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Title: BIOTRANSFORMATION OF CAFFEINE TO VALUE ADDED
PRODUCTS

Synopsis

Caffeine is a naturally occurring molecule belonging to the xanthine alkaloid
family and is present in tea, coffee over 60 other plant species. It is also available as a by-
product of decaffeination process, coffee and tea processing wastes and by chemical
synthesis. The world production of coffee is 6.795 million tons and the world
decaffeinated coffee market is about 15% of the total coffee market. About 2 lakh tons of
caffeine is generated per year from decaffeination of tea and coffee. Besides this, lots of
caffeine is available from unutilized coffee processing wastes such as coffee pulp and
hull. Every ton of coffee, when processed, generates 40% processing wastes in the form
of coffee pulp and coffee hull. These processing wastes contain caffeine ranging from
1.1-2.2%, which can be extracted efficiently and used as substrates for useful
biotransformation where caffeine is converted into potent therapeutic molecules leading
to value addition. Biotransformation of caffeine and bioconversion of the wastes to safe
products is an effective solution to the above problems. Caffeine extracted from these
wastes can be biotransformed by using suitable caffeine biotransforming microbial
cultures to valuable methyl xanthines such as theophylline, theobromine and
paraxanthine, which are potent therapeutic molecules. Production of theophylline by
biotransformation of caffeine will obviate the disadvantages of chemically synthesized
theophylline and lead to utilization of abundantly available caffeine and value addition.

The processing wastes of caffeine such as coffee pulp and coffee hull are
considered as major agro-industrial wastes, as they are associated with several anti-
physiological and inhibitory factors like high content of caffeine, tannins and
polyphenols. Efficient methods of utilization or disposal of these wastes are still not
available and are therefore disposed by the processing units and left unused, causing
pollution of the nearby water bodies and soil. Effective utilization of these processing
wastes is required not only to save the environment, but also utilize it for the benefit of
the producers, which would generate revenues in the lean season and generate extra

employment. Further, microbial cultures can also be used for the decaffeination of the



processing wastes and their efficient utilization. The removal or minimization of the anti
nutritional factors in these processing wastes makes them suitable to have alternative
applications in animal feed, organic fertilizer, as a substrate in solid state fermentation,
biogas production, edible mushroom production and vermiculture.

Work reported in the thesis involves the isolation, screening and characterization
of caffeine utilizing fungal cultures. The most potent fungal culture, which could
biotransform caffeine to theophylline, was characterized as Penicillium citrinum and used
for the production of theophylline. The caffeine biotransformation pathway of P. citrinum
was elucidated and the enzymes responsible for biotransformation of caffeine were
identified. Optimization of parameters for caffeine biotransformation by the selected
microorganism was done. Work was also carried out towards the efficient utilization of

coffee processing wastes and spent coffee.

Proposed objectives of the thesis:
1. Isolation, screening and characterization of microbial cultures for
biotransformation.
2. ldentification and characterization of biotransformed products.
3. Studies on the enzymes involved in the biotransformation of caffeine.
4. Optimization of parameters for growth and caffeine biotransformation by selected
microorganism.

5. Utilization of coffee processing wastes and spent coffee.

Thesis organization:
The thesis entitled “Biotransformation of caffeine to value added products”

consists of five chapters.

Chapter-1:

The first section of chapter 1 is a review of literature on biotransformation. It
presents an overview of general biotransformation, its significance, the major
developmental stages, advantages and applications of the process in various industrial

sectors with a brief account on a few commercial successes. Enzymes are the key



elements of biotransformation and their role in the development of industrially successful
processes have been discussed. Besides this, major biotransforming systems such as
human/animal system, plant and microbial systems have also been discussed in this
section. The second section of this chapter brings out the importance of various methyl
xanthine molecules, their availability in nature, the disadvantages of chemical method of
synthesis and the need for the production of methyl xanthines from caffeine by green

route.

Chapter-2:

Chapter 2 is on screening of caffeine biotransforming fungi. The first section of
this chapter focuses on the survey of various groups of caffeine biotransforming
microbial cultures. Further, the work carried out on the isolation of potent fungal cultures
capable for biotransforming caffeine is discussed. 34 caffeine biotransforming fungal
cultures were isolated which were further screened for their biotransformation efficiency
by growing them in liquid culture media containing caffeine. The most potent caffeine
biotransforming strain was identified and characterized as P. citrinum MTCC 5215. The

biotransformation product from caffeine by this strain was identified as theophylline.

Chapter-3:

The third chapter focuses on biotransformation of caffeine by P. citrinum MTCC
5215. The first section of the chapter consists of information on biotransformation of
caffeine in various biological systems such as human, fungi, yeast, and bacteria. The
second section of this chapter deals with the identification of all the biotransformation
products and their respective enzymes involved in biotransformation of caffeine and
elucidation of the biotransformation pathway of caffeine in P. citrinum MTCC 5215. This
chapter also details the studies on the identification of cytochrome P450, involved in the
biotransformation of caffeine to theophylline. This is the first conclusive report
confirming the enzyme involved in the biotransfromation of caffeine to theophylline in
fungi. The other enzymes involved in the caffeine degradation pathway were identified as
heteroxanthine demethylase, xanthine dehydrogenase, xanthine oxidase, uricase,
allantoinase, allantoicase, and urease and the details are described in the third section of



this thesis. Products formed during the biotransformation of caffeine were isolated,
purified and identified by techniques such as thin layer chromatography, high
performance liquid chromatography, fourier transformation infrared spectroscopy and
nuclear magnetic resonance spectroscopy. A comprehensive study of the biotransformed
products and their respective enzymes led to the elucidation of the complete pathway of
caffeine biotransformation in P. citrinum MTCC 5215. The chapter ends with
conclusions and future perspectives in the development of a bioprocess for the production

of theophylline from caffeine through biotransformation.

Chapter-4:

Chapter 4 deals with studies on the optimization of parameters for production of
theophylline. The first section of the chapter discusses the therapeutic importance of
theophylline. The crucial parameters which affect biotransformation of caffeine to
theophylline have been discussed. The second section of the chapter is on optimization of
physico-chemical parameters for efficient biotransformation of caffeine to theophylline.
The results of the experiments are described in the third section of the chapter. The
results obtained show that glucose was the best carbon source, corn steep liquor the best
nitrogen source, FeSO, when incorporated into the media enhances the process of
biotransformation and allopurinol inhibits the further degradation of the biotransformed
theophylline. The physical parameters, which were optimized, were pH 5.6 and
temperature 28°C. Additional studies were also carried out using response surface
methodology for optimizing the media conditions for theophylline production using
higher concentration of caffeine, which will help towards process development and scale
up studies. Study has been carried out for the downstream processing of the
biotransformed theophylline. The biotransformed theophylline was isolated and purified
and purity of the biotransformed theophylline was confirmed by various analytical
techniques such as mixed melting point analysis, HPLC, FTIR and NMR. The chapter
ends with recommendations on the development of processes for theophylline production

at a larger scale.



Chapter-5:

Chapter 5 is on the utilization of caffeine containing coffee processing wastes.
The first section discusses about the various coffee processing wastes and the several
limitations, which renders them, unfit for any use. The various measures, which can be
taken, to remove these inhibitory factors and their further use has been detailed. The
second section of this chapter deals with various approaches for the efficient utilization of
coffee processing wastes namely coffee pulp, coffee hull and spent coffee.

The third section of the chapter details the results obtained in this study. Coffee
pulp and hull was used for the extraction of caffeine and used for biotransformation to
produce theophylline. Biodecaffeination of coffee pulp and coffee hull was carried out
using P. citrinum MTCC 5215. Complete decaffeination of coffee pulp was observed in a
period of 72 hours, whereas coffee hull could not be decaffeinated. Coffee pulp was also
used for the production of various commercially important enzymes such as amylase,
amyloglucosidase, protease, caffeine oxidase and pectinase by solid-state fermentation.
Coffee pulp proved to be a better substrate for the production of enzymes such as caffeine
oxidase, protease and pectinase compared with wheat bran as substrate. Coffee pulp,
coffee hull and spent coffee were used successfully for mushroom production. Coffee
pulp showed 99% bioconversion efficiency (BCE) as compared to rice straw which
showed 80% BCE. Successful production of mushroom was possible on coffee hull for
the first time with spawn run of 10 days. Besides this the mushroom produced on coffee
hull showed highest protein content of 25.83% w/w. Coffee pulp and spent coffee were
also used for vermicomposting using Eisenia foetida. The vermicompost produced using
coffee pulp and spent coffee were analyzed and found to have high NPK content which

has been discussed in detail in this chapter.

Conclusions and future recommendation:

The work reported in this thesis resulted in the isolation of a potent fungal culture,
for the biotransformation of caffeine to theophylline, which was identified as P. citrinum
MTCC 5215. The enzyme for biotransformation of caffeine to theophylline was
identified as cytochrome P450. The pathway for the biotransformation of caffeine by this
strain was elucidated; all the biotransformed products were isolated, purified and



identified. A medium was designed with optimum physical and chemical parameters for
efficient biotransformation of caffeine to theophylline. Isolation and purification of
theophylline from the fermented broth was carried out. In the last chapter of the thesis,
efficient utilization of coffee processing wastes such as coffee pulp, coffee hull and spent
coffee have been carried out successfully, for extraction of caffeine and utilizing it for
biotransformation, for mushroom cultivation, vermiculture and for enzyme production in
SSF.

This work has further prospects in the development of a process for commercial
production of theophylline and it’s utilization as a therapeutic compound. Further studies
on purification of cytochrome P450, cloning and hyper expression of the enzyme, and its

molecular characterization is recommended.

Dr. M.S. Thakur Sanjukta Patra
Guide.
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1.0. Scope of the review:

Biotransformation is gaining prominence in the changing world scenario of
transforming the chemical industries from conventional chemical catalysis towards
applications of biocatalysts for achieving better yields through environmentally safe
and simpler bioprocesses.

The first part of this chapter presents an overview of general
biotransformation, its significance, the major developmental stages, advantages and
applications of the process in various industrial sectors with a brief account on a few
commercial successes. Involvement of enzymes in biotransformation and the role of
different classes of enzymes in the development of industrially successful
biotransformation processes have been discussed in general. Besides this major
biotransforming systems such as human, animal, plant and microbial systems have
also been described in brief. The role of biotransformation in bioremediation of
environmental pollutants has also been brought about in the thesis. Second part of this
chapter focused the therapeutic importance of various methyl xanthine molecules
including caffeine, their availability in nature, the disadvantages of chemical
synthesis methods and the need for the production of methyl xanthines by
biotransformation of caffeine. The last part of the chapter deals with conclusions and
possibilities of development of processes for biotransformation of caffeine to methyl
xanthines of therapeutic interest keeping in view the availability of caffeine as a by-
product of decaffeination process, coffee and tea processing wastes and by chemical

methods of synthesis.
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1.1. Introduction:

The conversion of a compound from one form to another by biological system
is known as biotransformation. It is the molecular or atomic structure alteration of a
compound due to enzymatic reactions. They are organic reactions utilizing biological
catalysts, which may be whole cells or enzymes and may be used as free or
immobilized, in aqueous or two phase systems or as cross linked enzyme crystals.
Enzymes as biocatalysts can be used for regio-and stereoselective reactions and to
introduce chirality in ways that would be very difficult or impossible for classical
synthetic processes. A series of biotransformations make a biochemical pathway.
Hence, either a single biotransformation or few biotransformation steps in
continuation leads to formation of product/s of interest, detoxification or metabolism
of the compound by the living system. Biotransformation products can be
intermediate metabolites or terminal products of a process in the organisms.

Biotransformation is a growing field of biotechnology, which encompasses
both enzymatic and microbial biocatalysis. Sufficient progress has been made in
research, on the key drivers of biotransformations, including isolation, screening and
characterization of microbes and their enzymes, their utilization in extreme
environments, the manipulation, alteration, augmentation of metabolic pathways and
the use of combinational biosynthesis and biocatalyst methodologies for the
development of new compounds. The convergence of biology and chemistry has
enabled a plethora of industrial opportunities to be targeted, while discoveries in

biodiversity and the impact of molecular biology and computational science are
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extending the range of natural and engineered biocatalysts that can be customized for
clean industrial processes.

Biotransformation has the potential to produce existing products more cost-
effectively by efficient utilization of raw materials, lower investment costs, lower
energy demand, and lower disposal costs due to less hazardous emissions. It can also
provide a basis for completely new products and system/s solutions and has the
potential to replace classical chemical production processes, for instance in the
sectors of fine chemicals, bulk chemicals, and energy sources. Some of the important
products through biotransformation are ethanol, glutamic acid, antibiotics, vitamins,
acrylamide and iso-glucose syrup. Several studies estimate the share of
biotransformation processes in the production of various chemical products to be
around 5 %, by 2010 however, they postulate that this figure will soar to about 20 %
(Pacl et al, 2004). Alone for the chemical industry, the potential value addition of
biotransformation product is predicted to reach € 11-22 billion worldwide annually
by 2010 (Pacl et al, 2004).

In the present study, emphasis will be given to microbial biotransformation
and some transformations will be dealt in short to understand the wider prospectives
of biotransformation and how they have been instrumental in the production of
various compounds with ease, which were not possible by other routes. The
advantages of the biotransformation methods because of which they are gaining
prominence in the field of synthesis have also been discussed. The classification of
biotechnological generated compounds as “natural” has increased the attention to

biotransformation systems.
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1.1.1. History of biotransformation:

Biotransformation processes have been used by mankind for several thousand
years. For example, the biotransformation of ethanol to acetic acid (vinegar) by
Acetobacter was developed concomitantly with ethanol production from fermentable
sugars in Babylon (Mesopotamia), Egypt, Mexico, and Sudan as early as 5000 B.C. It
was the first reported biotransformation process applied on industrial scale.
Biotransformations were observed by humans long before they were appreciated as
having an underlying microbial cause. In 1858, Louis Pasteur provided evidence for
the role of specific microorganisms conducting favorable fermentations of fruit juice
(Pasteur, 1858). The properties of enzymes, the principle biocatalysts, became
generally appreciated from kinetic studies conducted in the early 1900s (Michaelis
and Menten, 1913). An important industrial-scale fermentation to produce acetone to
meet the wartime needs of Great Britain was developed in 1916 (Glazer and Nikaido,
1995). Conversion of glucose from starchy materials into high fructose syrup, which
has enhanced sweetening properties, by glucose isomerase is an example of a
biotransformation operated at the giant scale of 15 million tonnes per year and has
been in use since 1974.

1.1.2. Industry sectors involving biotransformation:

Biotransformation reactions are ubiquitous in nature and the industrial sectors
which have exploited the ability of biotransformations to commercially and
economically successful technologies are:

Pharmaceuticals

Fine and Bulk Chemicals
Food

Cosmetics
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Production of antibiotics, insulin, vitamins, steroids, prostaglandins, and alcohol are
some of the commercially successful biotransformation reactions.
1.1.2.1. Pharmaceuticals:

Exciting and innovative developments in biotechnology have opened a
plethora of opportunities for the pharmaceutical industries. More than 20 percent of
new medicines launched in 2003 were produced using biotechnology, and nearly 80
percent of those under development either use biotechnology or are derived from it
(Frost and Sullivan, 2003).
1.1.2.2. Bulk products and polymers:

‘Bulk products’ represent products exceeding production of 10,000 tons
annually. According to a study by McKinsey & Company, biotransformation will
significantly affect bulk products and polymers. It is expected that, by the year 2010,
6-12 % of bulk products and polymers produced by chemical means will be replaced
by biotransformation processes (Alchema, 2006).
1.1.2.3. Fine and specialty chemicals:

The term ‘fine chemical products’ refers to substances that are highly
functional and for which world demand is typically below 10,000 tons per year. The
current world market of biotransformation processes in this area is estimated to be
US-$ 50 billion, the potential volume within the next 10-20 years will be around US-
$ 250 billion. A study by McKinsey & Company (2003) anticipates that 30-60 % of

all fine chemicals produced will involve biocatalytic steps by 2010 (Alchema, 2006).
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1.1.2.4. Food:

Value addition to food products has gained vital importance in our country
due to diversity in socio-economic conditions, industrial growth, urbanization and
globalization. It is not merely to satisfy producers and processors by way of higher
monitory return but also with better taste and nutrition. Value is added by changing
their form, colour and other such methods to increase the shelf life of perishables.
Hence, there is a great scope to extend requisite technical know how to agro based
industrial units for the production of value added food products. Today, the world’s
neutraceutical market is more than $100 million. Health foods contribute another
$250 million (Singh et al, 2004). Development of biotransformed flavour, color, low
calorie sweetener etc. are some of the demanding projects in the food sector, besides
the already existing traditional ones (Longo and Sanroman, 2006; Gatfield, 1988).
1.1.2.5. Cosmetics:

Increasing consumer concerns about health have triggered growing demand
for cosmeceutical products. Cosmeceuticals now represent up to 50 per cent of
supplement sales in some countries. The category is estimated to be worth €3.5
billion globally and is one of the biggest areas of innovation (Lonza, 2004). In order
to meet consumer needs and to capitalize on this expanding market, the ingredients
used must be chosen with safety, efficacy and quality in mind. Biotransformation can
quench all the above worries.

Biotransformation has been made to produce not only new ingredients, but

also improved processes to make ingredients previously produced by chemical



Chapter 1

synthesis or extraction from natural sources. Production of aromatic oil, tea tree oil,

anti oxidative compounds, allantoin are some of the examples.

1.1.3. Potential benefits of biotransformations:

Biotransformation processes are beneficial over other methods of synthesis and

are listed below.

Environment friendly (Green technology)

Improved reaction efficiencies

Improved enantioselectivities

Process economy

Improved total conversions

Reduced by-products

Cleaner effluent streams

Shorter manufacturing routes

Control/selection of required enantiomers by asymmetric route
development

Chiral intermediates

Resolution of racemic mixtures

Eliminate need for extreme conditions as heavy metals, high temperature,
high pressure and extreme pH

Neutral reaction conditions

Natural processing

1.1.4. Systems of Biotransformation:

Enzymes, the key elements of biotransformation can be used in various forms

depending on the requirement. A few biotransformation systems are described below.

1. Free cells

2. Free enzyme

3. Immobilized cells

4. Immobilized enzymes

5. Cross linked enzyme systems

6. Tissue culture

7. Biotransformation in organic phase
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1.1.4.1. Biotransformations by free cells:

a) Taxol: Taxol is used in the treatment of various cancers including breast
cancer. Cells of Taxus brevifolia have been used economically for the production of
taxol (Harshad and Heble, 2003). Production of taxol by free cell culture technique is
of great commercial value owing to the enormous market potential of taxol, the
scarcity of the Taxus tree, and the costly synthetic process (Cragg et al, 1993).

b) Biotransformation of citronellol by whole cells of Rhodotorula minuta is
one more commercial success in the field of biotransformation. Citronellal (3,7-
Dimethyl-6-octanal), a monoterpene which occurs in the L or D form, bears distinct
odor characteristics and also occurs as a constituent of essential oils in Eucalyptus
citriodora (Betts, 2000). Citronellal can be further hydrogenated to produce
citronellol (3, 7-dimethyl-6-octanol), which is a commercially important product due
to the peculiar rose like characteristics odor of the product (Guenther, 1950).

¢) Biotransformation of caffeine to theophylline by free cells of Penicillium
citrinum MTCC 5215will be discussed in the subsequent chapters of this thesis.
1.1.4.2. Biotransformation by immobilized cells:

a) Cells of Candida utilis immobilized in calcium alginate have been used for
the production of L- phenylacetylcarbinol (L-PAC) from benzaldehyde (Shin and
Rogers, 1995), which is precursor of ephedrine. L-ephedrine is widely used in
pharmaceutical preparations as a decongestant and anti-asthmatic compound. It can be

produced by biotransformation of benzaldehyde using various yeasts.
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b) Immobilized cells of Papaver somniferum has been used for the
biotransformation of codeinone to codeine and the conversion yield was 70.4% and
about 88% of codeine produced was secreted into the medium (Furuya, 1984).
1.1.4.3. Immobilized enzymes:

a) Immobilization is carried out to increase concentration, stability and
reusability of enzymes. It is significantly advantageous over free enzymes when the
biocatalyst is of increased operational (or storage) stability, desired activity per unit
volume, and easily recovered to facilitate biocatalyst recycle, continuous process
development, simplification of the work-up procedure and overall process cost
improvements. Different carriers (inorganic and organic from natural or synthetic
materials) can support enzymes through processes of adsorption, covalent binding,
entrapment or cross linking (Buchholz, 2005; Kallenberg, 2005; Lalonde and
Margolin, 2002).

b) Immobilization of cholesterol esterase to prepare 2°, 3’-Dideoxy-5-fluoro-
3’-thiacytidine (-)-FTC: 2’, 3’-Dideoxy-5-fluoro-3’-thiacytidine [(-)-FTC, (-)-1]
which is the active ingredient in the antiviral drug Emtriva (Liotta and Choi, 1991;
Liotta, 1992; Painter, 2000). Precipitation of cholesterol esterase onto solid support
was done using acetone, followed by cross-linking with glutaraldehyde (0.25 percent
v/v). This was then used for the continuous production of (-)-FTC allowing up to 15
times reusability leading to an economic process development.
1.1.4.4. Cross-linked enzyme crystals:

Cross-linked enzyme crystals (CLECs) are a novel form of immobilized

biocatalyst designed for application in large-scale biotransformation processes. They
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are found to be more resistant to harsh environmental conditions, such as extremes of
temperature and pH and the presence of solvents or proteases, than the free enzymes.
Cross-linking of the crystals with glutaraldehyde also yields mechanically robust
catalysts that can withstand various forces associated with shear in agitated vessels
and particle compression in repeated dead-end filtration cycles. The technique is also
applicable to the preparation of combination - CLECs, containing two or more
enzymes, for use in one-reaction vessel, for multi step continuous reaction. For
example, an oxynitrilase/nitrilase combi-CLEC can be used for the synthesis of (S)-
mandelic acid from benzaldehyde in high yield and enantiomeric purity (Sheldon et
al, 2005; Roy and Abraham, 2006).

1.1.4.5. Tissue culture:

a) Digitoxin: Biotransformation is carried out in the form of tissue culture
where the reaction requirement is for a particular differentiated tissue. Plant tissue
culture for production of cardiac glycoside digitoxin, a cardiotonic has been used by
Hildebrandt and Riker (1953). Digitalis lanata and D. purpurea are the two species
commonly used for the production of digitoxin with good biotransformation
efficiency.

b) Vinblastine and Vincristine: Biotransformation using plant tissue culture
has been used successfully as an alternative route by Misawa et al (1988) for the
efficient production of anticancer drugs, vinblastine and vincristine. They are dimeric
indole alkaloids and have become highly valued drugs in cancer chemotherapy due to
their potent antitumor activity against various leukemias, Hodgkin's disease and solid

tumors. They are currently produced commercially by extraction from Catharanthus
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roseus (Apocyanaceae) plants, but the process is not efficient because of very low
concentrations of the alkaloids in the plant.
1.1.4.6. Biotransformation in organic phase:

Biotransformation in organic phase is a solution for those biotransformation
reactions where there is a problem of (i) instability and low solubility of substrates
and/or products in water and (ii) substrate and/or product inhibition. They are
instrumental for reactions involving reactants of low aqueous solubility, such as
steroid compounds (Buckland et al., 1975; Fukai and Tanaka, 1981). The main
advantages of an aqueous/organic two-phase biotransformation system over a single
aqueous phase system are that, the organic phase serves as reservoir for reactants that
are soluble to a very small extent in the aqueous phase and that the differing
solubilities of the reactant and the product in the aqueous or organic phase may be
exploited to achieve product separation. The presence of an organic phase offers
certain other advantages, including a reduced incidence of microbial contamination.

a) Steroid biotransformation: Organic phase biotransformation using octane as
solvent for the 1l-B hydroxylation of the steroid precursor Reichstein’s substance S
(cortexolone) to hydrocortisone by Curvularia lunata cells is a model system for
organic phase biotransformation (Harish and Gina, 1994).

b) Terpenoid synthesis: Terpenoid biotransformation is one of the examples of
organic phase biotransformation where cells of Rhodococcus erythropolis can
biotransform turpenes such as limonene and pinene into their oxygenated derivatives
(terpenoids) such as limonene 1,2 diol, which are widely used as flavours and

fragrances (Carla et al, 2000).
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Biotransformation in organic media using immobilized enzyme and whole
cells of Mycobacterium sp. have been used successfully for the production of active
sterols by sitosterol side chain cleavage. The increase in the volumetric productivity
of the reaction system and the shift of the reaction equilibrium in favour of product
synthesis leads to high product yield as there is reduction of substrate/product
inhibition (Cabral et al, 1997).

1.1.5. Characteristic features of biotransformation:

Biotransformations have been found to be advantageous over chemical
reactions because of the following characteristic features:

1) Regiospecificity: The substrate molecule is usually attacked at a particular
site, even if several groups or equivalents are present. For example: In the second step
of commercially synthesized ascorbic acid, D-sorbitol is converted to L-sorbose by
highly selective dehydrogenation by Acetobactor soboxydans. Among the six
hydroxyl groups of D-sorbitol, microbial oxidation takes place exclusively at position
2, producing L-sorbose as the only product with higher yields.

2) Reaction specificity: The catalytic activity is usually restricted to a single
reaction type. In other words side reactions are not expected as long as one enzyme is
involved in a particular biotransformation.

3) Stereo specificity: Since the reactive centre of an enzyme provides an
asymmetrical environment, it can easily make differentiation between enantiomers of
a racemic mixture. Therefore, only one or preferentially one of the enantiomers is
attacked. Similarly, if an enzyme reaction produces a new asymmetric centre, usually
only one of the possible enantiomers is formed resulting into optically pure

compound.
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4) Functionalization at non-activated carbon: Biotransformations can
selectively introduce functional groups at certain non-activated positions in a
molecule, which cannot be attacked by chemical reagents. For example, cortisone
acetate was prepared by this method.

5) Mild reaction conditions: Activation energy of chemical reaction is
distinctly lowered by interaction of substrate and enzyme and thus biotransformation
takes place under mild conditions such as neutral pH, room temperature and normal
pressure. Even a labile compound may be converted into product using low energy
consumption, without undesired decomposition or isomerisation.

1.1.6. Enzymes - the key elements of biotransformation:

Enzymes are the key elements for biocatalysis in all types of
Biotransformations. They catalyze an enormous number of reactions that are
necessary for the synthesis, modification and degradation of the organic molecules
that make up living organisms, or that are produced by these organisms for their
existence, protection and communication. Metabolic pathways and cell growth entail
highly diverse reactions such as the formation of carbon—carbon, peptide, or ester
bonds, saturation/unsaturation of carbon—carbon bonds, and oxidation. The
corresponding enzymes have been subdivided in six different classes according to
their catalytic properties:

1) Oxidoreductases - oxidation/reduction

2) Transferases - transfer of functional groups

3) Hydrolases — hydrolysis reactions

4) Lyases - addition/elimination of small molecules
5) Isomerases — isomerization reactions

6) Ligases - formation/cleavage reactions

13
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1.1.6.1. Oxidoreductases:

Cytochrome P450 monooxygenase system, flavin-containing monooxygenase
system, alcohol dehydrogenase, aldehyde dehydrogenase, monoamine oxidase,
peroxidases and NADPH-cytochrome P450 reductase are some of the important
enzymes involved in biotransformation of oxidative nature. They are all cofactor
dependent enzymes. The reducing or oxidizing equivalent is either supplied or taken
by the cofactor. The most commonly needed cofactors are NADH/NAD'
NADPH/NADP", FADH/FAD", ATP/ADP (Chenault and Whitesides, 1987; Wong
and Whitesides, 1994).

Fungal cytochrome P450s are considered to be responsible for the catalysis of
several interesting biotransformations. They are categorized from 51 to 64 (Nebert et
al, 1987). Table 1.1.6. shows an overview of all fungal cytochrome P450s categorized
on the basis of their amino acid sequence. Prospects of application of fungal
cytochrome P450s exists in the production of pharmaceuticals and fine chemicals by
biotransformation and in bioremediation. They are considered to be interesting
enzymes to be used as biotransforming catalysts, as some of them are capable of
introducing a hydroxyl group regio- and stereospecifically into their respective
substrate (Deutsch et al, 1978; Kreiner et al, 1996; Breslow et al, 1997; Boucher et
al, 1994; Trager, 1989). Progesterone 11 a-hydroxylase from Rhizopous nigricans, a
filamentous fungus, has been used in the production of glucocorticosteroids for two
decades (Hanisch et al, 1980; Aharonowitz and Cohen, 1981). A hydroxyl group is
introduced at carbon 11 of progesterone stercospecifically, shortens the chemical

synthesis of these steroids from 37 to 11 steps. The application of cytochrome P450s
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is hampered for several reasons. They have, in general, low specific activites resulting
in low production rates of the compounds of interest. Besides this, these enzymes can
only be used in whole cell systems, as the enzymes are relatively labile outside the
cell, need electron donating enzymes, and need NADPH for the reaction, which is
expensive. The use of whole cell suspension solves these problems but is
disadvantageous as the metabolization of the product of interest may occur, the
mycelia may be depleted of reducing equivalents and contaminating substances may
be excreted into the medium, resulting in more difficult downstream processing.
These problems can be overcome by introducing multiple copies of the cytochrome
P450 and NADPH cytochrome P450 reductase into the organism, which results in
better specific activities (Truan et al, 1993; Panzhou et al, 1998). Another way of
improving the specific activity is by the covalent attachment of the reductase to the
cytochrome P450 (Hara et al, 1999).

Table 1.1.6. Fungal cytochrome P450 with known gene sequences.

Family Substrate Product Organism Remarks Reference
CYP51 lanosterol/ 14- Probably in all | Target for Vandenb-
ebirucol demethyl Fungi and antifungal ossche
lanosterol | yeast drugs and
Koymans,
1998
CYP52 Alkane(s) 1-OH- C. maltose Inducible by Schunck
alkane C. tropicalis substrate et al,1989;
Sanglard,
and Loper,
1989
CYP53A1 Benzoate 4-OH- A. niger Inducible by Vaan et
and benzoate _ benzoate al, 1990;
CYP53B1 | Derivatives R. minuta and p- Fukuda,
Benzoate/ 4-OH- aminobenzoate | 1993
isovalerate | benzoate/ Inducible by
Isobutene+ phenyl-alanine
CO, and benzoate
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CYP54 n.i n.i N. crassa Inducible by Attar,
cycloheximide | 1990
CYP55 NO N>,O F. oxysporum Soluble; no O, | Toritsuka
C. tonkinese used; etal,
1997;
Shoun et
al, 1989
CYP56 Tyrosine Dityrosine | S. cerevisiae Productis acell | Briza et
wall component | al,1989;
Briza et
al, 1994
CYP57 Pisatin 140- N. Pisatin is a Weltring
demethyl | haematococca | phytoalexin etal,
pisatin (F. oxysporum) 1988;
Maloney
and
VanEtten,
1994
CYP58 n.i n.i F.sporotrichiod | Trichothecene Hohn et
es metabolism al, 1995
CYP59 n.i n.i A. nidulans Involved in Brown et
aflatoxin al, 1996
biosynthesis
CYP60 Averantin Averufin A. parasiticus Involved in Yuetal,
aflatoxin 1997
biosynthesis
CYP61 Lanosterol | Lanosterol- | S. cerevisiae Ergosterol Kelly et
22- biosynthesis al, 1997
desaturase
CYP62 n.i n.i A. nidulans Involved in Brown et
aflatoxin al, 1996
biosynthesis
CYP63 n.i n.i P. chrysogenum | unknown Brown et
al, 1996
CYP64 O-methyl- Aflatoxin(s | A. parasiticus Involved in Yu et al,
sterigmato- | ) aflatoxin 1998
cystin biosynthesis

*n.i. = not - identified

Cytochrome P450 monooxygenase system plays a vital role in the metabolism

of methyl xanthines, particularly caffeine in humans, animals and fungi. Caffeine

metabolism is carried out by cytochrome P450 monooxygenase system along with
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NADPH-cytochrome P450 reductase in animal systems. The role of this particular
enzyme in caffeine metabolism and the subsequent product formation will be
discussed in detail in the following chapters.

1.1.6.2. Transferases:

Of all biological reactions this class of biocatalysts is one of the most common
enzymes (Ager, 1999). Glutathione S-transferases, UDP-glucoron(os)-yltransferases,
N-acetyltransferases are some of the important enzymes involved in
biotransformation reactions.

Transketolase is an example of transferse enzyme and catalyses the transfer of
a two-carbon ketol unit from xylulose 5-phosphate to an aldehyde acceptor such as
erythrose 4-phosphate, producing a new C-C bond and chiral centre with high
enantioselectivity. An alternative ketol donor, beta-hydroxypyruvate, can be used to
ensure that the reaction is irreversible, producing CO; as a byproduct, and hence cost
effective at large scale.
1.1.6.3. Hydrolases:

Of the various enzyme classes, hydrolases, which catalyze the cleavage or
synthesis of ester and amide-bonds, have found the widest range of applications. It is
estimated that approximately 80% of all industrial biotransformation enzymes are
members of the hydrolase class (Wrotnowski, 1997). A large number of
biotransformation processes use hydrolytic reactions, including lipases, proteases,
esterases, nitrilases, etc. An interesting group of hydrolases, the hydantoinases, can be
used to produce chiral amino acids and their derivatives, as chiral starting materials in

the production of pharmaceuticals such as antibiotics. The reactions are
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stereoselective, giving D- or L-products (Burton et al, 1998). These compounds can
be efficiently synthesized by the biocatalytic conversion of substituted hydantoins, in
reactions catalyzed by microbial isolated enzymes or resting cells, in solution or
immobilized in bioreactors.

Hydrolases are used in laundry detergents (lipases, proteases) and in the food
industry (amylases, proteases, lipases, esterases), and also as biocatalysts for the
synthesis of chemicals. Hydrolases have found major uses because it is relatively easy
to develop practical applications for these enzymes. They can be formulated as
immobilized cell preparations or as partially purified enzyme preparations. In
addition, as these enzymes catalyze slightly exergonic equilibrium reactions, they do
not require cofactors or complex reaction conditions. Given sufficient enzyme
stability, the application of hydrolases in vitro is straightforward. Additionally, the
direction of the reaction can be reversed by using appropriate reaction conditions as
product removal, low water concentration, etc.
1.1.6.4. Lysases:

Lysases catalyse reactions involving C-C, C-O, and C-N bonds. In industrial
processes these enzymes are most commonly used for synthesis. The addition of a
molecule to an unsaturated substrate is of interest in synthetic processes. For
example; phenylalanine ammonia lyase catalyses the formation of an asymmetric C-
N bond yielding the L-amino acid dihydroxy-L-phenylalanine (L-DOPA). The
product is applied for the treatment of Parkinsonism, which is caused by a lack of L-

dopamine and its receptors in the brain (Tsuchida et al, 1993; Yamada, 1998).
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1.1.6.5. Isomerases:

Depending on the type of isomerism, isomerases may be called as epimerases,
racemases, cis-trans-isomerases, tautomerases or mutases. Isomerases are easy to
utilize, but have found few applications, the most important of which is the
production of high-fructose corn syrup from glucose using glucose isomerase.
Isomerases are also used to racemize unwanted stereoisomers in amino acid
resolutions.
1.1.6.6. Ligases:

Ligases join two molecules with covalent bonds as C-O, C-S and C-N bonds.
These biocatalysts play a major role in genetic diagnostics. Specific enzymes called
DNA ligases catalyse the formation of C-O bonds in DNA synthesis.

1.1.7. Categorization of biotransformation:

The tools of biotransformations are principally mammalian, plant or microbial
cells. Hence, biotransformation can be categorized into three different classes
depending on their occurrence in a particular living system. They are:

a) Biotransformation in animal system/human system
b) Biotransformation in plants

¢) Biotransformation in microbes
1.1.7.1. Biotransformation in human/animal system:

Biotransformation in human body plays a central role in the elimination of
drugs and other foreign compounds (xenobiotics) from the body. Most organic
compounds entering the body are relatively lipid-soluble (lipophilic). Once in the
bloodstream, these molecules can diffuse passively through other membranes to reach

various target organs to effect their pharmacological actions. But when they are
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needed to be excreted out of the body, they need to be converted to water-soluble

products. The formation of water-soluble metabolite not only eliminates drugs, but

also leads to compounds that are generally pharmacologically inactive and non-toxic.

a) Biotransformation of xenobiotics in human/animal systems:

Biotransformations of xenobiotics are crucial reactions for the detoxification

mechanism of the body. It involves the Phase I or functionalisation reaction where

active functional groups are generated on the drug moiety. The Phase II or

conjugation reaction involves the addition of small molecules or functional group to

make the drug water soluble in nature so that it can be extracted out easily. Table

1.1.7.1., describes the phase I and phase II reactions, the types of reaction covered

under each class and the enzymes involved in these reactions.

Table 1.1.7.1. Biotransformation reactions in human/animal systems — an over

view.
S.No | Reaction Nature of reaction Enzymes involved Reference
type
1. Phase I or 1) Oxidation of aromatic Cytochrome P450 Rendic and
functionaliza | moieties monooxygenase Dicarlo,
tion reactions | 2) Oxidation of olefins. system, 1997
Flavin-
a) Oxidative | 3) Oxidation at benzylic, containing
reactions allylic carbon atoms and monooxygenase
carbon atoms a to carbonyl | system,
and imines. Alcohol
dehydrogenase and
4) Oxidation at aliphatic Aldehyde
and alicyclic carbon atoms. | dehydrogenase,

5) Oxidation involving
carbon heteroatom.

6) Carbon-nitrogen
systems (aliphatic and
aromatic amines; includes
N-dealkylation, oxidative

Monoamine oxidase,
co-oxidation by
Peroxidases
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deamination, N-oxide
formation, N-
hydroxylation).

7) Carbon-Oxygen systems
(O-dealkylation).

8) Carbon-sulfur systems
(S-dealkylation, S-
oxidation and

desulfuration).

9) Oxidation of alcohols

and aldehydes.
b) Reductive | 1) Reduction of aldehydes | NADPH-cytochrome | Rendic and
reactions and ketones. P450 reductase, Dicarlo,

2) Reduction of nitro and | reduced (ferrous) 1997

azo compounds. cytochrome P450.
c¢) Hydrolytic | 1) Hydrolysis of esters and | Esterases and Rendic and
reactions amides. amidases, epoxide Dicarlo,

2) Hydration of epoxides | hydrolase 1997

and arene oxides by

epoxide hydrase.

2. Phase II or 1) Glucoronic acid Glutathione Rendic and

conjugation | conjugation. S-transferases , Dicarlo,
reactions mercapturic acid 1997

2) Sulfate conjugation.
3) Conjugation with
glycine, glutamine and
other amino acids.

4) Organic phase
biotransformation using

biosynthesis, UDP-
glucoron(os)yltransfer
ases,
N-acetyltransferases,
amino acid N-acyl

solvents as octane transferases,
5) Acetylation. sulfotransferases
6) Methylation.

b) Enzymes involved in biotransformation in human/animal systems:

Cytochrome P450 family is known as the body's detoxifying enzymes. They

are a large group of monooxygenase enzymes responsible for the metabolism of

drugs/toxins and require NADPH and O, for their activity (Garrett and Grisham,

1995). They also require NADPH-cytochrome P450 reductase (CPR) as the electron
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donor protein. Over 60 key forms of this enzyme are known, with hundreds of genetic
variations possible, producing a wide variety of susceptibility to specific drugs and
toxins. These enzymes are located in the endoplasmic reticulum and are highly
concentrated in the liver and small intestine. Additionally, P450 enzymes are also
found in the mitochondrial membrane (Modi et al, 1995). P450s encompass a highly
diverse "superfamily" of hemoproteins and one of their most relevant functions is that
of metabolizing drugs in humans.

A typical cytochrome P450 catalysed reaction is:

NADPH +H" + O, + RH ==> NADP" + H,0 + R-OH
Where RH is the substrate and R-OH is the product.

1.1.8. Biotransformation in plants:

Many important pharmaceuticals are produced as secondary metabolites by
the plants. Secondary metabolites are used as food, flavours, colour, dyes, perfumes,
scented oils in aromatherapy, as industrial products such as rubber and oils. To large
extent secondary metabolites in plants determine the host range of herbivorous
insects. As caffeine produced in Coffea arabica helps the plant in protecting itself
from insect attack (Frischknecht et al, 1986).

