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Abstract
In the present study, about 140 samples of different indigenous plants were collected
from different localities for the isolation of taxol producing endophytic fungi. About 310
endophytic fungal strains were isolated from these samples and out of which maximum
strains (95) were isolated from the samples collected from the Taxus sp. whereas
minimum samples (15) were isolated from the Citrus limonum. These strains were
screened for the production of the taxol through surface culture in 250 ml Erlenmeyer
flasks by growing in PD broth at 30ºC for 20 days. It was found that out of 310 isolated
fungal strains only 20 strains had the ability to produce the taxol (9 from Taxus). It was
found that among these 20 strains, only three (UH-10, UH-230 and UH-275) showed
reasonable amounts of the taxol production i.e. 140µg/l, 80µg/l and 1540µg/l,
respectively. The identification of these strains was done on the basis of the
morphological characteristics, structure and size of the spore and the genetic analysis.
These strains i.e. UH-10, UH-230 and UH-275were identified as Cladosporium
cladosporioids, Asperigllus niger and Eurotium rubrum, respectively. The surface culture
fermentation was found to be the most suitable fermentation type for the production of
taxol as compared to SmF and SSF. Ten different fermentation media were screened to
enhance the production of taxol by the isolated fungal strains. Eurotium rubrum showed
maximum taxol productivity among these three selected strains in medium M-3
containing peptone, glucose, sodium acetate and sodium benzoate. The optimization of
the physical parameters was done for Eurotium rubrum (UH-275). The maximum amount
of taxol was found to be produced when fermentation was carried out at 30ºC for 21 days
with initial pH (6.5). Among the nutritional parameters, glucose (1.5%) as carbon source
was found to be the most suitable while among the organic and inorganic nitrogen
sources, peptone (2%) and 0.3% sodium nitrate resulted in maximum productivity of
taxol. Sodium benzoate at a concentration of 50mg/l, as a constituent of the medium
showed better production of taxol. Spore inoculum at a concentration of 5% resulted in
the highest amount of taxol production. Physical (UV) and chemical (Nitrous acid and
EMS) mutagens were used in order to create random mutagenesis for enhancing the yield
of taxol in the selected strain. Any of the variants produced after random mutagenesis did
1

not show enhanced production of taxol. The fermenter studies showed that the time of
incubation for maximum production of taxol was reduced from 21 days to 14 days.
Optimum rate of aeration and agitation in the fermenter were found to be 0.5 vvm and
100 rpm, respectively. In the bioreactor, highest amount of taxol production (4.8mg/l)
was observed when the pH was maintained at 6.5. The down streaming was done with
silica gel column chromatography to get the high purity taxol. The nuclear magnetic
resonance (H-NMR) and infra-red (IR) spectrometry was done for the characterization of
purified taxol. The spectra obtained confirmed the presence of high purity taxol in the
samples. Mesoporous silica nanoparticles, both unfunctionalized and functionalized
(aluminum and iron) with pore size greater than 1.8nm were synthesized and used for the
drug delivery studies. Three different types of aluminum and two iron functionalized
particles were used. Characterization of these mesoporous silica nanoparticles was done
with scanning electron microscopy and BET analysis. Non porous silica particles were
also used for comparison and it was found that the loading of drug was increased with
increasing the pore diameter and functionalization of the MSNs. However, the release
was not favored by the functionalization. Unfunctionalized MSNs showed best loading to
release ratios.

2

Introduction
Taxol was first approved by Federal Drug Authority (FDA) in 1992 as an anticancer drug
to be used for the treatment of many types of carcinomas. Later, the generic name of the
taxol was replaced by paclitaxel which is now a day present in the market with many
trade names and is used as drug of choice for cancer treatments. Taxol is a off white to
white crystalline powder but colourless or slightly yellow coloured in solution. The
molecular formula and the empirical formula of the taxol is C47H51NO14with a molecular
weight of 853.9 g/mol. Systemic name (IUPAC) of the taxol is ―(2α,4α,5β,7β,10β,13α)4,10-bis

(acetyloxy)-13-{[(2R,3S)-

3-(benzoylamino)-2-hydroxy-3-

phenylpropanoyl]oxy}- 1,7-dihydroxy-9-oxo-5,20-epoxytax-11-en-2-yl benzoate‖. It is
highly lipophilic substance which is soluble mostly in organic solvents like methanol and
chloroform dichloromethane etc. but is almost insoluble in water. The melting point of
the taxol is about 217ºC. The complete chemical structure of the taxol had been studied
and it is classified as taxane diterpenoids or taxoid (Kingston, 1995). The nomenclature
for paclitaxel is based on a skeleton having tetracyclic 17 carbon (heptadecane). The
taxol has about 11 stereocenters and the active stereoisomer of the taxol is (-) paclitaxel
(Fig 1).

Figure 1.1:- Structure of the Taxol or Paclitaxel
3

Structurally, taxol is a complicated diterpenoid plant alkaloid which consists of two parts.
The first is diterpene moiety which is biosynthesized through geranygeranyl
pyrophosphate (GGPP), the universal precursor of all diterpenoids. The second is
alkaloid moiety, phenylisoserine, which is biosynthesized from phenylalanine (Croteau et
al., 2006). The biosynthetic pathway for the taxol consists of several steps and involves
several genes in the plants. The schematic diagram of biosynthetic pathway of the taxol is
shown below in Fig 1.2.

Fig 1.2: ―Taxol biosynthetic pathway (ggpps: geranylgeranyldiphosphate synthase; ts: taxadiene
synthase; h-5_: cytochrome P450 taxadiene 5_-hydroxylase; tat: taxa-4(20), 11(12)-dien-5a-ol-Oacetyltransferase; h-10_: cytochrome P450 taxane 10_-hydroxylase; tbt: taxane 2a-Obenzoyltransferase; dbat: 10-deacetyl baccatin III-10-O-acetyltransferase) Multiple arrows
indicate several as yet undefined steps (Gou et al., 2006)‖.
4

The first step in taxane biosynthetic pathway is the conversion of geranygeranyl
pyrophosphate (GGPP) to taxa 4(5), 11(12)-diene by taxadiene synthase (Nims et al.,
2006). The biosynthesis of taxol consists of about 19 enzymatic steps few of which are
still not clear.
Taxol is an important anticancer drug having mechanism of action different from
the other anticancer drugs. Cells which are treated with taxol have defects in mitotic
spindle assembly so that chromosome are not segregated properly and hence no cell
division. Colchicine and other drugs that target tublin mainly inhibit microtubule
assembly while unlike these drugs taxol has ability to stabilize the microtubule polymer
and hence protect it from disassembly. In this way, chromosomes are not able to achieve
a metaphase spindle configuration and the mitotic progression is blocked and the cell
division is prolonged. This prolonged activation of the mitotic checkpoint initiates
apoptosis causing cell death. It can also cause the reversal of the cell to the inter phase of
the cell cycle without cell division (Brito et al., 2008). Beta tubulin has been found to
have binding sites for the attachment of the taxol (Lowe et al., 2001). The fact that the
drug has a specific binding site on the microtubule polymer makes it unique among other
chemotherapeutic agents. The taxol is also unusual in its ability to polymerize tubulin in
the absence of cofactors like guanosine triphosphate (GTP) and microtubule associated
proteins. So by stabilizing the cell spindle assembly, taxol can inhibit the cell division
and can reduce the cancer.
Taxol has been approved by Food and Drug Administration (FDA) and well
established as a very important and effective anticancer drug against a wide variety of
tumors since 1992. Taxol is approved in the UK for breast, ovarian, lung cancers and
Kaposi's sarcoma (Saville et al., 1995). In September 2001, NICE (National Institute of
Clinical Excellence), after the failure of anthracyclic chemotherapy, recommended that
taxol should be available for the treatment of advanced breast cancer but its use as a first
line drug therapy for breast cancer treatment should be limited to clinical trials. Taxol is
also used as an anti-proliferative agent of coronary stents for the prevention of restenosis
(recurrent narrowing). For this purpose a taxol coating on the stents inhibits the
proliferation of neointima (scar tissue) within stents (Ottaggio et al., 2008).
5

Most common adverse effects of taxol include vomiting and nausea, change in
taste, thinned or brittle hair, loss of appetite, pains in the joints of the legs and arms,
changes in the colour of the nails and tingling in the toes or hands. More serious adverse
effects such as unusual bleeding or bruising, redness, pain and swelling at the injection
site, change in normal bowel habits for more than 2 days, chills ,fever, sore throat, cough,
difficulty in swallowing, dizziness, severe exhaustion, shortness of breath, skin rash,
facial flushing, chest pain and female infertility by ovarian damage can also occur
(Ozcelik et al., 2010). Some of these side effects are associated with the Cremophor EL
which is polyoxyethylated castor oil which is used as excipient.
The taxol was first discovered in 1964 by scientists at National Cancer Institute in
USA (Saville et al., 1995). It was isolated from the bark of a gymnosperm tree, Taxus sp.
Since 1967 till 1993, most of the taxol was produced from the plant sources such as
Taxus bravifolia and Taxus sp. The taxol was obtained from the bark of the plant but
yield of the drug produced from the bark was much low. From 1200 kg of the bark, about
28 kg of crude extract was isolated and it ultimately produced only 10g of pure taxol
(Goodman and Walsh, 2001). It was estimated by Natural Product Branch of National
Cancer Institute that about 360,000 trees were required annually to treat all the patients of
ovarian cancer and melanoma in USA. So destruction of such a large number of trees
could pose a serious threat to the ecosystem. So the scientists paid attention to find the
other sources of the drug.
Many researchers from the USA and France attempted to synthesize taxol in the
lab. Holton and his group (1994) were the first who published total synthesis of taxol.
The Holton synthesis started with commercially available naturally occurring compound
patchoulene oxide (Holton et al., 1994). This was followed by complete synthesis of
taxol by a number of scientists (Nicoaou et al., 1994; Danishefsky, 1996). The total
synthesis of the taxol was not economical as the amount of the drug produced was even
low as compared to the plant source. French group of Pierre Potier (1981) demonstrated
that it was feasible to isolate relatively large quantities of 10-deacetylbaccatin, a
compound used for the semisynthetic production of taxol. Holton (1989) had developed a
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semisynthetic route for the production of taxol which doubled the yield of taxol produced
by the Potier process.
There are several other possible routes to industrialize taxol production such as
tissue or cell culture. This is one of the methods to industrialize taxol besides semi
synthesis and isolation from plant (Hu et al., 2003). Now a day, taxol is produced by cell
culture technique known as plant cell fermentation (PCF). In this technique a specific
Taxus cell line is propagated in aqueous medium in large fermentation tanks. Extraction
of taxol is done directly from the fermentation tanks. The extracted taxol is purified by
chromatography and isolated by crystallization. Plant cell fermentation technique is very
useful as compared to the semisynthesis, as it eliminates the need for many dangerous
chemicals and saves a considerable amount of energy. Since then a lot of work has been
done on the production of the cell lines and optimization of culture conditions such as
incubation temperature, culture medium and incubation period to enhance the efficiency
of the process (Malik et al., 2011).
Recently, the synthesis of taxol is broken down into two parts by the researchers
from Tufts University in Boston, US and Massachusetts Institute of Technology (MIT)
(Ajikumar, 2010). First, four bacterial isopentenyl pyrophosphate (IPP) genes were
amplified in Escherichia coli to enhance the production of isopentenyl pyrophosphate
(IPP), which is a building block of taxadiene, an important taxol precursor. After this
they inserted two important plant genes to convert the isopentenyl pyrophosphate (IPP) to
taxadiene, achieving 1g/l in the fermentation mixture while in previous experiments using
Escherichia coli, scientists achieved only 1.3mg/l of taxadiene. In 1993, taxol was
coincidentally discovered to be produced by a newly described fungus living
endophytically in the yew tree. The first Taxol producing fungus Taxomyces andreanae
was reported in 1993 but the amount of the taxol produced by the fungus was very low
i.e. up to 50ng/l (Stierle et al., 1993). Ever since, there have been a few reports on the
isolation of taxol producing endophytic fungi (Strobel et al., 1996a; Wang et al., 2000).
The microorganisms that could produce the taxol are the good alternative source for its
production by

using fermentation process. The major problem associated with this

source is the lowest and unstable production of taxol by the microorganisms i.e. fungi.
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The amount of taxol produced by the fungi varies from 24ng per liter to 70 μg per liter of
culture (Strobel et al 1996a). A strain of Pestalotiopsis microspora CP-4 had the ability
to produce taxol at varying rate i.e. 50 ng/l to 1487 ng/l. this varying amount of taxol
production indicate that it was genetically unstable (Li et al., 1998). The isolation of taxol
producing fungal strain from taxol producing plant gave the idea that the gene for taxol
production might have shifted from the plant to the fungal strain. In other words the
genes for taxol production might be co evolved by horizontal gene transfer from host
plant to its endophytes but little documentation exists with regards to gene transfer from a
higher plant to an endophyte or parasite (Li et al., 1998). Alternatively, fungi might have
an independently evolved system for taxol production.
Different genera of endophytic fungi such as Pestalotiopsis microspora,
Taxomyces

