ml, adjusted to varying pH values between 3-7.

Lipase assays were done at the 96™ and 168™ hour following inoculation. Dry
weights of hyphae 100 and 101 were determined both at the 96™ and 168" hour of

growth. The results are shown in Figure 3.5.a-b-c-d.
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Figure 3.5.a Activity values of 100 and 101 after pH stress at 96™ hour of growth.

Between pH values 3 to 4, the hyphae culture 101 showed lower activity than the
hyphae culture 100. At pH 4.5, higher activity was observed in mutant population
than the original one. Between pH values 5.5 to 7 (except pH 6.5) mutant population
had higher activity than the original one. At pH 6, mutant population showed the
highest activity.

Activity JUIL]

Figure 3.5.b Activity values of 100 and 101 after pH stress at 168" hour of growth.

At the 168™ hour of inoculation, both hyphae culture 100 and 101 showed no activity
at pH 3, pH 3.5 and pH 4. Between pH 4.5 and pH 7, both cultures showed similar
activities. For 101 the highest activity was detected at pH 6.5 and original culture
showed the highest activity at pH 5.5.
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Figure 3.5.c Dry weight concentrations of 100 and 101 after pH stress at 96™ hour of
growth.

Below pH 4, both hyphae culture 100 and 101 had low biomass. Between the pH
interval pH 4.5 to pH 5.5 hyphae culture 101 had higher biomass than the hyphae

culture 100. Hyphae culture 101 had similar dry weight values at both pH 4.5, pH 5
and pH 5.5. This is also true for hyphae culture 100.

3 35 4 45 5 55 6 68 7
pH

(o0 o7

Figure 3.5.d Dry weight concentrations of 100 and 101 under pH stress at 168™ hour of
growth.

As shown in Figures 3.5.a-d, both lipase activity and dry weight of hyphae 100 and
101 were too low below pH 4.5 and above pH 6.5.
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For lipase activity and biomass formation, the best interval was between pH 4.5-6.5.

In this interval, hyphae 101 had higher lipase activity than hyphae 100.

3.6 Screening of Hyphae 100 and Hyphae 101 for Lipase Activity at High and
Low Temperature Values

At the 96™ hour of growth, one ml of both cultures was transfered into microfuge
tubes. After centrifugation, pellets were washed with liquid medium and one ml of
suspensions were exposed to temperature stress varying between 20°C-55°C for 10

minutes at 1100 rpm, and then inoculated into fresh medium.

Dry weight measurements and lipase assay were done at the 168" hour of growth.

Changes in enzyme activity and dry weight concentrations with temperature are

shown in Figures 3.6 a-b-c.

B 100 hyphae
101 hyphae

activity (U/L)

20 25 26 30 35 40 45 50 55
temperature (°C)

Figure 3.6.a Lipase activities of hyphae culture 100 and 101 under temperature stress at the
96™ hour of growth.

At the 96" hour of growth, hyphae culture 101 showed the highest activity at 30°C
and hyphae culture 100 showed the highest activity at 20°C. The optimum

temperature range for obtaining a high activity is between 25°C and 45°C for hyphae
cultures 100 and 101.
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Figure 3.5.6.b Activity values of 100 and 101 under temperature stress at 168" hour

At the 168™ hour of growth, hyphae culture 100 showed similar lipase activities
between the temperature 20°C and 45°C. Also, hyphae culture 101 showed nearly
same activities at the same temperature interval, but much higher than the activities

of hyphae culture 100.

100 hyphae
m] 10£n_/phae

dry weight (g/ml)

20 25 26 30 35 40 45 50 55
temperature (°C)

Figure 3.6.c Dry weight values of 100 and 101 under temperature stress at the 168™ hour of
growth.

At the 168™ hour following inoculation, hyphae culture 101 showed the highest
biomass formation at 26°C. For hyphae culture 100, the highest biomass formation

was detected at 30°C.,

For hyphae cultures 100 and101, the results showed that hyphae 101 was more

resistant to temperature stress than hyphae 100.
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3.7 Activity and Dry Weight Analysis of Spore Cultures 100 and Their
Comparison with Hyphae Cultures 100 and 101.

Ten different spore solutions were obtained from hyphae cultures of 100 and 101.

Activity and dry weights of each of them were measured to find the spore culture

with the highest activity and dry weight concentration.

The activity values of spores of 100 and and 101 at both 96™ and 168™ hours were

shown in Figure 3.7.a-b-c-d.
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Figure 3.7.a Activites of spore cultures 101 and hyphae 101 at the 96™ hour of growth. The
bars between 13/3 and 1/3 indicate cultures obtained from 101 spores.
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Figure 3.7.b Activities of spore cultures 101 and hyphae 101 at the 168" hour of growth.
The bars between 13/3 and 1/3 indicate cultures obtained from 101 spores.