Commercially important plant biotransformation products:

Taxol (plaxitaxol), a complex diterpene alkaloid found in the bark of the
Taxus tree, is one of the most promising anticancer agents known due to its unique
mode of action on the micro tubular cell system (Jordon and Wilson, 1995, Cragg et
al, 1993). The dimeric indole alkaloids, vincristine and vinblastine produced in

Catharanthus roseus are valuable drugs in cancer chemotherapy due to their potent
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antitumor activity against various leukemias and solid tumors. Some other therauptic
compounds of plant biotransformation origin are alkaloid compounds such as
hyoscyamine, atropine, cocaine, codeine, morphine and terpenoids like azadirachtin,
artemisinin and plant steroids like saponin. Glycosides as nojirimycin and
glucosinolates, phenols as resveratrol, phenazines as pyocyanin and phenazine-1-
carboxylic acid, polyketides as erythromycin and discodermolide, fatty acid synthase
products as phoroglucinol, nonribosomal peptides as vancomycin, thiostrepton,
gramicidin, bacitracin, ribosomal peptides as microcin-J25.

1.1.9. Biotransformation in microbes:

Microbial transformations refer to reactions catalyzed by microbial enzymes,
leading to specific and useful metabolite accumulation in the reaction media. Micro-
organisms have a unique ability to produce a wide variety of different natural
products, many of them with valuable biological activities (e.g. antibiotics, anti-virals
and anti-fungals). Many enzymes involved in the biosynthesis of these metabolites
catalyze reactions that are difficult to perform using conventional synthetic
approaches in the laboratory. As such, they constitute a class of catalysts with great
potential for the various biotransformations and remain the preferred method for
biotransformations as they offer a broad field of inexhaustible possibilities for the
future. Microbes can act as biocatalysts to carry out complex sequences of reactions
very specifically which offer cost-effectiveness over the costly chemical
transformation alternatives. Micro-organisms can be used to catalyze chemical
reactions which otherwise are very difficult to occur and 11-hydroxylaion in steroids

is an example. Microbes can be manipulated to overproduce the products by

23


http://en.wikipedia.org/w/index.php?title=Nojirimycin&action=edit
http://en.wikipedia.org/wiki/Glucosinolate
http://en.wikipedia.org/wiki/Erythromycin
http://en.wikipedia.org/wiki/Discodermolide

Chapter 1

eliminating feedback inhibition and repression mechanisms as well as inducing
secretion of product. Microbial enzymes are highly versatile in nature, more
adoptogenic than higher cells and are thus widely exploited as they decompose or
metabolize the substrate at a faster rate. Enzymes are available for catalyzing various
reactions leading to desired modifications/conversion in the structure of a compound.
Success depends on skillful selection of microorganism for particular conversion.
Many different groups of microorganisms like bacteria, yeast, fungi, algae etc. have
been used efficiently for various purposes such as:

1) Metabolite or product formation.
2) Bioremediation

3) Biotransformation for value addition to food products.
1.1.9.1. Metabolite or product formation:

Microorganisms produce various metabolites/molecules during their life
cycle, which can be categorized as primary and secondary metabolites. These
metabolites/molecules are not only important to the microorganisms but they can be
used beneficially for various human requirements also. The microbial milieu can be
manipulated to make the microorganism over-produce its metabolites, which can be
further used by humans. Some examples of important microbial biotransformation are
as follows:

Pharmaceutical compounds:

Microbially biotransformed medicines — both natural compounds and their
semi-synthetic derivatives are being used in almost everything from anticancer drugs,
antibiotics to anticholesterolemics and immunosuppressants. Production of such

compounds is eco-friendly, high yielding and economical. Microbial products have a
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long history in medicinal treatment, dating back to the discovery of penicillin in the
1920s.
1) Theophylline:

Pharmaceutically important compounds such as theophylline can be produced by
biotransformation using microbial cultures as P. citrinum MTCC 5215 which will be
discussed in detail in the following chapters.

2) Antibiotics:

Most of the antibiotics such as penicillin, tetracycline, streptomycin,
aureomycin ciprofloxacin, cephalosporin are produced by microbial fermentation.
Penicillin is produced by microbial fermentation using P. notatum. Penicillin acylase
produced by Saccharomyces cerevisiae and Kluyvera citrophila is used in
biotransformation of penicillin G to semi-synthetic penicillins (Beers et al, 2004 and
Robert, 2004). The production of tetracycline by fermentation was described by
Minieri et al (1954). It is a broad-spectrum antibiotic produced by the Streptomyces,
and is used against many bacterial infections.

3) Steroids:

Recent development in the area of pharmaceutical biotransformation has been
in the use of microbial biotechnology in steroid transformations. World Market for
steroid biotransformation is estimated to be £500million. Pharmaceutical industry has
great interest in the biotransformation of steroids for production of steroid hormones.
Delta-1- dehydrogenation, 11 and 20B-reduction are some important steps because
they introduce changes in steroid structure that influence biological activity. Steroids

provide sex hormones and adrenal cortex hormones, e.g. progesterone, and cortisone
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that have extensive application in birth control pills and anti-inflammation
respectively. Cortisone and its analogue; prednisolone have a very large market in
alleviation of arthritis and other inflammation problems e.g. sports injury and diseases
such as asthma.

On C-17 side chain cleavage, steroid precursors yield steroid drugs, which can
be done by any chemical means, but the yield is very poor. However microorganisms
as Rhizopous arrhizus and R. nigricans cleave this side-chain with high efficiency
and increased yield. Some other important biotransformations include introduction of
16 o-hydroxyl group into 18-hydroxy cortisone and 18-hydroxyl group for
preparation of aldosterone (lizuke and Natio, 1967)

4) Prostaglandins:

Structurally prostaglandins are derivatives of prostanoic acid and have a
cyclopentane ring with two side-chains attached to adjacent carbon atoms. The
commercial source of availability of prostaglandins is chemical synthesis and
extraction from living sources, which has very low yield and is time consuming.
Microbial biotransformation of prostaglandins is gaining importance. Recently, they
are also being synthesized enzymatically from certain open chain Cy—unsaturated
fatty acids that include
a) 8,11,14 eicosatrienoic acid

b) 5,8,11,14—eicosatetraenoic acid or arachidonic acid.
¢) 5,8,11,14,17-eicosapentaenoic acid.

5) Vitamins:

Vitamins are nutrients required in very small amounts for essential metabolic

reactions in the body. Until the 1900's, vitamins were obtained solely through food
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intake. But the present scenario has shifted towards microorganisms for their
production. Presently, vitamin B12 or cyanocobalamin is obtained by combination of
cobalamin with cobalt salt catalysed by microorganisms such as Streptomyces
olivaceous, S. griseous, Bacillus megaterium, Pseudomonas denitrificans,
Propionibacterium shermani, P. freudenreichii. Vitamin B12 is also recovered as by
product of streptomycin and aureomycin fermentations. Vitamin B2 or riboflavin is a
parent compound of flavins—FAD and FMN co-enzymes and the fungus Ashbya
gossypii is a prodigious producer of vitamin B, (Michael and John, 2006)

6) Commodity chemicals:

The various commodity chemicals produced by biotransformation are acetic
acid, and other organic acids as citric acid, lactic acid, acetone, butanol, ethanol etc.
1.1.9.2. Bioremediation:

Bioremediation is also known as biodegradation enhancement and includes
any purposeful use of microbes to degrade/biotransform unwanted substances in the
environment to ecofriendly compounds. It is the application of biotransformation to
alleviate environmental problems. It can be defined as any process that uses
microorganisms, fungi, green plants or their enzymes to return the environment
altered by contaminants to its original condition. The goal of all bioremediation
efforts is to reduce the potential toxicity of chemical contaminants in the field by
using microorganisms, plants, and animals to transform, degrade, or immobilize
toxicants. There is already a significant base of knowledge about many pathways for
organic degradation, and several important contaminant degradation mechanisms are

presently under detailed investigation. Fundamental knowledge of biodegradation and
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biotransformation mechanisms has contributed significantly in improving the
performance of bioremediation in the field. Recently discovered biotransformation
processes for metal biotransformations and biosequestration, coupled aerobic and
anaerobic processes, co-metabolism, biotransformations in the presence of alternative
electron donors/acceptors, and biotransformations catalyzed by consortia (Ehrlich,
1990; Francis, 1990; Lovley, 1993; Macaskie, 1991) are under investigation by
several groups. Bioremediation can be employed to attack specific soil, water, natural
body contaminants such as chlorinated hydrocarbons that are degraded by microbes.
Using genetic engineering to create organisms specifically designed for
bioremediation has great potential (Lovely, 2003).
1.1.9.3. Biotransformation for value addition to food products:

Biotransformation reactions have been used successfully for value addition to
food products (Nickerson and Sinskey, 1972). Table 1.1.9.3 shows some examples of
microbes, which act upon food materials to enhance nutrition and flavour.

Table 1.1.9.3. Biotransformation for value addition to food products

S. No | Food Raw material Biotransforming
microorganism

1. Pickle Cucumber Leuconostoc mesenteroides,
Lactobacillus

2. Chocolate Cocao beans Saccharomyces cerevisae,
Candia rugosa, Kluyveromyces
marxianus

3. Bread Flour Saccharomyces cerevisae

4, Sauerkraut Cabbage Leuconostoc plantarum

5. Soy sauce Soybean Aspergillus oryzae

6. Curd Milk Lactobacillus bulgaris

7. Cheese Milk Lactobacillus lacti, Lactophilus
acidophilus

8. Decaffeinated coffee | Coffee beans Pseudomonas alcaligenes
MTCC 5264

9. Decaffeinated tea Tea leaves P. alcaligenes MTCC 5264
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1) Biodecaffeination of tea and coffee by microbial enzymes:

Excessive consumption of caffeine through beverages is associated with a
number of health problems like adrenal stimulation, irregular muscular activity (Essig
et al, 1980; Spriet et al, 1992), cardiac arrhythmias (Kalmar and Cafarelli, 1999) and
increased heart output. Excess caffeine is reported to cause mutation (Pons and
Muller, 1990), inhibition of DNA repairs and inhibition of adenosine
monophosphodiesterase (Blecher and Lingens, 1977) and during pregnancy causes
malformation of fetus and may reduce fertility rates (Srisuphan and Bracken, 1986). It
also causes osteoporosis, i.e. decrease in mineral density (Eskenazi, 1993).
Conventional methods of decaffeination usually involve the use of solution
containing aqueous extract of coffee/tea and decaffeinating agents such as methylene
chloride, ethyl acetate, charcoal or carbon, triglycerides and supercritical CO, (Katz,
1987). However, these methods suffer from drawbacks like harmful effects due to
solvent residues, loss of essential flavours and high cost. Use of microorganisms is
being researched into, in the recent years as a potential method for decaffeination
(Sarath Babu et al, 2005). Many caffeine biotransforming microorganisms have been
reported (Blecher and Lingens, 1977; Asano et al, 1993; Asano et al, 1994; Woolfolk,
1975; Gluck and Lingens, 1987; Gluck and Lingens, 1988; Mazzafera et al, 1996;
Trijebels and Vogels, 1966; Middlehoven and Bakker, 1982; Vogels and Van der,
1982; Woolfolk and Downward, 1977; Middlehoven and Lommen, 1984; Madyastha
et al, 1999). Work was carried out in our laboratory on the isolation and
characterization of microorganisms capable of biotransforming caffeine to methyl

xanthines. A potent caffeine degrading strain of P. alcaligenes MTCC 5264 was
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isolated at our lab (Sarath et al., 2005). The enzymes involved in the caffeine
degradation pathway have been identified and a rate limiting enzyme viz., caffeine
demethylase which has potential of application in the biotransformation of caffeine to
theobromine and paraxanthine has been identified and used for biodecaffeination
which is eco friendly and safer as compared to the conventional decaffeination
methods.

2) Biotransformation of vanillin:

Vanillin is frequently used as aromatic flavor compound in food and
cosmetics industries. The most intensively studied process for producing natural
vanillin by biotransformation is based on the use of ferulic acid as a substrate. The
gram-positive microorganisms Amycolatopsis sp. strain HR167 and Streptomyces
setonii have been used to convert ferulic acid to vanillin (Achterholt et al, 2000;
Muheim and Lerch, 1999).

3) Amino acid production:

Amino acids are used as starting materials in the chemical industry for the
production of various neutraceuticals and food additives. Some examples of
microbially biotransformed amino acids are glutamic acid, phenylalanine, aspartic
acid (aspartame = Nutrasweet), lysine (an essential amino acid) and tryptophan.
Production volumes of L-leucine range from 10 tons per year, 10,000 tons per year
for phenylalanine, 700,000 tons per year for L-lysine and 1.5 million tons per year for

glutamic acid (Alchema, 2006).
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1.2. Introduction to methyl xanthines:

Caffeine, theophylline, theobromine, paraxanthine, and 7-methylxanthine are
some of the naturally occurring methyl xanthines of interest (Bresler, 1904; Willaman
and Schubert, 1961; Kretschmar and Baumann, 1999). They bear structural
resemblance to the purine base guanine, which is a DNA/RNA nucleoside (Scheme 1
and 2). The other methyl xanthines are pentoxyfylline, 8-methoxymethyl-1-methyl-3-
(2-methylpropyl)xanthine, 1-methyl-3-isobutylxanthine etc. Some of the methyl
xanthines such as theophylline is therapeutically important molecule and is produced
as one of the products of the caffeine biotransformation pathway of fungi. However,
the commercial availability of theophylline is by chemical synthesis, which uses
various toxic chemicals and solvents, the remnants of which are not desirable. Hence,
the need for the production of these therapeutically important molecules by safer
ecofriendly methods as biotransformation. Theophylline can be produced by the

method of biotransformation using potent microbial cultures and caffeine as the

substrate.
Scheme 1. Structure of purine. Scheme 2. Structure of xanthine.
H
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Purine Xanthine

Purine (Scheme 1) is the parent molecule for methyl xanthines and are

present in nature as the parent compound for adenine and guanine, two of the four
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basic constituents of the nucleotides that form DNA and RNA, the compounds of life.
Every living organism contains DNA and RNA. Purine is also the basis of ATP,
nature's "energy currency". Thus studies on these methyl xanthines and purine
molecules gain prominence.

The oxidation of purine by adding two oxygen atoms forms xanthine (Scheme
2). This forms the parent molecule for the methylxanthines. There are three pyrrole
type nitrogens, which can be N-methylated to form methylxanthines. Methyl
xanthines are an important group of compounds because of their structural similarity
to the nucleotide base adenine. Table 1.2.1., shows the therapeutic importance of
most of the methyl xanthines and their derivatives as theophylline (Tp) (Bradley and
Lichtenstein, 2001; Kathryn and Kamada, 2000; Kurosawa, 2002), pentoxyphylline
(Gude et al, 1996), acyclovir (Vajpayee and Malhotra, 2000). Different
pharmacological studies have revealed that methyl xanthines possess various
desirable pharmacological properties such as their ability to inhibit cyclic nucleotide
phosphodiesterases (PDEs) (Beavo and Reifsnyder, 1990) and as adenosine receptor
antagonist (Daly, 1982; Daly et al, 1991). In general, the above mentioned
pharmacological activities are reduced in derivatives that lack substituents at position
1 or contain substituents at position 7, as compared with the corresponding
1,3-dialkyl xanthines. The order of potency of the naturally occurring methyl

xanthines is theophylline>caffeine>theobromine (Bradley and Lichtenstein, 2001).
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Table 1.2.1. Applications of methyl xanthines.

S.No Products Therauptic uses

1. Theophylline Used for asthma, apnea, diuretic,
stimulates CNS, inhibitor of 6-P110
enzyme (antileukemia property),

antimetastatic

2. Theobromine Diuretic, enhancer in cancer
chemotherapy

3. Pentoxyphylline Inhibits TNF-a by decreasing gene

transcription, antimetastatic activity,
cytoskeleton depolymeriser

4, Acyclovir Antivirus

5. 3-Iso butyl-1 methyl Adenosine receptor antagonist
xanthine

6. 1-Isobutyl-3 methyl Adenosine receptor antagonist
xanthine

7. Diethyl -8 phenyl Adenosine receptor antagonist
theophylline

8. 8-phenyl theophylline Adenosine receptor antagonist

9. 8-phenyl sulphophenyl Adenosine receptor antagonist
theophylline

10. Verophylline Adenosine receptor antagonist

1.2.1. Caffeine:
If all three available pyrrole type nitrogen atoms are methylated, the product is
caffeine.

Scheme 3. Structure of caffeine.

O (|3H3
H3C\ N
N ‘ >
l\'l N
CHj,

Caffeine

IUPAC name 1,3,7-trimethyl-1H-purine-2, 6 (3H,7H)-dione
Molecular formula CgH;oN4O,
Molar mass 194.19 g/mol
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Caffeine is a xanthine alkaloid compound that acts as a stimulant in humans. It
is found in the beans, leaves, and fruit of over 60 plants, where it acts as a natural
pesticide that paralyzes and kills certain insects feeding upon them (Frischknecht et
al, 1986; Nathanson, 1984). Caffeine is a central nervous system (CNS) stimulant,
having the effect of warding off drowsiness and restoring alertness. Beverages
containing caffeine, such as coffee, tea, soft drinks and energy drinks, enjoy
popularity great enough to make caffeine the world's most widely consumed
psychoactive substance.

Mechanism of action:

Caffeine's principal mode of action is as an antagonist of adenosine receptors
in the brain (Fisone et al, 2004). As caffeine molecule is structurally similar to
adenosine (scheme 4), it binds to adenosine receptors on the surface of cells without
activating them (a "false transmitter" method of antagonism). The reduction in
adenosine activity results in increased activity of the neurotransmitter dopamine,
largely accounting for the stimulatory effects of caffeine.

Scheme 4. Structure of caffeine and adenosine.
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Caffeine Adenosine

Caffeine can also increase levels of epinephrine (Graham et al, 1994). Acute
usage of caffeine also increases levels of serotonin, causing positive changes in mood.

It is also known as a competitive inhibitor of cAMP-phosphodiesterase (c(AMP-PDE),
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an enzyme which converts cyclic AMP (cAMP) in cells to its noncyclic form, thus
allowing cAMP to build up in cells. Cyclic AMP participates in the messaging
cascade produced by cells in response to stimulation by epinephrine. By blocking its
metabolism, caffeine intensifies and prolongs the effects of epinephrine and
epinephrine-like drugs such as amphetamine, methamphetamine, or methylphenidate.
Biotransformation of caffeine:

In mammalian system, caffeine is biotransformed in the liver by the
cytochrome P450 enzyme system (specifically, the 1A2 isozyme) into three primary
metabolites: paraxanthine (84%), theobromine (12%), and theophylline (4%) as
shown in scheme 5 (Warrens, 1969; Woon-Gye and Young-Nam, 1997). The caffeine
biotransformation in plant parts like coffee fruits and leaves proceeds via
theobromine, theophylline, N3-methylxanthine, N7-methylxanthine, xanthine,
allantoin, allantoic acid and urea (Kalberer, 1965; Suzuki and Waller, 1984a; Suzuki
and Waller, 1984b, Ashihara and Crozier., 1999).

Scheme 5. Biotransformation of caffeine in mammalian system.
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Reports on caffeine biotransformation pathway show that theobromine and
paraxanthine (Asano et al, 1993, Sarath Babu et al, 2005) are produced by bacteria
and theophylline is produced by fungi (Schwimmer et al, 1971). Caffeine
biotransformation in yeast occurs via formation of theophylline (Birkett et al, 1981;
Sauer et al, 1982).

Analogs of caffeine:

Caffeine and analogs that contain ethyl, propyl, allyl, propargyl and other
substituents in place of methyl at 1-, 3- and 7-positions are antagonists to the two
major classes (Al and A2) adenosine receptors. Potency at both receptors increased
as methyl group is replaced with larger substituents (Daly, 1991). Certain analogs
with only one of the three-methyl groups of caffeine replaced by larger substituents
are somewhat selective for A2 receptors. Nearly all the 22 analogues of caffeine are
available and are more potent than caffeine. The most potent caffeine analogue is 1,3-
di-n-propyl-7-propargylxanthine, which is about 100-fold more potent than caffeine
at both A1 and A2 receptors.

1.2.2. Theophylline:

It is naturally found in black tea and green tea and in tea leaves (0.3% by
mass). It was first extracted from tea leaves around 1888 by the German biologist
Albrecht Kossel. The drug was chemically identified in 1896 and eventually it was
synthesized by German scientist, Wilhelm Traube (Finar, 1975). Theophylline's first

clinical use in asthma came in the 1950s.
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Scheme 6. Structure of theophylline.
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Theophylline
IUPAC name: 1,3-dimethyl-7H-purine-2,6-dione
Formula - C7H8N402
Mol. weight 180.164 g/mol
The conventional therapeutic uses of theophylline are:
o Chronic obstructive diseases of the airways
o Chronic obstructive pulmonary disease (COPD)
e Bronchial asthma.

Theophylline possesses therapeutic properties such as diuretic, cardiac
stimulation, smooth muscle relaxation and has been successfully used for the
treatment of asthma (Bradley and Leichtenstein, 2001; Kathryn and Alan, 2000),
apnea, diuretic (Homer, 2001) and as a central nervous system stimulator.
Theophylline shows bronchodilator effects, arising out of its ability for
inhibition of phosphodiesterase (PDEs), which catalyze the breakdown of
cyclic AMP and GMP to 5> AMP and 5’GMP respectively. Inhibition of PDEs leads
to an accumulation of cyclic AMP and GMP thereby increasing the signal
transduction through these pathways and leading to increased levels of cyclic AMP,
promoting smooth muscle relaxation. The ability of theophylline to stabilize mast

cells and other anti-inflammatory and immunomodulatory effects of theophylline has

also been observed. Adenosine-stimulated release of mediators from mast cells,
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neutrophil activation, induction of 1L-1B and 1L-la, synthesis and release of

tumour necrosis factor (TNF-a) and cytokine release from T-lymphocytes
are inhibited by theophylline (Kathryn and Alan, 2000).

Theophylline has been shown to inhibit tissue growth factor B (TGF-f)
mediated conversion of pulmonary fibroblasts into myofibroblasts in COPD and
asthma patients via cAMP-PKA pathway and suppresses COL1 mRNA, which codes
for the protein Collagen (Yano et al, 2006). Theophylline can restore the reduced
HDAC (histone deacetylase) activity that is induced by oxidative stress (i.e. in
smokers), returning steroid responsiveness toward normal, in vitro (Ito et al, 2002).
Corticosteroids switch off the inflammatory response by blocking the expression of
inflammatory mediators through deacetylation of histones, an effect mediated via
histone deacetylase-2 (HDAC?2) and theophylline has been shown to directly activate
HDAC?2 (Ito et al, 2001). Thus theophylline could prove to be a novel form of adjunct
therapy in improving the clinical response to steroids in smoking asthmatics.

Histochemical and biochemical studies were carried out on the inhibition of
alkaline phosphatase (Al-P) activity in rat cerebral cortex with various
methylxanthine derivatives and the results show that theophylline is a potent inhibitor
of alkaline phosphatase (Al-P) activity (Sugimura and Muzitani, 1979).

The binding of naturally occurring methylxanthines such as theophylline,
theobromine and caffeine to nucleic acids are reckoned to be pivotal as they are able
to modulate the cellular activities. The interaction of yeast RNA binding efficacy of
theophylline, theobromine and caffeine was studied by Johnson et al (2003) using UV

absorption differential spectroscopy and Fourier Transform Infrared (FTIR)
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spectroscopy. The differential UV-spectrum reveals the greater RNA binding activity
for theophylline (85 + 5%), whereas moderate and comparatively less binding activity
for theobromine (45 + 5%) and caffeine (30 = 5%). Thus, the discrimination in the
binding affinity of methylxanthines with RNA molecule shows that strong RNA
binding drugs like theophylline can selectively be delivered to RNA targets of
microbial pathogens having the mechanism of RNA catalysis (Johnson et al, 2003).
Recent therapeutic uses of theophylline:

The structural resemblance of theophylline to adenine is being exploited to
venture into the possibilities of its use as antiviral, anticancerous, antitumourous
activity. Theophylline induces growth inhibition and apoptosis in tumorous cells
(Lazaros et al, 2002). It has been reported to have antileukemia property as it inhibits
6-P110 enzyme (Lazaros et al, 2002). Theophylline has been shown to block the
transcription of the HIV viral gene in infected CD4 T cells by 94% (Kurosawa, 2002).
Theophylline analogs:

The theophylline analogues are relatively nonselective except for the 1-ethyl
analogue and the 1, 3-diallyl analogue, which are selective for the A2 receptor, and
the 1, 3-di-n-propyl, 1, 3-diisobutyl, and 1,3-dibenzyl analogues, which are selective
for the A1 receptor. 1,3-di-n-propylxanthine is 20-fold more potent than theophylline
at the A1 receptor and 5-fold more potent at the A2 receptor (Bruns et al, 1983). 1,3-
dipropyl substitutions enhance potency compared to theophylline. An 8-phenyl
substituent produces a considerable increase in potency, which is augmented by
certain para substitutions on the 8-phenyl ring. Combining an ortho amino with a

para-chloro substituent on the 8-phenyl ring affords further increases in potency.
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Combining all of these substituents results in 1,3-dipropyl-8-(2-amino-4-chlorophenyl
xanthine, a compound of extraordinary receptor affinity, with a K; for adenosine Al
receptors of 22 pM. It is 4,000,000 times more potent than xanthine itself and 70,000
times more potent than theophylline.

Theophylline is produced as a microbial biotransformation product of caffeine
in Penicillium roqueforti (Schwimmer et al, 1971) and is also produced by
biotransformation of caffeine by P. citrinum MTCC 5215 as will be discussed in the
subsequent chapters.

1.2.3. Theobromine:

Theobromine (Scheme 7) is derived from Theobroma, the genus of the cacao
tree, which is composed of the Greek roots theo ("God") and broma ("food"),
meaning "food of the gods", with the suffix -ine given to alkaloids and other basic
nitrogen-containing compounds. It is the primary alkaloid found in cocoa and
chocolate, and is one of the causes for mood-elevating effects of chocolate.

Scheme 7. Structure of theobromine.
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Theobromine

IUPAC name: 3,7-dihydro-3,7-dimethyl-1H-purine-2,6-dione

Formula - C7H8N402
Mol wt - 180.16
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Theobromine is found in cacao (1.50% by mass), lesser extent in tea and coffee, and
as a human metabolite of caffeine.
Uses of theobromine:

In medicine, it is used as a diuretic, vasodilator, and a myocardial stimulant. It
has been used for the treatment of prostate cancer (Slattery and West, 1993).
Scientists have recently discovered that theobromine has an antitussive effect superior
to codeine by suppressing vagus nerve activity (Usmani et al, 2005). Theobromine is
known to induce gene mutations in lower eukaryotes and bacteria. It has been used as
an experimental teratogen in mice and rabbits (Rambali et al, 2002). It is also a
contributing factor in acid reflux because it relaxes the esophageal sphincter muscle,
allowing stomach acid access to the esophagus. Theobromine is an adenosine receptor
antagonist and exerts antiangiogenic properties in many types of tumors in Balb/c
mice cutaneous angiogenesis assay. Theobromine inhibits angiogenic activity of
ovarian cancer cells as well as CD45 positive lymphocytes isolated from peritoneal
ascitic fluid of ovarian cancer patients (Barcz et al, 2000). Theobromine inhibits the
doxorubicin efflux from tumor cells, increasing the doxorubicin concentration in a
tumor, enhancing antitumor effect of doxorubicin (Kakuyama and Sadzuka, 2001).
Theobromine is produced by biotransformation of caffeine in bacterial species such
as P. putida (Blecher and Lingenes, 1977), P. alcaligenes MTCC 5264 (Sarath et al,
2005).
1.2.4. Paraxanthine:

Paraxanthine (Scheme 8) is a major metabolite of caffeine in humans (>70%

of caffeine that has been consumed ends up as this compound). After intake, roughly
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80% of caffeine is demethylated at the 3-position to yield paraxanthine. Paraxanthine
has a number of physiological effects on animals. In humans, the compound acts as a
nonselective, competitive inhibitor of adenosine receptors. As a result, paraxanthine
triggers an elevated diastolic blood pressure and an increase in plasma epinephrine.

Scheme 8. Structure of paraxanthine.
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Paraxanthine

Molecular formula: C;HgN4O,

Molar mass: 180.16 g/mol

Furthermore, the compound has lipolytic properties and its presence in the
blood causes an increase in serum free fatty acid concentration. Paraxanthine, unlike
caffeine, acts as an enzymatic effector of Na'/K ATPase. As a result, it is responsible
for increased transport of potassium ions into skeletal muscle tissue. Similarly, the
compound also stimulates increases in calcium ion concentration in muscle.
Paraxanthine is also produced as one of the caffeine biotransformation products in
bacterial species P. alcaligenes MTCC 5264. The demethylation of caffeine to
paraxanthine is by demethylation at 3N position by demethylase enzyme P.
alcaligenes MTCC 5264.
1.2.5. 8-Methoxymethyl-1-methyl-3- (2-methylpropyl) xanthine:

This molecule (Scheme 9) specifically inhibits calmodulin-sensitive cGMP

phosphodiesterase  and it selectively  inhibits Ca*"/calmodulin-dependent

phosphodiesterase (Wells, 1988; Ahn., 1989).
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Scheme 9. Structure of 8-methoxymethyl-1-methyl-3- (2-methylpropyl) xanthine.
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1.2.6. 1-Methyl-3-isobutylxanthine:

1-Methyl-3-isobutylxanthine is a potent cyclic nucleotide phosphodiesterase
inhibitor that increases cyclic AMP and cyclic GMP in tissue and thereby activates
cyclic nucleotide-regulated protein kinases.

Scheme 10. Structure of 1-methyl-3-isobutylxanthine.
0
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Acyclovir (scheme 11) has structurally evolved from basic xanthine molecule

1.2.7. Acyclovir:

and has proved to be a promising antiviral drug to control infections caused by herpes
virus. Vidarabine has been the earliest available drug against Herpes simplex (HSV)
and Varicella zoster (VZV), but is an agent that is rarely used at present. Acyclovir
has replaced vidarabine in treating herpes infections in immunoincompetent and

immuno compromised patients.
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Scheme 11. Structure of acyclovir.
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IUPAC name: 2-amino-9-(2-hydroxyethoxymethyl)- 3H-purin-6-one
Formula: C8H11N503
Mol. weight: 225.21

The low oral bioavailability of acyclovir, as well as emergence of drug
resistant strains have stimulated efforts towards development of newer compounds for
treatment of herpes infection. Newer drugs as sorivudine which is a nucleoside
analogue has been pursued in treating herpes infections. Acyclovir and its related
compounds are methyl xanthine derivative, which have been used as potent therauptic

molecules.

1.2.8. Pentoxyfylline:

Pentoxifylline (Scheme 12), is a methyl xanthine derivative, improves blood
flow by decreasing its viscosity and also increases fibrinolytic activity in plasma.
Pentoxifylline administration either through IV or IP reduces peritoneal adhesion
formation by altering peritoneal fibrinolytic activity (Tohoku, 2006). Pentoxifylline
has been found to be a potent inhibitor of primary post-traumatic adhesion formation
in a rodent model (Steinleitner et al, 1990).

A few methyl xanthines occur naturally in plant parts whereas the rest are
available by chemical synthesis. The extraction of naturally occurring methyl
xanthines from plant sources is uneconomical. The commercial availability of all

methyl xanthines including theophylline is only through chemical synthesis.
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Scheme 12. Structure of pentoxyfylline.

fe) O CHs

/\/\/\ N/
HaC OJ‘\ ‘ N/>

Hs

oO—2=2

The commercial production of theophylline by chemical synthesis (Finar,
1975) which uses materials such as dimethyl urea and ethyl cyanoacetate. Besides
using various toxic chemicals and solvents the chemical method of synthesis results
in low yields, is time consuming, involves high cost and is not eco friendly. The
traces of chemicals and solvents in the product are not acceptable when used for
sensitive therapeutic applications. Besides this the methyl xanthines and their
derivatives such as acyclovir, pentoxyphylline etc. are synthesized by chemical means
via group transfer mechanism which uses heavy metal compounds such as
cyanoiodates and organomercurials (Lech and Piotr, 2001). Production of these
methyl xanthines by biotransformation will obviate all the disadvantages of the
present methods besides being ecofriendly, giving high yields, being economical.
Keeping in view the scope and requirement for the production of methyl xanthines
and their derivatives by biotransformation, the present work aims at the production of

methyl xanthines as theophylline by biotransformation.
Conclusion:

The process of biotransformation is ubiquitous in nature and has been
instrumental in the development of various commercial processes, which are not

possible otherwise. It has the potential to produce existing products more cost-
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effectively by lower consumption of raw materials, lower investment costs, lower
energy demand, and lower disposal costs due to less hazardous emissions making it
highly acceptable. It can also provide a basis for completely new products and system
solutions and has the potential to replace classical chemical production processes. The
high specificity of biotransformation processes attributes to its uniqueness and gives
it an edge over other methods of synthesis. Biotransformation systems are operational
in various life forms such as humans, animals, plants and microbes. Microbial
systems are the most easily manipulative in nature and have been used for the
development of many successful commercial processes. There have been reports of
fungi, which have the capability of biotransforming caffeine into valuable methyl
xanthine as theophylline. These naturally occurring fungal cultures can be utilized
for the production of therapeutically important methyl xanthines as theophylline and
further worked upon towards the development of successful commercial processes.
The production of theophylline by biotransformation will obviate the disadvantages
of the chemical synthesis method of theophylline production. Further work in
subsequent chapters will be dealt with theophylline production by fungal cultures
from caffeine.

The isolation, identification and characterization of caffeine degrading fungi,
selection of a potent fungal strain with the capability to biotransform caffeine to
theophylline, and studies on the optimization of physicochemical parameters for the
development of a biotransformation process for theophylline production are reported

in the following chapters of this thesis.
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Chapter 2

2.0. Scope of the work:

Microorganisms are major elements effecting biotransformation and has been
used successfully for the production of many commercial processes. Selection of
appropriate microbial culture is the most crucial step for the development of efficient
microbial processes. Targeted isolation programme is the first and foremost step in
this direction. Although caffeine is known to inhibit the growth of several
microorganisms, certain microbial species are known to utilize caffeine and convert it
into valuable compounds of therapeutic importance.

The first section of this chapter focuses on the survey of literature on various
groups of caffeine biotransforming microbial cultures. Further, the work carried out
on the isolation of potent fungal cultures capable for biotransformation of caffeine is
discussed. 34 caffeine biotransforming fungal cultures were isolated which were
further screened in liquid culture media containing caffeine to check their
biotransformation efficiency. The most potent caffeine biotransforming strain was
identified and characterized as P. citrinum MTCC 5215. The biotransformation
product of caffeine by this chosen strain was identified as theophylline. This strain
was further used for the development of process for biotransformation of caffeine to

theophylline.
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2.1. Introduction:

Microorganisms play a key role in biotransformation during the process of
metabolism, to convert abundantly available raw materials into valuable products.
The biotransformation of caffeine by microorganisms leads to the formation of
various valuable compounds such as theophylline, theobromine, paraxanthine, uric
acid, allantoin etc. which can be exploited for the development of biotransformation
processes. Targeted isolation of potent caffeine biotransforming microorganisms is
the first and foremost step in the production of biotransformed compounds from
caffeine, using microorganisms.

Caffeine is a xanthine alkaloid and is produced in Coffea arabica and sixty
other plant species, many of them belonging to Camellia, Theobroma and Cocoa
genera (Suzuki and Waller, 1988). The production of caffeine is a potent survival
strategy for the plant and a method to compete for essential nutrients in a stressful
environment. Caffeine found in plants at doses, as in C. arabica is toxic to a variety
of insects and fungi and inhibits the growth of other plants and bacteria near the
germinating seeds of tea and coffee (Frischknecht et al, 1986; Nathanson, 1984).
Friedman and Waller (1983a, b) noted that caffeine readily leaches out of the seeds
into aqueous media, and is stored in the surrounding soil in soluble form and further
shows its allelopathic action. They also observed that caffeine present in the soil
inhibits mitosis in the roots of many plants and thereby, reduces their access to
nutrients. Since caffeine reduces root growth and kills most bacteria, it effectively
kills off any nearby competition for vital nutrients as well as protects itself from being

consumed by microbes. Caffeine's solubility in water provides for simple transport
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into the nearby soil, inhibiting microbial growth. However, certain species of
microorganisms are known to develop mechanisms of tolerating caffeine on exposure
to increasing concentration for a longer period of time and further biotransform the
caffeine. Hence, enrichment of soil/media with increasing concentrations of caffeine
has been used for the selective isolation of caffeine biotransforming microorganisms.
Studies on caffeine biotransformation by microorganisms were not reported
till 1970 because caffeine was regarded as toxic to bacteria (Sundarraj and Dhala,
1965; Putrament et al, 1972; Kihlman, 1974). Caffeine concentration greater than 2.5
mg/ml in the growth medium has been found to inhibit the growth of many bacterial
species. First report on caffeine degradation by microorganisms was in early 1970
(Kurtzman and Schwimmer, 1971). Since then, progress has been achieved on using
caffeine as sole nutrient source for microbial growth (Woolfolk, 1975; Vogels and
Drift, 1976; Schwimmer et al, 1971; Roussos et al, 1995). Microbial systems initially
adapt to caffeine containing media/environment and then biotransform it into various
metabolites. Various caffeine biotransforming microorganisms belonging to
Aspergillus, Penicillium, Trichoderma, Fusarium, Humicola, Stemphylium,
Pseudomonas, Serratia, Klebsiella, Rhodococcus, Acinetobacter, Bacillus coagulans
etc. are reported in literature. These caffeine utilizing microorganisms were isolated
from soils of coffee and tea plantations, leaves of coffee and tea plants, infected
coffee cherries and other infected tea and coffee plant parts. Gaime et al (1993) have
accomplished a study to know the different groups of caffeine biotransforming
microorganisms naturally occurring in coffee pulp. Silva et al. (2000) studied the

diversity of microbial populations during the maturation and natural processing (sun-
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dried) of coffee fruits during two consecutive years. A total of 754 isolates of
bacteria, yeast and fungi were obtained and bacteria were found to be the
predominant microorganisms. The authors detected a large wvariation of
microorganisms depending on the farm where the coffee was collected, the
maturation stage, and the processing method, but no consistent pattern of variation
was observed. Fermentative bacteria and yeast, cellulolytic bacteria, and pectinolytic
bacteria, yeast and filamentous fungi were identified among 626 microorganisms. A
comprehensive knowledge of the microorganisms able to thrive on coffee processing
wastes, and caffeine tolerance of these microorganisms will help in the further
development of processes towards the utilization of these wastes.

2.1.1. Biotransformation of caffeine by bacteria:

Several studies were carried out to investigate the use of caffeine, as a source
of energy for growth of microorganism (Mazzafera et al., 1994; Middelhoven and
Bakker, 1982; Schwimmer et al., 1971; Woolfolk, 1975; Woolfolk and Downard,
1977). A comprehensive review on purine utilization by microorganisms was
published by Vogels and Van der Drift (1976), comparing its resemblance with the
caffeine metabolism pathway. Most of the studies of caffeine biotransformation
pathway were carried out with bacteria isolated from soil, mainly those belonging to
the Pseudomonads group, with particular attention to P. putida (Burr and Caesar,
1985). Some reports in the literature have described the isolation of bacterial strains
from soil with an ability to biotransform caffeine (Asano et al, 1993; Asano et al,
1994; Woolfolk, 1975; Gluck and Lingens, 1987; Gluck and Lingens, 1988; Trijebels

and Vogels, 1966; Middlehoven and Lommen, 1984; Vogels and Van der Drift, 1976;
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Woolfolk and Downward, 1977; Middlehoven and Bakker, 1982; Madyastha et al,
1999; Gluck and Lingens, 1987; Mazzafera et al., 1996). Bacterial strains belonging
to Pseudomonas and Serratia genus capable of degrading caffeine have also been
reported by Blecher and Lingens (1977) and Mazzafera et al (1994). Yamaoka-Yano
and Mazzafera (1998) isolated more than 20 bacterial strains from soil collected
under coffee plants, observing predominance of Pseudomonas sp., which was also the
most efficient caffeine degrader.

Asano et al (1993), isolated caffeine-degrading P. putida from soil samples by
an enrichment culture technique using medium containing caffeine which was further
used for the biotransformation of caffeine to theobromine. Attempts were made for
biological production of caffeine biotransforming intermediates with the help of
inhibitors. Asano et al (1993) reported the production of theobromine formed by 1N
demethylation of caffeine in Pseudomonas strain. Sarath et al (2005) isolated a strain
of P. alcaligenes MTCC 5264, from coffee plantation soil by enrichment technique
and showed that caffeine is biotransformed to theobromine and paraxanthine and
finally to other products of the caffeine metabolism pathway.