andreanae,

Periconia

sp.,

Alternaria

alternate,

Pithomyces

sp.,

Chaetomellara phigera, Seimatoantlerium nepalense and Monochaetia sp. have been
reported to produce taxol (Zhao et. al., 2010). Recently, various taxol producing
endophytic fungal strains have been isolated from the medicinal plants by a research
group (Gangadevi and Muthumary, 2008). Taxol producing endophytic fungal strains
such as a leaf spot strain, Phyllosticta citricarpa from Citrus medica and Botryodiplodia
theobromae from Taxus baccata have also been reported (Raja et al., 2008; Senthil et al.,
2008). An endophytic fungus, Pestalotiopsis terminaliae was isolated from the
Terminalia arjuna (Arjun tree) which produced a considerable amount of taxol
(Gangadevi and Muthumary, 2009). Some of the high producers of the taxol include
Cladosporium cladosporioids (800 μg/l), Metarhizium anisopliae (846.1 μg/l),
Asperigllus nigerver. taxi (273.6 μg/l) and Aspergillus fumigates (557.8 μg/l) (Zhao et al.,
2010).
The taxol production is carried out by submerged, solid state and static
fermentations (Ruiz-Sanchez et al., 2010). Solid state fermentation is carried out by using
a solid inert material as base such as barley, sugarcane bagasse, rice bran, wheat bran and
wheat rawa (Adinarayana et al., 2003). The high amount of the taxol can be produced
during the solid state fermentation by using base medium containing various components
(Ruiz-Sanchez et al., 2010). Optimization of the base medium for the production of the
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taxol and optimization of other fermentation conditions are very important such as
addition of nutrients, temperature control, pH control, inoculum and incubation period.
These fermentation conditions had a pronounce effect on the production of metabolite by
solid state fermentation (Cuadra et al., 2008).
In spite of the potential of solid state fermentation to improve Taxol production,
most of the published studies related to Taxol producing fungi have been performed in
submerged fermentation. The most suitable method for the production of secondary
metabolite including taxol is submerged fermentation (Auld, 1992). In submerged
fermentation agitation, aeration, supply of the nutrient and excretion of the product into
the fermentation medium is very easy. In submerged fermentation, free flowing liquid is
used for the production of the primary and secondary metabolites. The products are
secreted directly into the fermentation broth. In this mood of fermentation, the nutrients
are utilized very easily and rapidly. As the nutrients are rapidly utilized during the
submerged fermentation, a constant supply of the nutrient material is required for the
growth of the microbial strain and production of the metabolites. A suitable arrangement
of the other physical parameters of fermentation such as incubation temperature,
incubation period and initial pH of the medium is very crucial for the higher output of the
fermentation process. Optimization of the nutritional parameters such as carbon source,
nitrogen source etc. is another key factor for the production of the secondary metabolites.
Many researchers have used the submerged fermentation for the production of taxol from
fungal culture (Visalakchi and Muthumary, 2010). The purification of the product
produced by this technique is very easy (Subramaniyam and Vimala, 2012). Most of the
researchers have used the static fermentation or surface culture fermentation for the
production of taxol by the fungi (Sreeknath et al., 2009; Visalakchi and Muthumary,
2010). During surface culture, the fermentation is performed under static conditions. The
fungus grows on the surface of the liquid medium. The surface culture fermentation is
more cost effective as compared to the shake flask fermentation where much energy is
required for agitation and mixing. The absorption of the nutrient and excretion of the
metabolite is easy and the separation of the active compound is easy as compared to solid
state fermentation.
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The composition of fermentation medium is very important because nutrient
materials such as nitrogen, carbon, phosphorous, amino acids and trace element can
influence the taxol production during fermentation. Carbon serves as the back bone of the
organic compound and energy source. It is the basic element required for the formation of
the cellular frame work and it is essentially present in all metabolites either primary or
secondary. The organisms have varying ability to utilize the carbon sources depending
upon their enzymatic machinery. The amount of the taxol being secondary metabolite is
regulated by the carbon sources as they act as precursor for the synthesis of the taxol
(Parra et al., 2005).The carbon source such as sucrose, glucose, fructose, lactose and
molasses etc. can influence the production of taxol. So the availability and structural
complexity of the carbon sources such as simple monosaccharide (glucose) to complex
polysaccharide (starch) can affect the production of the secondary metabolites. As the
utilization of the carbon sources require a particular enzymatic system, so the availability
of the carbon source markedly affects the morphological characteristics and hence the
production of the metabolites corresponding to that particular morphological form.
Inspite of being the back bone of the organic compounds and metabolites, carbon source
may have a suppressive effect on the production of the metabolites instead of enhancing
the production of the secondary metabolite (Hutter, 1982). The amended medium
containing glycerol and yeast extract along with the carbon source was reported to have
enhanced production of the antitumor compounds (Radu and Kqueen, 2002).
The amount of the taxol being produced by the fungal culture is also
regulated by the presence of nitrogen source in the culture medium as they act as
precursor for the synthesis of the taxol (Parra et al., 2005). There are certain nitrogen
sources that have their effect on the growth of the fungal culture as well as on the
production of secondary metabolites (Merlin et al., 2013). The production of the
anticancer drugs as secondary metabolites can be enhanced by supplementing culture
medium with yeast extract whereas biomass production has been found to be increased
by using soytone, peptone and beef extract in the culture medium (Merlin et al., 2013).
Nitrogen being the basic component of the amino acid is also essentially required for the
formation of the biomass along with the enzymatic system. Deficiency of nitrogen in the
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medium can greatly influence the growth rate of the fungus and morphological
differentiation, so the secondary metabolites, the production of which is associated with
the morphological differentiation, can also be affected. Certain fungal strains have the
enhanced production of the metabolites if the intermediate compounds or precursors of
the product are added to the medium. The taxol have the benzene ring in its basic
structure so the addition of the benzoic acid as precursor may affect the amount of the
taxol production.
The incubation temperature has pronounced effect on the different growth phase
of the fungi such as stationary phase, exponential phase etc. Different fungal strain can
grow best at different temperatures. The amount and type of the metabolites produced by
the fungi at different growth phases differ depending upon the growth requirement of the
fungal strain. For the maximum production of the secondary metabolites by the fungus
Fusarium sp., incubation period of nine days is found to be most optimum as during this
period the fungus reached at stationary phase of its growth cycle. The amount of the taxol
was found to be related with the growth patterns of the fungus i.e. log phase to stationary
phase and maximum amount of the taxol was found to be produced during the stationary
phase (Sreekanth et al., 2011).
The pH of culture medium is one of the crucial factor for the microbial
metabolism and hence for the biosynthesis of secondary metabolites. The cell wall and
cell membrane permeability is highly associated with the pH of the medium and thus has
got effect on either ion uptake or loss to the nutrient medium (Huang et. al., 2001b). The
stability of different medium constituents in the culture broth may also be affected by the
pH of the medium (Kuenzi, 1980) so making them unavailable to the fungus. The
enzymes being used by the fungus for their metabolic activities are protein in nature and
these are pH sensitive and hence can work at an optimum pH range. The growth and
sporulation in the fungi may also be affected by the initial pH value of the medium
(Madan and Thind, 1998). The working rang of pH for different fungi are different.
However the initial pH value of 5.5 to 7.0 can best support the satisfactory growth of
majority of the fungi (Tandon and Chandra, 1961).
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Down stream processing is an important step for the production of the hormones,
antibiotics, vaccines, enzymes and other important products through fermentation. It is
usually taken as specialized area in biochemical engineering for the separation of the
final finished product. The down streaming of the taxol from the cultural broth can be
done by the use of column chromatography. The fungal broth containing taxol is loaded
on the silica gel column. Chloroform and acetonitrile are used as eluting solvents
(Sreeknath, 2009). Super critical carbon dioxide and solid matrix are also used for the
purification of the taxol from the fungal culture broth (Negi et al., 2009).
The term ‗drug delivery‘ refers to the process of transporting bioactive agents or
drugs, into specific locations of the body through various means of administration to
achieve a desired therapeutic effect. A drug delivery system is the combination of a drug
and a carrier material used to improve the delivery of drugs to their target locations and
enhance specific pharmacokinetic actions. The original aims of such systems was to
control the dosage release and in-vivo duration of the drug to achieve the maximal benefit
by decreasing drug metabolism and to achieve minimal harm to the patient by reducing
drug toxicity (Wang, 2009). Current objectives of drug delivery systems also include
drug targeting to organs, tissues or receptors and increasing drug solubility to enhance
bioavailability to otherwise inaccessible areas of the body (Pillay et al., 2013).
Drug carriers are the materials used in drug delivery systems to load and transport
drugs to their target sites within the body. Ideally, the carrier material is non-toxic,
biocompatible and biodegradable. There are currently many different classes of drug
carriers, each with distinct advantages in carrying different drugs. A growing number of
certain diseases such as cancer have presented a need to research particular classes of
drug carriers to target these diseases. Promising drug carriers in this area of research
include soluble synthetic polymers, liposomes, nanoporous materials and nanoparticles.
Nanoporous materials are made of a regular framework of organic or inorganic
material, supporting a regular porous structure (Jenkins, 2010). Nanoporous materials can
be classified as either bulk materials or membranes of mostly natural origins. Nanoporous
structures with pore sizes less than 100 nm have been fabricated in various materials
including titanium dioxide, aluminum oxide and silicon dioxide (Haidary et al., 2012).
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Mesoporous silica materials were of particular interest to many research groups because
of their highly regular pore structures, which allow a more controlled diffusion of drug
molecules from the pore voids (Xu, 2013). Mesoporous silica materials, with pore sizes
of 2-50 nm, also exhibit exceptional drug loading due to a high surface area of 400-1000
m2/g and controlled release properties (Kilpelainen et al., 2009; Kempson et al., 2010).
One of the recent applications of mesoporous silica materials is the delivery of
chemotherapeutic drugs. The controlled release of the anticancer drug doxorubicin on
mesoporous silica carriers has been investigated (Liu et al., 2013b). Due to their size,
nanoparticles are able to evade the immune system as a foreign particle, easily access
most tissues within the body and cross the lipophilic blood brain barrier (De Jong and
Borm, 2008). Nanoparticles with a hydrodynamic diameter of 10-100 nm have optimal
pharmacokinetic properties for in vivo applications (Wilczewska et al., 2012).
The nano drug delivery may be a successful delivery system for the delivery of
the taxol through physical entrapment of taxol on nanoparticles because in these
formulations, toxic adjuvant Cremophor EL is not used. In addition the therapeutic
efficiency of the drug is also significantly increased through changing the
pharmacokinetics and pharmaceutics behavior of the drug, which is most desirable for
drug delivery systems (Zhang et al., 2013).
The present study is aimed at the isolation of highly productive endophytic fungal
strain from different plants. It also includes optimization of the fermentation parameters
to enhance the production of the drug. This study is also aimed at downstream processing
of the drug and drug formulation in nano particles for oral delivery. The specific
objectives of the present study are as follows:

Isolation of endophytic fungal strains



Screening of isolates for taxol production through static fermentation



Identification of the selected fungal strains



Optimization of the cultural conditions for the production of taxol such as
i. Culture medium
ii. Incubation period
iii. Incubation temperature
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iv. Initial pH
v. Inoculum size and age
vi. Carbon sources
vii. Nitrogen sources
1. Organic nitrogen sources
2. Inorganic nitrogen sources
viii. Random mutagenesis of the wild type fungal strain to enhance the
production of Taxol
ix. Down stream processing of Taxol
x. Characterization of the Taxol
xi. Synthesis of the nano particles
xii. Delivery of the taxol by nano particles
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Literature Review
Taxol is an important anticancer drug permitted by the FDA for the cure of most of the
cancers such as lung, ovarian and others. It is also used for the treatment of restenosis. It
is first world billion dollar compound. It was primarily isolated from the bark of the yew
plant. Arthur S. Barclay in 1962 collected the bark of the yew plant named as Taxus
bravifolia for the screening purposes to find the chemical substances that have the anticytotoxic activity. 1n 1966, the active ingredient was isolated and named as taxol in
1967. Wani and his fellows (1971) published their finding regarding the structure and
chemical properties of the taxol (Wani et al., 1971). In 1978 it was found that the taxol is
effective against leukemia and later on it was proved to be very effective in xenogreaftic
studies.
In 1979, a molecular pharmacologist Susan B. Horwitz found that the mechanism
of taxol action was very unique as it stops the cell division by stabilizing the mitotic
spindle assembly as it was not previously described. The preclinical trials of the taxol
were completed in 1982 and later in 1984. The phase 1 clinical trials were started and
after one year the phase II clinical trial was started. This required the huge amount of the
bark of the yew plant. In 1989 the Bristol Myer Squib was selected as partner due to the
shortage of the funds for further collection of the active ingredient from the bark of the
yew plant. In 1990, BMS applied Taxol as a trademark to the product. The attempts were
made to prepare the drug syntactical but the cost remains the main issue.
David et al., (1990) summarized the prior studies on the science of taxol from the
creators' lab. The prior studies incorporated the segregation of new taxanes from Taxus
brevifolia, the readiness of acyl and ether subordinates of taxol, the deacylation of taxol
to baccatin 111, and the oxidation of taxol and cephalomannine. Their studies at the
response of taxol with electrophilic reagents had yielded a taxane 29 with an opened
oxetane ring and another taxane 33 with a revised A ring. They also described the taxol
derivatives which were suitable for affinity partiality studies on tubulin.
John (1991) found that taxol a profoundly functionalized antimitotic diterpene
which occurred as a minor segment of concentrates of the bark from trees of the family
taxus was needed in progressively bigger amounts for clinical trials. Last filtration of
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taxol obliged partition from cephalomannine. An effective detachment of those firmly
related analogs had been accomplished by ordinary stage HPLC on a cyanopropyl
segment.
Stierle et al., (1994) investigated that bioactive compound of the endophytic
microorganisms concerned with pacific yew tree Taxus brevifolia.

A noval

hypomycetous fungus was observed to be associated with Taxus brevifolia which when
grown in semisynthetic media could produce taxol and taxanes. Taxomyces andreanae
was confined from the inner bark (phloem) of a Pacific yew tree, the conventional
wellspring of actually occurring taxol. To confirm the presence of taxol in the fungal
culture, the chromatographic behavior of the fungal taxol and plant taxol was used by
utilizing the techniques such as electrospray mass spectrometry and fast atom
bombardment method.

Further the taxol was also confirmed on the basis of 9KB

cytotoxicity studies and reactivity with monoclonal antibodies particular for taxol. The
two important chemicals such as phenylalanine UL-14C and acetate 1-14C served as
forerunners of taxol – 14C in labeling studies of fungal culture. In this way the de novo
synthesis of the taxol was confirmed. Immunoassay systems were right now being
utilized to screen concentrates of Taxomyces andreanae for new taxans and to figure out,
whether other endophytic growths are taxol makers.
Guchelaar et al., (1994) isolated taxol, a diterpene alkaloid from the bark of Taxus
bravifolia. It could enhance the formation of the microtubule polymers in a rapidly
dividing cell, by reversibly and binding the three subunits of the microtubules. There
were certain dose (200-250 mg/m2) limiting toxicities such as myelosuppression
especially neutropenia, seemed to be appeared in solid tumors. Moreover many side
effects for example tactile neurotoxicity, loose bowels and alopecia appeared frequently.
The leukemic patient showed some non-hematological disorders such as mucositis as
dose limiting toxicities (390 mg/m2). Some schedule dependent hypersensitivity reactions
might develop in individual cases that could be fatal.