Both the spore cultures of 100 and spore cultures 101showed higher activity than the
hyphae population of 100 and hyphae population of 101.
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Figure 3.7.c Activities of spore cultures 100 and hyphae 100 at 96™ hour of growth. The bars
between 5/2 and 1/3 indicate cultures obtained from 100 spores.
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Figure 3.7.d Activities of spore cultures 100 and hyphae 100 at 168" hour of growth. The
bars between 5/2 and 1/3 indicate cultures obtained from 100 spores.

As shown in Figure 3.7.a, at the 96™ hour, among the spores of 101; spore 101 (3/5)
showed the highest activty. Also spore 101 (4/1), spore 101 (5/6) and spore 101 (8/3)
had high activities. From the Figure 3.7.b it could be seen that at the 168" hour the
activity of spore 101 (3/5) decreased, at that time spore 101 (8/3) showed the highest
activity. Also spore 101 (8/3) had higher biomass at the 168" hour than the others. In
the spores of 100; spore 100 (1/3) had a high activity and biomass at the 168" hour.
Also spore 100 (2/2) had a high activity at the 168" hour but its dry weight was
lower than that of the spore 100 (1/3).

3.8 Screening of Spore Cultures of 100 and 101 for Lipase Activity at High
and Low pH Values

As with the hyphae cultures of 100 and 101, the pH screening was performed here
for spore cultures between pH 3 to 7. At the 96" hour of growth, one ml of both
cultures were transferred into microfuge tubes. After centrifugation, pellets were
washed with liquid medium, one ml of suspensions were inoculated into 50 ml of

fresh medium and adjusted to varying pH values.
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Figure 3.8.a Activities of spore culture 100 (1/3) and spore culture 101 (8/3) at the 96™ hour
of growth at various pH values.

At the 96" hour, spore culture 100 showed the highest activity at pH 5. For spore
culture 101, the highest activity was obtained at pH 6.5 (Figure 3.8.a). Spore culture
100 showed low lipase activity below pH 4 and above pH 6. At pH 4.5 a rapid
increase was detected in the lipase activity of spore culture 100. The highest
difference between the activites of spore culture 100 and spore culture 101 was
detected at pH 5. Spore culture 100 showed similar activities at both pH 4.5 and pH

S, which is also valid for spore culture 101.
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Figure 3.8.b Dry weights of spore culture 100 (1/3) and spore culture 101 (8/3) at the 96™
hour of growth at various pH values.
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At the 96™ hour, the favorable biomass formation was obtained between pH 4.5-5.5
for both spore 100 and spore 101. In this interval, both cultures had similar dry
weight concentrations. A great difference was observed in the dry weight of spore
culture 100 at pH 4 and pH 4.5. Spore culture 101 showed very high biomass

formation at pH 4.5 according to its biomass formation at pH 4.
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Figure 3.8.c Activities of spore culture 100 (1/3) and spore culture 101 (8/3) at the 168"
hour of growth at various pH values.

At the 168™ hour of growth, spore culture 100 showed the highest activity at pH 5,
but it was less than its activity at 96™ hour at pH 5. Spore culture 101 showed the
best activity at pH 5.5. At pH 6 the activity of spore culture 100 was very low than
the activity of spore culture 101.
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Figure 3.8.d Dry weights of spore culture 100(1/3) and spore culture 101 (8/3) at the 168"
hour of growth at various pH values.
At the 168™ hour, both spore culture 100 and spore culture 101 showed the highest

biomass formation at pH 5.

3.9 Screening of Spore 100 and Sporel01 for Lipase Activity at High and Low
Temperature Values

For screening of spore cultures 100 and 101 for lipase activity at different
temperatures, the same temperature interval and pH was used as with the hyphae
cultures 100 and 101. In the 96™ hour of growth, one ml of both cultures were
transferred into micrifuge tubes. Centrifugation was done and supernatants were
discarded. Pellets were washed and one ml of cell suspension was exposed to
temperature stress, after the stress application, inoculation was done into 50 ml of

fresh medium.
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Figure 3.9.a Activities of spore cultures 100 (1/3) and 101 (8/3) at the 96 hour of growth.

Spore culture 100 (1/3) and spore culture 101 (8/3) were exposed to temperature
stress between 20°C-55°C.

At the 96 hour of growth, spore culture 100 (1/3) showed the highest activity at
temperatures 20°C and 35°C. The highest activity for spore 101 (8/3) was obtained at
35 °C. At 55 °C both of the cultures showed no activity. Between the temperature
cultivations between 26°C-40°C, similar lipase activities were observed for both of

the cultures.
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Figure 3.9.b Dry weights of spore cultures 100 (1/3) and 101 (8/3) at the 96™ hour of
growth,

At the 96™ hour spore culture 101 (8/3) had higher biomass formation than spore
culture 100(1/3) for all different temperature cultivations. At 55°C the lowest
biomass formation was obtained for spore culture 100 (1/3) and 101 (8/3).
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Figure 3.9.c Activities of spore culture 100 (1/3) and 101 (8/3) at the 168" hour of growth.

At the 168" hour, there was a decrease in the activity of spore culture 100 (1/3) and

an increase in the activity of spore culture 101 (8/3). The highest activity was
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