Bacteria have been used in reducing the caffeine content in caffeine bearing
plants. It has been found that leaf surface play a vital role in Agrobacterium infection
in tea plants (Kumar et al, 2004). Ramarethinam and Rajalakshmi found in situ
lowering of caffeine in tea leaves without affecting the quality of the other tea
components by spraying tea plants with a suspension of Bacillus licheniformis. The
caffeine was biotransformed to further metabolites, hence, lowering the caffeine

content of the tea leaves (Ramarethinam and Rajalakshmi, 2004).
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2.1.2. Biotransformation of caffeine by fungi:

Various caffeine-utilizing fungi have been reported which belong to
Aspergillus, Penicillium, Trichoderma, Fusarium, Humicola, and Stemphylium
species. Schwimmer et al (1971) isolated caffeine degrading fungal strains of
Penicillium roqueforti from agar containing trace elements and caffeine, which
metabolized caffeine to theophylline and further methyl xanthines. Caffeine
biotransformation has been observed in fungal species like Stemphyllium (Kurtzman
and Schwimmer, 1971), Penicillium sp. (Schwimmer et al, 1971) and Aspergillus sp.
(Roussos et al, 1995). Schwimmer et al (1971) have identified theophylline as the
first product of the caffeine biotransformation pathway in fungi. Roussos et al (1995)
have reported the isolation of 272 strains of filamentous fungi and several bacterial
and yeast species from soil, leaves of coffee plants and coffee cherries. The isolation
of microorganisms was carried out in three semi synthetic culture media containing
sucrose and coffee pulp extract, purified by conventional techniques and selected on
the basis of their caffeine degrading ability in well defined liquid medium containing
caffeine. The study gives a comparative evaluation of natural micro flora in coffee
pulp and coffee husk. They found that the percentage distribution of fungi, bacteria
and yeast was almost similar in all the samples except in coffee husk where the fungal
population was slightly higher than in the other samples. This particular work also
reveals the wide diversity in the microbial population with respect to selective media
containing functional nutritional groups like cellulose, starch and pectin. Such target
oriented isolation programmes opens ventures on how these isolated microorganisms

can be utilized further for various purposes. From the studies conducted by Hakil et al
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(1998) it was observed that, Aspergillus tamari, Aspergillus niger, Aspergillus
fumigatus and Penicillium commune showed appreciable growth when caffeine was
used as the sole source of nitrogen. Aspergillus tamari and Penicillium commune
showed good caffeine degrading ability (about 60%) whereas others showed less than
20% caffeine degradation. Bioremediation of coffee pulp to reduce the caffeine
content has been studied mainly through fungal systems. Among the microbial
community present in coffee pulp, only a few species like Aspergillus, Penicillium
and Rhizopus could biotransform caffeine (Roussos et al, 1995). Rhizopus sp.
produced a higher quantity of biomass, whereas Aspergillus sp. showed more
efficient caffeine biotransformation (92%). The biotransformation of caffeine in
coffee pulp and coffee husk has been studied by solid-state fermentation with
Aspergillus, Rhizopus and Phanerochaete. In Rhizopus and Phanerochaete, the
critical parameters affecting caffeine degradation were pH and moisture. The critical
values of pH and moisture content for Rhizopus and Phanerochaete were found to be
5.5, 65% and 6, 60%, respectively. For Aspergillus niger the critical parameters
affecting caffeine degradation were temperature and pH and the optimal values were
28°C and pH 4, respectively (Brand et al, 2000). An effective method has been
reported for utilizing the caffeine using coffee pulp and husk as the substrate for the
growth of molds (Leifa et al, 2000; Salmones et al, 2005). Caffeine was degraded
during the growth of Lentinus edode and it was accumulated in the fruiting bodies of
Pleurotus sp. It has been reported that there was a shorter lag phase when the
inoculum was grown in caffeine (Blecher and Lingens, 1977) suggesting the growth

of inoculum in caffeine before fermentation to attain higher biotransformation rates.

65



Chapter 2

Packed bed fermentation of Rhizopus delemar with coffee pulp as a substrate has
been reported to produce theophylline and 3-methyl xanthine as the major metabolites
formed by degradation of caffeine in the pulp (Tagliari et al, 2003; Hakil et al, 1998).
All the earlier work on the isolation of caffeine metabolizing microorganisms
is based on enrichment techniques. The strategy of these microbes is acclimatization
in the caffeine containing media and then its utilization. Besides using these isolated
microbes for caffeine degradation, one more aspect, which can be ventured, is
production of biotransformed compounds using these microbes and caffeine as the
substrate. This is because caffeine is metabolized by subsequent demethylation of the
three different methyl groups. The first step of demethylation of caffeine leads to the
formation of theophylline (Tp), theobromine (Tb) or paraxanthine (Px), depending on
the preference of methyl group attacked by the microorganism. These dimethyl
xanthines (Tp, Tb and Px) are further transformed to mono methyl xanthines which
are metabolized to form uric acid. Uric acid is then metabolized to allantoin, allantoic
acid, uric acid, urea and finally to carbon dioxide and ammonia. Some of the products
of caffeine biotransformation such as theophylline, theobromine, uric acid and
allantoin are therauptically important compounds. Hence, the biotransformation of
caffeine to these compounds using suitable caffeine metabolizing microorganisms has
great scope of application. The present chapter aims at the isolation of such
microorganisms, which can be used efficiently for the biotransformation of caffeine

to value added products.
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2.2. Materials and Methods:

Theophylline, caffeine, theobromine, 1-methyl xanthine, xanthine, uric
acid, urea (99.9%) was procured from Sigma chemicals, St. Louis, USA. Caffeine
(LR) used for biotransformation was purchased from Loba Chemicals, Mumbai,
India. Potassium hydrogen orthophosphate, disodium hydrogen orthophosphate,
calcium chloride, magnesium sulphate were of analytical grade and procured from
Qualigenes Fine Chemicals, Mumbai. Ethyl acetate, butanol and acetic acid were
obtained from Qualigenes Fine Chemicals, Mumbai. HPLC Grade acetonitrile and
methanol were procured from Merck, Germany. Potato dextrose agar and agar agar
were obtained from Himedia. All other chemicals used were of analytical grade and
procured from Qualigens Fine Chemicals, Mumbai, India. Soil samples for isolation
of caffeine utilizing microorganisms were collected from tea and coffee plantations.
Analytical methods:

1) Thin layer chromatography (TLC) for the identification of methyl xanthines:

TLC for the identification of biotransformed methyl xanthines was carried
out using precoated TLC plates from Merck (Germany). Samples were loaded on the
plates as spots and developed with a solvent system containing butanol, acetic acid,
water (4:1:1). After the mobile phase was run till 1 cm below the top of the plate, the
plate was removed, air dried and viewed under a UV transilluminator (CAMAG,
Germany) set at 254 nm.

2) High Performance Liquid Chromatography (HPLC) for the identification of
methyl xanthines:

Detection of biotransformation products of caffeine was done by HPLC on

a RP C-18 column [Sum, 250mmx4.6mm, Phoenomenex] using LC-10A system
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(Shimadzu, Japan) with a mobile phase containing water and acetonitrile in the ratio
of 85:15, run under isocratic condition at a flow rate of 1ml/min and connected to a
UV detector set at 273nm.

3) Microscopy:

Phase contrast microscopy of the fungal samples was done using, Olympus,
Model BX40F4 (Japan). Scanning electron microscopy was carried out using Lieo
Electron Microscope (Cambridge, England).

2.2.1. Isolation and purification of caffeine biotransforming culture:

Isolation of caffeine biotransforming microorganisms was done using the
enrichment technique. Soil samples were collected from coffee and tea plantations of
Mercara, Karnataka and Gudalur, Tamilnadu. Coffee husk, hull and spoiled coffee
seeds were collected from Chamundi coffee curing works, Mysore. Following growth
media were used for the isolation of caffeine biotransforming fungi.

a) Modified M9 media:

A medium designated as M9 (Sambrook et al, 1989) containing the following
constituents in gm/L: Na,HPO47H,0 - 1.5; KH,PO4 - 2.0, NaCl - 0.25, Caffeine -
0.1, pH - 5.6, fortified with 20 gm/L of agar. The soil samples were serially diluted
in sterile distilled water, poured in the isolation media mentioned above and
incubated at 28+2°C and allowed to grow for 7 days. Well-isolated colonies were
picked and subjected to further purification. Pure cultures of fungi were obtained after
successive transfers of individual colonies and incubation for 72 hours at 28+2°C.

The purified strains were further stored in PDA slants containing 0.03% caffeine.
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b) Caffeine agar media:

Soil sample (1 gm) and coffee pulp (1 gm) were taken individually and mixed
well with 10 ml each of sterile distilled water. Ten-fold serial dilutions (10™ to 10”)
of the above suspension were made and 0.1 ml of the dilutions was inoculated on agar
plates fortified with 1gm/1 of caffeine, incubated at 28+2°C and allowed to grow for 7
days. Isolated colonies growing on the above plates were selected and purified further
to obtain pure cultures. The isolated fungi were then maintained on PDA slants
containing 0.03% caffeine.

2.2.2. Screening of isolated cultures for caffeine biotransformation:

The selection of fungi for biotransformation was done in the screening media.
72-hour-old slant of the isolated cultures were prepared and inoculated (spore
suspension) into 100ml of screening media [having composition in (g/L) Na,HPO, -
0.12; KH,PO4 - 1.3; MgSO,4 - 0.3; CaCl, - 0.3; caffeine — 1; sucrose — 1] in 500ml
Erlenmeyer flask and incubated in a rotary shaker at 150 rpm and (28+2°C) for 240
hours. Samples were collected at regular intervals and centrifuged at 12,000g for 10
minutes at 4°C. The supernatant was then subjected to TLC and HPLC analysis to
check for caffeine biotransformation.

Identification of biotransformed methyl xanthine:

After fermentation, the biomass was separated from the fermented broth by
filtration followed by centrifugation at 12,000g for 10 minutes at 4°C. The
supernatant was then subjected to TLC and HPLC for identification of

biotransformed methyl xanthines formed during the biotransformation of caffeine by
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the isolated fungal cultures. The biotransformed methyl xanthines were compared
with methyl xanthine standard using TLC and HPLC methods.

2.2.2.1. Screening of isolated cultures for biotransformation of caffeine to
theophylline:

Spore suspension of 72 hour old slants of the isolated strain were inoculated
into biotransformation media [having composition in (g/L) Na,HPO4- 0.12; KH,PO4
-1.3; MgSOy, - 0. 3; CaCl; - 0.3; Sucrose -5.0; caffeine - 1.0] into 500ml conical flask
containing 100 ml media. The flasks were then incubated in a rotary shaker at 150
rpm at 28+2°C. Samples were collected at regular intervals and centrifuged at 12,000
g for 10 minutes at 4°C. The supernatant was then subjected to TLC and HPLC
analysis to check for biotransformation of caffeine to theophylline.

2.2.3. Characterization and identification of the isolates:

The culture, which gave maximum biotransformation of caffeine to
theophylline, was characterized and identified. To obtain data on the description and
identification of the strain, the culture was grown on potato dextrose agar medium,
observed under microscope for morphological characteristics and compared by
reference classical keys reported in the literature (Bernet and Hunter, 1972;
Ainsworth 1973; Riddel, 1950). Morphological and microscopical characters of the
isolated culture were studied and recorded in Table 2.3.5.

2.2.4. Microscopy studies:
1) Phase contrast microscopy:

72 hour old slant of the chosen culture was inoculated into the
biotransformation media and grown for a period of 48 hours. The suspended biomass

from the liquid culture was taken and washed thoroughly with phosphate buffer (pH
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7.2. 0.1 M). The biomass was further incubated with cotton blue stain and used for
microscopy studies using phase contrast microscope, Olympus, Model BX40F4
(Japan).

2) Scanning electron microscopy (SEM):

The most potent culture was grown on PDA containing 0.03% caffeine and
incubated for 72 hour. Fully grown fungal mycelia of the 72 hour old slant was used
for scanning electron microscopy studies. SEM was done using LV 435 VP (Lieo
Electron Microscope, England). The protocol for SEM studies as described by
Samson and Staplers (1977) was followed and is given below.

Sample preparation for scanning electron microscopy.

Spores and biomass collected from 72 hour old slant
Fixation of spores and biomas in 2.5% glutaraldehyde
Centrifuge for 30 min at 12,000g
Wash Pellet (0.1M Phosphate buffer (pH 7.0), 4 times
Pellet washed with 50% acetone
Pellet washed with 70% acetone
Pellet washed with 80% acetone
Pellet washed with 90% acetone
Pellet washed wtth 95% acetone
Pellet washed with 100% acetone

Vacuum evaporation

Mount on SEM stumps
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2.3. Results and Discussion:

A selective and directed screening method based on enrichment technique was
adopted for the selection of microorganisms capable of biotransforming caffeine and
several fungal strains were isolated from coffee and tea plantation soils.

2.3.1. Isolation and purification of caffeine biotransforming culture:

Many microorganisms have evolved mechanisms of surviving the inhibitory
effect of caffeine either by developing resistance to caffeine or by developing
mechanisms to use caffeine as a source of nitrogen and carbon. Several bacteria,
fungi and a few yeasts are known to degrade caffeine and have been growing in
coffee and tea plantation soils as they have been acclimatized to the caffeine leached
into the soil. In the present study, 34 fungal cultures were isolated from coffee and tea
plantation soil capable of biotransforming caffeine. They were designated F1 to F34
and have been represented in figure 2.3.1a and figure 2.3.1b. This is because caffeine
leaches out from the fallen plant parts of coffee and tea plant and is accumulated in
the soil in soluble form (Friedman and Waller, 1983a). Caffeine is inhibitory to most
microorganisms and only those microorganisms which can metabolise caffeine could
grow in its presence in the soil (Frischknecht et al, 1985). Besides this, the media
used for isolation of fungal cultures contained caffeine, which helps in elimination of
microorganisms, not having caffeine tolerance (Sunderraj and Dhala, 1965;
Putrament et al, 1972; Kihlman 1974). In the caffeine agar media only those
microorganisms could grow which could utilize caffeine as the sole source of carbon

and nitrogen. Hence, only the caffeine metabolizing fungal cultures were isolated.
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The isolated cultures were further screened for their caffeine biotransformation ability

in caffeine containing liquid media.

Figure 2.3.1a. Caffeine biotransforming fungal cultures isolated from coffee and
tea plantation soil.

Figure 2.3.1b. Caffeine biotransforming fungal cultures isolated from coffee and
tea plantation soil.
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2.3.2. Screening of isolated cultures for caffeine biotransformation:

It was observed that all 34 isolated fungal cultures could grow in the screening
media and metabolize caffeine. Of the 34 isolated strains, 18 strains could
biotransform caffeine to theophylline (Table 2.3.3). Table 2.3.3. also shows the
isolation source of the caffeine biotransforming strains. It was observed that besides
theophylline, 1-methyl xanthine and xanthine were also produced by the isolate F28.
The isolates which could biotransform caffeine to theophylline can be used for the
production of theophylline by biotransformation of caffeine and will be discussed in
the upcoming chapters of this thesis.

Figure 2.3.2. represents the efficiency of caffeine metabolism by the isolated
strains in the screening media. F28 was the most efficient strain metabolizing 95.4%
of caffeine. The other strains utilizing caffeine reasonably efficiently were F10
(50%), F17 (44.2%), F20 (38%), F23 (34%) and F34 (43%). These caffeine
metabolizing cultures have the potential of utilization in the decaffeination of coffee
processing wastes such as coffee pulp and coffee hull leading to detoxification of
these processing wastes. Besides, these caffeine tolerant fungal isolates can also be
used for the production of industrially important enzymes in solid state fermentation

(SSF) using coffee processing waste as substrate.

74



Chapter 2

Table 2.3.2. Source of isolation and caffeine biotransformation ability of the
fungal isolates.

S. No. Strain Source of isolation Biotransformed compounds
designation

1. F2 Tea plantation soil Theophylline

2. F3 Spoiled coffee seeds Theophylline

3. F4 Spoiled coffee seeds Theophylline, unidentified
product

4. F5 Coffee plantation soil Theophylline

5. F6 Tea plantation soil Theophylline

6. F7 Coffee plantation soil Theophylline, unidentified
product

7. F8 Dumped coffee pulp Theophylline

8. F9 Spoiled coffee seeds Unidentified product

9. F10 Coffee plantation soil Theophylline

10. F11 Coffee plantation soil Unidentified product

11. F17 Tea plantation soil Theophylline

12. F20 Tea plantation soil Theophylline

13. F23 Dumped coffee pulp Theophylline

14. F27 Dumped coffee pulp Theophylline

15. F28 Coffee plantation soil Theophylline, 1-methyl
xanthine, xanthine, uric acid,
allantoin, allantoic acid

16. F29 Dumped coffee pulp Theophylline

17. F30 Dumped coffee hull Theophylline

18. F32 Tea plantation soil Theophylline

19. F34 Coffee plantation soil Theophylline
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Figure 2.3.2. Caffeine degradation by various isolates grown in screening
media.
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2.3.3. Screening of isolated cultures with the capability of biotransformation
of caffeine to theophylline:

While all the isolated strains were able to utilize caffeine during growth,
theophylline was produced only by 18 strains (Table 2.3.3 and Fig: 2.3.3). Among
these, the most potent strain was F28, showing 80% conversion of caffeine to
theophylline (Fig 2.3.4). Other strains, which could biotransform caffeine to
theophylline, were F7 (35%), F20 (25%), F27 (23%), F29 (22%) and F34 (20%). It
has been reported that the biotransformation of caffeine occurs via theophylline in
fungi (Schwimmer et al, 1971; Kurtzman and Schwimmer, 1971). Schwimmer et al
(1971) reported the biotransformation of caffeine to theophylline by Penicillium

roqueforti grown in a media containing sucrose and caffeine. However, the study
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was confined to the identification of the biotransformed products of caffeine by the
fungal strain and no work was carried out towards the production of theophylline. The
isolated potent caffeine metabolizing strains can be used for the commercial
production of theophylline because of the demand for biotransformed theophylline as
compound of therapeutic importance. The present work of production of theophylline

by biotransformation is the first ever report.

Figure 2.3.3. Biotransfomation efficiency of the fungal isolates from
caffeine to theophylline.
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2.3.4. Characterization and identification of the isolates:
The isolated caffeine biotransforming fungal strains were identified to the
genus level. Table 2.3.4. shows the total number of strains belonging to different

genus. Maximum number of strains (10) belonged to genus Aspergillus. The next
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abundant genus was Rhizopous and Penicillium having six and five strains
respectively. The most potent biotransforming strain F28 was identified as
Penicillium citrinum.

Table: 2.3.4. Identification of caffeine biotransforming isolates.

SI.No Genus Total No. Isolate designation.
of strains

1. Penicillium 5 F3, F6, F15, F28, F34

2. Aspergillus 10 F7, F8, F9, F11, F23, F26, F27,

F30, F31F33

3. Fusarium 1 F16

4, Cladosporium 1 F25

5. Rhizopous 6 F2, F4, F20, F24, F25, F32

6. Neurospora 1 F29

7. Trichoderma 1 F19

8. Basidiomycetes 2 F13, F14

9. Yeast 2 F1, F17

10. Unidentified 5

2.3.5. Cultural and morphological characteristics of the isolate F28:

The most potent isolate F28 showing 80% conversion of caffeine to
theophylline was characterized. Different cultural and microscopic studies of the
selected strain were carried out and the fungal strain was identified to the species
level (Bernet and Hunter, 1972; Raper et al, 1949, Ainsworth, 1973). The details of
characterization of the strain are given in Table 2.3.5. It was identified to be
Penicillium citrinum. The culture was deposited in MTCC patent culture deposit
under the Budapest treaty and assigned the accession number MTCC 5215. Yellow
pigmentation was observed at the reverse of the culture slants, a typical feature of
Penicillium sp. Figure 2.3.5.1. represents the culture of P. citrinum showing yellow
pigmentation at the reverse of the colony. The mycelium is green in colour and has

velvety texture (Fig. 2.3.5.2). The colony was initially white in colour and turned
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greenish after 48 hours of growth. The vegetative hypha was observed to be creeping,
septate and branched in nature (Fig. 2.3.5.3). Conidiophore was found to arise
directly from the substratum, it was observed to be erect, septate and comparatively
short in length as seen from Figure 2.3.5.3. The conidiophore was unbranched and
terminated by clusters of flask-shaped phialides five in number as shown in figure
2.3.5.4 and figure 2.3.5.5. The spores (conidia) were produced in chains from the tips
of the phialides, with the youngest spore at the base of the chain, and were green in
colour, globose and granular in appearance as shown in figure 2.3.5.5.

Table 2.3.5. Characterization of the isolate capable of transforming caffeine to

theophylline.

Observation

Morphological, cultural
characterisitcs

Observation

Colony characteristics

Growth Restricted
Character of growth Velvety

Character of margin Undulate

Amount of sporulation Heavy

Colony colour Green

Colour changes during growth | Light to dark green

period

Transpired drops (exudates),

abundance and color

Low, yellow

Odour

Moldy

Colony reverse, colour and
colour changes

Yellow, Yellow to
brown

Microscopic Vegetative hyphae Creeping, septate,
characteristics branched
Conidial stage Penicilli Consisting of terminal
cluster
of conidiophores
Colour Green
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Conidiophore arising

Conidiophore Origin and character
directly from the
substratum Erect,
Septate, Comparatively
short, 150u in length

Branches None
Sterigmata Number Five
Identification Penicillium citrinum

Figure 2.3.5.1. Pure culture of P. citrinum MTCC 5215 growing on potato
dextrose agar showing yellow pigmentation at the reverse of colony.
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Figure. 2.3.5.2. P. citrinum MTCC 5215 growing on potato dextrose agar
containing 0.03% caffeine showing green colony colour and yellow exudates.

Exudate

Colony

Figure 2.3.5.3. Light microscopic photograph of P. citrinum MTCC 5215 stained
with cotton blue showing branched, vegetative and septate hyphae.
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Figure 2.3.5.4. Dark field micrograph of P. citrinum MTCC 5215 showing
conidiophore arising directly from the substratum.

Conidiophores
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Figure 2.3.5.5. shows scanning electron microscopic pictures of P. citrinum
MTCC 5215 with unbranched conidiophore arising from submerged hyphae with
compact verticil of five phialides — an identifying feature of the citrinum species.
Further it shows penicilli consisting of one series of metulae containing phialides

without branches - an identifying feature of sub section Asymmetrica.

Taxonomic Classification of Penicillium citrinum.

Kingdom : Fungi

Phylum : Ascomycota
Class : Euascomycetes
Order : Eurotiales
Family :Trichomaceae
Genus : Penicillium
Species : Citrinum

Identification features of the species observed from morphological studies:
Colony on PDA, showed bluish green colour, becoming brownish-olive when
old, with sterile white margin (Fig 2.3.5.2.). The reverse of colony developed yellow
pigmentation after 72 hours of growth (Fig 2.3.5.1.). Aerial part of colony consisted
of densely standing conidiophores, where tufts of aerial hyphae arise (Fig 2.3.5.3.).
Conidiophores were observed to arise separately from submerged hyphae or from
mycelium on the surface, producing a compact verticil of phialides, 5 in number
(Figure. 2.3.5.5.). The conidial chains were formed in columns, a separate column
arising from each verticil of cells. They were 3 p in size, green in colour, globose and

granular in nature (Fig: 2.3.5.5).
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Conclusion:

34 fungal cultures were isolated from soil samples of tea and coffee
plantations, which were capable of metabolizing caffeine and they were designated as
isolates F1-F34. The most efficient caffeine utilizing strain (F28) metabolised 95.4%
caffeine. The other strains utilizing caffeine reasonably efficiently were F10 (50%),
F17 (44.2%), F20 (38%), F23 (34%) and F34 (43%). The isolated caffeine
metabolizing strains were further used for the production of enzymes in solid-state
fermentation using coffee pulp as substrate as will be discussed in Chapter-5. Out of
these 34 strains, 18 strains could biotransform caffeine to theophylline in the
screening media. F28 was found to be the most potent strain for the biotransformation
of caffeine to theophylline. It showed biotransformation efficiency of (80%). This
isolate was further characterized and was identified as P. citrinum MTCC 5215 based
on various cultural and microscopic characteristics. This was found to be an efficient
biotransforming strain and further work on the production of theophylline was carried
out with this strain. This particular caffeine metabolizing strain was also used for
biodecaffeination of coffee processing wastes as coffee pulp and coffee hull and will

be discussed in subsequent chapters.
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3.0. Scope of the work:

Caffeine is naturally present in a variety of plants such as Coffea arabica and
sixty other plant species. The abundance of caffeine in several plants, food products
and beverages leaves a wide scope for value addition to the molecule through
biotransformation into therapeutically and commercially valuable products. Caffeine
is biotransformed in different living systems by different enzyme systems leading to
the formation of various methyl xanthine products such as theophylline, theobromine,
paraxanthine, 1-methyl xanthine, uric acid, allantoin etc. The caffeine
biotransformation pathway in bacterial system has been elucidated and extensively
studied. However, the caffeine biotransformation pathway of fungi has not been fully
worked out yet. The present chapter aims at the identification of all the products of
caffeine biotransformation pathway, their respective enzymes and the complete
pathway elucidation in Penicillium citrinum MTCC 5215. A comprehensive
knowledge of the biotransformation products and their respective enzymes will help
in the development of processes for the production of biotransformed products having
therapeutic importance. In the present study the enzyme responsible for
biotransformation of caffeine to theophylline was identified as cytochrome P450 and
the complete pathway of caffeine biotransformation in fungi has been elucidated for

the first time.
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3.1. Introduction:

Caffeine has been consumed and enjoyed by humans throughout the world for
centuries. It is the world's most widely consumed psychoactive substance taken in the
form of beverages such as coffee, tea, soft drinks and energy drinks. The widespread
natural occurrence of caffeine in a variety of plants undoubtedly played a major role
in the long-standing popularity of caffeine-containing products, especially beverages.
It was during the last century that consumers became exposed to caffeine as a food
additive (cola drinks) as well. It is biotransformed by various living species such as
bacteria, fungi, plants, earthworms and other animal species by the sequential
demethylation of the methyl groups in varying order. The position of various methyl
groups in the caffeine molecule is shown in scheme 3.1. The biotransformed products
vary from one living system to another as the enzymes involved in the different
biotransformation steps vary. The biotransformation pathway of caffeine leads to the
formation of many methyl xanthines and other compounds of therapeutic importance;
hence the biotransformation of caffeine can be exploited for the production of such
compounds.

Scheme: 3.1. Structure of caffeine showing positions of methyl group.

Caffeine
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3.1.1. Biotransformation of caffeine in plants:

Caffeine is the end product of a long biosynthetic pathway and can be
catabolized by both tea and coffee plants. It has been reported that caffeine has a
metabolic half-life of only a few months in tea plants. Caffeine is degraded at a
variety of rates in different species of higher plants via a series of demethylation
steps. Ashihara et al (1996) demonstrated that catabolism of caffeine in leaves of the

coffee plant, C. arabica, involves the following steps: caffeine —theophylline —
3-methylxanthine—xanthine pathway. Xanthine is further degraded in the

conventional purine catabolism pathway (via uric acid, allantoin, and allantoate) to
CO; and NH;. The demethylation reactions are catalyzed by demethylase enzymes,
viz., N-1 demethylase, N-7 demethylase and N-3 demethylase. Xanthine is then
converted into CO, and ammonia by purine catabolism (Ashihara et al, 1997,
Koyama et al, 2003; Ashihara et al, 1996, Mazzafera, 1993, Vitoria and Mazzafera,
1998). The slow degradation of caffeine compared with that of theophylline indicates
that the conversion of caffeine to theophylline is a major rate limiting step in the
catabolism of caffeine, and provides a ready explanation for the high endogenous
caffeine content of C. arabica leaves (Ashihara et al., 1996). It is now known that
theophylline is associated primarily with caffeine biodegradation, whereas
theobromine is involved in both biosynthesis and biodegradation of caffeine
(Ashihara et al., 1999). Both immature and mature coffee fruits and leaves degrade
caffeine to theobromine, theophylline, N-3 methylxanthine, N-7 methylxanthine,
xanthine, allantoin, allantoic acid, and urea (Kalberer, 1965; Suzuki and Waller,

1984a; Ashihara et al., 1996). Suzuki and Waller (1984b) studied the pattern of
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formation of theobromine, theophylline, and caffeine in coffee berries during the
growth stages of the bean, and showed that theophylline arises from the breakdown of
caffeine in excised, mature coffee berries.

3.1.2. Biotransformation of caffeine in mammals:

The degradation pathway in mammals results in the formation of methyl
xanthines and methyl uric acids by cytochrome P450 enzymes CYP1A2, CYP3A4,
CYP2EL1, xanthine oxidase and N-acetyl transferase (Cornish and Christman, 1957;
Khanna et al, 1972; Caubet et al, 2004; Wreck-Reichhart and Feyereisen, 2000).
Methylated xanthines and their respective uric acids formed due to degradation are
excreted from the body through urine (Rao et al, 1973). In the case of human beings,
I-N and 3-N demethylation occurs and leads to the formation of theophylline,
theobromine and paraxanthine, which is excreted in the urine (Warrens, 1969; Woon-
Gye and Young-Nam, 1997). The metabolism of methylxanthines primarily occurs in
the liver. In adults, nearly 98% of an oral dose is found to be excreted in the urine and
1-3% in the faeces (Arnaud, 1985). Less than 2 % of the ingested caffeine is excreted
unchanged in the urine. At least 98 % is transformed in the liver by demethylation,
oxidation at the 8-position in the purine ring, or ring opening between positions 8 and
9 to yield di-and monomethylxanthines, tri-, di-, and monomethyluric acids, and
various methylated uracil derivatives (Arnaud and Welsch, 1980; Arnaud, 1984,
Kalow, 1985). Most of these metabolites are further metabolized to secondary and
tertiary metabolites. The most important step in the biotransformation of caffeine in
man is the removal of the 3-methyl group to yield 1,7-dimethylxanthine or

paraxanthine. Metabolism of caffeine to paraxanthine usually represents almost 80 %
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of the primary caffeine metabolism (Callahan et al., 1982; Callahan et al., 1983), but
different factors affecting this reaction may change the kinetics of caffeine
metabolism. Paraxanthine is further oxidized to 1-methylxanthine and 1,7-
dimethyluric acid, or is acetylated to 5-acetyl-6-formylamino-3-methyluracil
(Callahan et al., 1982, Branfman et al., 1983; Tang et al., 1983; Kalow, 1985). A
substantial part of the 1-methylxanthine formed is hydroxylated to 1-methyluric acid.
In human urine, paraxanthine represents about 11 % of the total metabolites of
caffeine, 1,7-dimethylxanthine 14%, 1-methylxanthine 24%, 5-acetyl-6-formylamino-
3-methyluracil 10%, and 1-methyluric acid 28% (Cornish and Chistman, 1957,
Branfman et al., 1983; Tang et al., 1983; Callahan et al., 1982; Callahan et al., 1983).
Minor primary metabolites of caffeine are theobromine, theophylline, and 1, 3, 7-
trimethyluric acid, which are formed in reactions of 1-N-demethylation, 7-N
demethylation, and 8-hydroxylation, respectively. Knowledge about the enzymology
of caffeine metabolism in human has increased during recent years. CYP1A2 is the
most essential enzyme in the metabolism of caffeine, although other CYP enzymes,
flavin monooxygenase, and N-acetyltransferase are also involved in its metabolism
(Kalow, 1985; Butler et al., 1989; Berthou et al., 1992; Fuh et al., 1992;
Tassaneeyakul et al., 1994; Chung and Cha, 1997). CYP2E1, CYP3A4 and mutant
CYP2D6 are three other CYP enzymes able to metabolise caffeine, but with lower
affinity for the compound, and, therefore, have roles at physiological relevant
caffeine concentrations in human beings. The fifth enzyme in humans that can oxidise
caffeine is CYP1A1. However, this enzyme is nearly absent in the liver, and may be

induced by compounds acting via the Ah-receptor, as for example compounds
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occurring in tobacco (Parkinson, 1996). Flavin monoxygenase is able to catalyse N-1
and N-7demethylations of caffeine, but not the other primary reactions, whereas only
N acetyltransferase 2 are able to conjugate acetyl groups to caffeine (Kalow, 1985;
Hardy et al., 1988; Chung and Cha, 1997). N-acetyltransferase 2, on the other hand,
forms 5-acetylamino-6-formylamino-3-methyluracil by acetylating paraxanthine
(Kalow 1985; Ohsako and Deguchi, 1990; Grant et al., 1991). Thus, it can be
concluded that several enzymes are involved in the metabolism of caffeine, but
quantitatively CYP1A2 is the key and most important enzyme in the metabolism and
kinetics of caffeine. It is noteworthy that CYP1A1l, CYP1A2, CYP2D and CYP2E1
are able to catalyze several different types of primary metabolic reactions of caffeine.
The product pattern produced by CYP1A2 from rats, mice and humans acting on
caffeine varies (Fuh et al., 1992). Human CYP1A2 predominantly N-3 demethylates
caffeine to paraxanthine and produces less than 15 % other products. Paraxanthine is
also the major product in the catalytic reaction of mouse CYP1A2 but here,
theobromine represents about 25 %, and theophylline and 1,3,7-trimethyluric acid
together about 10 % of the total metabolism. The rat CYP1A2, however, metabolises
caffeine to equal parts of paraxanthine and theobromine (about 40 % each), less than
20 % theophylline, and and only a little 1,3,7-trimethyluric acid.
3.1.3. Biotransformation of caffeine in bacteria:

The enzymes involved in the degradation of caffeine in microorganisms are
demethylases and oxidases (Asano et al, 1994; Hohnloser et al, 1980; Yamoka and
Mazzafera, 1999; Yamoka and Mazzafera, 1998). In bacteria (Pseudomonas),

caffeine is initially converted into theobromine and paraxanthine parallely, by

94



Chapter-3

demethylases. Further demethylation forms xanthine with 7-methyl xanthine as the
intermediates. There is also an evidence of oxidation of xanthine, monomethyl and
dimethyl xanthines to their respective uric acids, which enter the purine catabolic
pathway (Blecher and Lingens, 1977). In Serratia marcescens, the caffeine catabolic
pathway is similar to Pseudomonas sp. except for the formation of methyl uric acid
intermediate (Mazzafera et al, 1994). In case of bacteria, 1-N demethylation occurs
leading to the formation of theobromine (Asano et al, 1993, Sarath Babu et al, 2005).
In mixed culture consortium belonging to Klebsiella sp. and Rhodococcus sp.,
caffeine was directly oxidized by the enzyme caffeine oxidase at the C-8 position
leading to the formation of 1,3,7-trimethyluric acid and this process did not have
demethylation steps. Only partial characterization of this enzyme was possible
(Madyasta and Sridhar, 1998; Madyasta et al, 1999).
The pathway of caffeine biotransformation in bacteria has been elucidated as:

Caffeine — theobromine/paraxanthine/1,3,7 trimethyl xanthine — 7 methyl
xanthine/3 methyl xanthine — xanthine — uric acid — allantoin — allantoic
acid — urea — CO;,+ NH;3

3.1.4. Biotransformation of caffeine in yeast:

Birkett (1981) has worked out caffeine metabolism in yeast, which is similar
to that in humans. Cyt P450 was detected in enzyme extracts of caffeine degrading
yeast by Sauer et al (1982).

3.1.5. Biotransformation of caffeine in fungi:

In fungi, the initial degradation product has been found to be theophylline.

Other dimethyl and monomethyl xanthines were also detected as products of caffeine
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degradation. However, the catabolic pathway is not clearly known (Hakil et al, 1998).
More studies are required to identify the enzymes involved in the biotransformation
of caffeine in fungal systems. Though the product of demethylation of caffeine has
been reported as theophylline by Schwimmer et al (1971), the enzyme responsible for
biotransformation of caffeine to theophylline has not been identified yet. Table 3.1.5
represents the various enzyme systems involved in caffeine biotransformation.
Further no reports are available elucidating the complete pathway of caffeine
biotransformation in fungi and the enzymes responsible for the formation of these
biotransformation products.

The biotransformation pathway of caffeine in Penicillium citrinum MTCC
5215 is described in detail in the present work. The biotransformation of the initial tri
methyl xanthine to various products, the identification of the products using various
analytical techniques and the enzymes involved in the formation of biotransformed
products is described. In bacteria, caffeine is biotransformed into two products viz.
theobromine and paraxanthine by 1-N demethylation and 3-N demethylation
respectively (Asano et al, 1993, Sarath Babu et al, 2005), and is brought about by
caffeine demethylase. Madyastha et al (1999) reported the biotransformation of
caffeine at the C-8 position leading to the formation of 1,3,7-trimethyluric acid by
Klebsiella sp. and Rhodococcus sp, the enzyme for biotransformation was identified
as caffeine oxidase. In P. citrinum MTCC 5215, the enzyme involved in the
biotransformation of caffeine to theophylline was neither caffeine demethylase nor

caffeine oxidase. Work was carried out in our laboratory on the identification of the
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caffeine demethylase enzyme in view of the earlier work on the identification of the

biotransforming enzyme in different systems and in the fungal system reported here. .

Table 3.1.5. Caffeine biotransformation in different living systems.

S.No Biological Reaction type Enzyme Product Reference
system responsible formed
1. Humans 3-N, I-N, 7-N CYP1Al, Paraxanthine, | Kalow,
demethylation, | CYP1A2, theobromine, | 1985; Butler
N-8 oxidation CYP2D and | theophylline, | etal., 1989;
CYP2EI 1,3,7 Berthou et
trimethyl uric | al., 1991;
acid Fuh et al.,
1992;
Tassaneeyak
uletal.,
1994; Chung
and Cha,
1997
2. Pseudomonas I-N Caffeine Theobromine | Asano et al,
putida 352 demethylation | demethylase 1993
3. Pseudomonas 1-N and 3-N Caffeine Theobromine, | Sarath et al,
alcaligenes demethylation | demethylase | paraxanthine | 2005, Sarath
MTCC 5264 et al, 2006
4, Mixed culture | N-8 oxidation Cafteine 1,3,7 Madyasta et
consortium of oxidase trimethyl uric | al, 1999
Klebsiella and acid
Rhodococcus
Serratia N-8 oxidation Cafteine 1,3,7 Mazzafera et
5. marcescens demethylase | trimethyl uric | al, 1994
acid
6. Yeast 3-N, 1-N, 7-N | Cyt P450 Paraxanthine, | Birkett,
demethylation theobromine, | 1981; Sauer
theophylline | etal, 1982
7. Penicillium 7-N Not Theophylline | Schwimmer
roqueforti demethylation | identified etal, 1971
8. Aspergillus 7-N Not Theophylline | Ina, 1971
niger demethylation | identified
9. Stemphylium 7-N Not Theophylline | Kurtzman
sp. demethylation | identified and
Schwimmer,
1971
10. Rhizopus 7-N Not Theophylline | Brand et.al,
delemar demethylation | identified 2000
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3.2. Materials and Methods:

3.2.1. Materials:

Caffeine, theophylline, 1 methyl xanthine, 3 methyl xanthine, xanthine, uric
acid, allantoin, allantoic acid, urea (99.9%) were procured from Sigma chemicals, St.
Louis, USA. Cytochrome P450 reductase and dilauryl phosphatidyl choline were also
obtained from Sigma chemicals, St. Louis, USA. Caffeine for biotransformation was
purchased from Loba chemicals, Mumbai, India. Polyethylene glycol (PEG), N-(2-
hydroxyethyl)-piperazine-N'-2-ethanesulfonic acid (HEPES) buffer was obtained
from Sisco Research Laboratories. dithio thretol (DTT), nicotinamide adenosine
dinucleotide phosphate, reduced tetra sodium salt (NADPH sodium salt),
nicotinamide adenosine dinucleotide (NAD), phenyl methyl sulfonyl fluoride
(PMSF), NNN-bisacrylamide, tetramethylethylenediamine (TEMED), ammonium
persulphate (APS), sodium dodecyl suplhate (SDS, MB Grade), methylene blue and
sodium cholate were purchased from Sisco Research laboratories, Mumbai, India.
Potassium hydrogen orthophosphate, di sodium hydrogen ortho phosphate, calcium
chloride, magnesium sulphate, glucose were of analytical grade and procured from
Qualigenes Fine Chemicals, Mumbai. Ethyl acetate, butanol and acetic acid were
obtained from Qualigenes Fine Chemicals, Mumbai. HPLC Grade acetonitrile and
methanol were procured from Merck, Germany. Potato dextrose agar and agar agar
was obtained from Himedia, Mumbai. Corn steep liquor was procured from Anil
Starch and Chemicals, Mumbai. All other chemical used were of analytical grade and

procured from Qualigens Fine Chemicals, Mumbai, India.
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3.2.2. Methods:

1) Thin layer chromatography (TLC) for identification of biotransformed
products:

TLC for identification of biotransformed methyl xanthines was run using
precoated TLC plates from Merck (Germany) with a solvent system containing
butanol, acetic acid, water (4:1:1) and was visualized in a CAMAG UV illuminator.

2) High Performance Liquid Chromatography (HPLC) for identification of
biotransformed products:

HPLC was carried out using RP C-18 column [Spum, 250mmx4.6mm,
Phoenomenix column] using LC-10A (Shimadzu, Japan) system with a isocratic
mobile phase of water and acetonitrile (85:15) at a flow rate of 1ml/min and
wavelength of 273nm.