To prevent such type of

hypersensitivity reaction in the patients some antiallergic must be administered along
with the taxol. But such type of the prophylactic responses could not be stopped safely by
administering antiallergic drugs. The combinatorial therapies of the taxol with cisplatin,
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doxorubicin or cyclophosphamide had demonstrated the possibility of these regimens in
phase I clinical trials and indicated guarantee for future studies. Myelosuppressive
toxicity could be modulated by the addition of the granulocyte colony forming units (GCFU). In phase I clinical trials the myelosuppressive toxicity could also be modulated by
increasing the dose of the taxol (250 mg/m2) but this would show the peripheral
neuropathy as dose limiting toxicity. In Phase II studies, taxol had been indicated to be
viable, including delivering complete tumor abatement, in treatment of various types of
carcinomas. Taxol was less viable in metastatic melanoma (12%-14% reaction rate, with
a couple complete reductions) and demonstrated insignificant action in adenocarcinoma
of the gastrointestinal tract. Renal cell carcinoma seemed, by all accounts, to be inert. The
principle imperative of this medication was its scarceness and challenges of supply;
thusly the quest for option sources and the improvement of semisynthetic analogs, for
example, docetaxel might be promising for what's to come.
Srinivasan et al., (1995) examined kinetics of taxol drug production, nutrient up
take and biomass synthesis of Taxus baccata cell suspensions in three fermenter
arrangements i.e. 250 ml, one liter and mix tank fermenter. All 3 bioreactors showed the
similar kinetics. Biphasic characteristics were exhibited by the rates of specific nutrients
and biomass synthesis. As the phosphate finished in the medium, the utilization and
absorption of the carbohydrates and biomass synthesis stopped. Phosphate was
recognized as a conceivable development restricting supplement. Taxol aggregated solely
in the second period of development. Maximum taxol (1.5 mg/l) was acquired in the
PMB which was 5 times more prominent than that got in the Erlenmeyer flask and the
STB. But the kinetic patterns remained the same in all type of the fermenters. Biomass
yields were figured out from the kinetic information and a stoichiometry for biomass
development was assessed.
Strobel et al., (1996a) isolated Pestalotiopsis microspora from the inward bark of
a little appendage of Himalayan yew, Taxus wallachiana, and showed that mycelial
culture could also produce the taxol. Taxol produced by the plant and mycelial culture
was identified by chromatographic and spectroscopic analysis by comparing with
authentic taxol. Ideal taxol generation happened following 2-3 weeks in static culture at
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23°C. 14C Acetate and 14C phenylalanine served as forerunners for fungal 14C taxol.
These perceptions on P. microspora were talked about in connection to the natural
production of the taxol by fungal culture.
Li et al., (1996) found that Pestalotiopsis microspora occurred as an important
strain in uncovered cypress, Taxodium distichurn. The bark, xylem and phloem mostly
inhabited by the fungus as an endophyte. The strain Pestalotiopsis microspora showed
difference in morphology and other feature when grown in the media in the lab. Many of
these fungi could produce the taxol as it was evident from the monoclonal antibody
reactivity of the fungal culture extract. On account of one strain of P. microspora (CP-4),
taxol was detached from culture broth. The chromatographic analysis were performed to
confirm the taxol.
Strobel et al., (1997) reported the presence of Wollemia nobil (Wollemi pine an
araucariaceous plant) in the Wollemi National Park close to Sydney, Australia. Wollemia
nobil was reported be as a host of many endophytic fungi such as Pestalotiops guepinii.
The fungal strain (Pestalotiops guepinii) had the ability to produce taxol, an important
anticancer drug. The presence of the taxol was confirmed by the chromatographic
spectroscopic and immunological analysis and the results were compared with authentic
taxol from Taxus brevifolia (Pacific yew). Since the taxol was not produced by the
Wollemi pine by what method might a taxol synthesizing organism be available in this
strange tree? Appendaged spores of the fungus P. guepinii migrated by sticking to the
feathers and pinnae of the birds. Examining electron microscopy of the conidia of P.
guepinii plainly demonstrated the spores on the plumes of a green checked conure and a
cockatiel. Possibly, the fungal strain might have procured the capacity to deliver taxol
from an outside or nearby yew and after that was conveyed to the Wollemi pine site by
local winged creatures.
Li et al., (1998) found that Pestalotiopsis microspora was an endophytic fungal
strain present in various plants such as Taxus wallachiana. Pestalotiopsis microspora had
the capacity to synthesize taxol in liquid medium. The amount of the taxol for the
treatment of human carcinomas could be increased by optimizing cultural conditions for
the fungal strain (P. microspora). The taxol production was increased by increasing the
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amount of the sodium benzoate and by reducing the amount of the phosphate.
Triadimefon and tebuconazole (Sterol biosynthesis inhibitors) had significantly increased
the amount of the taxol.
Kwon et al., (1998) studied the impacts of adsorbents on the generation of taxol
and taxane from cell culture of Taxus cuapidata. They tested several non-ion exchange
resins as adsorbents and found XAD-4 as a most suitable adsorbent with maximum
adsorptive capacity for taxol due hydrophobic interaction among them. When the resin
XAD-4 was added to the 16th day culture medium, the amount of the taxol was observed
to increase up to 40% to 70%. Although on addition of the adsorbent could greatly
increase the amount of 10-deacetyl baccatin III and cephalomanin but the synthesis of
baccatin III was not enhanced because of the weak hydrophobic interaction between
adsorbents and baccatin III. The amount of the 10-deacetyl baccatin III could be
enhanced by refreshing culture, yet did not improve the cephalomanin synthesis.
Panchagnula (1998) explained that paclitaxel was a standout amongst the most
vital lead compound to rise up out of a natural source. Taxol was mostly extracted from
inner bark of the slow growing yew tree as it had the unusual and complex chemistry.
Although the taxol had been synthesized chemically in the lab but the process was not
feasible for commercial purposes. Taxol had a low therapeutic index; it was very
lipophilic and for all intents and purposes insoluble in water. The Cremophor EL and
alcohol (dehydrated) were used as a vehicle for sterile injection when prepared
commercially. Taxol when used for the treatment of the cancer had several
hypersensitivity reactions. The drug delivery and its availability was the major hurdle for
the use of the drug for the cancer treatment. An improved drug delivery system was
required for the better therapeutic effect and low side effect of the taxol. Consequently,
the current methodologies were principally centered around; (1) Cremophor EL free
formulation, (2) the likelihood of preparation at large scale and (3) long lasting stability.
For the better health care system, it was mandatory to find the new therapeutic molecules
but he emphasized the better drug delivery system that could further refine the treatment.
The distinctive methodologies researched so far have indicated much guarantee in
swapping the Cremophor based vehicle for taxol delivery.
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Yang et al., (1998) developed a method to purify taxol from the crude chloroform
extract of Taxus yunnanens. They implied polymeric stationary phase based industrial
preparatory liquid chromatography (IPLC) system. Initially 5 kilogram of the crude
extract could be loaded onto the columns by using single system apparatus. Finally about
fifty grams of the taxol was obtained by three chromatography runs within 155 hours
without wasting organic solvent. Greater than 80 % of the taxol was obtained. The D956
tar has demonstrated more prominent selectivity of taxol than C materials and silica gel.
The commercial scale production of the taxol was achieved by this system.
Doherty et al., (1998) demonstrated that an antitumor drug (paclitaxel) as a
lipopolysaccharide and mimetic agent in murine macrophages. In their study, they
examined the capacity of paclitaxel to activate macrophages to become microbicidal for
Leishmania major. Paclitaxel and gamma interferon synergized to kill intracellular L.
major in Lpsn, but not Lpsd, macrophages by a nitric oxide (NO2) dependent mechanism.
Baloglu (1998) reported that taxol was primarily isolated in tremendously low
capitulate from the bark of the western yew, Taxus brevifolia. The clinical usefulness of
taxol as an anticancer medicine had encouraged a remarkable try to acquire this
composite molecule unnaturally. Due to the chemical intricacy of taxol, its commercial
manufacturing by total production was not likely to be cost effective. One more accepted
product, 10-deacetyl baccatin III was readily accessible in elevated yield. A number of
procedures had been reported for the production of taxol by coupling baccatin III and the
N-benzoyl-b-phenylisoserine side chain.
Walsh and Goodman (1999) reported that the discovery of taxol was great
breakthrough for the treatment of various carcinomas. In many countries of the world it
was being used for the treatment of advance breast cancer and ovarian cancer. Taxol had
much importance for use for the treatment of cancer due to its broad impact and
characteristics along with other important qualities of structure and synthesis. Taxol was
an intricate compound found in the bark of the Pacific yew plant, especially in
Washington and Oregon in USA. The bark was initially gathered in 1962 and cytotoxicity
showed in 1964. But the first result of the clinical trial was reported in 1989. Then it was
rushed for the regulatory procedures through Food and Drug Administration department
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of the USA. In 1992 the taxol was approved by the FDA for the treatment of ovarian
cancer. Controversies rose in 1989 on use of the taxol because of the sustainable studies
on the source of the taxol and in coming years these controversies increased. In their
studies they analyzed two main debates concerning taxol, the first of which concentrated
on clear clashes between the needs of natural assurance and those of disease
chemotherapy. Despite the fact that the media had depicted this as a conflict of interest
between the supply of the taxol and individual ´s treatment for cancer that it was an
endeavor to build lay cooperation in biomedical choice making and approach plan. The
second discussion was between wellbeing approach and the exchange of open
experimental property to the corporate division. The pharmaceutical organization Bristol
Myers Squibb (BMS) was given selective rights to extract taxol from Pacific yew trees
under an agreement marked in 1991. As it was in the interest of the US Government and
it started open discussion about the policy of the government regarding the transfer of the
research product to the private sector.
Daly et al., (1999) found that Aspergillus fumigatus culture filtrate (CF) had a
strong cytotoxic impact on three human disease cell lines (DLKP, A549 and HEp-2) and
started cell demise by apoptosis however the execution of the apoptotic procedure was
fragmented. DLKP cells treated with A. fumigatus CF exhibited components connected
with apoptosis yet cytoplasmic and atomic discontinuity was not watched and cells at last
experienced rot. The apoptotic procedure initiated in A549 and HEp-2 cells upon
presentation to CF, cell shrinkage was watched however film gabbing and apoptotic body
development were not recognized and isolates cells kicked the bucket by putrefaction.
Interestingly, broad atomic discontinuity and apoptotic body development were obvious
in DLKP and A549 cells treated with hostile to neoplastic operators. This work
demonstrates that A. fumigatus CF was cytotoxic to disease cells and can start apoptosis
however that the complete apoptotic pathway was not taken after.
Walker et al., (2000) isolated an enzyme named as taxa-4(20), 11(12)-dien-5a-olO-acetyl transferase. This enzyme could catalyze the 3rd step of biosynthesis of the taxol
from methyl jasmonate induced taxus cells. They also purified and characterized the
enzyme taxa-4(20), 11(12)-dien-5a-ol-O-acetyl transferase. Internal amino acids of the
21

enzyme were sequenced by a revised purification technique. These sequences were used
to design the primer and amplification of the transacetylase gene specific fragments. This
radio labeled amplicon (900 bp) was utilized as a hybridization probe to screen a cDNA
library built from poly (A) 1 RNA disconnected transacetylase grouping was obtained.
Functional enzyme was obtained from the expression of the clone that had been obtained
from pCWori1 in Escherichia coli JM109. The acetylated product of the enzyme was
verified by the gas chromatographic-mass spectrometric and radiochemical assay. An
open reading frame of nucleotide (1317) was present in the complete length of DNA.
Theses nucleotide represented the 439 corresponding amino acid residues which showed
the specific sequence identity to the proteolytic part of the native enzyme. This enzyme
resembled in properties to the recombinant transacetylase. Predictable with the span of
the operationally solvent local enzyme, the DNA seemed to encode a monomeric protein
of atomic weight 49,079 that had no N-terminal organelle focusing on data. Arrangement
correlation of the taxadien-5a-ol-O-acetyl transferase with the couple of other known acyl
transferases of plant source demonstrated a huge level of comparability between these
compounds (64% to 67%). The productive transformation of taxadien-5a-yl acetic acid
derivation to further hydroxylated intermediates of the taxol pathway affirmed the
importance of this acylation step and proposed this taxadienoltransacetylase to be a vital
focus for hereditary control to enhance taxol generation.
Williams et al., (2000) found that the cyclization of the geranylgeranyl
diphosphate to taxa-4(5), 11(12)-diene was an important step in the synthesis of the taxol
(an important anticancer drug) from Taxusspecies. Olefin cation cyclization complex
events including with arrangement of 3 rings and 3 stereogenic centers were catalyzed by
the enzyme taxadiene synthase. Specifically deutrated substrate was incubated along with
the enzyme recombinant taxadiene synthase and the system of cyclization was tested
utilizing NMR and MS examinations of the items to characterize the ending
deprotonation steps and urgent hydrogen movement. The ring A along the ionization of
the diphosphate was closed by electrophilic cyclization. This closure was followed by
the unique intermolecular transfer of proton (C11to C7) and closure of the ring (B). This
series of events was followed by the juncture of the ring C and termination by the
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elimination of the proton from C5 L-face. These discoveries gave knowledge into the
atomic structural planning of the initially devoted step of taxol biosynthesis that made the
carbon skeleton of taxane and they had expansive ramifications for the general
mechanistic capacity of the huge group of terpenoid cyclization enzyme.
Wang et al., (2000) reported the taxol, an important anticancer that was
extensively used in the clinics, belonged to the diterpenoid group of chemicals. The
reason for their studies was to isolate a taxol synthesizing endophytic fungi (fungal strain
TF5) disengaged from Taxus mairei and studied its anticancer effects. On the basis of
mechanism of spore production, morphological characteristics and qualities of the spore
the fungal strain (TF5) was recognized as a Tubercularia sp. Taxol was produced by the
fungal strain TF5 when it was grown in the PD liquid medium. The analysis of the taxol
produced was done by the TLC, HPLC, mass and ultraviolet spectroscopy. The taxol
produced by the fungal strain TF5 had powerful cytotoxic activity toward P388 and KB
tumor cells when tested in labs through MTT assay. The fungal taxol increased the
bundling of the cells on the culture, microtubules stability and affect tubulin
polymerization when observed with electron microscopy and immunofluorescence in
vitro like the genuine taxol.
David (2000) described the historical background of the advancement of the
critical anticancer drug taxol and late investigations of its science and tubulin binding
compliance. They discussed some important points such as the impact of oxygenation of
the taxane ring framework on bioactivity, attachment of side chain to baccatin III (3a)
and the significance of the oxetane ring for bioactivity. They had also discussed the
formation of a C-6 and C-4 crossed over analogues and the side chain adaptation when
taxol was in combination with polymerized tubulin.
Caruso et al., (2000a) discovered the taxol and associated taxanes producing
fungal strain P&U 22869. They were screening endophytic actinomycetes from Taxus
baccata. They observed the morphological characteristics of the isolated fungal strain by
the electron microscopy and light microscopy, cell wall component, sequence of the r
DNA (16S) and identified the isolated fungal strain as Kitasatospora sp. The
morphological and physiological sketch of the strain was matched with those of the valid
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and invalid species explained for this genus. The production of the taxol was confirmed
and detected by liquid chromatography-mass spectrometry, high pressure liquid
chromatography and monoclonal antibody assay. The de novo taxol synthesis operated by
fungal strain Kitasatospora sp. was verified by biosynthesis experiments with radio
labeled precursors.
Caruso et al., (2000b) investigated the actinomycete and fungal species of leaves,
inward tissues of branches (woody) and shoots of Taxus plants. One sample from plant of
Taxus brevifolia and twenty two samples from plants of Taxus baccata were collected for
the isolation purposes from the different localities of northern central Italy. Seventy one
strains of actinomycetes and one hundred and fifty fungal strains were isolated from
herbaceous and woody parts. All the isolates belonged to various genera and
actinomycetes was first time reported to be present in the woody up ground part of the
stem. The isolated strains were screened for the presence of the taxol and other related
compounds. Isolated strains were grown in different liquid medium and fungal culture
extract was analyzed by the competitive inhibition enzyme immune assay by employing
the kit that used the polyclonal antibody. About 15 isolates among the 150 fungal strains
and about ten actinomycets among 71 had the ability to produce taxol and taxane. The
amount of the taxol produced by the fungal and actinomycets was very low but few had
the ability to produce 50 to 100 ng/l of the culture broth. The capacity to synthesis
taxanes appears to be not to be related with the geological source of disengagement
wellsprings of the contagious taxon however with a specific tree from which the
organism was detaches.
Walker and Croteau (2001) summarized the properties and functions of
heterologous full length cDNA clones, confined from a Taxus cDNA library and
particular to biosynthesis of taxol. Early and late studies of the biosynthetic pathway
which include various steps such as taxadien-5a-yl acetic acid derivation 10bhydroxylase, taxadiene synthase and taxadien-5a-ol-O-acetyltransferase etc. of the taxol
were done by the recombinant enzyme. The properties of enzyme geranylgeranyl
diphosphate synthase obtained from the Taxus were also expressed. This enzyme played
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an important role for the biosynthesis of the taxol though it did not mediate committed
step for the biosynthesis of the taxol.
Huang et al., (2001a) prepared the taxadiene, an important intermediate of
enzymatic biosynthesis of the taxol from isopentenyl diphosphate in E. coli free cell
culture by over communicating qualities encoding of taxadiene synthase, geranylgeranyl
diphosphate synthase and isopentenyl diphosphate isomerase.

The taxadiene could

traditionally produce in vivo at the yield of 1.3 mg/l of cell culture by expressing three
important genes encoding four crucial enzyme on terpene biosynthetic pathway in E.coli.
The accomplishment of both in vivo and vitro along with the taxadiene production
demonstrated well for the future synthesis of taxoids by the organisms that did not have
the ability to produce the taxol.
Wheeler et al., (2001) reported the production of the di-terpenoid anticancer drug
i.e. taxol in plant such as Taxus species. They demonstrated formation of the taxa-4(5),
11(12)-diene by the cyclization of the important isoprenoid intermediate geranylgeranyl
diphosphate which was followed by hydroxylation of this compound into taxa- 4(20),
11(12)-dien-5a-ol which is mediated by cytochrome P450. The biosynthetic pathway
further involved acylation and oxygenation reaction. In view of the plenitudes of natural
taxoids, the subsequent sequence of oxygenation of the taxane center was considered to
happen at carbon 10, then carbon 2 and carbon 9, further followed by carbon 13, lastly
carbon 7 and carbon 1. The formation of the taxadien-5a-ol by acylation was considered
to be third important step for the synthesis of the taxol by circumstantial evidences. The
microsomal preparations which were isolated from the plant cell i.e. Taxus and were
incubated with every considerable substrate to figure out either acetate ester or taxadienol
served as the immediate forerunner of ensuing oxygenation reactions. Both taxadienyl
acetate and taxadienol were oxygenated upto the level of diol and to polyols at similar
rates by cytochrome P450 catalysts of the microsomal arrangement. Sufficient amount of
the diol derived from taxadienol were isolated from the preparative scale incubation. This
diol might permit the nuclear magnetic dependent structural explanation of this diol that
might reflect the alternative pathway of taxoid metabolism in induced cells. This had
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indicated that acetylation at carbon 5 of taxadienol proceeded the P450-intervened
insertion of the Carbon 10-b-hydroxyl group of taxol.
Jennewein and Croteau (2001) described that in the past few decades, taxol and its
firmly related analogue i.e. taxotere had been proven as imperative antitumor agents. In
future, the demand of these drugs would be increased due to their extensive use in the
large number of the cancer treatment, for their approval in the use of the variety of
cancers and their utilization at beginning of the diseases. Currently taxotere and taxol
were obtained by the semi synthesis from the important intermediate 10-deacetylbaccatin
III due to consideration regarding low production. Subsequently endeavors were in
progress to deliver taxol by alternate biotechnological means. Their study had given a
momentum diagram of exploration on taxoid biosynthesis and an appraisal of
bioengineering applications for taxoid production in taxus cell culture.
Chen (2001) investigated that bioconversion of taxol by Streptomyces sp. (MA
7065). Sixty percent yield had been resulted from MA 7065 by hydroxylation on the 10acetyl methyl group and ten percent yield from the hydroxylation on the p position of the
benzene. The side chain of the cephalomannine and allelyic methyl group of the phenyl
isoserin could be hydroxylated in the culture as well. Each of the three metabolites was
cytotoxic toward human breast, colon and lung cancer cell lines.
Singla et al., (2002) discussed paclitaxel as a very potent anti-cancer drug, which
was insoluble in the water. It was very efficient for different tumors particularly breast
and ovarian cancer. Allergic reaction might be produced due to the parenteral
administration of present formulation in lipophilic vehicle i.e. Cremophor EL. In addition
due to improper drug delivery system, the broad utilization of the taxol had been delayed.
Because of this there was a need for the advancement of alternate delivery system of
taxol having considerable water solubility and in the meantime free of any side effect.
They had utilized additionally methodologies so far such as emulsions, co solvents,
liposomes, micelles, cyclodextrins, microspheres nanoparticles, inserts and paste so forth
in their studies.
Chau and Croteau (2004) investigated the taxol biosynthetic path. The
biosynthetic

pathway

arose

from

the
26

basic

isoprenoid

precursors

such

as

dimethylallyldiphosphate and isopentenyl diphosphate in Taxus plant. This biosynthetic
pathway had about 20 steps and out of which nine were considered to be cyt P450mediated oxygenations. Many oxygenase enzymes were involved in the start
hydroxylation steps of the pathway had been recognized and the respective genes had
been cloned. However, it was difficult to define the enzyme and their respective genes
which were involved in oxygenation reaction during the biosynthesis of the taxol because
neither the intermediate or accurate sequence of the reaction was confirmed. A substitute
substrate, (+)-taxusin that was formerly in use in the isolation of a taxoid 7b-hydroxylase,
was used here to functionally screen a family of cytochrome P450 oxygenases originating
from a taxus cell EST library. In vivo screening in the yeast had led to the recognition of
the 1488 bpcDNA clone which was capable of synthesizing 2a-hydroxytaxusin from
taxusin with a KM (10.5-2.7 lM) and kcat (0.05 s-1) for the substrate. Previously isolated
7b hydroxylase (taxoid) strongly resembled to the cytochrome P450 in their structure.
This also used the used taxusin as a substrate. Both 7b- and 2a-hydroxylases were
competent of the shared exchange of their respective pentaoltetraacetate products to the
hexaoltetraacetate. Further they investigated over expression of this cytochrome P450
taxoid 2a-hydroxylase in yew cells might improve taxol yields and could prove valuable
in the production of other 2a-hydroxy taxoids as starting materials for following acylation
at this point.
Guo et al., (2006a) explained that the biosynthesis of the taxol, being a
diterpenoidrequired complex steps. In their studies, they had examined late advances on
taxol biosynthesis pathway, including numerous reported qualities that direct taxol
biosynthesis. They had also discussed the other approaches of the taxol beside the Taxus
spp. to fulfill the increasing requirements of the taxol by the physician and clinician.
Guo et al., (2006b) isolated BT2, another endophytic parasite (fungi) from Taxus
chinensis var. mairei, which was found to produce taxol. Taxanebaccatin III could also
be synthesized by the BT2 strain. Taxanebaccatin III was an important intermediate for
the biosynthesis of the taxol and taxol could also be prepared semisynthetically from this
potent intermediate (taxanebaccatin III). The seclusion of such an organism might give a
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promising alterative way to deal with synthesis of taxol, and BT2 could serve as a
potential material for growth designing to enhance taxol synthesis.
Croteau et al., (2006) investigated the biosynthetic pathway of the taxol from the
yew plant (Taxus). The biosynthetic pathway of taxol had 19 dedicated steps starting
from the geranylgeranyl diphosphate. This precursor was originally derived from the
plastidial methyl erythritol phosphate pathway. After the cyclization of the taxane
skeleton, 8 cyt P450 mediated oxygenations, 3 Co enzymes A dependent acyl or aroyl
exchanges, an oxidation at Carbon 9, and oxetane (D-ring) synthesis yielded the
precursor baccatin III. Functionally important carbon 13 side chain attached to this basic
precursor. For the further investigation regarding the biosynthesis of the taxol, to increase
the production of the taxol and to find the interaction between origin, regulation and
organization of the biosynthetic pathway of the natural product, cell suspension culture of
the Taxus was used. This technique served as the basis of the cell free enzymology and
for the development of the cDNA libraries and various methods for cloning. This
technique had helped to find out the exact pathway including enzymes, their respective
genes and further genes that could be involved in the unknown pathway. Moreover their
studies had provided the hereditary designing for the genetic engineering for the
increased production of the taxol.
Julsing et al., (2006) investigated that the synthesis of the new compound of
natural origin and production of the rare and expensive compounds required
combinatorial biosynthesis as another promising alternative tool. The essential idea was
consolidating metabolic pathways in distinctive living beings on a hereditary level. As a
result the primary or secondary metabolites produced by the organisms were further
converted into the required product by the expression of the cloned gene. They had
investigated the conceivable outcomes and confinements of joining qualities from diverse
life forms and the expression of the heterologous genes. Major centers were essentials of
the hereditary work, utilized expression frameworks and most recent advances in this
field. Combinatorial biosynthesis was examined for imperative classes of natural
compounds including terpenoids (paclitaxel), flavonoids and alkaloids (vincristine). The
part and significance of today's utilized host organic entities was discriminatingly
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depicted and the most recent methodologies examined to give a viewpoint for future
patterns and potential outcomes.
Nims et al., (2006) found that cell suspension culture of the plant Taxus provided
a most suitable method for the production of taxol which was being used for the
treatment of the various types of cancers. The biosynthetic pathway regulation for the
production of the taxane must be understood to develop an ideal bioprocess for taxol
supply. They had used the RT PCR and RNA gel blot analysis in the cell lines (P991) of
Taxus cuspidate to investigate the expression profile of the taxol biosynthetic pathway
and had compared with the amount of the taxane metabolite. It was observed first time
that the amount of the taxol and cephalomannine had increased upto 3.3 mg/l and to 2.2
mg/l after seven days of elicitation of the methyl jasmonate (MJ). The baccatin III and
10-deacetylbaccatin III had also accumulated up to the level of 1.2 mg/l and 3.3 mg/l
respectively. The early pathway genes of enzyme such as T5aH, TASY and GGPPS were
up regulated with in six hours by methyl jasmonate elicitation and it continued to increase
upto 24 hours before the decrease in production. These investigations revealed the
importance of the branching in the biosynthetic pathway in early taxane production,
where excess of TaH coding transcripts were available after elicitation with methyl
jasmonate. But the enzymes (TDAT and T10bH) encoding was not much abundant after
elicitation. Methyl jasminate elicitation could up regulate the enzymes (DBBT and
DBAT) encodings. During the first six hours of the transcripts abundance the products
such as baccatin III and 10- deacetylbaccatin III accumulated rapidly. These were
potential strides in the pathway for focused on metabolic building to expanded collection
of paclitaxel in suspension cell culture.
Xu et al., (2006) used diethyl sulfate (DES) and UV radiation to produce the
mutation in the protoplast of the fungal strain and he selected a mutant strain named
Fusarium maire K178. This selected strain had the ability to produce the highest amount
of the taxol. Surface response methodology and Plackett–Burman design were used for
the optimization of the various components of the medium. Initially different sources of
nitrogen were compared and for the trace elements, the Plackett–Burman was utilized.
The outcomes demonstrated that sodium acetate, ammonium nitrate and magnesium
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sulphate were the most imperative parts which were further explored by surface response
methodology. The most suitable amounts were: sodium acetate (2.02 g/l), ammonium
nitrate (7.84 g/l) and magnesium sulphate (0.68 g/l). The amount of the taxol increased
(20μg/l to 225.2μg/l) by medium optimization and strain improvements.
Ji et al., (2006) demonstrated that paclitaxel had turned into a greatly utilized
anticancer medicaments and it was purified from the Taxus species. Due to the rapidly
growing market and utilization of the taxol it could not be fulfilled by the semisynthesis
method by using the expansive intermediate from the Taxus trees. The revelation of taxol
producing strain of the fungus i.e. Taxomyces andeanae, an endophyte of Taxus
brevifolia opened another path to the synthesis of the medication, i.e. utilizing large
fungal fermentation produce the drug at cheaper rate and in higher amount. In this article
they had talked about the present issues in taxol production in Pharma industry, the
discovering and exploration progress on taxol producing fungal strains and the potential
utilization of contagious fungal fermentation to make this essential medication.
Khosroushahi et al., (2006) has extensively attempted the bioprocess engineering
by utilizing various synthetic and biotechnological methodologies to enhance the
production of taxol. They had built a two stage suspension cell culture of Taxus baccata
by utilizing B5 modified medium to enhance the productivity and cell growth. After
inducing the callus and selecting the cell lines, cobalt chloride (0.25 mg/l), vanadyl
sulfate (0.1 mg/l) and silver nitrate (0.3 mg/l) was added to the medium B5 for
maximizing the growth at 1st day of culture of stage I. After 10th day ammonium citrate
(50 mg/l) and sucrose (1%) was added. Later on 20th day of stage I culture development
phenylalanine (0.1 mM) and sucrose (1%) was added. After 25th day at stage II, two
unique cocentrations of a few elicitors, for example, salicylic acid (50 or 100 mg/l),
methyl jasmonate (10 or 20 mg/l) and elicitors for fungi (25 or 50 mg/l) were added
medium to enhance the cell growth. Microscopy was performed for the morphological
analysis during the process of cultivation. HPLC was used to measure the extra cellular
and intra cellular production of the taxol by the cell suspension culture. The amount of
the taxol produced during the first stage of the cell suspension culture was 13.75 mg/l
which was higher (5.6-fold) then the medium was untreated or supplemented. But during
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the stage 2 of the cell suspension culture, the amount of taxol was increased upto the 16
folds in the medium which was supplemented with the elicitors like salicylic corrosive
(100 mg/l) and methyl jasmonate (10 mg/l). Their studies showed that the
supplementation of the medium with different component and addition of the elicitors at
stage I and II of the cell suspension culture could enhance the production of the taxol.
Thus they suggested that the use of this procedure for the production of the taxol could be
adapted for the enhanced production to meet the growing demand of the taxol market and
to decrease the supply pressure on the natural resource of the taxol.
Kingston (2007) reviewed the developmental history of paclitaxel (anticancer),
medicinal chemistry of the taxol and some phytochemical aspect of Taxus species. They
discussed the interaction of the taxol with tubilin protein. They also reviewed the studies
that led to the disclosure and exploratory verification of the tubilin-taxol confirmation.
The ramifications of this adaptation for future drug improvement had briefly covered.
Klein et al., (2007) investigated the isoprenoid super group of compounds that
had the awesome potential for fine chemicals, therapeutics and neutraceuticals. This had
drawn great attention for the research and metabolic engineering of the biosynthetic
pathway of the taxol for its enhanced production. The carotenoids had facilitated the
research for finding the new tools for the optimization of the biosynthetic pathway due to
its helpful colorimetric screening properties. Since all isoprenoids had the same metabolic
precursor, hereditary or genetic information because of work with carotenoids could be
connected to the biosynthesis of other significant compounds. In this article they abridged
the numerous instruments and systems that had been produced for isoprenoid pathway
building, and the capability of these innovations for creating different compound of this
family, particularly terpenoids.
Gangadevi and Muthumary (2007) illustrated that taxol was an essential
anticancer medication broadly utilized by the physicians. Strain AMB-9 an endophytic
fungus named as Bartalinia robillardoides, with ability to produce the taxol was
separated from a medicinal plant Aegle marmelos. The organism was recognized taking
into account the morphological characters of the fungal strain and spores. MID was used
for the growth of the fungi and amount of the taxol produced was detected and quantified
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by spectroscopic and chromatographic method. The amount of the taxol produced by the
fungus was 187.6μg /l as it was quantified by the HPLC method. They had the similar
studies as done as described in their previous work.
Gangadevi and Muthumary (2008) described taxol as a strong anticancer
medication utilized broadly as a part of the treatment of a variety of malignancies. Strain
JGC-9 of Colletotrichum gloeosporioides (endophytic fungus) was isolated from a
medicinal plant Justicia gendarussa and it had the ability to produce taxol.
Morphological characteristic of the fungal strain, ability to produce the taxol and
characteristics of the spore were used for the identification of the fungal strain. The
HPLC method was used for the quantification of taxol and amount of the taxol produced
by this fungal strain was about 163.4μg/l so this fungal strain could serve a best source
for the fungal metabolic engineering for the enhanced production of taxol. The taxol that
was isolated from the organic extract of the fungal culture had the ability to kill the cells
like Int 407, BT 220, HLK 210, HL 251 and H116 human tumor cells in vitro, tried by
apoptotic test .
Kumaran et al., (2008) isolated leaf spot fungus Phyllosticta citricarpa from the
infected leaves of Citrus medica. It had the ability to produce the taxol when grown in
M1D and potato dextrose broth. The chromatographic and spectroscopic analysis was
performed to confirm the taxol production. The maximum measure of taxol (265 μg/l)
was produced by the fungal strain when grown in the M1D medium while the amount of
the taxol (137 μg/l) produced when grown in the PD broth. The production rate was
increased to 5.3 ×103 fold than the amount produced by the Taxomyces andreanae.
Chi et al., (2008) investigated that the Nodulisporium sylviforme (endophytic
fungal strain) could produce a compound called as taxol which was diterpene alkaloid in
nature. This compound had the unique anticancer properties. In their study they had
performed suppression subtractive hybridization to recognize genes responsible for the
taxol production, present in N. sylviforme. Depending upon the reveres blotting result
about 91 clones were selected which had shown the differentially communicated genes.
The sequence was done for these clones and BLAST X comparison analysis was used
which showed the similarity (37.8%) in homology with seventeen distinct proteins,
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homology with theoretical protein was about 20.7% and unidentifiable homologies were
41.5. these unidentifiable homologies could be new genes. Two genes that were involved
in enzymatic synthesis of taxol were also found. This was the first report about the
genetic makeup of the fungus N. sylviforme for the biosynthetic pathway of the taxol.
Their studies also established strong basis for the genetic engineering to enhance the
production of the taxol in future.
Chakravarthi et al., (2008) isolated an endophytic fungal strain from the stem of
the plant Taxus celebica. When this fungus was grown in the liquid medium had the
ability to produce the taxol. On the basis of 26S r-DNA, colony characteristics and
characteristic of the conidia the fungus was identified as Fusarium solani. Spectroscopic
and chromatographic analysis was performed to identify the taxol. For the confirmation
of the taxol the cytotoxic activity against Jurkat cell was performed.
Engels et al., (2008) explore that metabolic building in microorganisms could be
used to convey a considerable measure of essential metabolites that were difficult to think
from their typical sources and too much exorbitant or perplexing, making it difficult to
make by compound union. As a stage towards the production of taxol in the yeast
Saccharomyces cerevisiae, they displayed heterologous genes encoding biosynthetic
proteins (enzymes) from the early bit of the taxoid biosynthetic pathway, isoprenoid
pathway, furthermore a regulatory variable to limit alternative pathways and focused on
their effect on taxadiene production. Expression of T. chinensis taxadiene synthase alone
did not grow taxadiene levels as an after effect of inadequate levels of the broad
diterpenoid predecessor geranylgeranyl diphosphate. Co articulation of Taxus chinensis
taxadiene synthase and geranylgeranyl diphosphate synthase unable to enhance levels,
likely due to steroid based negative feedback, so they imparted a truncated type of 3hydroxyl-3-methylglutaryl-CoA reductase isoenzyme one that was not subject to block
the feedback and a mutant protein (UPC2-1) to allow steroid uptake under specific
conditions (aerobic) realizing a about fifty percent addition in taxadiene. Finally, they
supplanted the Taxus chinensis geranylgeranyl diphosphate synthase with its accomplice
from Sulfolobus acidocaldarius, which did not compete with steroid mix and codon
propelled the Taxus chinensis taxadiene synthase quality to ensure enhanced production
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of expression, achieving a 40 fold enhancement in taxadiene to 8.770.85 mg/l and
moreover basic measures of geranylgeraniol (33.175.6 mg/l), proposing taxadiene levels
could be extended much further. This was the first report of such redesigned taxadiene
levels in yeast and offers the prospect for Taxol synthesis in recombinant
microorganisms.
Zhang et al., (2008) used gene coding for two enzymes i.e. C-13
phenylpropanoid side chain-CoA acyltransferase and 10-deacetylbaccatin III-10-O-acetyl
transferase as molecular markers for production of paclitaxel manufacturing endophytic
fungal strains. They isolated three taxol producing fungal strains from 90 isolated fungal
strains from plants such as Taxus media and Taxus yunnanensis by using PCR. These
three fungal strains, when cultured in 300 ml PD broth medium at 25 °C for ten days,
produced 100-160 µg taxol/g dry cell mass of the fungi.
Li and Tao (2009) investigated the effect of the Fusarium mairei (a taxol
producing endophyte) on the synthesis of taxoid in Taxus plant cells by administering the
supernatant from the fungal culture (FECS) to the cell suspension culture of Taxus
cuspidata. The amount of the FECS was determined by its total carbohydrates contents of
the supernatant. When several doses (4, 6 and 8 g) of FECS were added to the 100 ml of
cell suspension culture of Taxus at day10, the maximum amount of the taxol (5.84 mg/l)
was produced by the culture treated with 6g of fungal endophyte culture supernatant
(FECS). This amount of taxol was 1.8-fold higher than the control. The major enhancer
of taxol synthesis in suspension culture was carbohydrate (oligosaccharide of 2 kDa).
Likewise, the major precursor of taxol synthesis i.e. 10-deacetylbaccatin III (10-DAB)
was also produced 11 times in higher quantity than the control when the suspension cell
culture was treated with the 6 gm of FECS. These outcomes demonstrate that FECS
favors to invigorate 10-DAB production more successfully than taxol production.
Zhou et al., (2009) used molecular and morphological methods to recognize the
taxol manufacturing endophytic fungal strain EFY-36. Taking into account the
morphology of the colonies of the fungal strain, the spore production mechanism and the
qualities of the spores, the isolated fungal sp. was Mucor sp. The investigation of 18S
ribosome RNA arrangement of the isolated fungal spp. was accomplished by utilizing
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PCR technique. The outcomes demonstrated that the 18S ribosome RNA arrangement of
the isolated fungal strain had a higher homology association with other taxol producing
endophytic growths; Pestalosphaeria sp., Seimatoantlerium sp. and Pestalotiopsis sp.
Ye et al., (2009) explained foundations of the molecular biology were laid on the
qualities of the RNA. In their study, they had extracted RNA from taxol producing
endophytic fungal strains by five particular techniques. Routine test methods were used
to assess the quality and yield of isolated RNA. The results showed that the yield could
be better assessed by the Trizol procedure while the quality could be better assessed by
the LiCl method and by using A260/280 and A260/230 ratios and agarose
electrophoresis. Further, using the RNA of expelling from fungal strain by LiCl
framework, 10-deacetylbaccatin III-10-O-acetyltransferase (DBAT) quality fragmented
progression was compelling improved using RT-PCR chain reaction. Their study had
built up a basis for further improvement of gene library and gene clone.
Zhang et al., (2009) investigated new taxol producing fungal species other than
the Taxus spp. and fermentations process. These isolated fungal species could prove an
promising alternative for the production of the taxol i.e. as an important anticancer drug
used in clinical practices.