3) Fourier Transform Infrared (FTIR) spectroscopy for identification of
biotransformed products:

IR absorption spectra were recorded using a Perkin Elmer Model 2000
Infrared Fourier-transform spectrophotometer, with samples prepared in KBr.

4) Nuclear magnetic resonance (NMR) spectroscopy for identification of
biotransformed products:

NMR spectra were recorded at S00 MHz, using SO0OMHz Bruker Avance
instrument. 'H and >C NMR was carried out by dissolving about 20 mg of purified
theophylline in DMSO.
3.2.2.1. Product profiling of caffeine biotransformation by P. citrinum MTCC
v Isolated strain P. citrinum MTCC 5215 was maintained on potato dextrose

agar slants containing 0.03% caffeine. Spores of 72 hour old cultures were inoculated

at approximate concentration of 5x10° spores/ml into media composed of the
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following components in (g/L): Na,HPO4- 0.12, KH,POs-1.3, MgS04-0.3, CaCl,-
0.3, glucose-20.0, caffeine-1.0. Corn steep liquor was added at 5.0ml/L. 100 ml of
the biotransformation media was taken in 500ml Erlenmeyer flasks, and inoculated
with P. citrinum MTCC 5215. Biotransformation was carried out in a rotary shaker at
150 rpm and 28°C. Samples were drawn at regular intervals of 6 hours and checked
for biotransformed product formed. Estimation of biomass was done by separating it
from the broth by filtration and drying at 80°C till constant weight was obtained.

3.2.2.2. Isolation, purification and identification of biotransformed products:

After fermentation, biomass was separated from the broth by filtration. The
broth was then extracted with ethyl acetate (1:1) for a period of 2 hours on a rotary
shaker. The ethyl acetate layer was vacuum concentrated to get the crude extract. The
crude extract obtained was dissolved in methanol and run along with standard methyl
xanthines in TLC and HPLC to check for the biotransformed products formed. After
identification of the biotransformed products by comparing with standard methyl
xanthine samples, each individual product was purified by preparative TLC and
subjected to FTIR and NMR for chemical identification.
3.2.2.3. Biomass production for enzyme identification:

Biomass production for enzyme identification was carried out as explained in
section 3.2.2.1. The induced biomass of P. citrinum MTCC 5215 was harvested by
filtration of the culture fluid through double layer muslin cloth. The filtered biomass
was washed extensively with buffer (Phosphate buffer, 0.1 M, pH 7.2, prechilled at
4°C) to remove media components. After washing, the biomass was stored at -20°C

with 0.01M caffeine. For further use, the frozen biomass was thawed, washed
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extensively with buffer to remove all caffeine content and used for further work.
3.2.2.4. Preparation of crude enzyme extract (CEE):

Earlier experiments conducted show that the caffeine biotransforming enzyme
is intracellular in nature. Hence, attempts were made to extract the enzyme by cell
lysis using dynomill. After fermentation, biomass was washed with buffer to remove
the media components and used for enzyme extraction. Washed biomass (100gm)
was transferred to the chamber of dynomill and 200gm of pre cooled glass beads and
300ml of isolation buffer (50mM HEPES buffer, pH 8.0, containing 15% (v/v)
glycerol, ImM DTT, 0.25mM PMSF) was added. Disruption was carried out for 10
mins and the cycle was repeated 4 times with 10 mins interval. The homogenate was
filtered through muslin cloth and centrifuged for 30 mins at 12,000g at 4°C in a
cooling centrifuge (Kubota, Japan). The supernatant contained glassy glycogen layer
which was separated by filtration through muslin cloth. The filtrate obtained was
termed as crude enzyme extract (CEE) and used for further studies. All the
experiments involving enzyme purification and characterization were carried out at
4°C unless otherwise specified.
3.2.2.5. Isolation of microsomes:

Isolation of microsomes for the identification of cytochrome P450 was carried
out using various techniques such as calcium chloride precipitation, polyethylene
glycol (PEG) precipitation and ultracentrifugation (Estabrook and Werringler, 1978;
Mitoma et al, 1956). The following methods of microsome isolation were used in the

present study.
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a) Calcium chloride precipitation:

In recent years, one of the procedures for microsomal isolation which has
been extensively studied and gaining acceptance is a method involving aggregration
of microsomes with calcium ions (Kamath et al, 1971; Schenkman and Cinti, 1972;
Kamath and Ananth Narayan, 1972; Cinti et al, 1972; Kupfer and Levin, 1972). To
the crude extract, Ca®" ions (calcium chloride) at a concentration of 8mM was added
to the enzyme extract with stirring and allowed to settle for two hours followed by
centrifugation in a refrigerated centrifuge for 30 mins at 25,000g for 15 min. The
microsomal pellet obtained was then resuspended and washed with phosphate buffer,
(pH 7.2, 0.05M). Washed microsomal pellet was centrifuged at 25,000g for 15 min
and used for further studies.

b) Polyethylene glycol precipitation:

To the crude extract obtained polyethylene glycol (PEG 8000) was added at
concentration of 8% by slow stirring. The solution was kept at 4°C for 2 hours and
then centrifuged at 20,000g for 30 min. The pellet obtained was resuspended in
phosphate buffer, pH 7.2, 0.05M and centrifuged at 20,000g for 30 min. The
microsomal pellet obtained was used for further studies.

c) Ultracentrifugation:

The crude enzyme extract was used for the isolation of microsomes. It was
subjected to ultracentrifugation at 100,000g for 1 hour at 4°C using L-7 65, Sorvall
centrifuge. The microsomal pellet was carefully removed and resuspended in
phosphate buffer (0.05M) using homogeniser with a teflon pestle, with cycles of 30

secs each with intermittent cooling for 30 secs. The homogenized microsomes were
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again subjected to ultracentrifugation at 100,000g for 1 hour at 4°C.The supernatant
obtained was used for assay of cytochrome P450 (Ballard et al, 1990).
3.2.2.6. Identification of cytochrome P450:

Cytochrome P450 are mixed-function oxidases, located in microsomes.
Cytochrome-P450 enzyme complex has four required components in order to be
functional, which are listed below (Chenault and Whitesides, 1987):

e Cytochrome-P450 Enzyme

e (Cytochrome-P450 Reductase
e O,

e NADPH

The identification of cytochrome P450 for the biotransformation of caffeine to
theophylline in P. citrinum MTCC 5215 was done by incubation test, carbon
monoxide (CO) reduction test and reconstitution of purified cytochrome P450.

(1) Incubation test:

The microsomal pellet obtained by ultracentrifugation was homogenized with
teflon pestle homogeniser, with cycles of 30 secs and solubilised with sodium
cholate. The solubilised microsome was incubated with buffer (phosphate buffer
0.1M, pH 7.2) containing NADPH (10mM) and caffeine (ImM). Samples were
collected at intervals of 30 mins and analyzed for the formation of theophylline using
TLC and HPLC.

(2) CO reduction spectra of cytochrome P450:

CO was generated by dropping formic acid (HCOOH) over concentrated

sulphuric acid (H2SO4). The CO generated was passed through aqueous KOH (10%)

to trap any CO; liberated during the reaction. Differential spectra of microsomal
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preparation were measured in a Shimadzu UV 1601 spectrophotometer with quartz
cuvettes of 1 cm optical path. Microsomal preparations containing, 1.71 mg/ml of
protein in 0.1M, phosphate buffer, (pH 7.2), were placed in both the reference and
sample samples. The baseline was recorded and the sample was saturated by passing
CO for about 60 seconds. Reduction of the sample was done by adding about 50mg
of sodium dithionite (Na,S,04). The reduced enzyme when reacted with CO gave
absorbance at 450 nm, which is the characteristic spectrum for cytochrome P450
enzyme (Estabrook et al, 1972; Omura and Sato, 1964).

3.2.2.7 Sodium dodecyl sulphate poly acrylamide gel electrophoresis (SDS
PAGE) to determine the inducible nature of enzyme:

To determine the inducible nature of the caffeine biotransforming enzyme,
P. citrinum MTCC 5215 was cultivated in biotransformation media (composition in
section 3.2.2.1). The media for control experiment contained no caffeine.
Fermentation was terminated after 48 hours and biotransformation of caffeine to
theophylline was checked by TLC and HPLC. The harvested biomass was filtered,
washed and used for microsome isolation. The induced and uninduced microsomal
preparations were solubilised and then loaded into SDS PAGE. SDS-PAGE was
carried out according to the method of Laemmli (1970). The bands were visualized
after staining with coomassie blue and silver staining.
3.2.2.8 Gel filtration chromatography for purification of cytochrome P450:

Purification of the crude enzyme was carried out in a Sephadex G-75 column
according to the method of Ward and Arnott (1965). The column dimensions were
lem x 120 cm and the bed volume of 144 c¢m’. The column was equilibrated with

Tris—HCI buffer, pH 8.0 and 1.5 ml of sample (0.4068mg/ml protein) was applied to
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the top of the column. Elution was carried out using the same buffer containing
100mM NaCl to avoid non-specific binding to the matrix. 15ml fractions were
collected and active fractions were pooled concentrated on Amicon filters (10kDa,
MWCO) and used for further work.

3.2.2.9 Reconstitution of cytochrome P450 enzyme:

300ul of active fractions of cytochrome P450 containing 0.2 mg/ml of protein
collected from gel filtration chromatography were reconstituted with 100ul of
cytochrome P450 reductase (0.5mg/ml protein concentration), 100 pl of dilauryl
phosphatidyl choline, 10ul NADPH (10mM), 50ul caffeine (ImM), in 400ul
phosphate buffer (pH 7.2, 0.1M). The reaction mixture was incubated at 30°C for two
hours and checked for the biotransformation of caffeine to theophylline using HPLC
analytical technique.
3.2.2.10. Identification of enzymes involved in caffeine degradation pathway:

For the assay of rest of the enzymes of the pathway, CEE was prepared as
explained in section 3.2.3.4. Incubation test as well as spectrophotometric assays was
performed for the identification of the enzymes.

(1) Heteroxanthine demethylase (HXDM):

Heteroxanthine demethylase activity in the CEE was determined according to
the method of Gluck and Lingens, (1988). Activity of HXDM was recorded as a
decrease in absorbance at 340nm due to the oxidation of NADPH during the reaction.
The reaction mixture contained 790ul of phosphate buffer (50mM, pH 7.3) 10ul
NADPH (10mM), and 100ul of substrate (ImM). The different substrates used were

heteroxanthine, theophylline and theobromine and caffeine. One unit of enzyme
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activity is defined as the decrease in absorbance of 0.001 at 340nm. Further,
incubation test was also carried out, and the incubation mixture contained the above
mentioned components in the same proportion. Theophylline was used as the
substrate in the incubation mixture and at 30°C, the product formed was analyzed by
HPLC.

(2) Xanthine dehydrogenase (XDH):

Xanthine dehydrogenase assay was done according to the method of
Tatsuhiko and Yasuto, (1978). Enzyme activity was recorded as the increase in
absorbance at 340nm due to the reduction of NAD to NADH. Reaction mixture
consisted of 700ul Tris HCI buffer (100mM, pH 7.5), 100ul of substrate (2mM), 10ul
NAD (2mM), 90ul KC1 (100mM). Substrates used were hypoxanthine, 1 methyl
xanthine, theophylline, theobromine and caffeine. One unit of enzyme activity is
defined as the increase in absorbance of 1at 340 nm. Incubation test was carried out at
30°C using the above mentioned reaction mixture and 1 Methyl xanthine as the
substrate, product formed was analyzed by HPLC.

(3) Xanthine oxidase (XO):

Xanthine oxidase is known to convert xanthine and methyl xanthines into
their respective uric acids. Xanthine oxidase activity in the CEE was determined
according to the method of Bray (1963). The presence of xanthine oxidase in the CEE
was assayed by methylene blue reduction at 600nm. Iml of reaction mixture
contained 770ul phosphate buffer (pH 7.2, 100mM), 100ul of crude enzyme extract,
100l substrate (10mM), and 30ul methylene blue (25mM). The different substrates

used were xanthine, caffeine, theophylline, theobromine and. One unit of enzyme
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activity was defined as the amount of enzyme, which caused decrease in absorbance
of 1 unit. The incubation mixture contained above mentioned reaction components
and xanthine as the substrate. Product formed was analyzed by HPLC.

(4) Uricase:

Enzyme assay for uricase in the CEE was analyzed by incubating crude
enzyme extract with uric acid and monitoring the removal of uric acid by decrease in
absorbance at 290nm spectrophotometrically according the method of Mahler et al,
(1955). The reaction mixture contained 890ul of phosphate buffer, (pH 6.5, 100mM),
100ul uric acid (10mM) and 100pul of crude enzyme extract.

(5) Allantoinase:

Allantoinase activity in the crude enzyme extract was confirmed by
incubation test at 30°C. The incubation mixture contained CEE 500ul, 1.4ml Tris
buffer (pH 8.0, 100mM) and 100ul allantoin (10mM). Samples were collected every
2 hours and analysed by HPLC for the utilization of allantoin and its conversion to
allantoic acid.

(6) Allantoicase:

Allantoicase activity in the crude enzyme extract was confirmed by incubation
test at 30°C. The incubation mixture contained CEE 500pl, Tris buffer (pH 7.2,
100mM), 1.4ml and 100ul allantoic acid (10mM). Samples were collected at regular
interval and analyzed by HPLC for the utilization of allantoic acid and its conversion

to urea.
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(7) Urease:
Urease activity in the crude enzyme extract was determined by the estimation

of the amount of ammonia released by Nessler’s reagent according to the method of
Jayaraman, (1988). The reaction mixture contained 1 ml of urea (10mM) and 1 ml of
crude enzyme extract. The reaction mixture was incubated at 30°C for 1 hour.
Samples were collected at regular intervals of 15 mins each. 100ul of Nesslers

reagent was added to the samples collected and absorbance was recorded at 490nm.
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3.3. Results and Discussion:

3.3.1 Cultivation of P. citrinum MTCC 5215 for product profiling during
biotransformation of caffeine:

The various products formed during biotransformation of caffeine in
P. citrinum MTCC 5215, were identified by HPLC analysis and reported in Table
3.3.1. The first demethylation product from caffeine biotransformation in P. citrinum
MTCC 5215, was theophylline and it appeared in the broth after 30 hours of
fermentation. The result obtained is in accordance with the results obtained by
Schwimmer et al, 1971, where the first product of caffeine biotransformation in
Penicillium roqueforti was theophylline. In the present studies it was observed that
further demethylation of theophylline by P. citrinum MTCC 5215 led to the
formation of 1-methyl xanthine and it appeared in the broth after 48 hours of
fermentation. Removal of a methyl group from I-methyl xanthine, led to the
formation of xanthine, which was then oxidized to uric acid and it, appeared in the
media after 60 hours of biotransformation. Uric acid was biotransformed to allantoin,
which further gets converted to allantoic acid. Allantoic acid is converted to urea,
which is finally broken down to ammonia and CO,. Hence, the order in which the
various products of caffeine biotransformation appear in the fungal strain P. citrinum

MTCC 5215 is caffeine — theophylline — 1-methyl xanthine — xanthine — uric
acid — allantoin — allantoic acid — urea — CO,+ NHj3

Biotransformation of caffeine has been studied in Penicillium roqueforti
(Kurtzman and Schwimmer 1971; Schwimmer et al, 1971) and P. chrysogenum
(Allam and Eazainy, 1969). These studies showed that both the fungal strains could

utilize caffeine as a source of nitrogen. Schwimmer et al (1971) identified the first
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intermediatary metabolite of caffeine biotransformation as theophylline but further

biotransformation products of caffeine metabolism were not identified by them. In the

present work, a complete study has been carried and all the biotransformation

products of the pathway have been identified till the formation of CO, and NHj.

Table 3.3.1. Biotransformed products formed by P. citrinum MTCC 5215.

S.No Time (Hrs) Biotransformed products formed in P. citrinum
MTCC 5215

1. 0 Caffeine

2. 6 Caffeine

3. 12 Caffeine

4. 18 Caffeine

5. 24 Caffeine

6. 30 Caffeine, Theophylline

7. 36 Caffeine, Theophylline

8. 42 Caffeine, Theophylline

9. 48 Caffeine, Theophylline, 1 Methyl xanthine

10. 54 Caffeine, Theophylline, 1 Methyl xanthine, Xanthine

11. 60 Caffeine, Theophylline, 1 Methyl xanthine, Xanthine,
Uric acid

12. 66 Theophylline, 1 Methyl xanthine, Xanthine, Uric acid

13. 72 Theophylline, 1 Methyl xanthine, Xanthine, Uric
acid, Allantoin, Allantoic acid

14. 78 1 Methyl xanthine, Xanthine, Uric acid, Allantoin,
Allantoic acid, Urea

15. 84 1 Methyl xanthine, Xanthine, Uric acid, Allantoin,
Allantoic acid, Urea, Ammonia

16. 90 Uric acid, Allantoin, Allantoic acid, Urea, Ammonia

17. 96 Uric acid, Allantoin, Allantoic acid, Urea, Ammonia

18. 102 Allantoin, Allantoic acid, Urea, Ammonia

19. 108 Urea, Ammonia

3.3.2. Isolation, purification and identification of biotransformed products:

The biotransformed products of caffeine were identified by HPLC and have

been represented in Table 3.3.1. They were purified by preparative TLC. The purified

products obtained were confirmed by FTIR and NMR and the chromatograms are

presented in figure 3.3.2.1a to figure 3.3.2.7.

110




Chapter-3

Figure 3.3.2.1a. FTIR of biotransformed theophylline.
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Figure 3.3.2.1b. NMR of biotransformed theophylline.
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Figure 3.3.2.2a. FTIR of biotransformed 1-methylxanthine.
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Figure 3.3.2.2b. NMR of biotransformed 1 methylxanthine.
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Figure 3.3.2.3a. FTIR of biotransformed xanthine.
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Figure 3.3.2.3b. NMR of biotransformed xanthine.
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Figure 3.3.2.4a. FTIR of biotransformed uric acid.
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Figure 3.3.2.4b. NMR of biotransformed uric acid.
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Figure 3.3.2.5a. FTIR of biotransformed allantoin.
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Figure 3.3.2.5b. NMR of biotransformed allantoin.
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Figure 3.3.2.6a. FTIR of biotransformed allantoic acid.
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Figure 3.3.2.6b. NMR of biotransformed allantoic acid.
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Figure 3.3.2.7. FTIR of biotransformed urea.
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3.3.3. Cultivation of P. citrinum MTCC 5215 for identification of enzyme:

The various products formed during fermentation were monitored and
reported in Table 3.3.1. For the identification of each individual enzyme of the
pathway, fermentation was terminated depending on the time at which the
biotransformation product accumulation was maximum in the growth media, as there
will be maximum activity of enzyme expressed for formation of product. After
termination of fermentation, the biomass was used for enzyme extraction and further
studies for the identification of respective enzymes.

3.3.4. Preparation of crude enzyme extract:

Extraction of enzyme was carried out using dynomill and the protein
concentration of crude enzyme extract was found to be 520pug/ml.
3.3.5. Preparation of microsomes:

The protein content of the microsome preparations obtained by calcium
chloride precipitation and PEG precipitation was 0.12mg/ml and 0.16mg/ml
respectively (Table 3.3.5). The microsomes obtained by these method have to be
washed thoroughly as the presence of calcium chloride and PEG makes the isolated
microsomes slimy in nature (Schenkman and Cinti, 1972; Kamath and
Ananthnarayan, 1972). Repeated washing leads to loss in yield, is time consuming
and tedious. Hence, these two methods of microsome isolation were discontinued.
Ultracentrifugation was found to be the best method for the preparation of
microsomes as this method of isolation gave maximum yield of 0.3mg from 1 ml of

crude enzyme extract as shown in Table 4.3.2. The microsomes obtained by
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ultracentrifugation are free from any cell component contamination (Mitoma et al,
1956).

Table 3.3.5. Isolation of microsomes by different methods.

S.No | Method of isolation Yield of
microsomes

1. Ultracentrifugation 0.3mg/ml

2. Precipitation with CaCl, 0.12mg/ml

3. Precipitation with PEG 0.16mg/ml

3.3.6. Enzyme assay and characterization of cytochrome P450:
1) Incubation test:

The incubation of solubilised microsomes with caffeine and NADPH led to
the formation of theophylline as analyzed by TLC and HPLC. Table 3.3.6. shows the
results obtained by incubation test of microsomes. At the end of six hours 52.8% of
caffeine was biotransformed to theophylline. This proves that the enzyme responsible
for biotransformation of caffeine to theophylline is present in the isolated
microsomes.

Table 3.3.6. Biotransformation of caffeine to theophylline by incubating with
microsomes.

S.No | Time (Hours) | Biotransformation of caffeine to
theophylline (%)

1 1 15.6
2 2 34.8
3 4 46.5
4 6 52.8

2) Enzyme assay for cytochrome P450:
CO reduction spectra were obtained by reduced cytochrome P450 as
explained in section 3.2.2.6. The reduced CO spectrum obtained shows a distinct

peak at 450nm and is presented in figure 3.3.6.2. cytochrome P450 is best
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characterized by the maximum absorbance at 450 nm for the CO adduct of the
reduced hemoprotein and is caused by a thiolate anion at the fifth coordination of the
heme-group present in these enzymes (Bart, 1999). Heme group of cytochrome P450
as shown in figure 3.3.6.1. is the active site of the cytochrome P450 enzyme.

The CO spectra was obtained with caffeine induced mycelia whereas in the
non induced mycelium, no peak was obtained at 450 nm, suggesting the inducible
nature of the enzyme. The results obtained from incubation test and from the CO
spectra obtained, it can be concluded that cytochrome P450 is the enzyme responsible
for the biotransformation of caffeine to theophylline and is inducible in nature. This
reaction involves demethylation at 7-N position of the caffeine molecule. The results
obtained vary from human cytochrome P450 1A2 (Cyp 1A2), as in case of P.
citrinum MTCC 5215 only one product (theophylline) is formed. The major enzyme
responsible for the biotransformation of caffeine in humans is Cyp 1A2 and the
products of biotransformation in humans are paraxanthine (80%), theobromine
(12%), and theophylline (4%) (Cornish and Kristman, 1957). 1, 3, 7-trimethyluric
acid is also formed in the human liver, but theophylline is the only product of
biotransformation in fungi distinguishing it from the human Cyp 1A2 system. It has
been reported that the putative active site of cytochrome P450 1A2 consists of a
rectangular slot surrounded by several aromatic side chains, all of which are
positioned perpendicular to the heme (Fig. 3.3.6.1.) (Kelly and Sidney, 2000). These
aromatic residues restrict the size of the cavity such that, only planar structures of
particular dimensions will be able to occupy it. Caffeine sits within this active site in

three different orientations, which would lead to three different N-demethylation
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products (Kelly and Sidney, 2000) as shown in figure 3.3.6.1. The human P450 1A2
is based on the crystal structure of P450 BM3 (Lozano et al, 1997). Analysis of the
resultant active site containing caffeine show that N-3 methyl group is closest to the
heme, and the demethylation at this position accounts for approximately 80% of
caffeine metabolism in humans, the rest of demethylation leads to 12% theobromine,
4% theophylline and 1% 1,3,7 tri methyl uric acid (Lelo et al, 1986; Gu et al, 1992).
There are two resultant orientations of caffeine, one with and one without a water
molecule between the N-3 methyl group and the iron (Lozano et al, 1997). In both the
orientations caffeine is perpendicular to the heme. The later is in agreement with the
studies of Sanz et al., (1994), wherein the authors proposed that areas of minimum
molecular electrostatic potential (MEP) minima serve to align the caffeine molecule,
via hydrogen bonding, within the active site of human P450 1A2. The favored site of
oxidation is supposed to be at a distance of 3A from the MEP minimum and the
deepest minimum on caffeine is 3 A from the N-3 methyl group in case of Cyp 1A2.
In P. citrinum MTCC 5215, the only product of biotransformation is
theophylline (Scheme 3.3.6). The probable reason may be that the orientation of
caffeine in the heme N-7 methyl group is closest to the active site maintaining a
minimum distance of 3 A. Hence, it is the favored site of oxidative demethylation
leading to the formation of theophylline. This explanation can be considered keeping
in view the fact, that the active site in cytochrome P450 is conserved in all
cytochrome P450s irrespective of the source and their substrate specificity. Hasemann
and co workers (1995) have concluded that all cytochrome P450s have conserved

secondary and tertiary structure. The core structure of cytochrome P450s shows
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conservation of all a-helices and 3 sheets, with considerable variation in those
structure elements known to be involved in substrate binding (Hasemann et al, 1995).
This can be compared with demethylation of caffeine in Pseudomonas alcaligenes
MTCC 5264 where the biotransformation products formed are theobromine (major
product) and paraxanthine. Biotransformation of caffeine to theophylline occurs via
7-N demethylation in P.citrinum by cytochrome P450. The enzyme also requires
NADPH and oxygen as shown in the scheme (scheme 3.3.6.).

Scheme: 3.3.6. 7-N demethylation in P.citrinum mediated by cytochrome P450.
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Figure 3.3.6.1. shows 3-N methyl group of caffeine nearest to the Fe,
resulting in 3-N demethylation and formation of paraxanthine which is the major

product (80%) of first step of caffeine demethylation in humans.
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Figure 3.3.6.1. Heme group of cytochrome P450 showing the position of caffeine

in the active site in human cytochrome P450 system (Adapted from Regal and Nelson,
2000).

Figure 3.3.6.2. CO absorption spectra of cytochrome P450 isolated from
P. citrinum MTCC 5215.
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The enzyme extract was reduced by adding sodium dithionite (-----) and
subsequently CO was added (—— ) to obtain the reduced CO absorption spectra
which shows maximum absorption at 450nm.

3) Sodium dodecyl sulphate poly acrylamide gel electrophoresis (SDS PAGE) of
induced cytochrome P450:

SDS-PAGE was carried out according to the method of Laemmli (1970)
figure 3.3.6.3. represents the SDS-PAGE carried out with the induced and uninduced
enzyme. The CEE of the induced biomass shows a protein band, which corresponds
to the enzyme responsible for the biotransformation of caffeine to theophylline as
shown in lane 3 and 4 of figure 3.3.6.3. The corresponding band is not found in the
uninduced biomass enzyme preparation as is evident from the results of Lane 1 and 2.
The microsomes obtained from the induced biomass showed the characteristic CO
spectrum (Fig. 3.3.6.2). These results confirm that the cytochrome P450 enzyme

responsible for biotransformation of caffeine to theophylline is inducible in nature.
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Figure 3.3.6.3 Gel electrophoresis of enzyme extract from induced and
uninduced biomass to determine the inducible nature of cytochrome P450.

Induced
Uninduced I

e Laneland 2 - Enzyme extract from uninduced biomass
e Lane 3 and 4 — Enzyme extract from induced biomass
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4) Gel filtration chromatography for purification of cytochrome P450:

Gel filtration chromatography was carried out for the purification of
cytochrome P450 and the results are represented below in figure 3.3.6.4. Fraction
number 30 to 35 showed maximum protein content as is evident from figure 3.3.6.4.
These fractions were further used to check the activity of the cytochrome P450

enzyme by reconstitution studies.

Figure 3.3.6.4. Purification of Cyt P450 by gel permeation
chromatography.
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Figure 3.3.6.4. represents the partial purification of Cytochrome P450 by gel

filtration chromatography on a Sephadex-G75 column. The fractions with high
absorbance at 280nm were reconstituted and the activity was checked. The active

fractions were pooled, concentrated and stored at 4°C until further use.
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5) Reconstitution of cytochrome P450:

The reconstituted enzyme system consisted of fractions 30-35 obtained by gel
filtration chromatography. Caffeine was biotransformed to theophylline in the
reconstituted enzyme system as shown in figure 3.3.6.5. The results showed 34.2% of
biotransformation of caffeine to theophylline after two hours of incubation. The
purified fraction when reconstituted with cytochrome P450 reductase, dilauryl
phosphatidyl choline, NADPH and caffeine converted caffeine to theophylline
confirming that cytochrome P450 is the enzyme responsible for the biotransformation
of caffeine to theophylline and it requires a reductase system for its function.
Omission of cytochrome P450 reductase or dilauryl phosphatidyl choline or NADPH
from the system did not show conversion of caffeine to theophylline, confirming their
requirement for the functioning of cytochrome P450 enzyme.

Figure 3.3.6.5. HPLC chromatogram showing biotransformation of caffeine to

theophylline in reconstituted enzyme system.
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No reports are available on the identification of enzyme responsible for
biotransformation of caffeine to theophylline in fungal systems. The enzyme
responsible for biotransformation of caffeine to theophylline was identified as
cytochrome P450 which removes the 7-N methyl group of caffeine by oxidative
demethylation. The enzyme was found to be microsomal bound and inducible.

3.3.7. Enzyme assay for other enzymes involved in caffeine biotransformation
pathway of P. citrinum MTCC 5215:

3.3.7.1. Heteroxanthine demethylase (HXDM):

The enzyme responsible for the biotransformation of theophylline to 1-methyl
xanthine by 3-N demethylation was identified as HXDM. The spectrophotometric
assay results have been shown in Table 3.3.7.1. The enzyme activity observed was
24.48U/mg of crude protein extract as shown in Table 3.3.7.1. Scheme 3.3.7.1. shows
the formation of 1-methyl xanthine from theophylline by 3-N demethylation. The
incubation test confirms the conversion of theophylline to 1-methyl xanthine.
Heteroxanthine demethylase also accepted heteroxanthine and theobromine as
substrates but not caffeine. The order of substrate preference was
heteroxanthine>theobromine>theophylline. Gluck and Lingens (1988) have reported
that, heteroxanthine demethylase was the enzyme responsible for the demethylation
of heteroxanthine to xanthine by 7-N demethylation using NADPH as the cofactor in

Pseudomonas putida.
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Scheme: 3.3.7.1. Biotransformation of theophylline to 1 methyl xanthine by
heteroxanthine demethylase in P. citrinum.
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Table 3.3.7.1. HXDM activity in crude enzyme extract of P. citrinum MTCC
5215.

S.No Absorbance @340nm AADbs/min
1. 1.286 0.249
2 1.261 0.234
3. 1.281 0.249
4 1.279 0.248
5. 1.289 0.250
Rate=0.246abs/min Enzyme activity: 24.48U/mg of crude protein

3.3.7.2. Xanthine dehydrogenase (XDH):

Xanthine dehydrogense was identified as the enzyme for the conversion of 1-
methyl xanthine to xanthine by spectrophotometric assay and the results have been
presented in Table 3.3.7.2. The enzyme activity observed was 30.45 U/mg of protein
in the CEE. It does 1-N demethylation leading to the formation of xanthine (scheme
3.3.7.2). Results of incubation test confirmed the conversion of 1-methyl xanthine to
xanthine by XDH. The enzyme also accepted 1-methyl xanthine and hypoxanthine as
substrate but did not accept theobromine and caffeine. This enzyme has been reported

to be present in certain microorganisms such as Streptomyces, Aspergillus nidulans,
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Neurospora crassa, and Pseudomonas aeruginosa, carrying out N demethylation
(Vogels and Van der Drift, 1976; Bradshow and Barker, 1960; Smith et al, 1976; Sin,
1975; Woolfolk and Downward, 1977; Lyon and Garrett, 1978).

Scheme: 3.3.7.2. Biotransformation of 1 methyl xanthine to xanthine by
xanthine dehydrogenase in P. citrinum.
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Table 3.3.7.2. XDH activity in crude enzyme extract of P. citrinum MTCC 5215.

S.No Absorbance @340nm AADbs/min
1. 0.936 0.312
2 0.897 0.301
3. 0.931 0.307
4 0.909 0.315
S. 0.889 0.297

Rate=0.306abs/min, Enzyme activity : 30.45 U/mg of protein

3.3.7.3. Xanthine oxidase (XO):

Xanthine oxidase was identified as the enzyme responsible for the conversion
of xanthine to uric acid in P. citrinum MTCC 5215. The results of spectrophotometric
assay have been presented in Table 3.3.7.3. It introduces one oxygen atom at C-8
position as shown in scheme 3.3.7.3. The enzyme activity observed was 9.33U/mg of

protein in CEE as shown in Table 3.3.7.3. Xanthine oxidase have been reported from
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various microbial sources where they perform oxidation of xathine and methyl
xanthines to their respective uric acids. Incubation test confirmed the conversion of
xanthine to uric acid by xanthine oxidase. However, the enzyme also accepted
caffeine and theobromine as substrate but not theophylline. Woolfolk and Downward
(1978) reported xanthine oxidase from Arthrobacter sp. Yozo and Toru (1981) have
reported the purification and properties of xanthine oxidase from Enterobacter
cloacae KY3034, converting xanthine to uric acid. The enzyme was found to have
molecular weight of 128kd and showed similarity in the prosthetic group of the
enzyme isolated from other microbial sources. Xanthine oxidase contains nonheme
iron, sulfide, flavin, and molybdenum in a molar ratio of 8:8:2:1.5 (Smith et al,
1967). Xanthine oxidase uses various electron acceptors as ferricyanide, 2,6
dichlorophenolindophenol, dyes, ferrodoxin and NAD. However, NAD has been
reported to be the most effective electron acceptor in most microbial xanthine
oxidases (Sin, 1975; Lyon and Garrett, 1978; Sakai and Jun, 1979; Ohe and
Watanabe, 1979)

Scheme: 3.3.7.3. Biotransformation of xanthine to uric acid by xanthine
oxidase in P. citrinum.
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Table 3.3.7.3. XO activity in crude enzyme extract of P. citrinum MTCC 5215.

S.No Absorbance @600nm AAbs/min
1. 1.546 0.0977

2 1.503 0.0879

3 1.517 0.0912

4. 1.533 0.0959

5 1.537 0.0962
Rate=0.0938abs/min | Enzyme activity : 9.33U/mg of protein

3.3.7.4. Uricase:

The enzyme for the biotransformation of uric acid to allantoin was identified
as uricase by spectrophotometric assay and the results have been presented in Table
3.3.7.4. The enzyme activity observed was 73.37 U/mg of protein in CEE. Uricase
cleaves the purine ring and leads to formation of allantoin in fungal and bacterial
species as shown in scheme 3.3.7.4. (Blecher and Lingens, 1977). The enzyme is also
responsible for the conversion of uric acid to allantoin in plants and animals (Franke
et al, 1965).

Scheme: 3.3.7.4. Biotransformation of uric acid to allantoin by uricase in P.
citrinum,
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Table 3.3.7.4. Uricase activity in crude enzyme extract of P. citrinum MTCC
5215.

S.No Absorbance @290nm AADbs/min
1. 1.368 0.741
2 1.327 0.729
3. 1.370 0.744
4 1.362 0.735
5. 1.365 0.738
Rate=0.737abs/min | Enzyme activity : 73.37 U/mg of protein.

3.3.7.5. Allantoinase:

Allantoinase was identified as the enzyme responsible for biotransformation
of allantoin to allantoic acid in P. citrinum MTCC 5215. The activity of allantoin was
confirmed by incubation test and the results have been presented in Table 3.3.7.5.
64.81% conversion of allantoin to allantoic acid occurred in 6 hours. Scheme 3.3.7.5.
shows the imidazole ring opening by allantoinase leading to formation of allantoic
acid. Allantoinase has also been reported as the enzyme for conversion of allantoin to
allantoic acid in Pseudomonas putida by Van der Drift et al (1975).

Scheme: 3.3.7.5. Biotransformation of allantoin to allantoic acidby
allantoinase in P. citrinum.
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Table 3.3.7.5 Allantoinase activity in crude enzyme extract of P. citrinum MTCC

5215.
S.No | Time (Hours) | % Conversion of allantoin to
allantoic acid.
1. 0 0
2. 2 22.10
3. 4 31.74
4. 6 64.81

3.3.7.6. Allantoicase:

Allantoicase converted allantoic acid to urea in P. citrinum confirmed by

incubation test and have been presented in Table 3.3.7.6. Scheme 3.3.7.6. shows the

conversion of allantoic acid to urea by allantoicase. No direct spectrophotometric

assay methods are available for the detection of allantoicse. Therefore, confirmation

of the presence of enzyme was carried out by product formation during incubation

test and analyzing the product by HPLC. 59.27% of conversion of allantoic acid to

urea was observed in 6 hours. Blecher and Lingens (1977) identified allantoicase as

the enzyme for the conversion of allantoic acid to urea in P. putida using the

analytical methods of Young and Conway (1942) modified by Trijbels and Vogels

(1966).

Scheme: 3.3.7.6. Biotransformation of allantoic acid to urea by allantoicase in P.
citrinum MTCC 5215.
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Table 3.3.7.6 Allantoicase activity in crude enzyme extract of P. citrinum MTCC

5215.

S.No Time (in Hours)

% Conversion of allantoic acid to
urea determined by HPLC

1 0 0

2 2 13.25
3 4 37.19
4 6 59.27

3.3.7.7. Urease:

Urease was identified as the enzyme for the conversion of urea to ammonia

and carbon dioxide. The activity of urease was monitored by Nessler’s reagent and

the results have been presented in Table 3.3.7.7. Scheme 3.3.7.7. shows conversion of

urea to carbon dioxide and ammonia.

Urease has been reported as the enzyme

responsible for the conversion of urea to carbon dioxide and ammonia in bacterial

species P. putida (Blecher and Lingens, 1977). It also degrades urea in the purine

metabolism pathway of various organisms (Stewart, 1965).

Scheme: 3.3.7.7. Biotransformation of urea to carbon dioxide and ammonia by
urease in P. citrinum. MTCC 5215.
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Table 3.3.7.7. Urease activity in crude enzyme extract of P. citrinum MTCC
5215.

S.No Time (min) Absorbance @490nm
1. 0 0.175
2. 15 0.310
3. 30 0.402
4. 45 0.517
5. 60 0.625

3.3.8. Caffeine degradation pathway in P. citrinum MTCC 5215:

The results obtained for the identification of the metabolites as shown in
section 3.3.1, 3.3.2 and the identification of the enzymes responsible for the
biotransformation of these metabolites have been explained in section 3.3.6.
Compilation of both the above results summarizes the complete pathway of caffeine
biotransformation in P. citrinum MTCC 5215 and have been represented in figure
3.3.8. The pathway reports all the biotransformed metabolites and their respective
enzymes. The caffeine biotransformation pathway in a fungal strain has been
elucidated for the first time in the present work. However, the -caffeine
biotransformation pathway in P. putida has been worked out by Blecher and Lingens
(1977). Blecher and Lingens (1977) studied degradation of caffeine by P. putida
strains isolated from soil and identified 14 catabolites: Theobromine, paraxanthine,
7monomethylxanthine, xanthine, 3,7-dimethyluric acid, 1,7-dimethyluric acid,
Tmethyluric acid, uric acid, allantoin, allantoic acid, ureidoglicolic acid, glioxilic
acid, urea and formaldehyde. Yamaoka-Yano and Mazzafera (1999) studied the
caffeine degradation pathway in P. putida strain, and the results were in agreement

with results previously obtained by Blecher and Lingens (1977). The caffeine
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degradation pathway in P. alcaligenes MTCC 5264 has been elucidated in our lab. In
fungal strain caffeine is biotransformed to theophylline by cytochrome P450 as
explained in section 3.3.6. Sauer et al (1982) obtained indications that caffeine in
yeast was also biotransformed by cytochrome P450, suggesting that the catabolic
pathway might be similar to that of animals. In humans, several cytochrome P-450
isoforms are responsible for caffeine biotransformation (Berthou et al., 1992).
However, data obtained by Schwimmer et al. (1971), who studied the degradation of
caffeine to theophylline in fungi, and Blecher and Lingens (1977), who studied
degradation of caffeine to theobromine in bacteria, do not indicate participation of cyt
P450 in caffeine biotransformation mechanism. In bacterial species it has been
identified as caffeine demethylase in P. alcaligenes MTCC 5264, further it was
isolated and purified in our lab. The products formed by bitransformation of caffeine
in this particular strain were theobromine and paraxanthine. Gluck and Lingens
(1987) reported caffeine biotransformation by P. putida mutants obtained a mixture
of theobromine and paraxanthine as degradation products of caffeine. These results
support inferences of Blecher and Lingens (1977), who suggested that caffeine can be
degraded either via theobromine or via paraxanthine. Similar conclusion was made by
Mazzafera et al. (1994) with S. marcescens. Madyastha et al (1999) reported caffeine
oxidase as the enzyme for the biotransformation of caffeine to 1,3,7 trimethyl uric
acid by mixed culture consortium of Klebsiella and Rhodococcus. The enzymes
responsible for the further biotransformation of dimethyl xanthines and other
metabolites of the pathway havebeen identified by Blecher and Lingens 1977 and

Yamaoka-Yano and Mazzafera 1999 in bacteria.
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In the present study the demethylation of caffeine at 7-N position occurs by
cytochrome P450. N-demethylation is an oxidative reaction and proceeds — especially
in the case of N-alkyalated compounds — through the formation of an N-
hydroxymethyl intermediate (Keberle et al, 1963). This compound is unstable and
breaks down to form a demethylated product and formaldehyde. Hohnloser et al
(1980) reported the demethylation of caffeine to dimethyl xanthines by the formation
of formaldehyde in the strain of P. putida C1. The above mechanism stands in
agreement with the demethylation of caffeine to theophylline by cytochrome P450 in
P. citrinum MTCC 5215. The same mechanism can also be applied to the cleavage of
O-alkyl bonds. The enzymes involved in these O and N-dealkylation reactions were
first investigated in microsomal enzyme systems (Brodie et al, 1958). In 1971, the
properties of microbial enzymes which attack alky-nitrogen bonds were reviewed by
Large, who discussed three classes of these enzymes (dehydrogenases, oxidases and
mono-oxygenases). In case of P. citrinum MTCC 5215, 7-N demethylation occurs
and it is by a Cyt P450 and the reaction is monooxygenase in nature.