In this study, a taxol synthesizing endophytic fungal strain

MD2 was extracted from the inward bark of Taxus media. PD medium was used for the
production of the taxol by the isolated strain MD2. Various analytical techniques such as
UV spectroscopy, HPLC and MS (mass spectroscopy) were used to analyze taxol
produced by the isolated fungal strain and compared with the authentic taxol. Same
techniques were also used to analyze 10-deacetylbaccatin III. Further examination with
NMR spectroscopy (nuclear magnetic resonance) to study the structure of the taxol
produced by the isolated fungal strain and it was found that the NMR spectra of the taxol
was similar to the NMR spectra of the authentic taxol. Strain MD2 was perceived as
Cladosporium cladosporioides as demonstrated by colony characters, properties of the
spores, and examination of sequence of 18S rDNA. Besides this the gene for the
deacetylbaccatin III-10-O-acetyl transferase were cloned for the first time from the C.
cladosporioides (MD2). It was shown that this gene had conferred 99% character to that
of Taxus media and 97% character with that of Taxus wallichiana var. mairei. Taxol was
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at first isolated and portrayed from the inside bark of Pacific yew T. brevifolia. Instantly
taxol had transform into a by and large used antitumor drug as a piece of the middle
setting in light of the way that it had various awesome qualities, for instance, its quality,
extensive variety of antitumor action, less indications, more paramount sufficiency, et
cetera. In any case, because of the inadequacy of yew trees, the production of taxol
limited from which couldn't deal with the interest of the creating business segment.
Finally, to cut down the expense of taxol and make it more available, a development
strategy including a microorganism would be the most charming technique for supply.
The revelation of a taxol making fungus Taxomyces andreanae showed interestingly that
fungal strain other than Taxus spp. could make taxol, which made it possible to convey
taxol by development methods using taxol-making parasites. In their study, a taxolconveying endophytic living being (strain MD2) was successfully limited from the
internal bark of T. media. Strain MD2 could make 800 lg/l taxol in 300 ml potato
dextrose liquid medium at 25 °C with 180 reuses each minute for 10 days. Strain MD2
had been recognized as C. cladosporioides.
Zhang et al., (2009) isolated fungal strain MD3 which was identified as
Asperigllus candidus, an endophytic taxol producer from the internal bark of Taxus
media. The identification was done on the basis of the biochemical and physiological
characteristics, morphological qualities and 18S r-RNA gene sequence analysis. Various
analytical techniques such HPLC, UV, NMR and MS were used to identify the taxol
produced by the A. candidus MD3. It was found that it was similar to the authentic taxol.
The genetic makeup of the A. candidus was used to clone the enzymatic gene encoding
the 10-deacetylbaccatin III-10-Oacetyl transferase, which catalyzed synthesis of the last
diterpene important intermediate in the taxol biosynthetic pathway. The gene cloned
from the A. candidus was much more similar to the gene found in the Taxus spp.
Zhao et al., (2009) identified taxol which was obtained from fungal strain HD86-9
by MS and HPLC analysis. Phenotype and morphology of the strain HD86-9 was
described by culturing it. It was found that the strain HD86-9 had the similar
morphological characteristics like that of Aspergillus niger but had the differences in the
size and shape of the conidia. It was observed that the tolerable temperature for the strain
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HD86-9 was much higher (43ºC) than that of the model Aspergillus niger. The ITS
(internal transcribed region) including 5Æ8S rDNA and 18S rDNA of isolated fungal
strain HD86-9 were amplified by polymerase chain reaction (PCR). The molecular
analysis of the amplified ITS and 18S rDNA revealed that it had high similarity of 98%
to those of Aspergillus niger. The molecular and morphology and sub-nuclear
examination perceived HD86-9 as another variety of taxol making endophytic fungal
strain and it was named Aspergillus niger var. taxi. This studies had provided the
information that such type of the fungal strain were the good source for the production of
the taxol because this was ever first report about the production of the taxol by the
Aspergillus niger.
Sreekanth et al., (2009) disengaged endophytic fungal strains from the Indian yew
tree, Taxus baccata and subsequently screened for taxol synthesis. Out of the 40 fungal
strains screened, one strain Gliocladium sp. was found to make taxol and 10-DABIII (10deacetyl baccatin III). These samples were screened by TLC and HPLC and analyzed
using UV-spectroscopy, ESI MS, MS-MS, and proton NMR. One liter of Gliocladium sp.
culture yielded 10 μg of taxol and 65 μg of 10-DABIII. The taxol that was produced and
purified from the culture broth showed cytotoxicity towards tumor lines MCF-7 (chest
ailment), HL 60 (leukemia), and A431 (epidermal carcinoma).
Liu et al., (2009) explored the endophytic fungal diversity Taxus chinensis. They
had screened these isolated strains for the production of the taxol. They found that T.
chinensis had the many diverse groups of the fungi. About one hundred and fifteen
endophytic fungal strains were isolated from the bark segments of T. chinensis which
were was gathered into 23 genera in light of the morphological qualities (ITS1-5.8SITS2). Acremonium, Diaporthe, Peziculaand Phomopsis were the mind-boggling genera,
while the rest of the genera were uncommon. The thirteen major species of the prominent
genera had the ability to produce the taxol which was confirmed by the HPLC. The
highest amount of the taxol (846.1µg/l) was produced by the Metarhizium anisopliae (H27) among all these taxol producing fungal strains when it was grown in the PD broth.
The taxol produced by this fungal strain was further confirmed by the MS (mass
spectroscopy). The taxol synthesis fungal strains (92.3%) were infrequent gatherings,
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suggesting that uncommon fungal strains associated with T. chinensis may be a
fascinating source of taxol-production.
Nithya and Muthumary (2009) reported that Plumeria acutifolia (Apocynaceae)
was planted as an ornamental plant in Philippines, India, South Africa and Indonesia.
Distinctive forms of this plant were used as pharmaceutical to cure various disorders
moreover as diuretic, antipsychotic or antitumor drugs. Some triterpenoids and iridoids
got from this plant were represented to have antibacterial, cytotoxic and algicidal activity.
A few varieties of Plumeria were used in a similar way for the cure of diarrhea,
rheumatism, blennorhea, leprosy and venereal ailment. In their study they had
investigated the taxol synthesis by Colletotrichum gloeosporioides, an endophytic fungal
strain of plant Plumeria acutifolia. The production of the taxol was further confirmed by
the UV, TLC and IR spectroscopic techniques. The quantification of the taxol was
assessed through HPLC analysis. This was the first report that a coelomyceteous fungal
strain making taxol from this plant
Hampel et al., (2009) got two cDNAs encoding taxoid-O-acetyl transferases
(TAX 9 and TAX 14) from a formerly secluded group of Taxus acyl/aroyltransferase
cDNA clones. The recombinant catalysts catalyzed the acetylation of taxadien-5a,13adiacetoxy-9a,10b-diol to create taxadien-5a,10b,13a-tri-acetoxy-9a-ol and taxadien5a,9a,13a-triacetoxy-10b-ol, individually. These two then served as substrates for a last
acetylation venture to yield taxusin, a noticeable side-course metabolite of Taxus. Neither
one of the enzymes acetylate the 5a-or the 13a-hydroxyls of taxoidpolyols, showing that
earlier acylations was required for productive peracetylation to taxusin. Both compounds
were dynamically described, and the regioselectivity of acetylation was appeared to
fluctuate with pH. Arrangement examination with other taxoid acyl transferases affirmed
that essential structure of this protein sort uncovered minimal about capacity in taxoid
digestion system. Not in the slightest degree like previously perceived acetyl transferases
incorporated into Taxol era, these two chemicals appeared to act singularly on to a
limited extent acetylated taxoidpolyols to divert the taxol pathway to side course
metabolites.
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Hazalin et al., (2009) explained that endophytes, microorganisms which live in
plant tissues, had ability to produce new metabolites for use in medication. Antibacterial
and cytotoxic activities of a total of three hundreds endophytic fungal strain were studied.
These strains were isolated from the inner bark of the 43 different plants from the
National Park Pahang, Malaysia. After growing on solid state culture medium the taxol
was isolated and tested against various cancer cell lines by the test MTT. Different
concentration of the extract showed the different effect on the various cancer cell lines.
Disc diffusion method was used to estimate the antibacterial activities of the fungal
extracts. Sporothrix sp. (KK29FL1) isolated from Costuss peciosus showed strong
cytotoxicity against colorectal carcinoma (HCT116) and human chest adenocarcinoma
(MCF7) cell lines with IC50 estimations of 0.05μg/ml and 0.02μg/ml independently.
Eight percent extracts had shown the antibacterial activities. Results demonstrated the
potential for synthesis of bioactive compounds from endophytes of the tropical rainforest.
Gangadevi and Muthumary (2009) found that Terminalia arjuna was a remedial
plant that had the ability to make anticancer compounds. An endophytic fungal strain
Pestalotiopsis terminaliae was separated from the leaves of this plant. This isolated
fungal strain was screened for the production of taxol in synthetic culture medium. The
detection of taxol was done by spectrometrically and chromatographically. About
211.1μg/l of the taxol was produced by this isolated fungal strain. The amount of the
taxol produced by this fungal strain was sufficient enough for its consideration as
potential source of the taxol. The fungal taxol had the strong antitumor and cytotoxic
activities when tested towards H116, BT220, Int 407, HLK 210 and HL 251 human
cancer cells in vitro when took a stab at using an apoptosis test.
Kumaran et al., (2009) depicted that taxol was a significantly functionalized
anticancer medicine comprehensively used in clinics and hospitals. The Phyllosticta
dioscoreae (leaf spot fungus) was isolated from infected leaves of Hibiscus rosa sinensis
and screened for extracellular formation of taxol in Potato dextrose broth (PDB) and
Modified liquid medium (M1D) for the first time. The identification was done on the
basis of the conidial and morphological characteristics in cultural conditions.

The

presence of the taxol in the culture broth was identified by the various chromatographic
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and spectroscopic techniques. The quantification of the taxol in the cultural broth was
done by the high performance liquid chromatography (HPLC). The most compelling
measure of taxol formed was found to be 298μg/l in Modified liquid medium (M1D). The
production rate of the taxol in the PDB was much higher than the amount of taxol
reported earlier form fungus Taxomyces andreanae. Apoptotic assay of the extracted
taxol also demonstrated strong cytotoxic activity in vitro in culture of human cancer cells.
The results demonstrate that P. dioscoreae was an astonishing source of taxol synthesis.
They concluded that the fungus could be genetically engineered to enhance the
production of the taxol.
Kathiravan and Raman (2010) screened the coelomycetous fungi for the
generation of taxol. Taxol synthesis of Pestalotiopsis breviseta was confirmed by high
performance liquid chromatography (HPLC), Ultra Violet spectroscopic (UV), nuclear
magnetic resonance (NMR) infrared (IR) spectroscopy and LC–MASS spectroscopy.
Taxol isolated from the P. breviseta fungus was identical with genuine taxol and had the
production of 0.064mg/l.
Wang et al., (2010) investigated that cell growth and intracellular and
extracellular production of the taxol in the Taxus chinensis could be significantly affected
by the inoculum size (1.5-6.0g dry weight/l). By using the inoculum size of 6.0g DW/l, a
higher biomass and shorter culturing time could be achieved. If the inoculum size
increased from 1.5 to 3.0g DW/l was increased, the production of the taxol both
intracellular and total synthesis was enhanced about 30%. While an even higher inoculum
size decreased taxol formation. The extracellular taxol concentration was relatively
higher (0.091mg/l) at low inoculum sizes of 1.5 and 2.0g DW/l; and in various cases it
was less than 25% of the total amount of taxol produced.
Wei et al., (2010) segregated EFY-21 (Ozonium sp.) a taxol creating endophytic
parasite from Taxus chinensis var. mairei. In their study, a proficient PEG-interceded
change of EFY-21 was set up and conditions for change were assessed. By the enhanced
compound framework, mycelium age, processing temperature and time, more than 7 ×
107 ml protoplasts were gotten and protoplast recovery recurrence was more than 6%.
Plasmid pV2 containing the hygromycin-B phosphotransferase quality driven by a
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contagious promoter (trpC) was utilized to change EFY-21 and half PEG with 20 mM
Ca2+ was observed to be suitable for the change. Southern smudge investigation
uncovered that the changing DNA was effectively incorporated into the EFY-21 genome.
By the improved technique, more than two transformants per gram of DNA could be
acquired. The foundation of proficient change arrangement of taxol delivering endophytic
growth empowered us to enhance taxol generation of the parasite by building the taxol
biosynthetic pathway qualities later on.
Suleymanoglu (2010) studied the crucial parts of taxol affirmation with
phospholipids by applying the spectroscopic and thermodynamic estimations. The
information could be used further for thoughts on its accurate cellular and
pharmacological mechanism of action, on enhancement of its dissolvable properties by
phospholipids, furthermore to outline the novel lipidic carrier for medicine delivery.
Visalakchi and Muthumary (2010) concentrated on depiction of the taxol making
endophytic fungi from remedial plants. In the last few decades many endophytic fungal
strain had been isolated for the production of the taxol from many medicinal plants.
Different techniques such as morphological characteristics, spore characteristics, conidial
conidial characteristics and molecular techniques were used to identify the isolated fungal
strains. Modified liquid medium was used for the production of the taxol by the isolated
fungal strains. Different analytical methods were used for the estimation of the taxol. The
quantification of the taxol was done by the HPLC. This study showed that the fungal
strain could be a very good source of the taxol production by the genetic engineering.
Further, apoptotic assay had shown that the taxol produced by the endophytic fungal
strain had the strong cytotoxic effect.
Kumaran et al., (2010) isolated two fungal strains i.e. Pestalotiopsis neglecta and
Pestalotiopsis versicolor from the bark and fresh leaves of the Japanese Yew tree (Taxus
cuspidate). Molecular analysis and culture morphology of the fungal strains were used
for their identification. It was the first report on the screening of the taxol producing
fungal strain by growing in the modified liquid medium. Different analytical techniques
such as 1H NMR, LC–MS and HPLC were used for the estimation of the taxol. The
maximum amount of the taxol (478μg/l) production was recorded in the strain the P.
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versicolor. The amount of the taxol production was 9560 fold higher than the early
reports of the taxol production by the fungus Taxomyces andreanae. Apoptotic assay
method had shown that extracted taxol had the strong cytotoxic activity against human
cancer cell lines. It was observed that the cell death can be increased by increasing the
amount of the taxol during the assay. A gene that had been screened by the PCR had
shown the molecular bluprints for the synthesis of the taxol and its biosynthetic pathway.
The results had shown that the isolated fungal strain P. versicolor was a magnificent
source of the taxol production other than the traditional sources. The genetic engineering
of the fungal strain could enhance the production of the taxol for many folds.
Zhao et al., (2010) described novel sources of the new bioactive compounds that
had many application in the medicines, agriculture and food industry. These noval
sources were the endophytic fungal strains. In the last few decades a lot of bioactive
compounds such as anticancer, antimicrobial, cytotoxic and insecticidal had been
efficiently isolated from these endophytic fungal strains. There might exist a friendly
relationship between the endophytic fungal strain and its host during the course of co
evolution. Some endophytes had the ability to convey the same or practically identical
bioactive compounds as those started from their host plants. They had basically discussed
the research progress on the endophytic fungal strains for producing the compound that
had originally been produced by the host plants such as podophyllotoxin, paclitaxel,
camptothecine, hypericin, vinblastine and diosgenin etc. They had moreover discussed
relations between the host plants and their endophytic fungal strains. They had also
discussed some available techniques for capably propelling production of these bioactive
compounds and their potential applications later on.
Zhou et al., (2010) studied the need of the more efficient methods for the
treatment of human malignant cells. They had studied the better extraction methods for
the taxol from the endophytic fungal strains, more sustainable method for the taxol
production and better cancer treatments.