The dimethyl xanthine obtained after the first demethylation reaction was
carried out by heteroxanthine demethylase, which demethylated theophylline to the
next metabolite 1 methyl xanthine and the 1-methyl xanthine obtained was further
demthylated to xanthine by xanthine dehydrogenase. Both the above demethylations
can be classified under the dehydrogenase class.

Further reaction in the biotransformation pathway occurs by the breakdown of
purine structure. The enzymes of the pathway and the metabolites during the further

biotransformation of xanthine to further biotransformed products is common to both
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the biotransformation pathway of fungi and bacteria and bears resemblance to the
purine degradation pathway. Xanthine oxidase is the enzyme which cleaves the
purine ring structure leading to formation of uric acid. The further degradation of uric
acid was carried out by uricase forming allantoin. The imidazole ring of allantoin was
broken down by allantoinase, forming allantoic acid. The allantoic acid was broken
down by allantoicase to form urea, which was finally metabolized to carbon dioxide

and ammonia.
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Figure 3.3.8. Caffeine biotransformation pathway in P. citrinum MTCC 5215.
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3.4 Conclusion:

The enzymes involved in the caffeine biotransformation pathway in
P. citrinum MTCC 5215 were isolated and identified. Using the information of the
enzyme assays, the caffeine biotransformation pathway in P. citrinum MTCC 5215
was elucidated. This is the first comprehensive report on the enzymes involved in
biotransformation of caffeine in fungi. It has been conclusively reported for the first
time that the biotransformation of caffeine to theophylline is by the enzyme
cytochrome P450 which is inducible in nature. Theophylline is the only
biotransformation product formed by the demethylation of caffeine unlike in bacterial
system P. alacaligenes where the products are theobromine and paraxanthine. This is
also in disagreement with the animal system where the products are paraxanthine,
theophylline, theobromine and 1,3,7 trimethyl uric acid. The complete elucidation of
the biotransformation pathway shows that theophylline, and 1 methyl xanthine are
formed during biotransformation of caffeine. These methyl xanthines have
pharmaceutical significance. Besides this, uric acid and allantoin are also formed as
biotransformed products after the opening of the purine ring. Uric acid has been used
as an antioxidant and allantoin has been used in various cosmetic preparations. The
complete knowledge about the enzymes of each step of biotransformation would help
in designing processes for the biotransformation of the important metabolites of the
pathway. The knowledge gained in the present study sheds light on the further
development of biotechnological processes for the production of pharmaceutically

important methyl xanthines and further work is underway in our laboratory.
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Chapter 4

4.0. Scope of the work:

Theophylline is a xanthine alkaloid and a therapeutically important molecule and
has been conventionally for the treatment of several diseases. It has also been reported to
posses anti leukemia property. It blocks the transcription of the HIV viral gene in infected
CDA4 T cells by 94%. However the commercial availability of theophylline is by chemical
synthesis using Traube’s method, which involves various toxic chemicals and solvents the
remnants of which are not desirable. Biotransformation is a viable alternative for the
production of theophylline, which has been discussed in this chapter. The crucial
parameters, which affect biotransformation of caffeine to theophylline, have been
discussed. Optimization of physico-chemical parameters for efficient biotransformation of
caffeine to theophylline was carried out. Additional studies using statistical design based on
response surface methodology were also carried out for optimizing the media conditions
for theophylline production using higher concentration of caffeine, which will help towards
process development and scale up studies. Study was also carried out towards the
downstream processing of the biotransformed theophylline. The biotransformed
theophylline was extracted from the broth and purified and the purity confirmed by various
analytical techniques as melting point analysis, HPLC, FTIR and NMR and the results are

discussed in detail in the last sections of the chapter.

4.1. Introduction:

Theophylline is an important therapeutic compound because of its structural
similarity to purine. It is classified as one of the potent methyl xanthines of therapeutic
importance. Conventionally, it has been successfully used for the treatment of asthma

(Bradley and Leichtenstein, 2001, Kathryn and Kamada, 2000), cardiac stimulation,
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smooth muscle relaxation, apnea, diuretic (Homer, 2001) and as a central nervous
system stimulator. The ability of theophylline to stabilize mast cells and other anti-
inflammatory and immunomodulatory effects of theophylline has also been observed.
Adenosine-stimulated release of mediators from mast cells, neutrophil activation, induction
of 1L-1pB and 1L-1a, synthesis and release of tumor necrosis factor-a (TNF-a) and
cytokine release from T-lymphocytes are inhibited by theophylline. It has been
reported to have antileukemia property as it inhibits 6-P110 enzyme (Lazaros et al, 2002).
It is a potent inhibitor of alkaline phosphatase (Al-P) activity. It has been reported that
theophylline show RNA binding efficiency. Hence, it can be used as a RNA binding drug
and can be selectively delivered to RNA targets of microbial pathogens having the
mechanism of RNA catalysis (Johnson et al, 2003). Theophylline acts on B16F10
melanoma, tumor induced angiogenesis as well as tumor regression and has reported to
posses anti leukemia property and blocks the transcription of the HIV viral gene in infected
CD4 T cells by 94% (Kurosawa, 2002).

Theophylline is found naturally in tea leaves and guarana beans. But extraction of
theophylline from natural sources has not been commercialized because of the very low
yield of the extraction process. Commercially theophylline is produced by chemical
synthesis, and has several disadvantages such as low yield, is time consuming, involves
high cost and is not eco friendly. Thus biotransformation is a viable alternative for the

production of theophylline from caffeine, which has been discussed in this chapter.

4.1.1. Microbial biotransformation:
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Microbial transformations refer to reactions catalyzed by microbial enzymes,
leading to specific and useful metabolite accumulation in the reaction media. They are
instrumental in biotransformation of valuable molecules. Microorganisms, during their
metabolic processes produce a variety of products through stereoselective, regiospecific
and selective conversion of substrates to their derivatives. This ability of the
microorganisms can be exploited for the efficient production of valuable biotransformed
compounds. The present chapter describes the use of a fungal strain of Penicillium citrinum
MTCC 5215, for the production of theophylline by biotransformation of caffeine.
Understanding the microorganism and the biotransformation pathway occurring in the
microbe is the first and foremost step for a successful biotransformation process. It is also
necessary to understand the particular biotransformation step, which leads to the required
product formation, the enzyme involved in the biotransformation step, the nature of the
enzyme and its requirements for maximum activity. A complete knowledge of the above
factors would help in manipulation of the reaction conditions to favor maximum
biotransformation.

Advantages of microbial biotransformation:

Microbial biotransformation is advantageous over other types of biotransformation

as many measures can be taken to enhance the biotransformation reaction, such as:

e Manipulation of media
e Strain improvement
e Use of inhibitors

The caffeine biotransformation pathway in P. citrinum MTCC 5215 was
elucidated (described in chapter 3). The enzymes involved in the biotransformation

pathway have also been identified. This knowledge about the pathway and the enzymes

159



Chapter 4

helps in understanding the organism and its nutritional requirements, to help design an
efficient biotransformation process for the production of theophylline. Attempt has been
made to study the nutritional requirements of P. citrinum MTCC 5215, optimization of
parameters for maximum biotransformation of caffeine to theophylline.

4.1.2. Media optimization:

Microbial growth requires suitable environmental conditions, a source of energy,
and nourishment. These requirements can be divided into two categories, physical and
chemical. Physical requirements include: temperature, pH and osmotic pressure.
Temperature plays an important role in the growth and metabolic activity of
microorganism, as each individual enzyme of the microorganism has its optimum
temperature for maximum activity. pH of the media offers suitable environment to the
microorganism for growth and metabolic activity. Chemical growth requirements include:
sources of carbon (C), nitrogen (N), oxygen (O), hydrogen (H), sulfur (S), phosphorous (P)
and trace elements. C, N, P and S, are classified as macronutrients. Trace elements, also
categorized, as micronutrients are essential for the growth of microorganisms, but needed
in very small amounts. Iron is required for the synthesis of heme-containing compounds
(such as cytochromes of the electron transport system) and for certain other enzymes
(Tortora et al, 1995).

Besides their growth requirements, microorganisms when endowed/supplied with
specific requirements, produce targeted products. Hence, media optimization is a essential
requirement for the production of targeted compounds. Besides this, improved production
can be achieved by incorporation of specific inhibitors into the media.

4.1.3. Response surface methodology (RSM):

160



Chapter 4

Response surface methodology (RSM) explores the relationships between several
explanatory variables and response variables to obtain maximum response. The method
was introduced by Box and Wilson in 1951. The main idea of RSM is to use a sequential
experimental procedure to obtain an optimal response using a first-degree polynomial
model. RSM is easy to estimate and apply, even when little is known about the process and
is a powerful technique for testing multiple process variables because fewer experimental
trials are needed compared to the study of one variable at a time (Ravi and Susheelamma,
2005). Interactions between variables can be identified and quantified by such a technique.
In the present chapter RSM, with experimental central composite rotatible design (CCRD)
has been applied to optimize biotransformation of caffeine to theophylline. RSM and
CCRD have been used to demonstrate the effects of three media components (caffeine,
glucose as carbon source and corn steep liquor as nitrogen source) on the biotransformation

of caffeine to theophylline by P. citrinum MTCC 5215.
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4.2. Materials and Methods:

4.2.1. Materials:

Standard theophylline and caffeine were procured from Sigma Chemicals, St.
Louis, USA. Caffeine (LR grade), used for biotransformation was purchased from Loba
Chemicals, Mumbai, India. Potassium dihydrogen orthophosphate, di sodium hydrogen
ortho phosphate, ferric chloride, zinc sulphate, sodium molybdate, manganese tetra oxide,
magnesium oxide, sodium hydroxide, hydrochloric acid and other chemicals were of
analytical grade and procured from Qualigenes Fine Chemicals, Mumbai. HPLC grade
acetonitrile and methanol were procured from Merck, Germany. Corn steep liquor was
procured from Anil Starch and Chemicals, Mumbai. All other chemicals were of the
highest purity and were procured from standard sources.
4.2.2. Methods:
Analytical methods:

1) Thin layer chromatography (TLC) for identification of biotransformation
products:

TLC for identification of biotransformed methyl xanthines was run using precoated
TLC plates from Merck (Germany) with a solvent system containing butanol, acetic acid,
water (4:1:1) and was visualized in a CAMAG UV illuminator.

2) High Performance Liquid Chromatography (HPLC) for identification of
biotransformation theophylline:

HPLC was carried out using RP C-18 column [5um, 250mmx4.6mm, Phoenomenix
column] using LC-10A (Shimadzu, Japan) system with a isocratic mobile phase of water
and acetonitrile (85:15) at a flow rate of 1ml/min and wavelength of 273nm.

3) Fourier Transform Infrared (FTIR) spectroscopy for identification of
biotransformation theophylline:
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IR absorption spectra were recorded using a Perkin Elmer Model 2000 Infrared
Fourier-transform spectrophotometer, with samples prepared in KBr.

4) Nuclear magnetic resonance (NMR) spectroscopy for identification of
biotransformation theophylline:

NMR spectra were recorded at 500 MHz, using 500MHz Bruker Avance
instrument. *H and *C NMR was carried out by dissolving about 20 mg of purified
theophylline in DMSO.

4.2.3.1. Screening of media for biotransformation of caffeine to theophylline by P.
citrinum MTCC 5215:

Theophylline production by P. citrinum MTCC 5215 was carried out in twenty
different standard media and the designed biotransformation media. The composition of
various media are given in Table 4.2.3.1. All the media contained caffeine at concentration
of 1g/L and the pH of the media was adjusted to 5.6+0.2. The prepared media was
autoclaved at 121°C for 20 min at 15 psi. The autoclaved media was cooled, inoculated
with spore suspension of P. citrinum MTCC 5215 and incubated on rotary shaker at 150
rpm at 28+2°C. Samples were collected at regular intervals and analyzed by HPLC to

check for biotransformed theophylline.
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Table 4.2.3.1. Media Screening of for biotransformation of caffeine to theophyllineby
P. citrinum MTCC 5215.

Media Composition (g/L), pH 5.6
M.1. Lindenberg synthetic media M.2. Hobb’s medium
Glycerol 30.0 Glucose 20.0
NaNO3 2.0 NaCl 5.0
K,HPO,4 1.0 Na,SO4 5.0
MgSO,.7H,0 0.5 NaNO3 4.5
FeSO,7H,0 0.4 K2HPO,4 1.2
Tris 1.2
MgSO47H20 1.0
ZnSO4 0.01
M.3. Czepek-Dox broth M.4. O-Brien synthetic media
Sucrose 30.0 Glucose 20.0
NaNO; 3.0 Glycine 2.6
K,HPO, 1.0 Sodium acetate 1.36
MgS0,.7H,0 0.5 (NH,4)2SO4 0.54
KCI 0.5 K>,HPO,4.3H,0 0.05
FeS0,4.7H,0 0.01 ZnS04.7H,0 0.03
FeS0,4.7H,0 0.025
CuS0O4.5H,0 0.016
MnS0O,.4H,0 0.012
CaC|2. 2H20 0.05
MgS0,.7H,0 0.5
M.5. Dulaney’s medium M.6. Thornberry’s medium
Glucose 10.0 Glucose 10.0
NaCl 5.0 KH,PO, 2.38
K2HPO, 2.0 K2HPO, 5.65
MgSO47H20 0.4 NH4N03 4.0
CacCl, 0.4 MgS0,.7H,0 0.25
FeSO,4.7H,0 0.02 Sodium lactate 11.2
ZnS04.7H,0 0.01 ZnS04.7H,0 0.14
(NH4)2HPO4 4.0 FeSO4.7H20 0.014
MnS0O,.4H,0 0.084
CuS0O4.5H,0 0.0016
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M.7.Baron’smedium

M.8. Numerof’s medium

Glucose 15.0 Glucose 20.0
NH4NO3 4.0 Glycine 2.6
MgSO04.7H20 0.25 Sodium acetate 1.36
NaCl 5.0 (NH4)2S504 0.54
Sodium citrate 1.0 FeS04.7H20 0.03
KH2PO4 0.1 CuS04.5H20 0.5
K2HPO4 0.1 K2HPO4 0.5
CaCo3 3.0 CaCl2 0.05
M.9. Complex organic media M.10. Lumb’s medium
Glucose 25.0 Glucose 20.0
Soya bean flour 25.0 MgS0,.7H,0 10.0
Yeast extract 3.0 Sodium citrate 1.0
(NH,4),SO, 2.0 NaCl 2.5
CaCO3 2.0 CaCl, 0.87
NaCl 2.0 KH,PO, 0.5
KH,PO, 0.15 Glycine 5.0
FeS0O,4.7H,0 0.0075
MnSQ,4.4H,0 0.008
CuS04.5H,0 0.001
ZnS04.7H,0 0.0014
(NHz)2 MO,4.4H,0 0.0018

M.11. Corn meal salt medium

Cornmeal
Na,HPO,4
KH,PO,

KCI
MgSQO,.7H,0

50.0
1.15
0.25
0.2
0.2

M.12.Carbohydrate carcode medium

Potato starch
Glucose
Ribose
Glycerol
Soyaflour

(NH4)2SO4
Yeast extract
Bactopeptone

5.0
5.0
5.0
5.0
20.0

0.2
2.0
2.0

M.13. ISP production media |

Soyabean Meal
Glucose
NaNO;
K>HPO,

NaCl

CaCO;

25.0
25.0
4.0
0.05
2.5
0.4

M.14. ISP production media Il

Soluble Starch
Corn Steep Liquor
(NH,)2 SO4
CaCO;

ZnS04

25.0
10.0
5.0
5.0
0.04
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M.15. ISP production media Il

Glycerol 20.0
Peptone 5.0
Yeast Extract 3.0
Meat Extract 3.0
CaCOs 2.5

M.16. ISP production media IV

Glucose 10.0
Soluble Starch 10.0
Peptone 7.5
Meat Extract 7.5
NaCl 3.0

M.17. ISP production media V

Soyabean Meal 15.0
Glucose 15.0
Glycerol 2.5
Sodium Chloride 5.0
CaCO; 3.0

M.18. ISP production media VI

Glucose 33.0
Soluble Starch 33.0
Soyabean Meal 34.0
(NH,4),SO, 13.0
KoHPO, 13.0
NaCl 2.5

CaCO; 12.5

M.19. ISP production media VII

Soyabean Meal 20.0
(NH,)2SO, 5.0
Meat Extract 4.0
Yeast Extract 2.5
Glucose 6.0
KCI 4.0
CaCO3 0.1
KoHPO, 0.1

M.20. ISP production media V111

Soyabean Meal 10.0
Dextrose 5.0
Corn Steep Liquor 5.0
Soluble Starch 1.0
CaCOg3 7.0

M.21.Biotransformation media

Na,HPO,4
KH,PO4
C&Clz
MgSO4
Sucrose

0.12

1.3
0.3
0.3
20

4.2.3.2. Optimization of carbon source for growth and biotransformation of caffeine

to theophylline by P. citrinum MTCC 5215:

Carbon is a requirement for the growth of P. citrinum MTCC 5215 as well as for
biotransformation to be carried out. The different carbon sources used were glucose,
maltose, sucrose, fructose, cellulose, pectin and starch. Biotransformation was carried out

in the designed media consisting of (g/L) Na,HPO, - 0.12; KH,PO, - 1.3; MgSO, . 0.3;
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CaCl; - 0.3; caffeine — 1. The different carbon sources mentioned above were added
individually to the media at 20g/L concentration. The control experiment was carried in
media without the addition of any carbon source. After initial optimization studies, glucose
was found to be the best carbon source for biotransformation of caffeine to theophylline
and was chosen for further optimization studies. Glucose was used in the concentration
range of 5 to 50 g/L. 100ml of media was prepared with above mentioned constituents in
500ml Erlenmeyer flask and autoclaved at 121°C for 20 min at 15 psi. The autoclaved
media was cooled and inoculated with 5 ml spore suspension of P. citrinum MTCC 5215
and incubated on rotary shaker at 150 rpm at 28+2°C. Samples were collected at regular
intervals and analyzed by HPLC to check for the biotransformation of caffeine to
theophylline. Accumulation of biomass was measured by drying the biomass to constant
weight at 80°C.

4.2.3.3. Optimization of nitrogen source for growth and biotransformation of caffeine
to theophylline by P. citrinum MTCC 5215:

Nitrogen source is a requirement for the growth of P. citrinum MTCC 5215 and
biotransformation of caffeine to theophylline by the fungal strain. The various nitrogen
sources used for biotransformation of caffeine to theophylline are yeast extract, peptone,
beef extract, casein, soybean meal, corn steep liquor, urea, NaNO; NH;NO3z;, NH,CI,
NaNO; and (NH,;).SO,. Biotransformation was carried out in designed biotransformation
media having the following composition (g/L) Na;HPO, - 0.12; KH,PO, - 1.3; MgSO, -
0.3; CaCl; - 0.3; caffeine — 1, glucose-20. The above mentioned nitrogen source was added
to the media individually at concentration of 3g/L and the control experiment was carried
in media containing no additional nitrogen source. Corn steep liquor (30% protein) was

found to be the best nitrogen source and chosen for further optimization. The concentration
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of corn steep liquor used was in the range of 5 to 20 ml/L. All other conditions were similar
as described in section 4.2.3.2.

4.2.3.4. Optimization of caffeine concentration for biotransformation of caffeine to
theophylline by P. citrinum MTCC 5215:

Caffeine is the substrate for biotransformation to be carried out. However, higher
concentrations of caffeine are inhibitory to the growth of microorganism, (Frischknecht,
1985; Nathanson, 1984; Fries and Kihlman, 1948; Waller et al. 1986). Hence, optimization
of caffeine concentration is an important parameter to obtain maximum biotransformation
and growth. Biotransformation was carried out in designed biotransformation media having
the following media composition (in g/L) Na;,HPO, - 0.12; KH,PO, - 1.3; MgSQO, . 0.3;
CaCl; - 0.3; glucose-20 and corn steep liquor at concentration of 5ml/L. Caffeine was used
in the concentration range of from 1g/L to 10g/L. All other conditions were similar as
described in section 4.2.3.2.

4.2.3.5. Optimization of pH for biotransformation of caffeine to theophylline by P.
citrinum MTCC 5215:

pH plays a crucial role during the growth and metabolism of an organism. Most of
the molds grow between pH 5 and 6. Hence optimization of pH is a requirement for any
process optimization. Biotransformation of caffeine to theophylline was carried out in
media of varying pH ranging from 3-8 having the following composition (g/L) Na,HPO, -
0.12; KH2PO4 - 1.3; MgSOq, - 0.3; CaCl; - 0.3; glucose-20, caffeine — 1. Corn steep liquor
was used at concentration of 5ml/L. All other conditions were similar as described in

section 4.2.3.2.
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4.2.3.6. Optimization of temperature for growth and biotransformation of caffeine to
theophylline by P. citrinum MTCC 5215:

Temperature plays a major role in the biotransformation of caffeine to theophylline.
Optimization of temperature was carried out by incubating the fungal cultures at different
temperatures between 20°C to 40°C in media having following composition (g/L)
Na,HPO, - 0.12; KH,PO4 - 1.3; MgSQ, - 0.3; CaCl2 - 0.3; glucose-20, caffeine — 1. Corn
steep liquor was used at concentration of 5ml/L. All other conditions were similar as
described in section 4.2.3.2.

4.2.3.7. Effect of inoculum age on growth and biotransformation of caffeine to
theophylline by P. citrinum MTCC 5215:

Biotransformation was carried out with different inoculum ages ranging from 24
hours to 96hours. PDA slants containing 0.03% caffeine were inoculated with spores of P.
citrinum MTCC 5215 and incubated at 28+2°C in incubator for 24, 48, 72 and 96h. These
slants were then used as inoculum for biotransformation of caffeine to theophylline in
media having following composition (g/L) Na;HPO, - 0.12; KH,PO, - 1.3; MgSO, . 0.3;
CaCl2 - 0.3; glucose-20, caffeine -1, Corn steep liquor-5ml/L. All other conditions were
similar as described in section 4.2.3.2.

4.2.3.8. Optimization of inoculum load for growth and biotransformation of caffeine
to theophylline by P. citrinum MTCC 5215:

Optimization of inoculum load is an important parameter for biotransformation of
caffeine to theophylline. 72 hour old inoculum slants of P. citrinum MTCC 5215 was used
at various inoculum loads varying from 1x10° to 7x10° spores/ml and 5ml spore suspension
was inoculated into 100ml media. Biotransformation of caffeine to theophylline was

carried out in media having following components (in g/L) Na;HPO, - 0.12; KH,PO4 - 1.3;
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MgSQ, - 0.3; CaCl, - 0.3; glucose-20, caffeine — 1, Corn steep liquor- 5ml/L. All other
conditions were similar as described in section 4.2.3.2.

4.2.3.9. Optimization of FeSO, concentration for biotransformation of caffeine to
theophylline by P. citrinum MTCC 5215:

Metal ions influence the activity of enzymes by either enhancing or inhibiting their
activity (Elvina et al, 1998). The caffeine biotransforming enzymes are also influenced
highly by the presence of certain metal ions in the media. The enzyme for
biotransformation of caffeine to theophylline was identified as cytochrome P450 as
discussed in chapter-3. It is an iron containing enzyme hence, the addition of FeSO, in the
media will lead to the enhancement of enzyme production. Different concentrations of
FeSO, (1 to 5 mM) were used in the biotransformation media having following composition
(in g/L) NapHPO, - 0.12; KH,PO4 - 1.3; MgSO, . 0.3; CaCl, - 0.3; glucose-20, caffeine — 1.
Corn steep liquor was used at concentration of 5ml/L. All other conditions were similar as
described in section 4.2.3.2.

4.2.3.10. Optimization of allopurinol concentration for biotransformation of caffeine
to theophylline by P. citrinum MTCC 5215:

Allopurinol is an analog of natural purines, and is quickly metabolised to
oxipurinol, which is a xanthine oxidase inhibitor (Kelley and Beardmore, 1970). Xanthine
oxidase converts purines and methyl xanthines into their respective uric acids (Blecher and
Lingens, 1977). Allopurinol was used in the media in concentrations ranging from 1mM to
5mM to inhibit the further utilization of theophylline. The biotransformation media
composed of (g/L) Na;HPO, - 0.12; KH,PO, - 1.3; MgSO, - 0.3; CaCl; - 0.3; glucose-20,
caffeine — 1. Corn steep liquor at concentration of 5ml/L and FeSO4 at 3mM concentration

was added to the media.
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4.2.3.11. Production of theophylline with optimized conditions in shake flask:

The results obtained from various optimization experiments led to the designing of
optimized media and was used for further studies.

Optimized media composition (g/L) Caffeine - 1.0, Glucose - 20.0, Na;,HPO,-0.12,
K;HPO, - 1.3, MgSQO, - 0.3, CaCl,- 0.3. Corn steep liquor - 5ml/L. FeS0, was added at
3mM and allopurinol at 4mM concentration. The optimized pH was 5.6, optimum
temperature 28°C, optimized inoculum age was 72 hours and optimized inoculum load was
5x 10° spores/ml. All the components were dissolved in water; the pH was adjusted to 5.6
and sterilized at 121°C for 20 min. Spore suspension of P. citrinum MTCC 5215 at
concentration of 5x10° spores/ml was inoculated into the medium and incubated under
agitation on a rotary shaker set at 150 rpm at 28°C. Samples were collected at regular
intervals and checked for biotransformation of caffeine to theophylline. Accumulation of
biomass was measured by drying the biomass to constant weight at 80°C.
4.2.3.12. Production of theophylline with optimized conditions in 10L fermentor:

The optimized media composition (mentioned above) was dissolved in water, the
pH adjusted to 5.6 and the media was sterilized at 121°C for 20 minutes. 40 ml of spore
suspension of P. citrinum MTCC 5215 containing 5x10° spores/ml was inoculated into
800ml of the medium and incubated under agitation on a rotary shaker set at 150rpm for 24
hours at 28°C and used as inoculum. 7.2 liters of the optimized biotransformation medium
detailed above was prepared and charged into a fermentor (Murhopye, India) and sterilized
(Figure 4.2.3.12.). The media was cooled and inoculated with P. citrinum grown broth
(10%v/v). The impeller speed was set at 200rpm, sterile air was passed at 1v/v/min and the

fermentation was terminated after 72 hours of growth. Samples were collected at regular
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intervals and checked for biotransformation of caffeine to theophylline. Accumulation of
biomass was measured by drying the biomass to constant weight at 80°C.

Figure 4.2.3.12. Production of theophylline in 10L laboratory fermentor.

4.2.4. Response surface methodology:

Additional experiments were carried out using statistical analysis and response
surface methodology to predict the maximum biotransformation of caffeine to theophylline,
caffeine degradation and biomass accumulation by P. citrinum MTCC 5215 with three
crucial parameters effecting biotransformation. These three crucial parameters are effect of
glucose concentration, corn steep liquor concentration and caffeine concentration.

RSM experimental design:

Concentrations of three media ingredients (glucose, corn steep liquor, caffeine)
were optimized through RSM to predict the maximum production of theophylline by
biotransformation of caffeine. Further, optimization studies for decaffeination was also

carried out along with CCRD to locate the true optimum concentrations of glucose, corn
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steep liquor and caffeine for biotransformation to theophylline. To describe the nature of
the response surface in the optimum region, a 2° factorial CCRD was used at 5 levels as
shown in Table 4.2.4. (resulting in total of 21 experiments). The experimental results of the
CCRD were fitted with a second order polynomial equation by a multiple regression

technique.
Y =Bo+ ZBiX +XBiXX + ZZPiXiX;

Y is the predicted response, Bo, Bi, Bii, Bij ae cOnstant coefficients, and X; X; are

the coded independent variables or factors. The quality of fit of the second order model
equation was expressed by the coefficient of determination R? , and its statistical
significance determined by a t-test. The computer software used was statistica, version 5.5
by Statsoft, Inc. (Tulsa, OK USA).

Preliminary studies for media optimization was carried out, glucose was found
to be the best carbon source and corn steep liquor as the best nitrogen source. The workable
range for glucose was chosen to be 10-50g/L, for corn steep liquor it was 5 — 20ml/L and
caffeine in the range of 1-10g/L. 21 different media were prepared as per the experimental
design which have been presented in Table 4.3.2.1a The prepared media was autoclaved
at 121°C for 20 mins at 15 psi, was cooled and inoculated with 1 x 10° spores/ml and
incubated on rotary shaker at 150 rpm, 28°C. Samples were collected at regular intervals
and analyzed by HPLC to check for the biotransformation of caffeine to theophylline.
Accumulation of biomass was measured by drying the biomass to constant weight at 80 °C.

Table 4.2.4. Coding and assigned concentrations of variables of different levels of the
central composite rotatible design.

Symbol Code levels
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Independent -1.682 -1 0 +1 +1.682
variables

Carbon X1 0 10.2 25 40.0 50
Nitrogen Xa 0 4.0 10 15.9 20
Caffeine X3 0 2.0 5.0 8.0 10

4.2.5. Downstream processing of biotransformed theophylline:

Methyl xanthines are available either by chemical synthesis or by extraction from
natural sources (Finar, 1959; Birdwhistell and Connor, 1971; Helmkamp and Johnson,
1968; Pavia et al, 1976). Extraction of methyl xanthines have been carried out by using
solvents as chloroform, dichloromethane, ethyl acetate, propanol etc. (Landgrebe, 1993,
Mayo et al, 1989; Nimitz, 1991; Williamson, 1989, Murray and Hansen, 1995) After
fermentation, the broth was separated from the biomass by filtering through muslin cloth
and extracted using various solvents. The solvent layer was separated and vacuum
concentrated. The concentrate obtained was termed as the crude extract to which acetone
was added (8ml/gm of crude extract) to precipitate the theophylline from the rest of the
components present. This precipitate was air-dried and crystallized from ethyl alcohol.
Chemical identity of theophylline was confirmed by melting point analysis, co-TLC, co-
FTIR, NMR with an authentic sample and it’s purity determined by mixed melting point
analysis.

Scheme for isolation and purification of theophylline from fermented broth.

Fermentation for the production of theophylline

'

Separation of fermented broth from the biomass by filtration

l

Extraction of the filtrate using ethyl acetate

l
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Vacuum concentration of the ethyl acetate extract to get the crude extract

l

Precipitation of theophylline from the crude extract using acetone

Crystallization of precipitated theophylline using ethyl alcohol

Analysis of purified theophylline using TLC, HPLC, FTIR, NMR
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4.3. Results and Discussion:

4.3.1.1. Media screening for biotransformation of caffeine to theophylline by P.
citrinum MTCC 5215:

Biotransformation of caffeine to theophylline was carried out in 20 different
standard media, and the results have been presented in Table 4.3.1.1. However, none of the
media could efficiently biotransform caffeine to theophylline. Hence a biotransformation
media was designed using various media components and designated as M. 21(Table
4.2.3.1). 31.46% and 17.85% biotransformation was observed in ISP production media VIII
(M. 20) and complex organic media (M. 9) respectively. 12.31% biotransformation was
observed in corn meal salt media (M.11), whereas, 9.35% and 7.91% of biotransformation
was observed in ISP production media V (M. 17) and ISP production media Il (M. 15)
respectively. Lumb’s medium (M. 10) and carbohydrate carcode medium (M. 12) exhibited
5.75% and 4.71% biotransformation respectively. In the rest of the media,
biotransformation of caffeine to theophylline was not observed. All the media in which
biotransformation was observed contained negligible concentration of inorganic nitrogen
suggesting that the presence of externally added inorganic nitrogen source does not allow
the organism to take up caffeine from the medium. The media in which biotransformation
of caffeine to theophylline was observed, contained organic nitrogen source such as corn
steep liquor, soybean meal or yeast extract as nitrogen source. ISP production media VIlI
(M. 20) contained both soybean meal and corn steep liquor as nitrogen source and showed
biotransformation 31.46%. The fungal strain P. citrinum MTCC 5215 could take up
caffeine from the media even in the presence of external organic nitrogen source such as,
soybean meal and corn steep liquor and further biotransform it to theophylline though the

efficiency of biotransformation was only 31.46%. Complex organic media (M. 9) contained
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soybean flour and yeast extract at concentrations of 25 and 3g/L respectively and showed
biotransformation of 17.85%. This suggests that the presence of these nitrogen sources do
not inhibit the uptake of caffeine and its biotransformation by the fungal strain P. citrinum
MTCC 5215. It was observed that only seven out of the twenty standard media could
biotransform caffeine to theophylline, but the efficiency of biotransformation was very low
in these media. Hence, a biotransformation media was designed and designated M. 21
(composition in Table 4.2.3.1). 79% biotransformation was observed with this media and
further work was carried out using this media.

Table 4.3.1.1. Biotransformation of caffeine to theophylline by P. citrinum MTCC
5215 in screening media.

Media No. Media Biotransformation of caffeine to
theophylline (%)
1. Lindenberg Synthetic Media 0.0
2. Hobbs medium 0.0
3. Czepek-Dox broth 0.0
4. O-Brien Synthetic media 0.0
5. Dulaneys medium 0.0
6. Thornberry’s medium 0.0
7. Baron’smedium 0.0
8. Numerofs medium 0.0
9. Complex organic media 17.9
10. Lumb’s medium 5.8
11. Corn meal salt medium 12.3
12, Carbohydrate carcode medium | 4.7
13. ISP Production media | 0.0
14. ISP Production media Il 0.0
15. ISP Production media Il 7.9
16. ISP Production media IV 0.0
17. ISP Production media V 9.4
18. ISP Production media VI 0.0
19. ISP Production media VII 0.0
20. ISP Production media VIII 31.5
21. Biotransformation media 79.9

4.3.1.2. Effect of carbon source on growth and biotransformation of caffeine to
theophylline by P. citrinum MTCC 5215:
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Carbon sources in the media are required by P. citrinum MTCC 5215, for synthesis
of proteins, sugars and lipids, to make up cell structures and for biotransformation to take
place. No biotransformation took place in the absence of any carbon source in the media,
(Fig 4.3.1.2a). Hence, carbon source is a mandatory requirement for biotransformation to
occur. Of the various carbon sources used, glucose proved to be the best carbon source,
leading to 89% conversion of caffeine to theophylline in a period of 144 hours (Fig
4.3.1.2a). Sucrose, maltose and starch could also biotransform caffeine to theophylline
efficiently, showing 80.3%, 79.5% and 78.2% of biotransformation respectively. When
fructose was used in the media, the biotransformation observed was only 52.7% whereas
with cellulose as carbon source in the media, no biotransformation was observed. The
probable reason for this could be the absence of cellulose degrading enzyme in the fungal
strain P. citrinum MTCC 5215. Further optimization of glucose concentration was carried
out in the range of 5 -50g/L. It was observed that the biotransformation of caffeine to
theophylline increased with increasing glucose concentration from 5-20g/L (Fig 4.3.1.2b).
With further increase in initial glucose concentration beyond 20g/L, there was no
considerable increase in biotransformation. Hence, 20g/L of glucose was chosen as the
optimum concentration of carbon source to be used in the media for biotransformation. Use
of sucrose as carbon source in biotransformation of caffeine to theophylline has been
reported by Schwimmer et al (1971). Pectin when used as carbon source could
biotransform caffeine to theophylline with 58.9% efficiency. This suggests that the chosen
fungal strain P. citrinum MTCC 5215 can be used for the decaffeination of coffee pulp

which contains pectin at a concentration of 6.5% (Penaloza et al, 1985; Zuluaga, 1989).

The maximum biomass growth (4g/L) was observed with starch as the carbon source (Fig
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4.3.1.2a). With sucrose as the carbon source the biomass obtained after 144 hours of
growth was 3.93g/L whereas with pectin the biomass obtained after 144 hours of growth
was 3.81g/L. With glucose as carbon source, only 2.65g/L of biomass was obtained after
144 hours of growth. However, the time taken for biotransformation was 144hours even
after addition of external carbon source, which is not desirable for process development
economics. Hence, further modifications were made in the media composition, which is

described below.

Figure 4.3.1.2a. Effect of carbon source on growth and
biotransformation of caffeine to theophylline by P. citrinum
MTCC 5215.
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Figure 4.3.1.2b. Effect of glucose concentration on growth and
biotransformation of caffeine to theophylline by P. citrinum MTCC
5215.
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4.3.1.3. Effect of nitrogen source on growth and biotransformation of caffeine to
theophylline by P. citrinum MTCC 5215:

Nitrogen is a basic requirement for the growth and metabolism of any organism and
is required for synthesis of proteins, DNA and RNA. Presence of nitrogen in the media
influences the caffeine biotransformation of microorganisms (Penaloza et al 1985; Aguilar

et al, 1983; Hakil, et.al., 1999; Sanchez et.al 2004; Blecher, 1976). In the absence of any

external nitrogen source, the biotransformation of caffeine to theophylline was only 15%.
Biotransformation to theophylline was not observed when peptone, beef extract and casein
were used as nitrogen source (Table 4.3.1.3). Similar results were reported by Penaloza et
al (1985) and Aguilar et al (1983) where no caffeine biotransformation was observed in
Aspergillus niger in the presence of the fore mentioned organic nitrogen sources. However,

5.88% biotransformation was observed when soybean meal was used as an organic
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nitrogen source. Biotransformation was enhanced to 64.06% when yeast extract was used
as nitrogen source. The enhancement in biotransformation may be attributed to the
presence of vitamins, free amino acids and short peptides, which can be utilized efficiently
and easily by the fungal strain for growth and further for biotransformation of caffeine.
Corn steep liquor as an external nitrogen source showed maximum biotransformation of
caffeine to theophylline (80.25%). The enhancement in biotransformation with corn steep
liquor in the media may be attributed to the high protein content and presence of essential
amino acids (Masood et al, 1997). Further optimization of the proportion of corn steep
liquor was carried out using different concentrations of corn steep liquor ranging from
5ml/L to 20ml/L. With 5ml/L of corn steep liquor 80.2% biotransformation was observed.
Further increase in the concentration of corn steep liquor showed no considerable increase
in biotransformation (Fig 4.3.1.3). With the incorporation of corn steep liquor in the media
the Dbiotransformation period was reduced from 144hours to 48hours, which is a
considerable improvement towards process development, but the biotransformation was
reduced from 89.7 to 80.25%.

Maximum biomass growth of 11.2g/L was observed using (NH4),SO, as an
external inorganic nitrogen source, but no biotransformation of caffeine to theophylline
was observed, whereas the biomass accumulated in the absence of an external nitrogen
source was only 2.74g/L(Table 4.3.1.3). From the results obtained it can be concluded that
corn steep liquor at a concentration of 0.5% enables higher biotransformation (80.25%) in a
period of 48hours and accumulation of a biomass of 7.10g/L on dry weight basis.

Table 4.3.1.3. Effect of nitrogen source on growth and biotransformation of caffeine
to theophylline by P. citrinum MTCC 5215:

S.No | Nitrogen source | Biotransformation (%) | Biomass (g/L) |
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1. Caffeine 15.00 2.74
2. Yeast extract 64.06 7.01
3. Peptone 0.00 9.22
4, Beef extract 0.00 7.73
5. Casein 0.00 6.60
6. Soybean meal 5.88 6.91
7. Corn steep liquor 80.25 7.10
8. Urea 0.00 7.15
9. NaNO; 0.00 5.82
10. NH;NO3 0.00 5.60
11. NH,CI 0.00 6.20
12. (NH4),SO, 0.00 11.20
Figure 4.3.1.3. Effect of corn steep liquor on growth and
biotransformation of caffeine to theophylline by P. citrinum
MTCC 5215.
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4.3.1.4. Optimization of caffeine concentration for biotransformation of caffeine to
theophylline by P. citrinum MTCC 5215:
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Biotransformation of caffeine to theophylline decreased with increasing
concentration of caffeine. Maximum biotransformation of 82.4% was observed with 1g/L
of caffeine in 48hrs (Fig 4.3.1.4b). 75.2% of biotransformation was observed with 2g/L of
caffeine at 84hrs, 70.5% of biotransformation was observed at 96hrs with 3g/L of caffeine
concentration, 51.2% at 120hours with 4g/L of caffeine. 38.5% of biotransformation was
observed at 120 hours with 5g/L of caffeine concentration (Fig 4.3.1.4a). P. citrinum
MTCC 5215 showed maximum growth of 7.12g/L at 1g/L of caffeine concentration (Fig
4.3.1.4b). The fungal strain showed poor growth beyond 5g/L of caffeine concentration and
at 10 g/L of caffeine concentration the growth observed was 0.06g/L (Fig 4.3.1.4b). With
1g/L of caffeine concentration the lag phase observed was 10 hours (Fig 4.3.1.4a). The lag
phase increased with increasing concentration of caffeine (Fig 4.3.1.4a). With 5g/L of
caffeine the lag phase increased to 38 hours. It was observed that beyond 5g/L of caffeine
concentration, P. citrinum MTCC 5215 could not biotransform caffeine to theophylline as
the fungal strain showed negligible growth above this concentration of caffeine (Fig
4.3.1.4b).

Schwimmer et al (1971) had carried out biotransformation of caffeine to
theophylline by P. roqueforti in sucrose and trace element containing media using caffeine
concentration of 1.928g/L and no biotransformation was observed beyond this
concentration. This is in accordance with the results obtained by Asano et al (1993) who
reported the increase in lag phase of growth in P. putida with increasing concentrations of
caffeine. Higher concentration of caffeine has been reported to be inhibitory to the growth
of microorganisms (Frischknecht et al, 1986; Nathanson, 1984). Schwimmer et al (1971)

reported the inhibition of growth of P. roqueforti beyond 3.856 g/L. With 1g/L of caffeine
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maximum biotransformation was observed with 82.4% of conversion at 48hours and

maximum biomass growth of 7.12g/L, hence it was chosen as the concentration for further

biotransformation work.

Figure 4.3.1.4a. Effect of caffeine concentration on

biotransformation of caffeine to theophylline by P. citrinum
MTCC 5215.

100 +

90 -

80 -

70 -

60 -

50

40

Biotransformation (%o)

30 A

20 ~

10 -

0 10 20 30 40 50 60 70O 80 90 100 110 120
Time(Hrs)

—&— Caffeine conc.(1 gm/L) —#— Caffeine conc.(2 gm/L) —&— Caffeine conc.(3 gm/L)
—%— Caffeine conc.(4gm/L) —%— Caffeine conc.(5gm/L)

184



Chapter 4

Figure 4.3.1.4b. Effect of caffeine concentration on growth of
P. citrinum MTCC 5215.
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4.3.1.5. Optimization of pH for growth and biotransformation of caffeine to
theophylline by P. citrinum MTCC 5215:

pH is an important physical parameter which effects the growth and metabolism of
all microorganisms. Biotransformation and growth of caffeine to theophylline by P.
citrinum MTCC 5215 was monitored in the pH range of 3-8. Both biotransformation and
biomass growth increased with increasing pH (Table 4.3.1.5, Figure 4.3.1.5). At pH 3 the
biotransfromation was 9.1% and the biomass accumulated was 2.19g/L. The
biotransformation increased from 35.7 % at pH4 to 65.4% at pH 5. At pH 6, 75.5%
biotransformation was observed and above this pH the biotransformation decreased.
Maximum biotransformation (80.3%) was observed at pH 5.6 (Fig 4.3.1.5). The results
obtained are in accordance with the results obtained by Roussos et. al., (1995) who
reported maximum biotransformation of caffeine to theophylline by fungi at pH of 5.6.
This is because fungal systems require slightly acidic pH for their optimum growth and

metabolism (Roussos, et. al., 1995).
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Table 4.3.1.5. Optimization of pH for growth and biotransformation of caffeine to
theophylline by P. citrinum MTCC 5215.

S.No pH Biotransformation (%0) Biomass (g/L)
1. 3 9.1 2.19
2. 4 35.7 3.56
3. 5 65.4 6.59
4. 6 75.5 7.12
5. 7 61.7 7.36
6. 8 59.7 6.29
Figure 4.3.1.5. Effect of pH on growth and biotransformation of
caffeine to theophylline by P. citrinum MTCC 5215.
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4.3.1.6. Optimization of temperature for biotransformation of caffeine to theophylline
by P. citrinum MTCC 5215:
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It was observed that biotransformation of caffeine to theophylline increased with
increasing temperature from 20 to 28°C (Fig 4.3.1.6a). Besides this, the time taken for
biotransformation also decreased with increasing temperature. At 20°C, 61.8% of
biotransformation was observed at 72hrs and the biotransformation was 71.7% at 24°C.
Maximum biotransformation of 82.7% was observed at 28°C in a period of 48hrs (Fig
4.3.1.6a). No biotransformation of caffeine to theophylline occurred beyond 32°C
indicating the inability of the biotransforming enzyme system (cyt P450) in the fungal
strain to function beyond this temperature. The increase in biotransformation percentage
and rate of biotransformation can be correlated, with increasing biomass growth in the
temperature range of 20 to 28°C indicating the growth dependent nature of
biotransformation. Biomass accumulation was highest at 28°C (7.10g/L) and it decreased
beyond this temperature. The biomass accumulation decreased considerably with
increasing temperature and the lowest biomass accumulation of 2.12g/L was observed at
40°C (Fig 4.3.1.6b). From figure 4.3.1.6b it can be concluded that the fungal strain P.
citrinum MTCC 5215 is a mesophile with optimum growth temperature of 28°C. This is in
contrast to the reports of Schwimmer et al (1971) who have reported the optimum

temperature of growth and biotransformation of Penicillium roqueforti to be 20°C.
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Figure 4.3.1.6a. Effect of temperature on the biotransformation of caffeine to
theophylline in P. citrinum MTCC 5215.
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Figure 4.3.1.6b. Effect of temperature on growth of P. citrinum
MTCC 5215.
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4.3.1.7. Effect of inoculum age on growth and biotransformation of caffeine to
theophylline by P. citrinum MTCC 5215:
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Optimum inoculum age is an important factor, which helps the inoculated organism
to acclimatize to the new environment, grow and metabolize there after. It was found that
72 hour inoculum age was the optimum for biotransformation, giving 79.5% conversion of
caffeine to theophylline and biomass accumulation of 6.58¢/L (Fig 4.3.1.7). Further
increase in inoculum age to 96 hours increased the biotransformation to 81.4% but the
increase was very marginal over the 72hour old inoculum hence for further experiments

were carried out with 72hour old inoculum.

Figure 4.3.1.7. Effect of inoculum age on growth and

biotransformation of caffeine to theophylline by P. citrinum

MTCC 5215.
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4.3.1.8. Optimization of inoculum load for growth and biotransformation of caffeine
to theophylline by P. citrinum MTCC 5215:
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Based on the previous experiment a 72 hour old inoculum was used and the effect
of inoculum load on caffeine biotransformation was studied. The optimum inoculum load
was found to be 5x10° spores/ml (Fig 4.3.1.8). Lower inoculum load gives slow rate of
biomass growth and biotransformation. With increase in inoculum load, a continuous
increase in biotransformation and biomass growth was obtained as seen in figure 4.3.1.6.
Biotransformation reaches maximum of 83.6% with an inoculum load of 5x10° spores/ml,
5ml of spore suspension was inoculated into 100ml of media. With further increase in spore
concentration there was no increase in biotransformation and a steady state was observed.
This is because with further increase in spore concentration there will be competition for

media components leading to lesser growth and biotransformation.

Figure 4.3.1.8. Effect of inoculum load on growth and biotransformation of caffeine to
theophylline by P. citrinum MTCC 5215.
90 —9
80 - T8 ~
-

lg 70 ~ -7 >
= 60 T6 a
E__50- 5 g
o o
% S 40 - 142
c
S 30 13
)
§=) 20 -+ 2
m

10 11

0 T T T 0

0 2 4 6 8
Spores/ml (x 107°)
—&— Biotransformation (%6) —l— Biomass (g/L)

4.3.1.9. Optimization of FeSO,4 concentration for biotransformation of caffeine to
theophylline by P. citrinum MTCC 5215:
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The influence of FeSO, concentration on the biotransformation of caffeine to
theophylline has been presented in figure 4.3.1.9. In the absence of FeSQO, in the media
maximum biotransformation of 79.7% was observed after 48 hours of fermentation.
Biotransformation of caffeine to theophylline increased with increasing concentration of
FeSQ, in the growth media (1 to 3mM) (Fig 4.3.1.9). With 1mM of FeSQO, in the growth
media the biotransformation % was 82.6 at 48hours. With 2 and 3mM of FeSO, the
biotransformation was 84.6% (42hours) and 86.8% (42hours) respectively. The increase in
rate and biotransformation% with addition of FeSO, is because of the increase in enzyme
activity of cytochrome P450 an iron containing enzyme which is the biotransforming
enzyme for conversion of caffeine to theophylline. The addition of FeSO, to the media
facilitates the production of iron containing enzymes of the caffeine biotransformation
pathway as cytochrome P450, xanthine dehydrogenase, xanthine oxidase etc. (Cornish and

Kristman, 1957; Ohe and Watanabe, 1979) enhancing the biotransformation of caffeine.

With further increase in concentration of FeSO, beyond 3mM deviation from the earlier
trend was observed. At 4mM of FeSO, concentration, maximum biotransformation of
83.1% was observed at 42hours and at 5mM FeSO,4 concentration the biotransformation %
was 77.8 at 42hours (Fig 4.3.1.9). Besides this, at these concentrations of FeSO4, the
theophylline accumulated in the media was also degraded faster (Fig 4.3.1.9) indicating the
enhanced activity of the xanthine dehydrogenase and xanthine oxidase enzymes. Hence,

3mM FeSO,4 concentration was chosen as the optimized concentration for further studies.
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Figure 4.3.1.9. Effect of concentration of FeSO, on the

biotransformation of caffeine to theophylline by P. citrinum MTCC
5215.
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4.3.1.10. Effect of allopurinol concentration on the biotransformation of caffeine to
theophylline by P. citrinum MTCC 5215:

The effect of allopurinol concentration on the biotransformation of caffeine to
theophylline has been presented in figure 4.3.1.10. The degradation of theophylline slows
down with increasing allopurinol concentration (Fig 4.3.1.10). In the absence of allopurinol
in the media maximum biotransformation of 85.9% was observed at 42hours, which was
degraded to 3.1% by the end of 72hours (Fig 4.3.1.10). With ImM of allopurinol in the
media, 86.1% of biotransformation of caffeine to theophylline was observed at 42hours,
which was degraded to 15.2% at the end of 72hours. Using 2mM of allopurinol the
theophylline degradation was reduced to 32.4%, with 3mM allopurinol it was reduced to
40.9%. 4mM allopurinol could reduce the theophylline degradation to 52.4%, however
with further increase in allopurinol concentration to 5mM the theophylline concentration

was reduced to 54.5% at the end of 72 hours. There was no considerable difference in the
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results obtained with allopurinol concentration of 4mM and 5mM. Hence, 4mM allopurinol
was chosen as the optimum concentration and used for further studies. Xanthine oxidase
oxidizes xanthine to uric acid in P. citrinum MTCC 5215. Allopurinol inhibits xanthine
oxidase leading to accumulation of xanthine and the earlier products of the pathway
because of feedback inhibition. Similar experiments have been carried out by Schwimmer
et al (1971) using inhibitors of purine metabolism pathway such as o-phenathroline and

allopurinol to enhance the production of theophylline.

Figure 4.3.1.10. Effect of allopurinol concentration on
biotransformation of caffeine to theophyline by P. citrinum
MTCC 5215.
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4.3.1.11. Growth and biotransformation of caffeine to theophylline by P. citrinum
MTCC 5215 under optimized conditions in shake flask:

Optimized growth and biotransformation parameters for P. citrinum MTCC 5215

are as follows: media composition (g/L)-Caffeine - 1.0, Glucose - 20.0, Na,HPO,-0.12,
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Ko;HPO, - 1.3, MgSO, - 0.3, CaCl,- 0.3. FeS0, - 3mM. Corn steep liquor -5ml/L,
allopurinol - 4mM. Optimum pH - 5.6, optimum temperature 28°C, optimum inoculum age
was 72 hours and optimum inoculum load was 5x 10° spores/ml.

With the above optimized parameters fermentation was carried out in shake flask
and growth and biotransformation was monitored and the results have been compared with
the results of growth and biotransformation before optimization of parameters and have
been presented in Table 4.3.1.11. Under the optimized conditions, the biotransformation of
caffeine to theophylline increased from 79.0% to 85.0% and the time taken for
biotransformation reduced from 144hours to 42hours (Table 4.3.1.11 and Fig 4.3.1.11).
The reduction in fermentation time from 144hours to 42hours is substantial improvement in
terms of process development for production of theophylline. Besides this with optimized
parameters the biomass growth increased from 3.93g/L to 15.5g/L and the time taken to
attain maximum biomass growth also reduced from 144hours to 48hours (Table 4.3.1.11
and Fig 4.3.1.11). The major contribution for increase in biotransformation from 79.0 to
85.0% and the reduction in fermentation time is the addition of corn steep liquor (5 ml/L)
and FeSO,4 (3mM) into the media. After addition of corn steep liquor the fermentation time
reduced from 144hours to 48hours, which was further reduced to 42hours after the addition
of FeSO, into the media. However, with the addition of FeSO, the production of other iron
containing enzymes of the pathway was also enhanced which led to the breakdown of
accumulated theophylline. The breakdown of theophylline was prevented by the addition of
allopurinol (4mM) to the media. The increase in biomass growth was contributed by the

addition of corn steep liquor and FeSO,4 and the optimized temperature and pH.
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Table 4.3.1.11. Comparison of growth and biotransformation of caffeine to
theophylline by P. citrinum MTCC 5215 before and after optimization of conditions in
shake flask.

Observed parameter Unoptimized condition | Optimized condition
Maximum biotransformation (%) 79.0 85.0
Time taken to attain maximum 144 42

biotransformation (Hrs)

Maximum biomass (g/L) 3.93 15.5

Time taken to attain maximum 144 48

biomass growth (Hrs)
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Figure 4.3.1.11. Growth and biotransformation of caffeine to
theophylline by P. citrinum MTCC 5215 with optimised
conditions in shake flask.
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4.3.1.12. Growth and biotransformation of caffeine to theophylline by P. citrinum
MTCC 5215 under optimized conditions in 10L fermentor:

With optimized fermentation parameters, scale up studies were carried out in a 10L
lab scale fermentor and the results have been presented in figure 4.3.1.12. The results
obtained from optimized shake flask and fermentor studies have been compared in Table
4.3.1.12. The maximum biotransformation was reduced from 85.0% to 83.1% but the time
taken to attain maximum biotransformation % remained the same. The maximum biomass

growth increased from 15.5 g/L to 21.75 g/L with the time period remaining same in both
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the cases. The increased biomass growth in fermentor was because of the controlled
conditions of temperature, pH and aeration.
Table 4.3.1.12. Comparison between shake flask and fermentor studies for growth

and biotransformation of caffeine to theophylline by P. citrinum MTCC 5215 with
optimized conditions.

Observed parameter Production of theophylline Production of

in Shake flask theophylline in
Fermentor

Maximum 85.0 83.1

biotransformation (%)

Time taken to attain 42 42

maximum

biotransformation (Hrs)

Maximum biomass (g/L) 15.5 21.75

Time taken to attain 48 48

maximum biomass

growth (Hrs)

Figure 4.3.1.12. Growth and biotransfroamtion of caffeine to
theophylline by P. citrinum MTCC 5215 with optimised
conditions in 10L fermentor.
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4.3.2. Response surface methodology:
4.3.2.1. Biotransformation of caffeine to theophylline:

The levels of the variables for the CCRD experiments were selected according to
the 2% factorial design. The point representing high theophylline biotransformation was
used as the center point in the next phase of CCRD. The center point of the corresponding
composition was selected (25g/L glucose, 10ml/L corn steep liquor and 5g/L caffeine).
Further evaluation was conducted with a CCRD experiment. The CCRD design and the
corresponding experimental data are shown in Table 4.2.4 and Table 4.3.2.1a respectively.
From the experimental results obtained maximum biotransformation of caffeine to
theophylline was observed in the 120hour sample. Hence, further discussion of results is
done pertaining to the values of 120hour sample. After applying multiple-regression
analysis on the experimental values, the results of ANOVA for the 21 trials performed by
the experimental design were obtained as shown in Table 4.3.2.1b. The corresponding
second-order polynomial response model Equation, that was found after Statistical analysis

for the regression is presented below:

Y (gL = -53.95+ 20.01 X;-4.12 X,* +47.42 X, -23.66 X, + 154.75 X5 -121.11
X2 +4.70 X1 X,-3.36X, X3 -28.77 X, X3

The statistical significance of the second-order model equation was checked by the
F-test and the fit of the model was also expressed by the coefficient of determination R? (as
shown in Table 4.3.2.1c), which was found to be 0.9132, indicating that 91.32% of the
variability in the response could be explained in the model. This indicated that above
represented Equation is a suitable model to describe the response of the experiment
pertaining to biotransformation of caffeine to theophylline. The response taken from Table

4.3.2.1b revealed that the linear square coefficients of all the three variables had highly
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significant effect on the biotransformation of caffeine to theophylline. Since all eigan
values are negative, the response surface is indicated as a maximum point (Fig 4.3.2.1a).
Accordingly, three-dimensional graphs were generated for the pair wise combination of the
three factors, while keeping third variable at its optimum level for biotransformation of
caffeine to theophylline (Fig 4.3.2.1a to Fig 4.3.2.1d) to emphasize the roles played by
various factors. The optimal concentrations for the three components as obtained from the
maximum point of the model were calculated to be 27.96 g/L for glucose, 9.86 ml/L for
corn steep liquor, 4.83 g/L for caffeine and the response graph is represented in Fig
4.3.2.1a. Table 4.3.2.1d shows the optimized medium composition for maximum
biotransformation of caffeine to theophylline. Validation of experimental results for
biotransformation of caffeine to theophylline was done and the results have been presented
in Table 4.3.2.1e. The results indicate that the difference between the observed and
predicted values was non significant (p<0.05).

Table 4.3.2.1a. Experimental design and results of the central composite rotatible
design.

Exp.No | Glucose | Corn | Caffeine | Biotransformation | Caffeine Biomass
(g/L) steep | (g/L) of caffeine to degradation Dry wt.
liquor Theophylline (%) (o/L)
(ml/L) (%)
1. 10.20 4.00 2.00 8.38 91.78 3.65
2. 10.20 4.00 8.00 8.05 16.75 2.08
3. 10.20 | 15.90 2.00 1.73 47.86 4.25
4. 10.20 | 15.90 8.00 0.00 17.51 3.78
5. 40.00 4.00 2.00 1.17 98.14 12.47
6. 40.00 4.00 8.00 14.04 40.09 7.84
7. 40.00 | 15.90 2.00 30.33 92.97 14.11
8. 40.00 | 15.90 8.00 3.44 22.02 9.05
9. 0.00 | 10.00 5.00 0.00 0.00 0.33
10. 50.00 | 10.00 5.00 10.37 85.88 5.84
11. 25.00 0.00 5.00 14.15 48.75 11.78
12. 25.00 | 20.00 5.00 0.48 8.51 7.81
13. 25.00 | 10.00 0.00 0.00 0.00 7.99
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14. 25.00 | 10.00 10.00 1.19 21.17 5.52
15. 25.00 | 10.00 5.00 33.60 80.46 7.30
16. 25.00 | 10.00 5.00 36.58 81.00 7.50
17. 25.00 | 10.00 5.00 34.45 81.38 7.47
18. 25.00 | 10.00 5.00 34.73 81.26 7.59
19. 25.00 | 10.00 5.00 34.34 80.62 7.39
20. 25.00 | 10.00 5.00 32.34 81.18 7.47
21. 25.00 | 10.00 5.00 35.72 82.18 7.31

Table 4.3.2.1b. Analysis of variance for the experimental results of the CCRD for
biotransformation of caffeine to theophylline.

Regression = 0.91424

Variables SS df MS F p

(1) Glucose (L) 170.44 1| 170.44 4.76 0.05
Glucose (Q) 1257.09 1| 1257.09 35.11 0.00
(2) Corn steep liquor (L) 26.79 1 26.79 0.75 0.41
Corn steep liquor (Q) 1058.85 1| 1058.85 29.58 0.00
(3) Caffeine (L) 14.47 1 14.47 0.40 0.54
Caffeine (Q) 1741.93 1] 1741.93| 48.65 0.00
1L by 2L 138.35 1| 138.35 3.86 0.08
1L by 3L 17.88 1 17.88 0.49 0.49
2L by 3L 211.68 1| 211.67 5.91 0.03
Error 393.81 11 35.80

Total SS 4591.98 20

Table 4.3.2.1c. Regression coefficient of variables for the experimental results of the
CCRD for biotransformation of caffeine to theophylline.

Regression = 0.91328

Variables Regression Coefficient | Std.Err. t p
Mean/Interaction. -53.95 12.99 | -4.15 | 0.00
(1) Glucose (L) 20.00 499 | 4.00 | 0.00
Glucose (Q) -4.12 0.70 | -5.86 | 0.00
(2) Corn steep liquor (L) 47.42 12.47 | 3.80| 0.00
Corn steep liquor (Q) -23.66 4.38 | -5.39 | 0.00
(3) Caffeine (L) 154.76 24.88 | 6.22 | 0.00
Caffeine (Q) -121.11 17.50 | -6.92 | 0.00
1L by 2L 4.70 239 ] 1961 0.08
1L by 3L -3.36 476 | -0.70 | 0.49
2L by 3L -28.77 11.92 | -2.41 | 0.03

Table 4.3.2.1d. Optimized medium composition for biotransformation

theophylline.
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S. No | Media component Concentration | Biotransformation of caffeine to
theophylline (%)

1. Glucose (g/L) 27.96

2. Corn steep liquor (ml/L) | 9.86 34.76

3. Caffeine (g/L) 4.83

Table 4.3.2.1e. Validation of experimental results for biotransformation of caffeine to
theophylline.

S. No. | Media components (g/L) | Biotransformation Biotransformation | Deviation
Predicted value (%) | Experimental (P<0.5)
value (%0)

1. Glucose (g/L) 27.96 | 34.76 33.94 NS
Corn steep 9.86
liquor (ml/L)
Caffeine (g/L) | 4.83

2. Glucose (g/L) 50.00 |10.36 10.27 NS
Corn steep 10.00
liquor (ml/L)
Caffeine (g/L) | 5.00

3. Glucose (g/L) | 25.00 | 33.60 34.10 NS
Corn steep 10.00
liquor (ml/L) °
Caffeine (g/L)
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Figure 4.3.2.1a. Response curve for biotransformation of caffeine to theophylline at
120hour.
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Figure 4.3.2.1b. Response curve for biotransformation of caffeine to theophylline at 72
hour.
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Figure 4.3.2.1c. Response curve for biotransformation of caffeine to theophylline at
96hour.
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Figure 4.3.2.1d. Response curve for biotransformation of caffeine to theophylline at
144hour.
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4.3.2.2. Caffeine degradation:

The CCRD design and the corresponding experimental data for caffeine
degradation in P. citrinum MTCC 5215 are shown in Table 4.2.4 and Table 4.3.2.1a
respectively. From the experimental results obtained maximum caffeine degradation was
observed in the 144hour sample, hence, further discussion of results is done pertaining to
the values of 144hour sample. After applying multiple-regression analysis on the
experimental values, the results of ANOVA for the 21 trials performed by the experimental
design were obtained and is shown in Table 4.3.2.2a. The corresponding second-order
polynomial response model Equation that was found after Statistical analysis for the

regression is represented below:

Y (@)= -4.68+ 28.24 X;-3.32 X;* +34.63 X, -35.06 X,* + 156.45 X3 -211.18
Xy* +2.88 X1 X,-6.82X;X3 +22.94 X, X3

The statistical significance of the second-order model equation was checked by the
F-test and the fit of the model was also expressed by the coefficient of determination R? (as
shown in Table 4.3.2.2b), which was found to be 0.6593, indicating that 65.93% of the
variability in the response could be explained in the model. This indicates that the above
presented Equation is a suitable model to describe the response of the experiment
pertaining to caffeine degradation in P. citrinum MTCC 5215. The response taken from
Table 4.3.2.2b revealed that the linear square coefficients of all the three variables had
highly significant effect on the caffeine degradation. Since all eigan values are negative, the
response surface is indicated as maximum point. Accordingly, three-dimensional graphs
were generated for the pair wise combination of the three factors, while keeping third
variable at its optimum levels for caffeine degradation (Fig 4.3.2.2a to Fig 4.3.2.2d), to

emphasize the roles played by various factors. The optimal concentrations for the three

204



Chapter 4

components as obtained from the maximum point of the model were calculated to be 42.30
g/L for glucose, 7.80 ml/L for corn steep liquor, 3.44 g/L for caffeine and the response
graph is represented in Fig 4.3.2.2a. Table 4.3.2.2c shows the optimized medium
composition for maximum caffeine degradation in P. citrinum MTCC 5215. Validation of
experimental results for caffeine degradation was done and the results are presented in
Table 4.3.2.2d. The results indicate that the difference between the observed and predicted
values were non significant (p<0.05).

Table 4.3.2.2a. Analysis of variance (ANOVA) for the experimental results of the
CCRD for maximum caffeine degradation in P. citrinum MTCC 5215.

Regression = 0.65854

Variables SS df MS F p
(1) Glucose (L) 3665.93 | 1| 366593 | 4.91 0.05
Glucose (Q) 817.63| 1| 817.63| 1.09 0.32
(2) Corn steep liquor (L) 1316.27 | 1| 1316.28 | 1.76 0.21
Corn steep liquor (Q) 2322.78 | 1] 2322.78 | 3.12 0.11
(3) Caffeine (L) 2893.40 | 1| 2893.40| 3.88 0.07
Caffeine (Q) 5316.58 | 1| 5316.58 | 7.13 0.02
1L by 2L 4960 | 1 49.60 | 0.07 0.80
1L by 3L 69.74 | 1 69.74 | 0.09 0.76
2L by 3L 126.24 | 1| 126.25| 0.17 0.68
Error 8202.82 | 11| 745.71
Total SS 24023.04 | 20

Table 4.3.2.2b. Regression coefficient of variables for the experimental results of the
CCRD for maximum caffeine degradation in P. citrinum MTCC 5215.
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Regression = 0.65937

Variables Regression Coefficient | stq Err. | t P
Mean/Interaction. -4.68 58.91| -0.08 0.94
(1) Glucose (L) 28.24 22.65 1.25 0.24
Glucose (Q) -3.33 3.18 | -1.05 0.32
(2) Corn steep liquor (L) 34.63 56.56 0.61 0.55
Corn steep liguor (Q) -35.06 1990 | -1.76 0.11
(3) Caffeine (L) 156.45 112.81 1.39 0.19
Caffeine (Q) -211.19 79.33| -2.66 0.02
1L by 2L 2.880476 10.87 0.26 0.79
1L by 3L -6.82416 2157 | -0.32 0.75
2L by 3L 22.94163 54.02 0.42 0.68

Table 4.3.2.2c. Optimized medium composition for maximum caffeine degradation in
P. citrinum MTCC 5215.

S.No | Media component Concentration | Caffeine degradation (%)
1. Glucose (g/L) 42.30

2. Corn steep liquor (ml/L) | 7.80 95.50

3. Caffeine (g/L) 3.44

Table 4.3.2.2d. Validation of experimental results for maximum caffeine degradation
in P. citrinum MTCC 5215.

S.No | Media components | Biotransformation Biotransformation Deviation

(/L) Predicted value (%) | Experimental value | (P<0.05)
%

1. Glucose 42.30 95.50 = 94.79 N.S
(9/L)
Cornsteep | 7.80
liquor
(ml/L)
Caffeine 3.44
(9/L)

2. Glucose 50.00 86.54 85.88 N.S
(g/L)
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Corn steep
liquor
(ml/L)

10.00

Caffeine
(9/L)

5.00

Glucose
(9/L)

25.00

Corn steep
liquor
(ml/L)

10.00

Caffeine
(9/L)

5.00

79.79 80.46

N.S

Figure 4.3.2.2a. Response curve for caffeine degradation at 144 hour.
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Figure 4.3.2.2b. Response curve for caffeine degradation at 72 hour.
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Figure 4.3.2.2d. Response curve for caffeine degradation at 120 hour.
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4.3.2.3. Biomass production:

The CCRD design and the corresponding experimental data are shown in Table
4.2.4 and Table 4.3.2.1a respectively. From the experimental results obtained maximum
biomass growth was observed at 144hour. Multiple-regression analysis was applied on the
experimental values, and the results of ANOVA for the 21 trials performed by the
experimental design were obtained as shown in Table 4.3.2.3a. The corresponding second-
order polynomial response model Equation that was found after Statistical analysis for the

regression is represented below:

Y= 0.97+ 6.07 X; -0.63 X;* -6.06 X, -2.73 X,* + 2.12 X3 -1.13 X5 +0.07
Xy X5-2.14X, X3 +0.48 X, X3

The statistical significance of the second-order model equation was checked by the
F-test. The fit of the model was also expressed by the coefficient of determination R? (as

shown in Table 4.3.2.3b), which was found to be 0.8631, indicating that 86.31% of the
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variability in the response could be explained in the model. This indicated that above
represented Equation is a suitable model to describe the response of the experiment
pertaining to biomass growth. The response taken from Table 4.3.2.3b revealed that the
linear square coefficients of all the three variables had highly significant effect on the
biomass growth. Since all eigan values are negative, the response surface indicated a
maximum point (Fig 4.3.2.3). Accordingly, three-dimensional graphs were generated for
the pair wise combination of the three factors, while keeping third variable at its optimum
levels for biomass growth (Fig 4.3.2.3). The optimal concentrations for the three
components as obtained from the maximum point of the model were calculated to be 4.98
g/L for glucose, 2.1 ml/L for corn steep liquor, 1.5 g/L for caffeine and the response graph
is represented in figure 4.3.2.3. Table 4.3.2.3c shows the medium composition optimized
for maximum biomass growth. Validation of experimental results for biomass growth was
done and the results are presented in Table 4.3.2.3d. The results indicate that the difference
between the observed and predicted values were non significant (p<0.05).

Table 4.3.2.3a. Analysis of variance (ANOVA) for the experimental results of CCRD
for maximum biomass accumulation.

Regression = 0.86426

Variables SS df | MS F P<0.05
(1) Glucose (L) 111,22 | 1] 111.22 | 42.39 0.00
Glucose (Q) 29.37| 1| 29.37| 11.19 0.00
(2) Corn steep liquor (L) 016| 1| 0.166| 0.06 0.80
Corn steep liquor (Q) 1425 1| 1425| 543 0.03
(3) Caffeine (L) 1853 | 1| 1853| 7.06 0.02
Caffeine (Q) 015 1 0.15| 0.05 0.81
1L by 2L 003 1 0.03| 0.01 0.90
1L by 3L 730 1 7.30| 2.78 0.12
2L by 3L 005 1 0.05| 0.02 0.88
Error 28.85 | 11 2.62
Total SS 212.61 | 20

Table 4.3.2.3b. Regression coefficient of variables for the experimental results of
CCRD for maximum biomass accumulation.
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Regression = 0.86318
Variables Regression
Coefficient Std. Err. t P<0.05

Mean/Interaction. 0.96 3.51 0.27 0.78
(1) Glucose (L) 6.07 1.35 4.50 0.00
Glucose (Q) -0.63 0.18 -3.32 0.00
(2) Corn steep liquor (L) -6.06 3.37 -1.79 0.09
Corn steep liquor (Q) 2.73 1.19 2.30 0.04
(3) Caffeine (L) 2.12 6.73 0.31 0.75
Caffeine (Q) -1.14 4.73 -0.24 0.81
1L by 2L 0.075 0.65 0.12 0.91
1L by 3L -2.15 1.29 -1.66 0.12
2L by 3L 0.48 3.22 0.15 0.88

Table 4.3.2.3c. Optimized medium composition for maximum biomass accumulation.

S.No | Media component Concentration Dry weight of biomass (g/L)
1. Glucose (g/L) 49.80
2. Corn steep liquor (ml/L) | 2.10 14.26
3. Caffeine (g/L) 1.50
Table 4.3.2.3d. Validation of experimental results for maximum biomass
accumulation.
S.No | Concentration of media | Predicted value of | Experimental Deviatio
components biomass  growth | value of biomass | n
(/L) growth (g/L) (P<0.05)
1. Glucose (g/L) 49.80 | 14.52 14.26 N.S
Corn steep 2.10
liquor (ml/L)
Caffeine (g/L) | 1.50
2. Glucose (g/L) 50.00 |5.97 5.84 N.S
Corn steep 10.00
liquor (ml/L)
Caffeine (g/L) | 5.00
3. Glucose (g/L) 25.00 | 7.47 7.30 N.S
Corn steep 10.00
liquor (ml/L)
Caffeine (g/L) | 5.00

Figure 4.3.2.3. Response curve for maximum biomass accumulation.
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Discussion:
Table 4.3.2.1a represents the experimental design and results of the CCRD.

Experimental design 9 of Table 4.3.2.1a shows that the presence of glucose is mandatory
for biotransformation and caffeine degradation to take place. It was observed that the
biomass growth is almost negligible (0.33g/L) in the absence of glucose. Corn steep liquor
as nitrogen source in the media plays crucial role in the biotransformation of caffeine to
theophylline and caffeine degradation. Experimental design 11 is devoid of corn steep
liguor and the results obtained with this particular media composition, shows that
maximum biotransformation observed is only 14.15%, and the caffeine degradation is only
48.75%. Hence, corn steep liquor as nitrogen source enhances biotransformation of
caffeine to theophylline as well as caffeine degradation. The enhancement in
biotransformation and caffeine degradation can be attributed to the composition of corn
steep liquor, which consists of vital amino acids and growth factors, hence, helps in the

synthesis of various enzymes for biotransformation of caffeine to theophylline and caffeine
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degradation. However, the absence of corn steep liquor did not have much effect on the
growth of biomass (11.78gm/L). In the presence of high concentrations of corn steep liquor
(20gm/L), as seen from experimental design 12, both caffeine degradation (8.51%) and
biotransformation of caffeine to theophylline (0.48%) is almost negligible. This is because
higher concentration of additional nitrogen source inhibits the fungal strain from utilizing
caffeine. This is in accordance with the results obtained by Roussos et al, (1994) who
studied the effect of organic and inorganic nitrogen sources on the caffeine
biotransformation ability in coffee pulp by Penicillium verrucosum and showed that the
biotransformation of caffeine was completely inhibited by added nitrogen source both
organic and inorganic, in combination or when used individually. Penaloza et al (1985) and
Aguilar (1983) also reported the inhibition of the degradation of caffeine by Aspergillus
niger in solid state fermentation when inorganic nitrogen sources were added to the moist
coffee pulp media.

No biotransformation was observed in the absence of caffeine as seen from results
of experimental design 13. High concentrations of caffeine (10gm/L), lowers the biomass
growth (5.52gm/L), as higher concentrations of caffeine is known to inhibit the growth of
fungi (Frischknecht et al, 1986; Nathanson, 1984). The reduction in biomass growth leads
to the reduction in biotransformation rate to negligible values (1.19%) as seen from the
results of experimental design 14. With lower concentration of caffeine vigorous growth of
biomass (12.47%) was observed, with higher caffeine degradation (98.14%) but the
amount of theophylline produced was very less (1.17%) as it was degraded further.

4.3.2.4. Downstream processing of biotransformed theophylline:
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The biotransformed theophylline was extracted from the broth by using various
solvents and the results have been presented in Table 4.3.2.4a. Using ethyl acetate as the
extraction solvent 83mg of crude extract was obtained from 100ml of broth whereas with
dichloromethane 60mg of crude extract was obtained, chloroform gave 57.6mg and
methanol yielded 47mg of crude extract. Schwimmer et al (1971) have worked on the
biotransformation of caffeine to theophylline by P. roquefortii but the work was confined
to the identification of theophylline formed by the biotransformation of caffeine. No work
was carried out towards the downstream processing of the biotransformed theophylline. In
this particular section theophylline was purified from the crude extract by using two simple
steps. It was precipitated from the crude extract using acetone, 560mg of theophylline was
obtained from 1gm of crude extract (Fig. 4.3.2.4a). Further purification of theophylline was
carried out by crystallizing the theophylline from ethyl alcohol. 92.8mg of pure
theophylline was obtained from 100mg of acetone precipitated theophylline (Fig. 4.3.2.44,
Table 4.3.2.4b.)

Table 4.3.2.4a. Choice of extraction of solvent for downstream processing of
theophylline:

S.No | Solvent Weight of crude extract
(mg/100ml of broth)
1 Ethyl acetate 83.0
2 Dichloromethane 60.0
3. Chloroform 57.6
4 Methanol 47.0

Table 4.3.2.4b. Purification of theophylline from fermented broth.

S. No Treatment Yield (w/w)
1. Ethyl acetate extraction of broth 0.83%
2. Acetone precipitation of crude extract with broth 56%
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3. | Crystallization of precipitated theophylline with ethyl alcohol | 92.8% |

Y 5 u !
Purified theophylline

Identification of purified theophylline:

1) Melting point determination:

The observed melting point was 272°C (Literature cited 270-274 °C). The purity of
biotransformed theophylline was determined by mixed melting point and there was no
depression in melting point, suggesting the purity of the compound.

2) HPLC analysis:

HPLC chromatogram of purified biotransformed theophylline was compared with

that of standard theophylline and the results showed good agreement in terms of retention

time. The peak purity observed was 99.4%.

3) FTIR spectroscopy:
FTIR spectra of purified biotransformed theophylline and standard theophylline

have been presented in figure 4.3.2.4b, which shows a very good agreement.
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The IR data of purified biotransformed theophylline is presented below:

IR Max (KBr) 1706(C=0), 1557(C=C), 1660(C=N), 1436(C-N) cm.

Figure 4.3.2.4b. FTIR spectra of standard theophylline and purified biotransformed
theophylline.
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4) NMR spectroscopy:

The purified biotransformed theophylline was subjected to * H NMR and ** C NMR, and
the results have been presented below.

1 H NMR: (500MHz): 3.15 ppm (IN-CHj), 3.36 (3N-CHs), 3.28(C-H), 7.96 (NH).

3 C NMR: (125.7MHz): 27.8(1N-CHs), 29.8(3N-CHs), 106.5(C-8), 140.6(C-5), 148.0(C-
4), 151.3(C=0), 154.6 (C=0).

Conclusion:

The caffeine metabolizing fungal strain P. citrinum MTCC 5215 was used for the
production of theophylline in a designed biotransformation media. = Optimized

biotransformation media composed of (g/L) - Caffeine - 1.0, Glucose - 20.0, Na;HPO;, -
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0.12, K;HPO, - 1.3, MgSQ, - 0.3, CaCl,- 0.3. FeS04 - 3mM. Optimized corn steep liquor
concentration was 5ml/L and optimum allopurinol concentrationwas 4mM/L. pH 5.6 and
28°C temperature were the optimum physical parameters. Optimum inoculum age for
biotransformation of caffeine to theophylline was 72 hours and inoculum load was
optimised to be 5x 10° spores/ml. The designed media contained simple
ingredients/components and could yield high biotransformation of 85% at reasonable less
time period of 42hours. Scale up studies were carried out at 10L laboratory scale fermentor
and 83% biotransformation of caffeine to theophylline was obtained in 42 hours.

The results obtained from the RSM studies, showed that maximum
biotransformation of caffeine to theophylline occured at 120hour and the optimized media
composition for maximum biotransformation of caffeine to theophylline was 27.96 g/L of
glucose, 9.86 ml/L of corn steep liquor and 4.83 g/L of caffeine. Maximum caffeine
degradation in the fungal strain P. citrinum MTCC 5215 occured at 144hour and the
optimized media composition was 42.30 g/L of glucose, 7.80 ml/L of corn steep liquor,
3.44 g/L of caffeine. For maximum biomass growth the optimized media composition was
4.98 g/L of glucose, 2.1 ml/L of corn steep liquor and 1.5 g/L of caffeine.

Down stream processing for the recovery of biotransformed theophylline consisted
of three simple steps. The chemical identification of the biotransformed theophylline by
FTIR and NMR analysis showed good agreement with standard theophylline. The
biotransformed theophylline was subjected to mixed melting point analysis with purified
standard samples but no depression in melting point was observed indicating the high

purity of the biotransformed theophylline and efficiency of the purification method.