They summarized latest advances in taxol

synthesizing endophytic fungal strains, both in abroad and China, in areas mention ahead:
identification and isolation of the endophytic fungal strains, detection and extraction
methods of the taxol from the endophytes and upgraded efficiency of the extraction
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methods. With the progress of technology and science, latest and advance techniques in
biotechnology i.e. improvement of the strain, recombinant DNA technology and
engineering of microbial fermentation had enhanced the yield and productivity of the
taxol producing fungi and hence improved over all productivity of the taxol
Zhao et al., (2011) conducted UV/LiCl mutation and UV irradiation to inactivate
the protoplasm fusion by using Nodulisporium sylviforme strain UL50-6 and UV40-19 to
breed a high taxol producing fungi. Different analytical techniques such as HPLC, MS
and TLC were used for the quantitative and qualitative analysis of the taxol produced by
the isolated fungal strain. The protoplast of UL50-60 and UV40-19 were completely
inactivated by UV irradiation (30 w UV light and vertical distance 30 cm) for 85s and
thermally at 54°C for 5 min. The highest fusion rate (14.31 ± 1.13%) between UL50-6
and UV40- 19 was obtained under the conditions of 35% Poly Ethylene Glycol (PEG),
fusion time of 90s and the addition of CaCl2 (0.01 mol/l). HDF-68 (a high taxol
producing strain) was obtained. The amount of taxol produced by this strain was up to
468.62 ± 37.49 gram per liter, which was increased by 19.35 and 24.51% compared with
the parental strain UL50-6 and UV40-19, respectively. Their study provided an efficient
basis for the application of this method to multiplication of the fungal strain with
maximum taxol productivity.
Kong et al., (2011) in their study, combined with external standard method,
second derivative as well as curve-fitting equation, the infrared spectroscopy techniques
were applied to research the discrepancy of paclitaxel content among different parts of
them respectively as well as the differences of infrared spectral character between Taxus
media and Taxus mairei. The results showed: (1) the band around 1516, 1371, 1 244,
1109 and 773 cm (-1) was markedly enhanced when paclitaxel standard sample was
added by more than 0. 004 5 mg to original traditional Chinese materials, in addition, in
infrared fingerprint area, the second derivative spectra show that there was good
corresponding peak between traditional Chinese materials and standard paclitaxel sample
around 1371, 1315, 1244, 1143, 1106, 1070, 1022 and 773 cm(-1), furthermore, the
intensity of above character band would increase accompanying with increased standard
paclitaxel sample. So, the band character around 1371, 1315, 1244, 1143, 1106, 1070,
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1022 and 773 cm (-1) could be used to evaluate paclitaxel content of T. media and T.
mairei; (2) Around 1800-700 cm(-1), IR spectral features suggest that two kinds of
Chinese yew had quite similar infrared vibration character, but when Gaussian function
was applied to decompose the band around 1058 cm(-1), the result demonstrated that the
T. media were decomposed with 8 while T. mairei were only decomposed with 7
component bands. (3) Second-derivative and curve-fitting equation analysis demonstrated
that there were certain differences of paclitaxel content between T. media and T. mairei
as well as different parts of them. Specifically, the paclitaxel content of T. media was
higher than T. mairei, while the paclitaxel content in leaf of T. media was highest; on the
contrary, the paclitaxel content in root of T. mairei was highest when comparing the
content among the different parts of T. media and T. mairei respectively. Therefore,
above methods could be quickly analyze and evaluate the differences of paclitaxel
content between T. media and T. mairei as well as the different parts of them.
Sreekanth et al., (2011) investigated the diversity of endophytic fungi from the
different parts of the Indian yew tree (Taxus baccata) which was cultivated at hilly areas
in West Bengal, India. The screening of the isolated fungal strain was done by the
immunoassay technique which revealed that these isolated fungal species belong to
different genera. The isolated fungal strain AAT-TS-41 that had the ability to synthesize
taxol was perceived as Gliocladium sp. the identification of the fungal strain was done on
the basis of the morphological and cultural characteristics, ITS (internal transcribed
spacer) and 18S rRNA sequence analysis. Taxol production kinetics as a function of
culture growth was also studied.
Malik et al., (2011) examined that high added value phytochemicals such as taxol
an anticancer drug actually biosynthesized by the yew tree Taxus sp. were produced by
the plant cell factories that could serve as an alternative source for these compound. This
compound had the ever increasing market demand due to its peculiar mechanism of
action and efficacy. Due to these properties this compound had the most interesting target
for biotechnological production. Their study was focused on recent progress in the
synthesis of taxol and other associated compounds in taxol producing European yew tree
i.e. Taxus baccata utilizing cell suspension culture techniques. They had briefly described
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phytochemistry and botany of the T. baccata and the molecular structure of taxol and the
other requirement for their effect as an anticancer drug. They had also discussed the
industrial production of the taxol, biosynthesis of taxol in plant cells and optimization of
certain steps for te enhanced production of the taxol and this involved the most recent
techniques as well. Finally, the future prospects for the biotechnological production of
taxol had similarly discussed.
Pandi et al., (2011) reported the synthesis of paclitaxel from the fungus
Lasiodiplodia theobromae which was isolated from the remedial plant Morinda citrifolia.
Cytotoxic activities of the taxol extracted from the isolated fungal strain that was grown
in MID, was also evaluated against human breast cancer cell lines. Different
spectroscopic and chromatographic techniques were used to estimate the amount of the
taxol produced. About 245μg/l of the taxol was produced by the isolated fungal strain.
The anticancer activity of the taxol was established by assessing the cytotoxic activity of
the taxol against human cancer cell lines (MCF-7). The taxol had been produced by the
endophytic isolated fungal strain L. theobromae. The screened taxol showed a potential
destructiveness against chest tumor cell lines. The production of the taxol from the fungi
(L. theobromae) had been a promising alternate for the supply of the taxol. It required
further exploration due to its activity against human chest tumor cell lines. Moreover, it
was the first report of the screening of taxol from the fungus L. theobromae isolated from
the remedial plant M. citrifolia.
Bi et al., (2011) investigated that taxol could efficiently be produced at an
industrial level by fungal strains. They have isolated a new fungus (NK101) that had the
ability to produce taxol, from plant debris in the soil. Based on the conidia structure,
molecular evidence and culture characteristics, the fungus (NK101) was identified as
Pestalotiopsis malicola. Taxol was verified in both the mycelium and culture in a high
level (186μg/l). The time course of yield suggests that taxol was present as a transient
product in the fungus. Their work showed the importance of the fungi for the production
of taxol.
Kumaran et al., (2012) isolated Phoma betae an endophytic fungal strain from the
fresh leaves of Ginkgo biloba. The modified liquid medium (MID) was first time used for
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the screening of the taxol production by the isolated fungal strains. For the identification
of the isolated fungal strain was done by the molecular and morphological characteristics.
The taxol estimation was done on the basis of the IR, UV, LC-MS, NMR and
chromatographic techniques such as TLC and HPLC. The quantification of the taxol was
done by the HPLC. About 795μg/l of the taxol was observed to be produced during the
study. The rate of taxol production was 15,900-fold more than that found in the early
reports of taxol production by the fungus, Taxomyces andreanae. The isolated taxol had
the most efficient cytotoxic effect on the human cancer cell lines when apoptotic assay
was performed in vitro. The cell death could be increased by increasing the amount of the
concentration of the taxol during the assay method. A polymerase chain reaction (PCR)
had been used for the screening of the gene taxadiene synthase (ts), the presence of this
gene confirmed the taxol production by this fungal strain. The identification of the gene
had provided the blue prints for the biosynthetic pathway of the taxol. These studies had
proved that the fungus P. betae was an awesome source for taxol supply and could serve
as a potential source for genetic engineering to enhance the formation of taxol to a much
higher level.
Karthik et al., (2012) reported that there was a reliable journey for search of the
alternative source for taxol, a million dollar compound used as an anticancer drug. Due to
its importance and little supply the researchers had adapted the microorganisms as an
alternative option for the production of the taxol. Pestalotiopsis breviseta (CR01) had the
ability to produce the taxol had been isolated from the medicinal plant Catharanceus
roceus. By variation of different parameters could be optimized for the optimum growth.
the production of the taxol by the isolated fungal strain was confirmed by UV, high
pressure thin layer chromatography (HPTLC) and IR spectroscopic techniques. HPLC
was used for the quantification of the extracted taxol. Their study had revealed that
Pestalotiopsis breviseta (CR01) had an optimum growth under optimized fermentation
condition such as temperature (25ºC) and pH 7.5 with dextrose as carbon source.
Onrubia et al., (2013) found that coronatine was a toxin synthesized by the
pathogen Pseudomonas syringae. This compound had the much ability to enhance the
production of the plant secondary metabolite and regulate the production of the plant
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secondary metabolite. They had studied the basic mechanism how this toxin could show
effect to enhance the production of the taxol in plant cell culture. For this study, a 2 stage
cell culture was set up, in which cells were at first grown for fourteen days in a medium
optimized for development, after which the cells were traded to medium streamlined for
discretionary metabolite production. The 2 growth elicitors were added to the culture
medium at the start of the 2nd stage. The two elicitors had remarkably increased the level
of total taxane production in the cell culture from maximum level of 8.14 mg/l in control
conditions to 21.48 mg/ (day 12) with MeJA and 77.46 mg/l (day 16) with Cor.
Expression examination showed that the txs, t2oh, t13oh, t7oh, pam, bata, dbat and
dbtnbt genes were variably impelled by the region of the elicitors. Gene encoding
proteins incorporated into the course of action of the polyhydroxylated theoretical center
(TXS, T13OH, T2OH, T7OH) and the phenylalanoil CoA chain (PAM) were more
grounded induced than those encoding chemicals catalyzing the last walks of the Px
biosynthetic pathway (BAPT, DBAT and DBTNBT). Conspicuously, regardless of the
way that taxane collection differentiated subjectively and quantitatively taking after
MeJA-or Cor-elicitation, gene expression impelling illustrations were relative,
concluding that both elicitors might incorporate specific however yet uncharacterized
regulatory parts.
Liu et al., (2013) effectively established an Agrobacterium tumefaciens mediated
genetic transformation of a fungus Ozonium sp. EFY21that had ability to produce the
taxol. The genetic transformation was done by the newly constructed a specific
hygromycin B resistance expression vector, pCAMBIA1304'AN7-1. Key variables
affecting genetic transformation were totally optimized and analyzed. Transformation
event had been confirmed by the southern hybridization and PCR amplification. This
study should roll out the way for future innate improvement in the genetic make up of
Ozonium sp EFY2 for taxol production.
Chakravarthi et al., (2013) isolated taxol an important anticancer drug which had
been produced by the bark of a plant yew tree (Taxus brevifolia) and effectively used
against ovarian, chest and lung carcinoma. The restricted supply of the drug had incited
attempts to find alternative sources, for instance, chemical synthesis, cell and tissue
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culture of the plant Taxus sp. both of which were exorbitant and yield low levels. The
method of choice would be the fermentation process by the microorganisms as it had the
low cost and high yield. They had already reported that F. solani derived from Taxus
celebica synthesized taxol and its forerunner baccatin III in liquid medium. They had
investigated the effect of the taxol extracted from fungus F. solani derived from Taxus
celebica on human cancer cell lines to establish their cytotoxic activity. Cell lines, for
instance, HepG2, HeLa, Jurkat, T47D and Ovcar3 were grown autonomously and treated
with fungal taxol, baccatin III without or with caspase inhibitors according to
requirement of the procedure. Their effect on the apoptotic activity was analyzed. Both
baccatin III and fungal taxol limited cell extension of different tumor cell lines with IC50
ranging from 0.005 μM to 0.2 μM for taxol from fungi and 2 μM to 5 μM for baccatin III.
They similarly induced apoptosis in JR4-Jurkat cells with a possible incorporation of
Bcl2 (apoptotic inhibitor) and adversity in mitochondrial lemmaler potential and was not
affected by inhibitors of caspase -2, -9, or −3 however was evaded in region of caspase10 inhibitor. Fragmentation of DNA was similarly found in cells treated with baccatin III
and taxol. The cytotoxic activity showed by baccatin III and taxol incorporated the same
part, subject to caspase-10 and loss of potential of mitochondrial membrane, with taxol
having much more noticeable cytotoxic power.
Heinig et al., (2013) described that paclitaxel was an especially oxygenated
diterpenoid product found in nature at first extracted from the Taxus brevifolia (pacific
yew tree). It was among the most conventional, the most extensively used antitumor
medicament. After the discovery of its exceptional mode of action and ever increasing
demand, an expansive journey was begun for alternative sources to supplant the scarce
and slow growing yew plant. As yet, in any case, taxol and related compounds had
recently been found only in the family Taxus, which were slow growing and had broad
geographical distribution. In 1993, Stierle and his coworkers reported the taxol producing
endophytic fungal strain which was isolated bark of the Taxus brevifolia. This fungus had
an independent taxol synthesis pathway. They had published more than one hundred and
sixty articles and many more patents related to the biosynthesis of taxol and related
taxanes by microorganisms such as fungi. Using a blend of molecular techniques,
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phytochemistry and genome sequencing, they were not able to find any evidence for
independent taxane production in any of the endophytes, including ever first fungal
isolate Taxomyces andreanae and a couple of recently isolated fungal sp. from Taxus
trees. Their studies had provided the enough information regarding the coevolution of the
same biosynthetic pathway in two remarkable different but related species.
Gond et al., (2014) reported that a drug namely taxol was extensively used in the
treatment of various kinds of carcinomas. Generally it was obtained from the bark of the
Taxus plant. But due to the extensive use the population of the plants was adversely
affected. To save the Taxus plant the other ways for the production of the taxol must be
explored. Use of the fungal derived precursor was one way to produce the taxol. There
were many reports that the fungal strain that were associated with the plants, capable of
producing the taxol. Taxol could also be produced by the fungal pathogens, endophytes
and epiphytes. Cladosporium cladosporioides MD2 and Metarhizium anisopliae were
very important fungal strains that had ability to produce taxol.
Marmann et al., (2014) reviewed that bacteria and fungi isolated from the marine
environment could be proved a good source of the bioactive compounds that are
important for novel drug discovery programs. Their genetic expression was done by the
routine lab tests to confirm the biosynthetic pathways for bioactive compounds. Some
gene expressed themselves but some gene remain silent when expressed in vitro
conditions. These compounds could be produced through fermentation. Mixed cultivation
of one or more than one organism i.e. co cultivation or mixed fermentation could enhance
the production of the many compound by improving the ecological conditions. The
amount of the cyclic compound and other important ingredient by the antagonism or
competition among these individual, could be enhanced. They highlighted the way by
which co-cultivation could affect the production of the bioactive compound by such a
diverse group of individuals i.e. marine bacteria and fungi, in the same fermentation
experiment.
Kathiravan et al., (2014) isolated 20 species of a fungus Pestolotiopsis. They isolated
them from the different hosts. Screening was also done to identify their anticancer
potential. Ultraviolet spectroscopic analysis was performed for the confirmation of taxol
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production. All the 20 species was confirmed to have the production of taxol. IR analysis
was also performed. Confirmation of the taxol was done by comparing it with the
standard taxol.
Chathurdevi

and

Gowrie

(2015)

reported

that

endophytes

were

the

microorganisms that might live within the living tissues. These endophytes could not
cause any harm to these plants. These endophyte could act as bioprotectants. They could
also produce the bioactive compounds that could kill the plant pathogens. They could
also act as fumigants and pesticidal against the various plant pest. They isolated a fungal
strain (Cissus quadrangularis) from the leaves of the medicinal plant. Seasonal variations
could affect the occurrence of these endophytes in plants. They isolated five different
endophytic fungal strains. On the basis of colony morphology and sporulation the two
colonies were identified. Antimicrobial activities of these fungal strains were tested. The
ethyl acetate extract of the fungal broth and mycelia broth was tested. Extracellular
enzyme production ability was tested for both of these two isolated fungal strains. The
presence of chitoson was also tested. UV-VIS absorption spectrum was used for the
estimation of silver nano particles produced by the fungal strains. Various
phytochemicals tests were performed for the estimation of the secondary metabolites.
HPLC, TLC and FT-IR analysis was performed to to confirm the presence of various
functional groups in the isolates.
Badi et al., (2015) reported that taxol a diterpinoid was complicated structure. It
was initially separated from Taxus plants. Various cancers such as ovarian, breast, lung
etc were treated with the taxol. Due to the limitation of the Taxus sp. the attempts were
made to isolate taxol from the other sources. Many attempts were made for the complete
synthesis, semi-synthesis and finding new source e.g. alternative spices, other than plant
and establishment of the cell suspension cultures have been carried out. Most suitable
strategy for the production of the taxol was xell suspension culture. There were certain
growth stimulants for the production of the taxol when added to the fermentation
medium. Methyl jasmonate enhanced the amount of taxol by enhancing the expression
levels of taxol biosynthesis enzymes such as Geranyl-geranyl pyrophosphate synthase
(GGPPs) and taxadienesynthesis (TDS). New approach including metabolic and genetic
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engineering could be led to enhance the taxol production by the over-expression of
certain genes controlling limiting steps. The amount could also enhanced by suppressing
the undesired taxanes by using antisense technology. The yew-coding genes responsible
for the production of taxol had been cloned. However, genetic manipulation strategies
were not yet complete. This paper reviews the various ways to improve Taxol production.
Zaiyou et al., (2015) isolated an endophytic fungal strain that had the ability to
produce taxol. The isolated the fungal strain from surface sterilized bark of plant i.e.
Taxus wallichiana var. mairei on PDA as medium. Chloroform and methanol mixture
was used for the extraction of taxol from the fungal culture. The confirmation of the taxol
was done comparing it with standard taxol by LC-MS. ITS rDNA and 26S D1/D2 rDNA
sequencing was done for the identification of the fungal strain. The isolated about 435
fungal strain from the yew tree. Among these 435 fungal strains only one had the ability
to produce the taxol.

This strain was identified as Fusarium sp. The paclitaxel

productivity in whole PDB culture and that in spent culture medium from this strain is.
The taxol contents i.e. 0.0153 mg/L and 0.0119 mg/L were found to be produced. The
amount of the taxol produced by the fungal strain was much considerable as compared to
the previous report.
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Materials and Methods
3.1 Isolation of Fungi
The endophytic fungal strains were isolated from different plant species i.e. Taxus sp.,
Hibiscus rosa-sinensis, Citrus medica and Terminelia arjuna etc. The samples of bark
and leaves were cut carefully and transferred to the sterile bags to avoid any
contamination. These plant samples except Taxus were collected from various parts of
the Lahore. The samples of Taxus sp. were collected from the different localities of hilly
areas such as Khanspur and Shringle Upper Dir (KPK). These samples were brought to
the lab where they were cut into small pieces of 1cm3 in dimension with sterile sharp
cutters. The samples were washed vigorously with sterilized distilled water to remove
any visible contaminants and surface sterilized with alcohol (70%) and again washed
with sterilized water before further cutting into small pieces.
Potato dextrose agar (PDA) medium was prepared and sterilized by autoclaving at 15 PSI
and 121°C. The potato dextrose plates were prepared by pouring medium that was
supplemented with ampicillin (50 µg /ml) to inhibit the growth of the bacteria. The small
pieces of each surface sterilized sample were placed in the plates and these plates were
incubated at 30°C for subsequent growth of the endophytic fungal strain. The plates were
observed daily for the growth of the fungi. Fungal growth was observed from the sample
pieces after several days. The growing tips of the fungal hyphae were transferred to fresh
plates of potato dextrose agar. These plates were incubated at 30°C for growth for at least
7 days. Each fungal culture was checked for purity and was transferred to PDA slants by
the hyphal tip method (Strobel et al., 1996b). The fungal isolates were coded and stored
at 4°C and as spores and mycelia suspension in 15% (v/v) glycerol at -70°C. Subculturing
was done at monthly basis to maintain the stock cultures. From an actively growing
stock culture, sub cultures were made on fresh slants. These freshly prepared fully grown
slants were used as the starting material for fermentation experiments.
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3.2 Screening of Fungal Strains
The isolated fungal strains were screened for the production of taxol through surface
culture fermentation.

3.3 Inoculum Development
For the fermentation experiments, the spore inoculum was used in the present studies. For
the preparation of inoculum, mature and fully grown fungal slants were taken and 5 ml of
sterilized water was added to each slant and shaken to form a uniform fungal spore
suspension. Inoculating needle was also used to scratch the spores from the slants. One
ml of this spore suspension was used to inoculate the fermentation flasks.

3.4 Fermentation Experiments
The standard static culture fermentation procedure was followed for the taxol production
from selected endophytic fungal strains. For fermentation experiments, 25 ml potato
dextrose broth was prepared in 250 ml Erlenmeyer flask. The medium was sterilized by
autoclaving at 121 °C at 15 PSI for 15 min. The flasks, after autoclaving and cooling to
room temperature were individually inoculated with the fungal inoculum developed as
above and incubated for 21 days under static condition at 28°C. The flasks were
occasionally observed for fungal growth and were slightly swirled.

3.4.1 Extraction of Taxol
After incubation, the culture was filtered through four layers of cheese cloth to remove
the mycelia. Then 0.25 g Na2CO3 was added to the culture filtrate with frequent shaking
to reduce the amount of fatty acids that might contaminate taxol during extraction. The
culture filtrate was extracted with two equal volumes of solvent dichloromethane. The
organic phase was collected and the solvent was then removed by evaporation under
reduced pressure at 35ºC using rotary vacuum evaporator (Steroglass Strik 202,
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Chryochiller). The dry solid residue was redissolved in methanol for subsequent
separation and analysis.