217



Chapter 4

The results obtained from the above study, gives a complete knowledge of the
behavior of the fungal strain P. citrinum MTCC 5215 in increasing concentration of
caffeine, glucose and corn steep liquor in varying concentrations and different
combinations. The above knowledge will prove to be instrumental in using P. citrinum as a
strain towards process development for the production of theophylline. Further it will also
help towards using this particular strain in decaffeination of coffee processing wastes as
coffee pulp, coffee hull and also use of these caffeine containing wastes as SSF substrate
for the production of theophylline. Further work on the production of theophylline by

biotransformation using immobilized whole cells and immobilized enzyme are in progress.
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5.0. Scope of the work:

Coffee and tea processing wastes generated during the processing of the
coffee berries and tea leaves generate huge amounts of wastes in the form of coffee
pulp, hulls, spent coffee, spent tea etc. These wastes are not only rich in nutrients
like sugars, protein, and minerals, but are also associated with several anti-
physiological factors such as caffeine, tannins, phenolics and indigestible fiber in
high concentrations which limit their utilization. The disposed coffee processing
wastes leads to pollution of lakes and water bodies around the coffee processing
units and also causes soil pollution. In view of the problems mentioned above,
alternative ecofriendly methods for coffee pulp utilization have been explored in the
present chapter. These processing wastes have been used for the extraction of
caffeine for production of theophylline through biotransformation, production of
mushrooms, vermicomposting and production of enzymes by solid state
fermentation, using coffee pulp as the substrate and are described in detail in this
chapter. Caffeine extracted from the coffee wastes was used for biotransformation
to theophylline, which was described in Chapter 4. Biodecaffeination of coffee pulp
was carried out using Penicillium citrinum MTCC 5215. Further these processing
wastes were used for the production of mushroom using Pleurotus and for
vermicomposting using Eisena fetida. The coffee processing wastes have been
utilized efficiently, which will lead to value addition, generate income in rural areas

and prevent environmental pollution.
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5.1. Introduction:

Coffee is one of the most popular beverages consumed world over. The
world production of coffee is 6.795 million tons (Upasi, 2006). The processing of
coffee is through dry and wet process. In its sojourn from the pod to the cup, 40%
of the total coffee cherries produced, are processing waste consisting mainly of
coffee pulp and hull. (Rolz et al, 1988a; Philip et al, 1993). Spent coffee is another
from of coffee processing waste rich in caffeine and is generated in the form of
spent coffee during the manufacture of instant coffee. These processing wastes
consist of several anti-physiological factors such as caffeine, tannins, phenolics and
indigestible fiber in high concentrations (Adams and Dougan, 1981; Bressani,
1979a; Bercelos et al, 2002; Ricardo, 1980). Caffeine at higher concentrations is
known to be antimicrobial and allelopathic, inhibiting germinating seeds
(Frischknecht et al, 1986; Nathanson, 1984). Due to high caffeine and tannin
content, the processing wastes are inhibitory to the growth of microorganisms
leading to improper utilization and pollution of lakes around the coffee processing
units (Ledger and Tilman, 1972; Christensen, 1981; Martinez-Carrera, 1987).

5.1.1. Coffee processing:

The fruit or "coffee berry" is a two-seeded unit deep crimson when fully
mature, about 1 c¢cm in diameter. A cross section of the coffee fruit is shown in
figure 5.1.1.1. The coffee berry shows four anatomical fractions: the coffee bean
proper or endosperm; the hull or endocarp; a layer of mucilage or mesocarp, and the
pulp or mesocarp, the outermost layer is pericarp. Because of the viscous nature of

the mucilage when the berry is mature, a slight pressure applied to the berry is
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enough to expel the two beans from the fruit. This characteristic has been used to
advantage in the process that has been practiced for a long time to separate the
beans from the rest of the fruit's structural component.

Figure 5.1.1.1. Section of coffee fruit showing various anatomical sections.

bean {endospem) center cut

silver skin (testa, epidermis)
[parchment (hull, endocarp)

pectin layer

pulp (mesocarp)
outer skin (pericarp, exocarp)

Processing of coffee is the method of converting the raw fruit of the coffee
plant (cherry) into the commodity coffee powder. The cherry has the fruit or pulp
removed leaving the seed or bean, which is then dried. Two basic methods namely
dry (natural) and wet (washing) together with ancillary process, including grading,
cleaning and polishing are employed in the processing of coffee.

Wet method:

In the wet method of coffee processing, most of the covering is removed
from the beans before they are dried. A mechanical pulping machine removes the
pulp after which the seeds are dumped into fermentation tanks where natural
enzyme acts upon it to loosen the mucilage so that it can be easily washed from the
seeds. Once washed, the beans are left to dry in the sun for 12 - 15 days with the

parchment still attached during which time they are raked and turned several times a
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day to ensure even drying. Once the beans are dry the parchment is removed.
Coffea arabica beans are generally wet processed and coffee produced with the wet
method is considered superior. The wet method generates coffee pulp and is the
most abundant waste produced during the pulping operation of the coffee cherry
(Aguirre et.al., 1976; Braham, 1979; Bressani, 1979 a,b,c; Cabezas et.al., 1979;
Edwards, 1979). It is then transported by water and allowed to ferment naturally.
The water is rich in sugars and other nutrient and is drained into the water bodies.
This waste water supports a rich microbial growth posing threat to the environment,
and its disposal in an efficient manner is a problem. The fermented pulp when dried
is used some times as an organic fertilizer and applied to the coffee trees. It is
usually dumped in open piles and left there for several months after which it is
mainly used as an organic fertilizer or soil conditioner in the coffee fields. Figure
5.1.1.2 represents coffee processing wastes generated by the wet method, dumped
into open pits and allowed to ferment naturally.

Wet coffee processing method in a coffee processing unit of Mercara,
Karnataka, India is shown in Figure 5.1.1.2. In most of the piles anaerobic
conditions are rapidly established and putrefactive fermentation sets in attracting
lots of insects. Moreover, constant flow of the pulp liquor out of the pile is usually
channeled directly to the rivers or into open ponds contributing to serious water
pollution (Hakil et al, 1998; Zuluaga et al, 1975, Edwards, 1979). Wet coffee
processing also results in discharge of high strength, saccharide-rich waste water
(Elias, 1979) which is a cause for high BOD levels in water bodies around coffee

processing units. Coffee processing in India is carried out by small and medium
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sized plantations for whom there are inadequate facilities to carry out efficient
resource recovery and effluent treatment. Coffee processing waste water is treated
in a system of anaerobic-aerobic lagoons. These anaerobic-aerobic lagoons are
operated only during the short coffee pulping season, which is during winter. These
lagoons are operated in low winter temperatures, they get overloaded, become
malodorous, pose potential hazards to ground and surface water resources

(Chanakya and Alwis, 2004) leading to soil and water pollution.

Figure 5.1.1.2. Disposed coffee pulp after coffee processing by wet method at a
coffee-processing unit in Mercara.

Dry Process:

The dry process (also known as the natural method) of coffee processing
consists of either allowing the fruit to dry in the trees, or harvesting fresh fruits and
drying by solar dehydration and then dehulling it. The oldest and simplest method is
the dry method in which the coffee cherries are left to dry in the sun for up to four

weeks and then hulled to reveal the beans. The dry-process is often used in
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countries where rainfall is scarce and long periods of sunshine are available to dry
the coffee properly. Coffee pulp and hull are generated during the dry processing
method. These processing wastes are disposed by dumping near the processing
industries, allowing it to decompose partially and then used in the coffee plantations
as fertilizer. Figure 5.1.1.3 shows photographs of coffee pulp, coffee hull and
decomposed coffee pulp dumped at a coffee curing station in Mysore, India.

Figure 5.1.1.3. Coffee pulp and coffee hull by generated by dry method of
coffee processing disposed at coffee processing unit in Mysore.

: Partially decomposed
coffee pulp

In view of the problems mentioned above, alternative ecofriendly methods
for coffee processing waste utilization should be explored. Coffee pulp can be used
as a substrate for solid-state fermentation for the production of various enzymes,
composting, mixing it directly with animal feed ingredients, for production of
biogas and organic fertilizer through controlled anaerobic fermentation, for edible

mushroom production and vermiculture. Attempts have been made in the present

228



Chapter 5

chapter to explore the possibility of utilizing the various coffee processing wastes
for the extraction of caffeine for production of theophylline through
biotransformation, production of mushrooms and vermicomposting.

The coffee processing wastes can be utilized in processes, which lead to
value addition, generate income in rural areas and prevent environmental pollution.
The proposed uses of coffee processing wastes are as follows:

1) Extraction of caffeine for biotransformations.

2) Biodecaffeination of coffee pulp.

3) Use of coffee pulp as substrate for solid-state fermentation for enzyme
production.

4) Use of coffee processing wastes for mushroom production.

5) Use of coffee processing wastes for vermiculture for biofertiliser.

5.1.2. Uses of coffee processing wastes:

The utilization of coffee pulp as an animal feed has been mentioned as an
attractive possibility; however, such utilization is limited by anti-physiological
factors naturally occurring in the material (Bressani, 1979a). It was found that the
use of coffee pulps as animal feeds is associated with several anti-physiological
effects due to its relatively high caffeine, tannins, polyphenols, high contents of
potassium, and fiber (Bercelos et al, 2002; Ricardo, 1980). Several technologies to
detoxify coffee pulp have been investigated by several authors, but have met with
little success (Bressani, 1979b). Decaffeination of coffee pulp through chemical
solvents has proved to be an alternative process to detoxify the material for animal

feeding (Molina et.al, 1974). However, it is considered a relatively high-cost

technology to be implemented at the coffee-processing sites. Ensiling of coffee

229



Chapter 5

pulp, as well as treatments of the material with calcium hydroxide or potassium
bisulfite, has proved to be inefficient in reducing its toxicity (Elias, 1979; Roussos
et.al, 1995). Strains of Aspergillus species have been used in a solid-state
fermentation technique for protein enrichment of coffee pulp, for use in animal feed
stock (Penaloza et al, 1985). From all the studies it was proved that the biological
decaffeination of coffee pulp not only decreases the caffeine content in it but also
improves the nutritional quality of the coffee pulp (Rojas et. al., 2003). Rolz et al,
(1988b) have reported production of edible mushroom on a commercial scale from
coffee pulp after decaffeinating the same by SSF. However, there have been no
reports on the use of coffee hull for the production of mushroom. This chapter
reports on the successful use of coffee hull for the production of mushroom and will
be discussed in detail in the forthcoming sections.

Silage method has been used to stabilize coffee pulp/coffee husk and
conserve its nutritional characteristics for better utilization of this major agro
industrial waste (Murillo, 1979). Coffee pulp has been used for the production of
biogas with yield of 10m*/ton (TERI, 1997). A number of studies performed during
the last 2 decades revealed the potential of biogas production from coffee pulp and
showed the technological feasibility of anaerobic digestion (Boopathy, 1988;
Chacon and Fernandz, 1984; Lane, 1983; Wintrebert, 1980). Inhibition of anaerobic
degradation by pulp ingredients (tannins, terpenes, terpenoides) have been reported
by Field and Lettinga, (1987). The ability of the earthworm E. foetida to transform
coffee pulp into valuable compost was evaluated by transforming these wastes into

a useful organic fertilizer by Orozco et al (1996).
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5.1.3. Occurrence and extraction of caffeine for biotransformation:

Caffeine is widely distributed within the plant kingdom and is found in
about 60 sp. of plants. It is found in higher concentrations in coffee beans (Coffea
arabica), tea leaves (Camellia sinensis), leaves of llex paraguariensis (mate),
guarana paste (Paullinia sorbilis), and kola nuts (Cola acuminata). It is also found
in many other plants, mainly members of the Dicotyledoneae. Altogether it is
produced by a large number of species belonging to at least twenty-eight genera
over seventeen families in thirteen orders of plants. The highest number (twenty) of
caffeine-containing species is found within the family Sterculiaceae, where the
most important plants are Cola acuminata and Theobroma cacao.

Usually, caffeine is found only in certain parts of the plant, primarily in
leaves, fruits, seeds, and bark. Caffeine is not found in xylem or, with certain
exceptions (roots of seedlings of Cola and Paullinia), in subterranean parts. The
caffeine in plants is found in seeds from Paullinia cupana and Paullinia sorbilis,
which may contain as much as 6% caffeine, guarana (4-7%), tea leaves contain
approximately 3-5% caffeine, coffee beans 1.1-2.2%, cola nuts 1.5%, and cacao
beans 0.03% (Anderson, 2004). Mazzafera and Carvalho (1992) studied the caffeine
content of seeds of different Coffea species and found that the content varied from
0.4 to 2.4%. The caffeine content in the natural plant products is influenced by the
geographical location of its growth, the variety of plant, the climate, and cultural
practices (Graham, 1978). The caffeine present in various plant parts and wastes
can be extracted efficiently and used further. Caffeine extraction is an important

industrial process and can be performed using a number of different solvents.
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Benzene, chloroform, trichloroethylene and dichloromethane have all been used
over years but for reasons of safety, environmental impact, they have been
superseded by two other methods discussed below.

a) Water extraction:

Coffee wastes are soaked in water, which solubilises not only caffeine but
also many other compounds, like tannins, phenolics and polyphenols. It is then
passed through activated charcoal, which removes the caffeine. The caffeine rich
water is then concentrated by evaporation to precipitate the caffeine. The crude
caffeine obtained in this manner is then purified by crystallization in cold water or
solvents like methylene chloride. Caffeine is also obtained as a by-product of
solvent decaffeination of coffee and tea. Coffee manufacturers recover the caffeine
and resell it for use in various purposes such as soft drinks and medicines.

b) Supercritical carbon dioxide extraction:

Supercritical carbon dioxide is an excellent nonpolar solvent for caffeine, is
safer than the organic solvents that are used for caffeine extraction from coffee
beans and tea. The extraction process is simple where CO, is forced through the
green coffee beans at temperatures above 31.1°C and pressures above 73 atm.
Under these conditions, CO; is in a "supercritical" state: it has gas like properties
which allow it to penetrate deep into the beans but also liquid-like properties which
dissolve 97-99% of the caffeine. The caffeine-laden CO; is then sprayed with high
pressure water to remove the caffeine. The caffeine can then be isolated by charcoal

adsorption (as above) or by distillation, recrystallization, or reverse osmosis.
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However, the application of supercritical extraction of caffeine has
limitations in terms of cost and handling the large volumes of wastes generated and
is not considered feasible for detoxification of coffee wastes.
¢) Solvent extraction:

Various solvents as chloroform, dichloromethane, and ethyl acetate have
been used for the extraction of caffeine. The extraction of caffeine in aqueous
solution was generally done using chloroform (Birdwhistell and O’ Connor, 1971;
Helmkamp and Johnson, 1968; Pavia et al, 1976) or methylene chloride
(Landgrebe, 1993; Mayo et al, 1989; Nimitz, 1991; Williamson, 1989). Murray and
Hansen (1995) suggested a less toxic alternative for treatment of tea leaves through
the use of water/1-propanol/sodium chloride ternary system, being a suitable
replacement for the more traditional water/organochlorine solvent systems.

However, it has been found that the crude caffeine obtained through the
Murray—Hansen method after evaporation of 1-propanol was highly contaminated
with tannins and sodium chloride. Hampp (1996) introduced an additional
cleaning/extraction step, which is commonly performed in organic synthesis. It
consists of a wash with a 10% aqueous NaOH solution to extract tannins and
sodium chloride from 1-propanol and subsequent drying with anhydrous sodium
sulfate prior to evaporation.

In lieu of the shortcomings of the above methods of extraction, a better
efficient method of extraction has been attempted, using water extractactable nature
of caffeine and its solubility in solvent and will be discussed in detail in the

upcoming sections of this chapter. This method will facilitate the efficient
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extraction of caffeine from various coffee processing wastes in efficient manner and
used as starting material for biotransformation of caffeine to valuable compounds of
therapeutic importance.
5.1.3.1. Caffeine containing wastes:

Caffeine is available in plenty in the various coffee processing wastes. These
caffeine containing wastes are in various forms as discussed below:
a) Coftee pulp
b) Coffee hull
c) Spent coffee
a) Coffee pulp:

Coffee fruit on a dry weight basis contains coffee pulp 26-30% and
mucilage about 5-14% (Ricardo, 1980). The mucilage is made up of pectin
materials including protopectin (33%), reducing sugars including glucose and
fructose (30%), non-reducing sugars such as sucrose (20%), and cellulose and ash
(17%) (Wrigley, 1988). Coffee pulp contains fermentable sugars-23-27% on dry
weight basis, which consists mainly of fructose 10-15%, sucrose 2.8-3.2%,
galactose 1.9-2.4%, pectin-6.5% (Penaloza et al, 1985; Zuluaga et al, 1989). The
protein content is around (10-13%) and it also has various mineral content as
potassium, magnesium, zinc, copper, manganese (Bercelos et al, 2002; Elias, 1978;
Zuluaga, 1975). The various inhibitory factors present are caffeine (0.7-2.2%),
tannins 2.18% and chlorogenic acid (2.6%) (Bressani, 1979a). These inhibitory
factors limit the utilization of the coffee pulp, as they are inhibitory to the growth of
microorganisms, germination of plants, animal feed. The detailed composition of

coffee pulp as shown in Table 5.1.3.1. can be used selectively and suitably as media
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for growth, of those microorganisms, which have tolerance towards the inhibitory
factors as caffeine and can metabolize the same leading to decaffeination of the
coffee pulp. This particular attribute has been made use of, as will be discussed in
the forthcoming sections: for the growth of decaffeinating fungal strains, coffee
pulp as substrate for SSF substrate for the production of industrially important
enzymes, for the production of mushroom using Pleurotus, and production of
vermicompost using Eisenia foetida.

Table 5.1.3.1. Composition of coffee pulp.

S.No Composition Percentage (%) dry wt basis
1. Fermentable sugars | 23-27%
2. Protein content 10-13%
3. Mineral content Potassium, magnesium, zinc, copper,
manganese
4. Caffeine 0.7-2%
5. Tannins 2.18%
6. Chlorogenic acid 2.6%

b) Coffee hull:

Coffee fruit contains 10-12% coffee hull on a dry weight basis and is the
parchment of the coffee fruit (Ricardo, 1980). Caffeine is present in coffee hull in
varying percentage of 1.1-2% on dry weight basis. However, coffee hull has high
concentration of lignin, and the sugar and protein content is almost negligible
(Ricardo, 1980) which restricts its use and degradation by microorganisms making
it a disposed, unused agro industrial waste. In the present chapter attempts have
been made towards the use of coffee hull in the production of mushroom. Besides
this it has also been used for the efficient extraction of caffeine, and further using it

for the biotransformation of caffeine to theophylline.
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¢) Spent coffee:

Spent coffee is generated during the process of instant coffee production.
Production of instant coffee generates about 70% of spent coffee waste on wet
basis. Ravindranath et al (1971) reported the composition of spent coffee as
follows: carbon - 33.6 %, hydrogen - 4.2 %, nitrogen - 1.14 %, sulfur - 0.03 %,
oxygen - 20.37 %. The determined ash content of spent coffee is 0.66 % and the
moisture content is around 40%. The generated spent coffee is disposed by the
producing industries by dumping them in the nearby agricultural fields, which is not
desirable in the long run as they increase the alkalinity of the soil. In the present
chapter attempt has been made towards efficient and economical use of spent
coffee. They have been used as substrates for mushroom production and for the
production of vermicompost as will be discussed in the upcoming sections.

5.1.4. Decaffeination of coffee processing wastes:

The coffee processing wastes contain 1-2% of caffeine which is the major
inhibitory factor in these processing residues limiting the utilization of the coffee
pulp and coffee hull, as they are inhibitory to the growth of microorganisms,
germination of plants, unsuitable for use as animal feed and as organic fertilizer.
Hence, there is a necessity to remove the anti nutritional factors from these coffee
processing wastes and make them suitable for various uses. Attempt has been made
in this chapter towards the complete removal of caffeine from these processing

wastes, which is one of the major inhibitory factors.
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5.1.5. Utilization of coffee processing wastes as substrate for solid-state
fermentation (SSF):

SSF involves the growth and metabolism of microorganisms on moist, solid
substrate medium in which there is no free flowing water (Mitchell and Lonsane,
1990). While the presence of moisture is necessary in SSF, it exists in an absorbed
or complex form within the solid matrix. Many microorganisms are capable of
growing on solid substrates but only filamentous fungi can grow to a significant
extent in the absence of free water. Different agro wastes have been used
successfully as SSF substrate. Coffee pulp is one of the major agro industrial
wastes, which can be used efficiently as SSF substrate. The chemical composition
of coffee pulp (Table 5.1.3.1.) indicates that it is an excellent media for the growth
of microorganisms, which have tolerance towards the antinutritional factors as
caffeine, tannin and chlorogenic acid. The abundantly available wastes can be used
as SSF substrates for the growth of microorganisms producing commercially

important enzymes as caffeine oxidase, pectinase, alpha amylase etc.
5.1.6 Mushroom production using coffee processing wastes:

Mushrooms are fruiting bodies of some members of fungi. The fruiting
bodies, mushrooms, are fleshy spore bearing structures of the fungi. The "true"
mushrooms are classified as Basidiomycota (also known as "club fungi"). A few
mushrooms are classified by mycologists as Ascomycota (or "sac fungi"), the morel
and truffle being good examples. There are approximately 14,000 described species
of mushrooms. Mushroom cultivation presents an economically important bio-

industry that has expanded all over the world in the past few decades.
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Various agricultural wastes can be used as substrates for the production of
mushroom (Royse, 1996; Royse and Lee, 1980; Stamets, 2000). The economic
importance of mushroom lies primarily in their use as food for human consumption
and the utilization of agro wastes. The exotic flavour, taste and fleshiness of
mushroom have made it an important delicacy in human diet. They also serve as
nutriceuticals, as "food that also cures". Nevertheless, the biological potential of
mushrooms is probably far from exploited. They are high in fiber and protein, and
provide vitamins such as thiamine (B;), riboflavin (B;), niacin (B3), biotin (B7),
cobalamins (Bj2) and ascorbic acid (C); minerals, including iron, selenium,
potassium and phosphorus (Park, 2001). Besides this, the cholesterol and sodium
content of mushroom is low, it is also known to have medicinal values and certain
varieties of mushrooms can inhibit growth of cancerous tumour. The productivity of
mushroom is higher than any crop.

Food, nutritional and medicinal values apart, mushroom growing can be
efficient means of waste disposal (agricultural, industrial and family wastes), since
it can use these wastes as medium of growth, hence, it is eco-friendly. There has
been a recent upsurge of interest in mushrooms as a source of biologically active
compounds of medicinal value including anti-cancer,  anti-viral,
immunopotentiating, and hypocholesterolaemic and hepatoprotective agents. This
new class of compounds, termed ‘mushroom nutraceutical ', are extractable from
either the fungal mycelium or fruiting body and represent an important component
of the expanding mushroom biotechnology industry (Chang and Buswell, 1996). Of

the various types of mushrooms presently cultivated in the world, eight are
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important. These are: button, oyster, straw, shikate, woody ear, winter, silver ear
and nameko. These account for 99 per cent of the total world production of
mushrooms. In India only three types, namely, button, oyster and straw mushrooms
are commercially cultivated. Button mushroom (Agaricus bisporus) accounts for 90
percent of India's production of mushrooms. About 38 percent of the total world
production of mushrooms is button mushroom.

5.1.6.1. Substrates for mushroom production:

Many low-grade agricultural waste products can be used for mushroom
cultivation, including the stalks of agricultural produce, corncobs, cotton shells,
sugar cane segments, sugar beets, methane, industry waste from cotton mills,
slaughterhouses, meat processing plants, paper factories and sewage from livestock
feed lots. Cellulose and some nutrients may be added to the waste materials to
foster rapid growth. In the present work coffee processing wastes as coffee pulp,
coffee hull and spent coffee have been used as substrates for mushroom production
which are rendered unused and disposed off because of the presence of various
inhibitory factors in them.

5.1.6.2. Mushroom spawn:

The propagating material used by the mushroom growers for planting beds
is called spawn. The quality of spawn is crucial for the successful mushroom
cultivation. Grain spawn, manure spawn and perlite spawn are the different types of
spawn preparation in use.

5.1.7. Utilization of coffee processing wastes for vermiculture production:

Vermicompost (also called Worm Compost, Vermicast, or Worm Manure)

is end product of the breakdown of organic matter by special varieties of
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earthworms. Chiefly, vermicomposting is a mesophilic process, utilizing
microorganisms and earthworms that are active in a temperature range of 50-90° F.
The earthworm species (or composting worms) most often used are Brandling
worms (Eisenia foetida) or Redworms (Lumbricus rubellus). Limiting factors for
vermicomposting include insufficient water supply, extremely cold weather
conditions, poor quality of feedstocks, high salinity in feedstocks, poor management
of worm beds, limited surface area and lack of suitable species and ready supply of
earthworms to begin and continue the task. Vermicomposting in developing
countries could prove to be useful in many instances. In areas where creation of low
or semi-skilled jobs is considered advantageous, vermicomposting may supply an
opportunity for employment. In addition to worms, a healthy vermicomposting
system hosts many other organisms such as insects, molds, and bacteria.
Vermiculture can greatly improve soil productivity as the earthworms process soil
and organic residues through their gut - clay and organic matter are intimately
mixed and coated with organic stabilizing gums and lime secreted from a special
gland within the digestive tract of earthworm. The result is that the worm cast
consists of just the type and size of water stable soil aggregate, which is needed to
hold water while allowing the crop root hairs, to obtain sufficient air and fully
exploit the nutrient and moisture reserves contained within. Vermicomposting is
akin to composting in that similar feedstocks/organic residuals are used.

Both systems utilize microbial activity to break down organic matter in a
moist, aerobic environment. Vermicomposting differs from thermophilic

composting in several ways. It is faster, produces no odor, produces a superior
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product and minimizes nutrient loss from the soil. Tables 5.1.7.1, 5.1.7.2 and
5.1.7.3. show, how vermicomposting is advantageous over the existing composting
methods and the chemical composition of vermicompost (Edwards and Hohlen.
1996; Edwards, 1990; Zorba, 2001). Vermicomposting is considered faster than
composting and, because the material passes through the earthworm gut, a
significant but not-yet-fully-understood transformation takes place, whereby the
resulting earthworm castings (worm manure) are abundant in microbial activity and
plant growth regulators, and fortified with pest repellency attributes as well
(Edwards, 1990). In short, earthworms, through a type of biological alchemy, are
capable of transforming garbage into gold. The present chapter reports the efficient
utilization of coffee processing wastes for vermicompost production leading to
utilization of these wastes, value addition to the agro wastes and enhancing rural
employment.

Table 5.1.7.1. Advantages of vermicompost over chemical fertilizer (Edwards
and Hohlen. 1996; Edwards, 1990; Zorba, 2001).

S.No Chemical Fertilizer Vermicompost
1. Expensive Very Cheap
Continuous use depletes the fertility of the | Increases the soil fertility
> soil
3. Chemicals pollute the environment Environmental friendly
4. More water required for irrigation Not much water required
Pesticides required after us Comparatively much less
> use of pesticide
6. Taste difference noticed in crops The natural taste is
preserved
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Table 5.1.7.2. Advantages of vermicomposting over general composting.

S.No Composting Vermicomposting

1. Microorganisms Microorganisms and earthworms combine
decompose substrate their activities to transform the substrates.

2. Takes a longer period to Matures relatively faster than compost
mature

3. Thermophilic stage must be | No thermophilic stage is required
attained

4. Compost is coarser Vermicompost is finer textured
textured

5. | Risk of heavy metals in the | Heavy metals are removed and accumulated
compost within worm bodies

Table 5.1.7.3. Nutrient profile of vermicompost and farm yard manure.

Nutrient Vermicompost Farm yard manure
N(%) 1.6 0.5
P(%) 0.7 0.2
K(%) 0.8 0.5
Ca(%) 0.5 0.9
Mg(%) 0.2 0.2
Fe(ppm) 175.0 146.5
Mn(ppm) 96.5 69.0
Zn(ppm) 24.5 14.5
Cu(ppm) 5.0 2.8
C:N ratio 15.5 31.3

5.1.7.1. Properties of vermicompost:

1

. Vermicompost is rich in all essential plant nutrients.

2. It provides excellent effect on overall plant growth, encourages the growth of

1

new shoots / leaves and improves the quality and shelf life of the produce.

. Vermicompost is free flowing, easy to apply, handle and store and does not have
bad odour.

. It improves soil structure, texture, aeration, and water holding capacity.

. Vermicompost is rich in beneficial micro flora such as nitrogen fixers, phosphate
solubilizers, cellulose decomposing micro-flora etc.

. Vermicompost contains earthworm cocoons and increases the population and
activity of existing earthworm in the soil.

. It prevents nutrient losses and increases the use efficiency of chemical fertilizers.

. Vermicompost is free from pathogens, toxic elements, weed seeds etc. hence,
minimizes the incidence of pest and diseases.

0. It enhances the decomposition of organic matter in soil.
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11. It contains valuable vitamins, enzymes and hormones like auxins, gibberellins
etc.

5.1.7.2. Advantages of vermicomposting:
e Vermicompost is an ecofriendly natural fertilizer prepared from
biodegradable organic wastes and is free from chemical inputs.
e It does not have any adverse effect on soil, plant and environment.
e [t improves soil aeration, texture and tilth thereby reducing soil compaction.
e It improves water retention capacity of soil because of its high organic
matter content.

e It promotes better root growth and nutrient absorption.
e [t improves nutrient status of soil-both macronutrients and micronutrients.

5.1.7.3. Precautions to be taken during vermicomposting:
e Vermicompost pit should be protected from direct sun light.
e To maintain moisture level, spray water on the pit as and when required.
¢ Protect the worms from ants, rats and birds.
5.1.7.4. Earthworm species used for vermicomposting:
1) The tiger worm (Eisenia foetida):

This is the most commonly used species in commercial vermiculture and
waste reduction (Haimi and Huhta, 1990). The species colonizes many organic
wastes and is active in a wide temperature and moisture ranges. The worms are
tough, readily handled, and survive in mixed species cultures. It is closely related
to Eisenia andrii, another useful vermicomposting species. The species is
commonly used in the U.S., Europe and Australia under the name Lumbricus
rubellus.

2) Eudrilus eugeniae:
This is a large prolific African worm that is cultured in the U.S. and

elsewhere. When large worms are produced under optimum conditions, they are

ideal for use as fish bait and in protein processing. It is somewhat difficult to raise
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because of its intolerance to low temperature and handling. The use of E. eugeniae
in outdoor vermiculture is limited to tropical and sub-tropical regions because it
prefers warmer temperatures and cannot tolerate extended periods below 16°C.

3) Perionyx excavatus:

This is a species well adapted to vermicomposting in the tropics. The
earthworm is extremely prolific and easy to handle and harvest but it cannot
tolerate temperatures below 5°C, making it more suited to the tropics.

4) Dendrobaena venata:

A large worm with potential to be used in vermiculture and that can also
inhabit soils. It has a slow growth rate and the least suitable species for rapid
organic matter breakdown.

5) Polypheretima elongata:

The species is suited for use in reduction of organic solids, municipal and
slaughterhouse waste, human waste and poultry and dairy manure but it is not
widely available. It is restricted to tropical regions, and may not survive temperate

winters.
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5.2. Materials and methods:

Materials:

Theophylline and caffeine (99.9%) were procured from Sigma chemicals,
St. Louis, USA. Caffeine (LR) used for biotransformation was purchased from
Loba chemicals, Mumbai, India. Solvents for extraction of caffeine were obtained
from Merck, Germany. Polyvinyl alcohol was obtained from Sigma chemicals, St.
Louis, USA. All other chemicals used were of analytical grade and procured from
Qualigens Fine Chemicals, Mumbai, India. Coffee pulp, coffee hulls for mushroom
production and vermicomposting were procured from Chamundi coffee curing
works, Mysore, India. Spent coffee was obtained from Hindustan Lever Ltd.,
Mysore, India. Earthworm species of Eisenia foetida for vermicompost was
obtained from Central sericulture research Institute, Mysore.
Analytical methods:

1) Thin layer chromatography (TLC) for identification of biotransformed
products:

TLC was done for the identification of biotransformed caffeine using pre
coated TLC plates from Merck (Germany) with a solvent system using butanol,
acetic acid, water (4:1:1) and was visualized in a CAMAG UV illuminator.

2) High Performance Liquid Chromatography (HPLC) for identification of
biotransformed products:

The caffeine content in the samples was determined by HPLC analysis on a
RP C-18 column [Sum, 250mmx4.6mm, Phoenomenex] using LC-10A (Shimadzu,

Japan) system with an isocratic mobile phase containing water and acetonitrile in
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the ratio of 85:15, set at a flow rate of 1ml/min and connected to a UV detector set
at 273nm.
5.2.1. Extraction of caffeine:

Caffeine was extracted from the coffee pulp and coffee hulls by different
methods and the extraction efficiency of both the processes were analyzed.
1) Aqueous and solvent phase extraction:

Extraction was done using sodium carbonate and sodium bicarbonate in
water as basic pH enhances the caffeine extractability. 2 gm each of sodium
carbonate and sodium bicarbonate were added individually to 100 ml distilled
water. Sgm each of coffee pulp, coffee hull and waste tea leaves were suspended in
the above solutions and boiled for 10 min. The solid mass was removed by filtration
and the liquid made up to 100ml. Extraction of caffeine was affected by addition of
100ml of chloroform to the aqueous extract (100ml) and vortexing on a rotary
shaker at 200rpm for 1 hr. The chloroform layer was separated and passed through a
charcoal bed to rid off the colour and contaminating compounds and vacuum
concentrated to get caffeine.

2) Extraction of caffeine using soxhlet:

Extraction of caffeine from the coffee wastes was carried out in a soxhlet
extractor by two different methods i.e the direct extraction method and pretreatment
method of coffee pulp and hull.

a) Direct extraction method:
In the direct extraction method 50 gm coffee pulp/coffee hull was

packed into soxhlet extractor and extracted using chloroform. The extract collected
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in the solvent reservoir of the soxhlet were collected every 15 min up to 2hrs and
the caffeine content of the extract were analyzed by HPLC. The chloroform layer
obtained at the end of the process was vacuum concentrated.

Flow chart of direct soxhlet extraction method

Coffee hulls/coffee pulp (50gm)

Soxhlet exfraction
Coffee hull/coffee pulp: Chloroform (1:2)

Decolourization
Activated charcoal Bed

Flash Distillation

Dryingl
b) Pretreatment method:

Coffee pulp/coffee hull was treated with 2% sodium carbonate with 60%
moisture and steamed for 10 mins. The steamed mass was extracted with
chloroform in soxhlet as described in above method. The chloroform layer was
vacuum concentrated to get the caffeine.

Flow chart of pretreatment extraction method:
Coffee hulls/coffee pulp (50gm)
60% moisture with 2% sodium carbonate
Steaming ¥or 10min

Soxhlet éxtraction
Coffee hull/coffee pulp: Chloroform (1:2)

Decolourization
Activated charcoal Bed

Flash distillation

Drying
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5.2.2. Decaffeination of coffee processing wastes:

Coffee pulp and coffee hull were decaffeinated using Penicillium citrinum
MTCC 5215. 20gm of the substrate was taken and to this mineral salt media was
added having following composition (g\L) 0.2N HCl: ZnSOy, 0.79; FeSOs, 0.07;
CuSOy4, 0.07. The inbuilt moisture content of coffee pulp and coffee hull was
determined to be 9.068% and 7.4% respectively. The final moisture content was
made up to 65%. It was sterilized for l1hr at 121°C, 15 psi pressure, inoculated with
spores of P. citrinum and incubated at 28°C. After fermentation the samples were
autoclaved and extracted with 100ml of ethyl acetate. The ethyl acetate extract was
vacuum concentrated and the crude extract obtained was checked for
decaffeination using TLC and HPLC.

5.2.3. Production of enzymes by solid-state fermentation (SSF) using coffee
pulp as substrate:

a) Isolation of caffeine tolerant microorganisms:

Isolation of caffeine metabolizing fungal strains were carried out as
explained in section 2.2.1 of Chapter-2.
b) Screening of isolated cultures for caffeine biotransformation:
The isolated fungal strains were screened for their caffeine biotransformation ability
in liquid culture media containing caffeine (discussed in section 2.2.2 of Chapter-2).
¢) Enzyme production through Solid-state fermentation:

Coffee pulp was used as substrates for solid-state fermentation. 30 grams
each of coffee pulp and wheat bran were taken individually and mixed with 30 ml
of mineral salt media containing the following components in 0.2N HCI (g/L):

ZnSO0y4, 0.79; FeSOy4, 0.07; CuSOy4, 0.07. A spore suspension (5x10"5 spores/ml)

248



Chapter 5

was prepared by addition of 5 ml of 0.1% v/v of Tween 20. This spore suspension
was then inoculated in the substrate, which was previously sterilized for 1 hour at
121°C and 15 psi pressure. The inoculated flasks were incubated at 28°C for 96
hours. After fermentation, extraction of enzyme was done in 100ml of phosphate
buffer (0.1M), pH-7.2, at 150 rpm for 2 hours. Biomass was filtered from the
enzyme extract using muslin cloth and the filtrate centrifuged at 6000g for 10 min.
The supernatant was used for the assay of various enzymes.

d) Enzyme assay:

1. Amyloglucosidase:

Amyloglucosidase activity in the extract was determined by the method
reported by Bergmeyer and Veinheim (1984). The enzyme extract was added to test
tubes at desired level (0.1 to 0.5ml) and allowed to react with 5Sml of 4% starch
solution for 60 min at 60° C. For blank, 0.2 ml-distilled water was used. The
reaction was stopped by addition of 0.8 ml of 4 N NaOH. Dextrose released was
estimated by Dinitrosalicylic Acid Method (DNS) (Miller, 1959). One unit of
enzyme is defined as the amount of enzyme which reduces reducing carbohydrate
equivalent to 1puM glucose from soluble starch in 1min at 60°C at pH 4.5.

2. a-Amylase:

a-Amylase activity in the extract was determined by the method of
Smith and Roe (1949). In brief, starch solution was incubated with the enzyme
extract and then incubated at 60°C for 10 minutes to hydrolyse the starch. A
substrate blank was also prepared by incubating distilled water with enzyme. The

reaction was then arrested by adding 2 ml of 1N HCIl to each tube. A reagent blank
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was prepared with 0.5ml 1N HCI with 50ml-distilled water in a volumetric flask.
0.1ml iodine solution was then added to reagent blank, substrate blank and the
sample flask. The volume was made up to 50ml and mixed. The absorbance of
substrate blank and sample was recorded at 620 nm against reagent blank. One unit
of amylase activity is defined as the amount of enzyme required to hydrolyze one

milligram of starch per minute under the experimental conditions mentioned above.

Activity = Ab, — Ab, X Dilution factor
Ab, x10

Ab, = Absorbance of substrate blank against reagent blank

Abg = Absorbance of hydrolyzed starch sample against reagent blank.
50 = Milligram starch present initially in the substrate used for assay

10 = Time of hydrolysis in min.
3. Protease:

Protease activity in the extract was determined by Turbidometric method of
Ennis (1957). Casein (0.1% w/v) was prepared in distilled water. Aliquots of 1.0
ml of this solution were taken and to this 1 ml each of the enzyme extract was
added and incubated at 40°C for 1 hour and the reaction was arrested by addition of
a drop of glacial acetic acid. A control was also prepared by adding 1 ml of buffer
instead of the enzyme extract. Potassium ferrocynanide solution (0.75%, 4.0 ml)
was added to each tube, mixed well and a drop of glacial acetic acid was added to
each test tube and mixed vigorously to arrest the reaction. The solutions were then
incubated for 10 min and the absorbance was recorded at 600 nm. One unit of
protease activity is defined as the conversion of 1pugm of protein to hydrolystae per

minute.
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4. Caffeine oxidase :

Caffeine oxidase (1,3,7 trimethyl xanthine oxidase) assay was done
according to the method of Madhyastha et al., (1999). The enzyme activity was
monitored at room temperature using phenazine ethosulphate (PES) to couple
electron transport from the reduced enzyme to dichlorophenol indophenol
(DCPIP). The reaction was initiated by the addition of caffeine. The reduction of
DCPIP was followed spectrophotometrically at 600nm, which is the measure of the
enzyme activity. One unit of enzyme is defined as the amount of enzyme which
forms 1uM of 1,3,7 trimethyl uric acid from caffeine in Imin at 30°C at pH 7.2.

5. Pectinase (polygalacturonase):

Pectinase assay was carried out according to the method of Peter and Ursula
(1962). 2ml of polygalacturonic acid substrate (pectin) along with 100 ul enzyme
extract was equilibrated to 50°C for 10 min, 100 pl of the reaction mixture was
drawn and mixed with freshly prepared 1 ml alkaline copper sulphate solution and
900 pl of water and incubated in a boiling water bath or 20 min. Galacturonic acid
formed was estimated by recording the absorbance at 540nm against enzyme and
substrate blanks after developing the reaction with 1 ml of arsenal molybdate
reagent. One unit of activity is defined as the amount of enzyme which will release
1uM of galactouronic acid from polygalactouronic acid per min at pH 4 and 50°C.
5.2.4. Production of mushroom using coffee processing wastes:

Coffee pulp, coffee hull and spent coffee were used as substrates for
mushroom production and the results were compared with rice straw as the control

substrate.
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a) Culture maintenance:

Monocultures of Pleurotus florida were maintained on malt extract (3%)
agar (2%) medium (MEA).

b) Production of oyster mushroom spawn:

Pure culture of P. florida was maintained on maltose agar media and a 7
day old culture and was used for spawn preparation. Jowar grains (Sorghum
vulgare) were boiled for 15 min in water and then allowed to soak for another 15
min without heating. The excess water was drained off and the grains are collected
in sieves and cooled. The cooled grains were mixed with 2% calcium carbonate.
200gms of prepared grains were filled into polypropylene bags and autoclaved for
2 hr at 121°C. The pH of the material after sterilization should be in the range of
6.5 to 6.7. The bags were inoculated with grain spawn or with bits of agar medium
colonized with mycelium and incubated at 22-24°C in a dark place. The mycelium
is allowed to completely permeate the grains. 20 day old grain spawn was used for
inoculating the mushroom bed substrate (Rajrathnam and Zakia, 1987).
¢) Production of oyster mushroom:

Rice straw, coffee pulp, coffee hull and spent coffee were used as substrates,
individually and after amendment with 25% rice straw. The substrates were
pasteurized for 20 mins at 80°C to ensure that it was free from contamination
(Rajrathnam, et al, 1979). Water was drained out of the substrate and was cooled to
room temperature. Wet straw containing 75% water was spawned (10% spawn on
weight basis) along with 1% coarse horsegram powder (mill size ca. 0.5-1.0mm).

The mushroom beds were prepared in perforated polyethylene (50um) bags (25x40
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cm). For each treatment fixed weight of substrate was filled into the bags in
replicates of 4 and allotted in randomized blocks (Zakia, et al, 1993).
d) Mushroom growth and yield:

The polyethylene bags of the mushroom beds were cut open when the
fruiting primordial started forming in the perforations of the polyethylene. The
exposed substrate blocks were watered to maintain required moisture content. The
mushrooms were harvested on the third day of formation of the fruiting primordia.
The yield was expressed as % bioconversion efficiency (BCE), grams fresh
mushrooms obtained from per 100g initial dry substrate.

e) Mushroom powder preparation:

100gm of mushroom was weighed, sliced into thin pieces and dried in a hot
air oven maintained at 45°C till constant weight was obtained. The dried mushroom
slices were ground in a mixer cum grinder to a fine powder.

f) Preparation of mushroom powder extract:

1 gm of powdered mushroom was soaked in 5ml of 70% ethanol and
incubated on a rotary shaker overnight. The supernatant was collected after
centrifugation at 5000 rpm and the extraction process was repeated. The
supernatants were pooled together and vacuum concentrated till the final volume
was Sml. This extract was used for further analysis for protein content, free amino

acid and total phenolics.
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g) Estimation of protein content in the mushroom fruiting bodies:

Total nitrogen content of the mushroom was estimated in the mushroom
powder extract by the micro-Kjeldahl method (AOAC 1975). A conversion factor
of 4.38 was used for the protein content estimation.

h) Estimation of free amino acid:

Free amino acid in the mushroom powder extract was estimated by
ninhydrin method (Yemm et al, 1955).

i) Estimation of total phenolics:

The total phenolics estimation in the mushroom powder extract was carried
out by Folin-Ciocalteau method (Singleton and Rossi, 1965; Singleton et al, 1999)
j) Estimation of caffeine content in fruiting bodies:

Caffeine content in the fruiting bodies was checked by extracting 10gm (wet
weight) of mushroom with 10% polyvinyl alcohol (PVA) in 100ml phosphate
buffer, (0.1M, pH 7.2). The ground mass was centrifuged at 6,000 g for 20 mins.
The caffeine content in supernatant was estimated by HPLC (Sarath et al, 2005).

k) Caffeine content in the substrate:

Caffeine content in the matrix was checked by boiling 10gm substrate (at
Ohr and at end of the experiment) in 100ml water for 10 mins and then filtering
through muslin cloth to separate the solid mass. The filtered extract was
centrifuged at 6,000g for 10 min and the supernatant was checked for caffeine

content using TLC and HPLC (Sarath et al, 2005).
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1) Caffeine degradation by Pleurotus in shake flask:

Caffeine degradation by Pleurotus was checked by inoculating 7 day old
cultures in a medium containing the following constituents (g/L) - Na,HPO, - 0.12;
KH,POj4 - 1.3; MgSO, - 0.3; CaCl; - 0.3; caffeine — 1; sucrose — 20. The inoculated
media was incubated on rotary shaker at 150 rpm and at 28°C. Samples were
collected every 24 hours and analyzed for caffeine degradation by HPLC.

5.2.5. Use of coffee processing wastes for vermiculture:

3 kg each of cow dung, coffee pulp and spent coffee individually and
combinations of the substrates were prepared and beds of these substrates were
spread homogeneously in cardboard boxes measuring 30x20x20 cm with
polythene sheets spread at the bottom. 50 worms (E. foetida) were introduced into
each box and the bed was covered with coarsely cut grass to avoid penetration of
light and loss of moisture. Temperature was maintained at 30°C and moisture was
maintained by regular spraying of water. The experiment was terminated after 30
days and the worms were harvested. Final count of the worms was taken and the
vermicompost was analyzed further. The vermicompost produced was analyzed for
NPK content, organic carbon, pH and electrical conductivity.

Estimation of caffeine content in vermicompost:

Caffeine content in the vermicompost was checked by boiling 10gm of
substrate (initial substrate and spent substrate) in 100ml water for 10 mins and then
filtering through muslin cloth. The filtered liquid was centrifuged at 6,000g for 10
min and the supernatant was checked for caffeine content by HPLC (Sarath et al,

2005).
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5.3. Results and Discussion:

5.3.1. Extraction of caffeine:
Aqueous and solvent phase extraction:

Extraction of caffeine was done from coffee pulp, coffee hull and waste tea
leaves using sodium carbonate and the yield of caffeine was 1.512, 1.228 and 1.231
% w/w respectively (Table 5.3.1). The corresponding experiment was carried out
with sodium bicarbonate and the extraction of caffeine was 1.020, 0.898 and
1.312% respectively in coffee pulp, coffee hull and waste tea leaves. Aqueous
solution of sodium carbonate effects higher alkalinity leading to a better extraction
of caffeine as seen from the results obtained (Table 5.3.1). It is also known that
caffeine has the highest solubility in chloroform (12.5% w/v) and caffeine was more
selectively separated from the rest of the components present in the aqueous extract
when chloroform was used (Radionov, 1926).

Table 5.3.1. Extraction of caffeine using sodium carbonate and bicarbonate.

S.No | Salt used Substrate used Yield (% % Caffeine in
for extraction w/wW) substrate

1. | Sodium Coffee pulp 1.512 1-2

2. | carbonate Coffee hull 1.228 1.2-2.4

3. Waste tea leaves 1.231 2-3.5

4. | Sodium Coffee pulp 1.020 1-2

5. | bicarbonate | Coffee hull 0.898 1.2-2.4

6. Waste tea leaves 1.382 2-3.5

Extraction of caffeine by soxhlet apparatus:
Figure 5.3.1. represents the effect of pretreatment on extraction of
caffeine. The extraction rate of the caffeine from coffee pulp was almost twice

when the matrices were pretreated with sodium carbonate rather than extracted
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directly. It is because of the fact that caffeine dissociates from the complexes such
as tannin-caffeine complexes in the alkaline medium, facilitating efficient
extraction of the caffeine from the material into the solvent. However, the

extraction of caffeine is only 0.34% of the substrate using this method.

Figure 5.3.1. Caffeine extraction profile using soxhlet method.
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The results obtained from both the methods of extraction suggest that
aqueous and solvent phase extraction is a better extraction method as compared to
the soxhlet extraction method where the yield is comparatively low. This can be
attributed to the fact that most of the caffeine leaches out into the hot water during
boiling. Further, when it is extracted with chloroform, most of the caffeine is
extracted into the solvent, as caffeine is highly soluble in chloroform (12.5%
solubility) (Radionov, 1926). The plethora of coffee processing wastes can be used

for efficient extraction of caffeine using the aqueous and solvent phase sequential
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extraction method. The extracted caffeine can further be used for biotransformation
of caffeine to valuable therauptic methylxanthies as theophylline.
5.3.2. Decaffeination of coffee processing wastes:

Caffeine is one of the active antiphysiological factors in coffee pulp (Molina
et al, 1974). Most of the methods for the decaffeination of coffee processing wastes
involve either physical or chemical treatments and are characterized either as
inefficient in eliminating the toxicity or too expensive in nature (Roussos et al,
1994). Few preliminary reports are available on the detoxification of coffee pulp by
SSF process (Aquiahuatl et al, 1988; Gaime et al, 1993; Penaloza et al, 1985).
Nippon, (1971) studied the decaffeination of coffee pulp by Aspergillus but the
strain could not decaffeinate coffee pulp completely. Yano and Mazzafera (1996)
used a P. putida strain to study decaffeination of coffee pulp.

Different proportions of inoculum and pulp were incubated during 30 days,
resulting in a reduction of caffeine up to 80%. At shorter incubation periods (9
days) a 40% reduction in caffeine content was observed and time taken for
decaffeinating the coffee pulp was too long. Besides, complete decaffeination was
not observed using the microbial strains. Hakil et al, (1999) studied caffeine
degradation in SSF by Aspergillus tamarii and concluded that there was a need of
external nitrogen source to enhance caffeine degradation in coffee pulp.

Results obtained from present studies and shown in Table 5.3.2. shows that
P. citrinum MTCC 5215 could grow on coffee pulp and decaffeinate it completely
within 72 hours. Decaffeination of coffee pulp using P. citrinum MTCC 5215 is

advantageous over other methods of physical and chemical decaffeination, as it
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decaffeinates coffee pulp completely in 72 hrs, is economical and environment
friendly. However P. citrinum MTCC 5215 could not decaffeinate coffee hull. The
probable reason for this could be that high lignocellulose content, negligible sugar
and protein content did not allow the fungal strain to grow on the substrate and
further detoxify it. The decaffeinated coffee wastes can further be utilized for the
production of valuable enzymes, and nutraceuticals like polyphenols, or for cattle
feed as the substrates get enriched with protein and free amino acids due to the
growth and metabolism of the microorganisms on the substrate.

Table 5.3.2. Decaffeination of coffee processing wastes by P. citrinum MTCC
5215.

S. No Time (Hrs) Decaffeination of coffee | Decaffeination of coffee
pulp (%) hull (%)
1. 0 0.0 No decaffeination
2. 24 10.7 No decaffeination
3. 48 61.2 No decaffeination
4, 72 99.7 No decaffeination

5.3.3. Production of enzyme using coffee processing wastes:

Production of the enzyme was carried out as described in section 5.2.3. The
extract of the fungi grown on coffee pulp and wheat bran was checked for the
production of different enzymes viz; amyloglucosidase, oamylase, protease,
caffeine oxidase and pectinase and the results have been presented in Table 5.3.3.

1. Amyloglucosidase:

A strain of Aspergillus niger was used for the production of
amyloglucosidase in SSF and the study included screening of a number of agro-
industrial residues including wheat bran, rice bran, rice husk, gram flour, wheat

flour, corn flour, tea waste, copra waste, etc., individually and in various
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combinations (Pandey, 1990; Pandey et al, 1994). However, coffee pulp has not
been tried as SSF substrate for the production of amyloglucosidase enzyme. In the
present work two of the isolates F8 (Aspergillus) and F10 (Yeast) could produce
amyloglucosidase in considerably good amount using coffee pulp as substrate for
SSF. Isolates F8 (Aspergillus) produced 4236.6 U/gm susbstrate and F10
(unidentified) produced 8166.6 U/gm substrate of amyloglucosidase using coffee
pulp as substrate (Table 5.3.3). Isolate F10 (unidentified) produced highest amount
of amyloglucosidase (8166.6 U/gm substrate) only in coffee pulp but not in wheat
bran. Hence, this strain F10 can prove as a promising strain for the production of
amyloglucosidase using coffee pulp as the substrate for SSF. The ability of strain
F8 and F10 to grow in coffee pulp is because of their ability to detoxify the caffeine
content in coffee pulp as these two strains could degrade caffeine in shake flask as
shown in section 2.3.2 of chapter-2 (F8 showed 28% caffeine degradation and F10
showed 50% caffeine degradation). After detoxification of the caffeine in coffee
pulp these two strains were able to utilize the high amount of fermentable sugars
present in coffee pulp (Table 5.1.3.1). Similar results were also reported by
Penaloza (1985) and Zuluaga (1989). F8 also proved to be an efficient strain using
wheat bran as substrate for SSF and produced 9133.3 U/gm substrate of enzyme
activity. Most of the isolates produced the enzyme in larger quantities using wheat
bran as substrate as shown in Table 5.3.3. Isolates F2 (Rhizopous), F5
(Unidentified), F8 (Aspergillus), F9 (Aspergillus) and F11 (Aspergillus) produced

more enzyme in wheat bran as the substrate. F9, a strain of Aspergillus produced

260



Chapter 5

the highest amount of enzyme (21500.0 u/gm substrate) with wheat bran as
substrate.
2. a-Amylase:

Comparative studies on a-amylase production using different substrates
have been carried out (Shah et al, 1991; Shankaranand et al, 1992; Sudo, 1994) but
coffee pulp as substrate of SSF for production of a-amylase has not been reported.
In the present work a-amylase could be produced successfully by using coffee pulp
as SSF substrate. All the isolates exhibited a-Amylase activity in coffee pulp.
However, all the isolates could produce the enzyme in wheat bran also. Amylase
activity in the extracts of isolates F4 (Rhizopous), F5 (Unidentified fungal strain),
F6 (Penicillium), F7 (Aspergillus), F8(Aspergillus), and F9 (Aspergillus), was
slightly higher in coffee pulp (F4 - 1489.6 U/gm substrate , F5 - 1488.6 U/gm
substrate, F6 - 1554. U/gm substrate, F7 - 1412.7 U/gm substrate, F8 -1534.7 U/gm
substrate, F9 - 1500.0 U/gm substrate) than in wheat bran, as shown in Table 5.3.3,
whereas F11 a strain of Aspergillus produced more enzyme with wheat bran as
substrate. These results indicate that coffee pulp can also be used as an efficient
solid substrate for the production of a-amylase with caffeine metabolizing isolates.
3. Protease:

Interestingly it was observed that the protease production was much higher
using coffee pulp as substrate than with wheat bran as substrate (results shown in
Table 5.3.3). The enzyme activity of isolate F3 (Penicillium) showed highest
protease activity 85.3U/gm susstrate in coffee pulp, whereas the highest amount of

protease produced with wheat bran as substrate was 61.3 U/gm substrate by F6
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(Penicillium). Coffee pulp has high protein content of 10-13% (Bercelos et al,
2002; Elias, 1978; Zuluaga, 1975). The high protein content in coffee pulp helps in
the growth of the fungal strains and further attributes towards the production of
protease efficiently than the wheat bran.

4. Caffeine oxidase (COD):

Caffeine oxidase is reported to be produced by a consortium of bacteria of
the sps. Klebsiella and Rhodococcus (Madhyastha et.al., 1999). This enzyme was
found to be highly inducible requiring the presence of caffeine in the medium for its
expression. The production of this enzyme by fungi is hitherto unknown. The
fungal isolates F7 (Aspergillus), F9 (Aspergillus), F10 (unidentified) and F11
(Aspergillus) isolated in our laboratory produced caffeine oxidase when grown on
coffee pulp as substrate (Table 5.3.3.). Among the caffeine oxidase producers, the
enzyme extract from the isolate F9 a strain of Aspergillus showed the highest
activity (377.6U/gm substrate). None of the isolates produced caffeine oxidase
when they were grown in wheat bran as a substrate (Table 5.3.3.) exhibiting the
highly inducible nature of the enzyme. Production of caffeine oxidase is a viable
alternative from the viewpoint of the commercial production of caffeine oxidase,
which has potential application in the biotechnological decaffeination processes.

5. Pectinase (Polygalacturonase):

Production of pectinase using coffee pulp as substrate for SSF has been
reported by Boccas et al, 1994; Antier et al, 1993a; Antier et al, 1993b. All the
fungi produced good amounts of pectinase enzyme (Table 5.3.3). Isolates F2

(Rhizopous), F6 Penicillium, F7 (Aspergillus), F9 (Aspergillus) and F10
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(Unidentified), produced more units of pectinase in coffee pulp compared to wheat
bran as substrate. Highest activity of 9266.6 U/gm substrate was produced by F10
an unidentified fungal isolate. Coffee pulp contains 6.5% of pectin (Favela, 1989;
Penaloza, 1985; Philip et al, 1993) and the high pectin content explains the high
pectinase activities of the fungal isolates compared to wheat bran as substrate. The
fungal strains F2, F6, F7, F9 and F10 also have exhibited high caffeine degradation
capability (as shown is Chapter - 2) and it appears that pectinase production by
fungal strains is dependent on their ability to degrade the caffeine. The results
obtained in this study suggest that strains having caffeine tolerance can be utilized
for the efficient production of pectinase using coffee pulp as substrate.

Table 5.3.3 Production of enzymes by the fungal isolates in SSF using coffee
pulp and wheat bran as substrates.

Enzyme Activity (U/gm solid substrate)
Funga Amylo Caffeine .
! lucosidase a-Amylase Protease oxidase Pectinase
g
Strain | Coffee | Wheat | Coffee | Wheat | Coffee | Wheat | Coffee | Wheat | Coffee | Wheat
pulp bran pulp bran pulp bran | pulp bran | pulp bran
F1 0 0] 167.7]1089.3 0 7.0 0 0| 520.0 | 2263.3
F2 220.0 | 8766.7 | 1427.0 | 1455.0 70.7 4.0 0 0]8233.3 ] 3966.6
F3 346.6 | 3200.0 | 1416.3 | 1419.3 85.3 23 0 0]6266.6 | 7566.6
F4 220.0 0]1489.6 | 1265.3 72.3 3.7 0 0[5833.3 ] 34333
F5 126.6 | 10933.3 | 1488.6 | 1434.0 59.6 11.0 0 0]7566.6 | 13333.3
F6 347.0 0] 1554.3 | 1284.0 61.7] 37.0 0 0| 8000 | 45333
F7 340.0 | 12333.3 | 1412.7 | 1392.0 75.3 12.6 | 3443 01]6233.3 ] 4900.0
F8 4236.6 | 9133.3 | 1534.7 | 1429.6 6.0 0.0 0 0]6933.3 | 7266.6
F9 220.0 | 21500.0 | 1500.0 | 1428.0 31.7 11.6 | 377.6 0]9066.6 | 7500.0
F10 8166.6 0]1314.6 | 1317.7 1.7 3.6 289 01]9266.6 | 5100.0
F11 63.3 | 7943.3 | 1085.3 | 1323.0 6.3 5.6 200 0] 600.0 | 7366.6
F12 6.7 1403.3 70.0 | 523.0 0 7.0 0 0| 410.0 ] 3026.6
F13 36.7 | 1040.0 56.0 | 670.0 0 6.3 0 0| 326.6| 41233
F14 0] 1703.3 250 | 412.0 23 4.6 0 0] 156.6 593.3
F15 50.0 | 1410.0 | 212.7 | 129.7 3.0 3.0 0 0| 520.0 | 4736.6
F16 106.7 0] 159.6| 2543 3.7 23 0 0| 2533] 17933
F17 40.0 0] 365.6| 3753 9.0 0 82 0| 230.0] 1253.3
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F18 150.0 770.0 | 508.0 | 158.0 12.0 7.6 39.6 0] 456.6 | 2026.6
F19 130.0 | 1003.3 | 145.7| 188.7 32.6 5.0 0 0] 670.0 893.3
F20 260.0 430.0 | 1963 | 261.3 9.0 0 0 0| 314.0] 11533
F21 186.7 | 1080.0 258 | 4913 23.6 0 0 0] 450.0 ] 2093.3
F22 100.0 | 1806.6 | 708.3 | 418.7 6.3 53 19.6 0] 650.0 910.0
F23 76.7 0] 2193 ] 712.0 9.2 5.6 0 0] 490.0 | 2786.6
F24 46.7 780.0 | 1523 | 126.3 5.0 6.3 0 0] 196.6 886.6
F25 23.3 0| 437.3 ] 202.0 18.0 7.6 16 0] 580.0 ] 2620.0
F26 40.0 0] 129.7] 259.6 21.0 4.6 0 0] 226.6 820.0
F27 103.3 | 2180.0 89.7 | 132.7 9.7 0 0 0| 140.0 | 21233
F28 210.0 | 1930.0 | 486.3 | 424.7 37.3 12.6 30.6 0] 380.0] 5360.0
F29 133.3 200.0 | 183.0| 156.0 2.0 1.3 0 0| 1533 780.0
F30 190.0 660.0 | 391.3 91.3 26.3 2.0 0 0] 123.3] 2080.0
F31 56.6 0 79.0 | 704.3 15.6 0 0 0 93.3 806.6
F32 103.3 0] 421.0[ 169.7 12.3 1.3 223 0| 3233 | 1040.0
F33 173.3 ] 1506.6 | 1573 | 296.7 19.6 53 0 0] 136.6] 13833
F34 66.7 0] 2263 | 184.0 53 9.0 0 0] 420.0 586.6

5.3.4. Production of mushroom using coffee processing wastes:

Table 5.3.4.1 represents the yields of mushroom produced by using different
coffee processing wastes as substrates. It was observed that coffee pulp gives
maximum yield of mushroom and maximum bioconversion efficiency (BCE) of
99.54 whereas Pleurotus when grown on coffee pulp amended with 25% rice straw
shows 92.54 BCE, this is much higher as compared to BCE obtained from rice
straw which is 80.46. Hence, proving that coffee pulp in an unamended form is a
better substrate for the production of Pleurotus. In both the cases the BCE is better
as compared to rice straw substrate. This may be attributed to the rich chemical
composition of coffee pulp as (Table 5.1.3). The high concentration of sugar, crude
protein and minerals in the coffee pulp helps in the mycelial ramification of
Pleurotus and in further growth and development of fruiting bodies. Besides this
coffee pulp is a good substrate in terms of water holding capacity as evident from

the swelling ratio of 1:4. Figure 5.3.4.1 shows photograph of Pleurotus growing on
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coffee pulp as substrate. Martinez (1987) used coffee pulp for the production of
mushroom but observed low BCE. Dulce et al (2005) studied the comparative
culturing of six strains of Pleurotus on coffee pulp and wheat straw to compare the
biomass production and substrate degradation. However he reported that the strains
of Pleurotus used gave better BCE in rice straw as compared to coffee pulp and also
accumulation of caffeine was observed in the fruiting bodies. Hence the mushroom
produced by this method is not desirable for consumption.

Using coffee hull as substrate Pleurotus could be grown successfully with
BCE of 35.65 and spawn run of 10 days. Figure 5.3.4.2. shows Pleurotus growing
on coffee hull as substrate. In both the cases the BCE is less than that obtained in
rice straw. The results in Table 5.3.4.1 show that with coffee hull as the substrate
the yield of mushroom was obtained in very short period of time. When the coffee
hull was amended with 25% rice straw the BCE increased to 52.17 and spawn run
of 11 days. This result suggests that coffee hull amended with 25% rice straw shows
good conversion efficiency with short spawn run. However since the water holding
capacity of coffee hull is very less (swelling ratio of 1:1), it gets dried up fast and
has to be watered frequently to maintain the desired moisture level.

Spent coffee used as substrate was given two types of pretreatment i.e.
autoclaving and pasteurization. However the pasteurization method leads to water
logging in the substrate. Autoclaved spent coffee substrate showed BCE of 69.17
whereas by the same pretreatment method spent coffee amended with 25% rice

straw gave BCE of 86.087, which is better than rice straw. Pasteurized spent coffee
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gave BCE of 81.50. Figure 5.3.4.3 shows photograph of Pleurotus growing on spent
coffee as substrate.

Table 5.3.4.2 shows that mushroom produced in coffee hull substrate has
maximum protein content of 25.84% and also maximum free amino acid content of
0.46%. The protein and amino acid content is higher than the mushroom produced
in rice straw. Mushrrom produced in unamended coffee pulp showed protein
content of 15.778% and free amino acid content of 0.318%. Mushroom produced
from pasteurized spent coffee showed protein content of 19.145% and free amino
acid content of 0.333%. Autoclaved spent coffee showed protein content of
18.314% and free amino acid content of 0.317%. The protein content and the amino
acid content in all the coffee processing waste substrates were higher as compared
to rice straw substrate (Table 5.3.4.2). Hence, the qualities of mushroom produced
in coffee processing wastes have better nutritive value.

Table 5.3.4.2 shows that the total phenolics content of mushroom produced
in coffee pulp and amended coffee pulp is 0.584 and 0.592% w/w respectively. The
total phenolics content of coffee pulp is 8% on a dry weight basis. However the
total phenolics content in the fruiting bodies was recorded to be low suggesting that
there is no accumulation of the phenolics components in the fruiting bodies. High
concentration of phenolics is not desirable as they would lead to unavailability of
protein due to formation of protein-polyphenol complexes. Besides this there was
no caffeine accumulation in the fruiting bodies as shown in Table 5.3.4.3. Dulce et

al (2005) had studied the comparative culturing of Pleurotus sp. on coffee pulp and
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wheat straw but their results show that there was caffeine accumulation in the

fruiting bodies hence not advisable for consumption.

It was also found from the results that the substrates were decaffeinated

during the course of mushroom production. Besides this experiments carried out

also shows that Pleurotus is able to degrade caffeine in liquid culture at the end of

20 days proving the caffeine degrading ability of Pleurotus.

Table 5.3.4.1.Production of mushroom using coffee processing wastes.

S.No | Type of coffee | Pretreatment | Spawn | Yield Bioconversion
waste used and run (in gms) efficiency
amendmends (Days) fresh (BCE)

weight
1. Coffee Pulp Pasteurized 15 657 99.545
2. Coffee pulp Pasteurized 15 649 92.540
(75%) +
Rice Straw
(25%)
3. Coffee Hull Pasteurized 10 410 35.650
4. Coffee hull Pasteurized 11 525 52.174
(75%) + Rice
Straw (25%)
5. Spent Coffee Sterilization 15 415 69.167
(Autoclaved)
6. Spent Coffee Sterilization 15 495 86.087
(75%) + Rice (Autoclaved)
Straw (25%)
7. Spent Coffee Pasteurized 17 326 81.50
8. Rice Straw Pasteurized 14 490 80.46
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Table 5.3.4.2. Chemical analysis of mushroom produced.

S.No | Type of coffee | Pre- Total Free amino | Total Phenolics
waste used Treatment | protein | acid content | content
and content | (% dry wt) | (% dry wt)
amendmends

1. Coftee Pulp Pasteurized | 15.778 | 0.318 0.584

2. Coffee pulp | Pasteurized | 16.821 | 0.295 0.592
(75%) +
Rice Straw
(25%)

3. Coffee Hull Pasteurized | 25.838 | 0.457 0.858

4. Coftfee hull | Pasteurized | 22.201 | 0.423 0.719
(75%) + Rice
Straw (25%)

5. Spent Coffee Sterilization | 18.314 | 0.317 0.581

(Autoclaved)

6. Spent Coffee Sterilization | 19.041 | 0.405 0.624

(75%) + Rice | (Autoclaved)

Straw (25%)
7. Spent Coffee Pasteurized | 19.145 | 0.333 0.591
8. Rice Straw Pasteurized | 17.357 | 0.260 0.581

Table 5.3.4.3. Caffeine concentration in substrates and mushroom fruiting

bodies.

S.No

Type of coffee
waste used
and
amendmends

Initial caffeine
content in
substrate

(mg/ml)

Final caffeine
content in
substrate

(mg/ml)

Caffeine content

in fruiting
bodies
(mg/ml)

Coffee Pulp

11.2

0.31

N | —

Coffee

Rice

pulp
(75%) +

Straw
(25%)

9.7

0.26

3. Coffee Hull

14.5

5.2

4. Coffee

hull
(75%) + Rice
Straw (25%)

12.6

3.7

9]

Spent Coffee

7.9

0.22

Spent Coffee
(75%) + Rice
Straw (25%)

7.0

0.31
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Figure: 5.3.4.1. P. florida growing on coffee pulp.
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Figure. 5.3.4.3. P. florida growing on spent coffee.
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5.3.5. Production of vermicompost using coffee processing wastes:

Coffee pulp is rich in nutrients (Table 5.1.3.1), but contains inhibitory
factors like phenolics, tannins and caffeine making it unsuitable for use as fertilizer
and feed. Conventionally the pulp is left in piles, and after 3 to 12 months can be
used for composting. Another way of composting is to mix coffee husk with cattle
manure, and leave the mixture in pits or heaps. However both the above methods
take very long time for the conversion of coffee pulp into organic manure, the final
product obtained has poor physical and chemical characteristics, besides this, it has
been found that the organic manure obtained by this method is not completely
devoid of caffeine, hence it can have deleterious effects on plant growth.

Vermicomposting obviates both the disadvantages related to the above methods.
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Coffee processing wastes, viz., coffee pulp and spent coffee were used for
the production of vermicompost using E. foetida. It was observed that the time
taken for vermicomposting was only 30 days in contrast to 90 days reported by
Orozoco (1996). This vermicompost had high NPK content and improvement in the
organic carbon content of the wastes was observed (Table 5.3.5.1).

The coffee processing wastes were amended with cow dung in different
combinations and the results are presented in Table 5.3.5.1. The total nitrogen
content of coffee pulp increased from 2.05% to 3.35% in a period of 30 days
whereas the nitrogen content decreased to 1.95% when pulp was amended with
dung in the ratio of 1:1. Further the nitrogen content dropped to 1.68% when coffee
pulp was amended with dung in the ratio of 2:1. From these experiments it was
found that unamended coffee pulp produces better quality of vermicompost in terms
of nitrogen content as compared to amended coffee pulp with cow dung. The initial
phosphorus content in coffee pulp was found to be 0.14%. The phosphorus content
increased to 0.17% in case of unamended coffee pulp vermicompost, whereas there
was a considerable increase in phosphorus content in case of amended coffee pulp.
It increased to 0.36% both in the case of coffee pulp and cow dung in the ratio of
1:1 and coffee pulp and cow dung amended in the ratio of 2:1. The initial potassium
content in coffee pulp was 2.1% and it decreased to 1.23% in after
vermicomposting. There was a considerable decrease in potassium content in
amended coffee pulp and an amendment of coffee pulp with cow dung in the ratio
of 1:1 showed a decrease to 0.58% and in combination of coffee pulp and dung in

the ratio of 2:1, it decreased to 0.65% from 2.1%. The results obtained are in
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accordance with the results obtained by Orozoco (1996), where after ingestion of
the pulp by the earthworms, an increase in available P, Ca, and Mg was observed
but a decrease in K was detected.

The total organic carbon (TOC) content decreased from 28.5 to 7.0, the pH
increased from 4.78 to 7.54 and the electrical conductivity decreased from 6.96 to
2.63 in case of unamended coffee pulp. The organic carbon content decreased to
11.0 in both the ratios of amended coffee pulp with cow dung. The electrical
conductivity decreased in in a combination of coffee pulp and dung in ratio of 1:1,
to 2.32 and to 2.34 in combination of coffee pulp and cow dung in the ratio of 2:1.
Increase in pH was observed in most of the combinations.

The initial nitrogen content in spent coffee was 1.86%, which decreased to
1.75% after vermicomposting. The nitrogen content increased to 2.74% in case of
amendment of spent coffee with cow dung in the ratio of 1:1, and when spent coffee
was amended with cow dung in a ratio of 2:1, it increased to 2.17%. In a
combination of spent coffee and coffee pulp in the ratio of 1:1 the nitrogen content
decreased to 1.75%, and in a combination of spent coffee and coffee pulp in the
ratio of 1:2, it increased to 3.00%.

From Table 5.3.5.1, it can be observed that the initial phosphorus content of
spent coffee was 0.05%, which increased to 0.11% after vermicomposting with cow
dung as amendment in the ratio of 1:1. A further increase in the phosphorus content
to 0.80% was observed when spent coffee was amended with cow dung in the ratio

of 2:1. In a combination of spent coffee and coffee pulp in the ratio of 1:1, the
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phosphorus content increased to 0.40%, and in a combination of spent coffee and
coffee pulp in the ratio of 1:2 it increased to 0.18.

Decrease in K content was observed in all the samples, which is a regular
observation with vermicompost samples (Orozoco, 1996). The initial organic
carbon content of spent coffee is 29.5 and there was a very slight decrease to 29.0%
after vermicomposting. There was considerable decrease in TOC in all the
combinations of spent coffee except in combination of spent coffee and coffee pulp
in the ratio of 1:2, where the decrease was only to 26.0%. The initial electrical
conductivity of spent coffee was 0.68 and after vermicomposting the electrical
conductivity increased in all the different combinations of spent coffee. Similar was
the case with pH, it increased in all the combinations of spent coffee.

As per the results in Table 5.3.5.1 some of the good combinations for
vermicompost production are spent coffee and cow dung in the ratio of 1:1,
unamended coffee pulp, coffee pulp and cow dung in the ratio of 1:1, spent coffee
and coffee pulp in the ratio of 1:2, spent coffee and coffee pulp in the ratio of 1:1,
spent coffee: cow dung in the ratio of 2:1.

Nutrient value of vermicompost as reported by Coffee board, Bangalore in
the coffee news magazine “Indian coffee” (2005, December Issue) is sited below.
The amount of major nutrients in vermicompost varies depending on the raw
material: total N (0.4-1.8 %), available phosphorus (0.11 to 0.31 %), available
potassium (0.15 to 0.60 %).

During the vermicomposting process a record of the population count of the

inoculated earthworm species was maintained and the results are presented below in
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Table 5.3.5.2. The results show an increase in population of earthworm during the
vermicomposting process and the maximum increase in population was observed in
a combination of spent coffee and dung in the ratio of 1:1, the number of
earthworms increased from 50 to 135 by the end of the 30-day observation period.
The second highest increase in population was observed in spent coffee: coffee pulp
(1:1), from 50 to 93, followed by spent coffee unamended fraction, the increase in
number was from 50 to 70. It was observed that there is a direct correct correlation
between the increase in the total earthworm population an improvement in the
quality of vermicompost (Table. 5.3.5.1). The low quality of vermicompost in some
combinations like coffee pulp without amendments, in spent coffee alone, and a
correlation with the low earth worm counts is due to the initial inhibitory effect of
the tannins and caffeine present in the processing wastes. During the 30-day
vermicomposting period, the organism first undergoes acclimatization and the
initial 50 worms introduced into the matrices utilize a part of the processing wastes
removing the inhibitory factors. All the worms introduced were found to have eggs
when introduced. After 30 days it was observed that in the case of amendments and
in unamended wastes there was a decrease in the number of adult worms in
unamended coffee pulp and in combinations of coffee pulp and cow dung (Table
5.3.5.2) indicating the death of the worms and the population of juvenile worms in
the partially digested wastes. The juvenile worms then were found to be capable of
completely degrading the wastes indicating that the worms have induced the
necessary enzymes required to degrade the tannins, phenolics and caffeine in the

coffee pulp and spent coffee.
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Besides this, the HPLC results of caffeine estimation of the vermicompost

produced showed that complete decaffeination occurred during the process of

vermicomposting. This proves that the earthworms were capable of detoxifying the

caffeine containing vermicompost material.

Table 5.3.5.1. Production of vermicompost using coffee processing wastes.

S. No Substrate pH EC* OC*| N P K
(m.mohs/ ® (%) | (%) | (%)
cm (%)
1. Coftfee pulp (Ohr) 4.78 6.96 2851205 ] 0.14 | 2.1
2. Spent coffee (Ohr) 5.17 0.68 29.5 | 1.86 | 0.05 | 0.11
3. Dung control (Ohr) 7.46 1.81 7.0 | 1.41 | 0.59 | 0.40
4. Spent coffee: cow dung 7.50 1.78 145 | 2.74 | 0.80 | 0.33
(1:1)
5. Spent coffee control 6.20 1.41 290 | 1.75 | 0.11 | 0.33
6. Coffee pulp: dung (2:1) 7.88 2.34 11.0 | 1.68 | 0.36 | 0.65
7. Coffee pulp control 7.54 2.63 7.0 | 3351 0.17 | 1.23
8. Coffee pulp: dung (1:1) 7.80 2.32 11.0 | 1.95 | 048 | 0.58
9. Spent coffee: coffee pulp 8.04 3.47 26.0 | 3.00 | 0.18 | 2.5
(1:2)
10. | Spent coffee: coffee pulp 8.28 3.64 12.0 | 1.79 | 0.36 | 1.92
(1:1)
11. | Spent coffee: cow dung 7.42 2.16 16.5 | 2.17 | 0.40 | 0.36
(2:1)
12. Dung control 7.52 2.27 7.5 | 137 | 042 | 0.34
*EC = electrical conductivity is a measure (millimhos per centimeter) of the relative salinity of soil or the amount of
soluble salts it contains.
**QC= Organic carbon content
Table 5.3.5.2. Population profile during vermicompost using coffee processing
wastes.
S. No Substrate Worm count (1** | Wormcount (30"day)
day)
1. Spent coffee control 50 70
2. Coffee pulp control 50 37
3. Cow dung control 50 44
4. Spent coffee: cow dung (1:1) 50 135
5. Spent coffee: cow dung (2:1) 50 42
6. Coftfee pulp: cow dung (2:1) 50 36
7. Coffee pulp: cow dung (1:1) 50 48
8. Spent coffee: coffee pulp (1:2) 50 65
0. Spent coffee: coffee pulp (1:1) 50 93
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Conclusion:

In the present work, coffee processing wastes such as coffee pulp, coffee
hull and spent coffee have been used efficiently for the extraction of caffeine,
production of enzymes, mushrooms and vermicompost. Extraction of caffeine was
done efficiently from coffee pulp by aqueous and solvent phase extraction. 1.512%
of caffeine could be extracted from coffee pulp using sodium carbonate to facilitate
the extraction method. The caffeine extracted from the coffee processing wastes
was further used for biotransformation to theophylline using screened fungal culture
P. citrinum MTCC 5215. P. citrinum MTCC 5215, the most potent decaffeinating
fungal strain was used for the biodecaffeination of coffee pulp and coffee hull using
solid state fermentation. The fungal strain could decaffeinate coffee pulp
completely in a period of 72 hours, but could not decaffeinate coffee hull. The
decaffeinated coffee pulp can have further uses as animal feed and as organic
fertilizer. Coffee pulp proved to be a good SSF substrate for the production of
enzymes such as caffeine oxidase, protease and pectinase, o-amylase and
amyloglucosidase. F9 a strain of Aspergillus produced the highest activity
(377.6U/gm substrate). Production of caffeine oxidase by the isolates has potential
application in biotechnological process of decaffeination. Protease production was
much higher using coffee pulp as substrate than with wheat bran as substrate. The
enzyme activity of isolate F3 (Penicillium) showed highest protease activity
85.3U/gm substrate in coffee pulp. All the fungal isolates produced good amounts
of pectinase enzyme. Highest pectinase activity of 9266.6 U/gm substrate was

produced by F10 an unidentified fungal isolate. These isolates can be used for the
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commercial production of pectinase using coffee pulp as substrate. Using coffee
pulp as substrate, a-amylase and amyloglucosidase were produced and the yields
obtained were comparable with that of wheat bran substrate.

It was observed that the processing wastes could be used successfully for the
production of mushroom. Coffee pulp gave maximum BCE of 99.545 whereas
coffee hull and spent coffee gave better BCE when amended with 25% rice straw
than in unamended form. Coffee hull proved to be the best substrate in terms of
lesser spawn run period of 10 days, maximum protein content of 25.84% and
maximum free amino acid content of 0.46%. Hence, unamended coffee hull which
is one of the under utilized processing wastes can be used for the production of
mushroom with less spawn run period, high protein and free amino acid content.
The results suggest that coffee pulp in unamended form and coffee hull and spent
coffee amended with 25% rice straw can be used as successful substrates for
mushroom production. It was observed that mushroom produced on coffee
processing wastes as substrates ad better nutritive value in terms of high protein
content and free amino acid content. However no accumulation of caffeine was
observed in the fruiting bodies suggesting the efficiency of Pleurotus in degrading
caffeine in these processing wastes during its growth. Hence, coffee processing
wastes can be used successfully for the production of mushroom using Pleurotus.

Vermicomposting was done using coffee pulp and spent coffee in
unamended and amended in different ratio with cow dung using E. foetida. The
analysis of the vermicompost showed increased NPK content. The best combination

for vermicompost was spent coffee and cow dung in the ratio of 1:1. Besides this,
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unamended coffee pulp also produced vermicompost with high NPK values. From
the results obtained it can be concluded that earthworms accelerated the
mineralization rate, converted the manures into castings with a higher nutritional
value and degrees of humification, and could decaffeinate the substrates used.

The coffee processing wastes were decaffeinated by cultivating fungi,
mushrooms and earthworms. Work carried out in the present chapter shows that
coffee processing wastes can be used efficiently for the extraction of caffeine,
efficient substrate for SSF for enzyme production, production of mushroom,

vermicomposting etc.
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