3.5 Analytical Procedures
3.5.1 Thin Layer Chromatograph (TLC)
The presence of taxol in the fungal broth was checked by thin layer chromatography
according to the method developed by Wang et al., (2000). The thin layer
chromatography was performed on pre coated silica gel plates which were 1 mm thick
and 20×20 cm in dimension (Merck Germany). The samples were applied to the plates
along with the standard taxol. After loading the samples, the plates were developed in
series of solvent system as mentioned below:1. Solvent A-chloroform:methanol (70:10, v/v)
2. Solvent B-chloroform:acetonitrile (70:30, v/v)
3. Solvent C- ethyl acetate:2-propanol (95:5, v/v)
4. Solvent D-methylenechloride:Tetrahydrofuran (60:20, v/v)
5. Solvent E-methylenechloride: methanol: dimethylformamide (90:9:1, v/v/v).
After chromatographic run in solvents as mentioned above, several reagents were applied
to detect the taxol in the sample with different temperature conditions. The different
detecting reagents used to detect the taxol are shown in the table below:-

Table 3.1:- Colour reaction of different regents used to detect the taxol on silica gel
plates
Sr.
No
1
2
3

Reagents used

Temperature Standard
(°C)
colour
ethanol
120
Brown

Phosphoric acid (2:8v/v)
Sulphuric
acid-methanol
(1:1v/v)
Iodine - potassium iodide

110
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Sample
colour
Brown

Dark brown

Dark brown

Yellowish
brown

Yellowish
brown

4
5

Ninhydrin reagent
Vanillin - sulphuric acid –
methanol reagent

110

Brown
Blue

Brown
Blue

---------

The fungal taxol was identified by comparison with the standard Taxol (Paclitaxel,
Merck Grade).
3.5.2 Spectrophotometric Analysis
Spectrophotometric analysis of taxol was performed by method of Kesarwani et al.,
(2011). According to this method, a standard solution of taxol was made by dissolving 2
mg of the standard taxol (Merck Germany), in solvent containing phospho saline buffer
(PBS) and methanol (70:30). Five different dilutions ranging from 50 to 250 µg were
made from the standard stock solution of the taxol. The absorbance was taken at 230 nm
by UV-VIS spectrophotometer (Cecil, CE 7200). A working standard curve was made by
using this absorbance against concentration as shown in fig 3.1. The samples from the
fermentation experiment were taken and prepared according to the procedure mentioned
above by dissolving the fermentation broth in the mixture of PBS and methanol. The
absorbance was taken at 230 nm and amount of taxol produced was calculated from the
standard curve as shown in the fig 3.1.
3.5.3 High Performance Liquid Chromatography (HPLC)
After initial quantification of taxol in the fungal broth through spectrophotometric
analysis, further quantification of the taxol was confirmed by High Performance Liquid
Chromatography (HPLC) according to the method developed by Wang et al., (2000). The
HPLC analysis was performed on Perkin Elmer HPLC system (200 series) using C18
reverse phase column (SpherSIL, 5µm diameter, column size 250×4 mm) with an
isocratic mobile phase consisting of methanol: water (70:30) at a flow rate of 1 ml/min.
Each sample of fungal broth was filtered through micro filters (0.45 µm) to remove the
contaminants. Then 10 μL of each sample of was injected into column with the help of a
micro syringe. The absorption of the taxol was carried out at 232 nm.
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3.5.4 Estimation of the Residual Glucose
For the estimation of glucose in the medium, DNS (dinitrosalicylic acid) glucose assay
method was used (Miller, 1959). DNS solution was prepared by dissolving
dinitrosalicylic acid (10g), phenol (2g), sodium sulfite (0.5g) and sodium hydroxide (10g)
into 1 liter of water. For the estimation of the glucose about 3 ml of the DNS reagent was
added to test tube containing 3 ml of glucose solution. The mixture was heated for 15
min. The absorbance was taken at 575 nm by spectrophotometer. The working curve of
the glucose was made by estimating different concentration of the glucose such as 20, 40,
60, 80 and 100 mg/ml as shown in the fig 3.2. For the estimation of the residual glucose
the above mentioned procedure was repeated.

3.6 Dry Cell Mass
The fermentation broth was filtered by using four layer of cheese cloth. The cell mass of
the fungus was transferred to pre weight filter paper. These filter papers having fungal
mass were dried in oven at 80Cº for 24hrs and weighed again. The dry cell mass was
calculated by subtracting preweight from the after weight.

3.7 Identification of the Fungal Strains
The best fungal strains that had the ability to produce taxol were identified on the basis of
the morphological characteristics and genetic analysis.
3.7.1 Morphological analysis
The morphological characteristics of the colony such as colour, shape, texture, growth
rate and growth pattern of the colony were observed. Along with these characteristics,
some microscopic characteristics such as type of the mycelium, colour of the mycelium,
sporangiophore, type of the spore, size of the spore, shape of the spore were also studied.
These characteristics were used to identify the fungal strains.

56

3.7.2 Genome Analysis
3.7.2.1 Isolation of Genomic DNA
Genomic DNA of selected fungal strain was isolated by following the protocol given by
Neumann et al., (1992). For extraction of DNA, liquid nitrogen was used to grind the
fungal mycelia into fine powder. This fine powder was suspended in 5 mL of SET buffer
(NaCl 75 mM, EDTA 25 mM, Tris-Cl 20 mM). 1 mL of lysozyme (10 mg/mL) was also
added in this mycelial suspension. It was then incubated at 37°C for 1 h. After 1 h, 140
μL of proteinase K (0.5 mg/mL) and 600 μL of 10% SDS were added, mixed gently and
incubated at 55°C for 2 hours. After that 2 mL of 5M NaCl was added to neutralize the
mixture and the tubes were mixed gently to avoid the coagulation. 5 mL of
phenol/chloroform (1:1) was added and the mixture was placed at room temperature for
30 min. Then it was centrifuged for 20 min at 4500 ×g. The clear supernatant was
transferred into a fresh tube. 0.6 volume of isopropanol was added to the supernatant to
pellet down the genomic DNA. Again it was centrifuged at 4500 g for 10 min. and the
pellet was washed with 70% ethanol and air dried. Then the pellet was dissolved in 2 mL
of TE buffer (EDTA 1 mM, TRis-Cl (pH 8.0) 10 mM). The concentration of genomic
DNA was checked by running agaros gel electrophoresis.
3.7.2.2 PCR Amplification
For the amplification of the internal transcribed spacer region (ITS) from the fungal
strain, polymerase chain reaction (PCR) was performed in a thermocycler (Veriti 96
wells Model no. 9902, Applied Biosystem). A pair of universal primers was used for the
amplification of internal transcribed spacer (ITS) region. A 50 µL PCR reaction mixture
contained 0.4 µL of genomic DNA (40 ng), 1.5 µL of 10 X Taq polymerase buffer, 4 µL
of dNTPs (0.2 mM), 1 μL of each forward and reverse primers (1 μM) and 0.5 µL of taq
DNA polymerase (5 Units). The reaction conditions were set as, initial denaturation at
95°C for 3 min, followed by 35 cyles of 95°C for 30 sec, 52°C for 30 sec, 72°C for 30
sec and final extension at 72°C for 3 min. The amplified products were analyzed on 1%
agarose gel.
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3.7.2.3 Extraction of Amplified Products from the Gel
Amplified PCR products were extracted from the gel and purified by using Novagen Spin
Prep TM gene clean kit. After running agarose gel of amplified PCR product, the gel
slice containing required fragment was cut from the gel with fine sterilized surgical blade
in UV transilluminator. This gel slice was placed in a preweighed 1.5 mL eppendorf tube.
The weight of the gel slice was determined and solution A in a ratio of 3:1 was added. It
was then incubated at 55°C until the gel slice completely melted and solution became
clear. This solution was then transferred into a 2 mL tube containing spin prep filter and
centrifuged at 1000 g for 1 min. The flow through was discarded and filter was washed
with 750 µL of washed buffer B containing absolute ethanol. Again it was centrifuged
and flow through was discarded. Then the filter was placed on another 1 mL collective
tube and 30 µL of elution buffer was added to elute the purified DNA from the filter. It
was centrifuged and purified DNA was collected and stored at -20°C.
3.7.2.4 DNA Sequencing and Sequence Analysis
The purified PCR products were sent to a commercial company, Advance Bioscience
International Pakistan, for sequencing of the internal transcriber spacer (ITS) gene. The
sequencing result provided by the company was used to find its similarity index with
genes of other species by using the BLAST tool and phylogentic analysis. The most
identical sequences of the strain IIB 275 were identified from NR database of Genbank
using BLAST algorithm (Altschul et al., 1997). Sequences showing high sequence
identity were manually picked for further analysis. Multiple sequence alignment was
performed for the sequences obtained from BLAST search using ClustalW algorithm
(Thompson et al., 1994). Phylogenetic analysis was carried out using PHYLIP v3.62
suite of programs (Felsenstein, 1985). Since the sequences obtained from the BLAST
search were the ones showing maximum homology, DNAPARS program was used for
further analysis. A consensus tree was constructed from the output generated using the
program CONSENSUS. DNAML, a program based on maximum-likelihood method was
also used for comparison.
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3.8 Culture medium
The selected fungal strains were grown on various natural and semisynthetic media for
the production of taxol. The media used for fermentation included:M 1: Potato dextrose, 24g dissolved in one liter of the purified distilled water.
M 2: Malt extract, 20 g dissolved in one liter of the purified distilled water.
M 3: (g/l) Peptone, 10; glucose, 40; sodium acetate, 1.0 and sodium benzoate 50 mg.
M 4: (g/l) Starch, 20; sodium nitrate, 1.0; calcium carbonate, 3.0; magnesium sulphate,
1.0 and ammonium sulphate, 1.0 (pH 7.5).
M 5: (g/l) Glucose, 25; ammonium tartrate, 2.0; ammonium chloride, 2.0; potassium di
hydrogen phosphate, 2.0; magnesium sulphate, 1.0 and ferrous sulphate, 10 mg (pH 6).
M 6: (g/l) Starch, 30; corn steep liquor, 8.0; calcium carbonate, 3.0; yeast extract, 1.0;
sodium chloride, 2.5; ferrous sulphate, 10 mg; zinc sulphate, 10 mg; copper sulphate, 10
mg; manganese sulphate, 10 mg and MOPS, 5.0 (pH 5).
M 7: (g/l) Glucose, 30; yeast extract, 4.0; di potassium hydrogen phosphate, 1.0; sodium
nitrate, 3.0; ferrous sulphate, 10 mg; potassium chloride, 0.5 and magnesium sulphate,
0.5 (pH 7.3).
M 8: (g/l) Dextrin, 10; soytone, 15; MOPS, 5.0; di potassium hydrogen phosphate, 40;
ferrous sulphate, 10 mg; zinc sulphate, 10 mg; manganese sulphate, 10 mg and
magnesium sulphate, 10 mg (pH 7.5).
M 9: (g/l) Sucrose, 30; ammonium tartrate, 5.0; yeast extract, 5.0; soytone, 1.0; calcium
nitrate, 280 mg; potassium nitrate, 80 mg; potassium chloride, 60 mg; magnesium
sulphate, 360 mg; sodium di hydrogen phosphate, 20 mg; ferric chloride, 2.0 mg;
manganese sulphate, 5.0 mg; zinc sulphate, 2.5 mg; boric acid, 1.4 mg and potassium
iodide, 0.7 mg.
M 10: (g/l) Starch, 20; sodium nitrate, 1.0; calcium carbonate, 3.0; magnesium sulphate,
1.0 and ammonium sulphate 1.0 (pH 7.5).
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3.9 Optimization of Physical Parameters of Fermentation
The optimization of the physical parameters of fermentation such as incubation
temperature, incubation period, initial pH of the medium and effect of size of the
inoculum were also done to enhance the production of the taxol. The effect of the
incubation temperature was determined by incubating the fermentation flasks at
temperature ranging from 15 °C to 39 °C at an interval of 3 °C. To optimize the
incubation period, the flasks were incubated at optimized temperature for different (8, 10,
12, 14, 16, 18, 20, 22, 24, 26, 28 and 30 days) time intervals as a stationary culture. After
specified incubation period, the culture was harvested and processed for further analysis.
The effect of initial pH of the culture medium on taxol production by selected strain of
fungus was also determined by preparing fermentation medium with different pH values
ranging from 5.5 to 8.5 with a difference of 0.5. The effect of type (vagitative and spore)
and size of the inoculum was determined by changing the size of the inoculum from 2.5
to 15%.

3.10 Optimization of Nutritional Parameters of Fermentation
Various nutritional components such as nitrogen sources and carbon source were also
optimized for the increased production of the taxol. The culture medium with additional
inorganic and organic nitrogen sources such as peptone, meat extract, casein, yeast
extract, meat extract, beef extract, corn steep liquor, ammonium sulphate, ammonium
chloride, potassium nitrate and ammonium nitrate, ammonium phosphate was evaluated
for the production of taxol from the fungal culture.
The culture medium with additional carbon sources such as sucrose, glucose, maltose,
fructose, lactose, molasses and starch was also evaluated for the production of taxol by
selected fungal strain in shake flasks. The fermentation experiments were carried out as
previously described and fermentation broth was checked for taxol production.
To find out the effect of sodium benzoate on the taxol production by the fungal culture,
various concentrations of the sodium benzoate such as 25, 50, 75 and 100 mg was added
in the culture medium. Taxol production was also evaluated in the control i.e. without
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sodium benzoate. The fermentation experiments were carried out as previously described
and fermentation broth was checked for taxol production by the above mention analytical
methods.

3.11 Type of Fermentation
To evaluate the effect of type of fermentation on the taxol production, the fermentation
experiments were performed on surface culture, solid state and shake flask. Shake flask
fermentation was carried out in 250 ml Erlenmeyer flask in shaking incubator at
optimized temperature and 200 rpm by using PD broth as medium. The solid state
fermentation was carried out 250 ml Erlenmeyer flask by using 10 gram wheat bran as
medium which was impregnated with 15 ml of PD broth. The surface culture
fermentation experiment was carried out as previously described and fermentation broth
was checked for taxol production by the above mention analytical methods. The amount
of the residual glucose and dry cell mass was also determined.

3.12 Fermenter Studies
Scale up studies of fermentation were carried out in a 7.5 L glass fermenter (Model:
Bioflow-110 Fermenter/Bioreactor, New Brunswick USA) with a working volume of 5.0
L. The fermenter vessel containing fermentation medium was sterilized in an autoclave
(Model: KT-40 L, ALP, Japan) for 20 min at 15 lbs/in2 pressure (121ºC) and cooled at
room temperature. After cooling the medium, spore inoculum was transferred to the
vessel through a hole at the top plate under aseptic conditions. The incubation
temperature was kept at 30°C, while the aeration and agitation rates were maintained at
1.0 L/L/min (vvm) and 200 rpm, respectively throughout the fermentation period.
Sterilized solution of 0.1 N acetic acid and NaOH were used for automatic pH
adjustment. The samples were taken at regular intervals and checked for the amount of
the taxol. Different parameters such as medium pH, aeration and agitation were
optimized for the maximum production of taxol from fungal culture through bioreactor.
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3.13 Random Mutagenesis
3.13.1 UV Irradiation
The physical mutagenesis was carried out by using UV light. Death curve (distance vs
time) for the UV irradiation was plotted. For UV irradiation, one ml of spore suspension
was spreaded on PDA plate. This plate was incubated at 30°C for one hour to initiate the
spore germination. After that, the plate was exposed to the UV irradiations at a distance
of 9 inches for 40 min for subsequent mutation. The plates were wrapped in black paper
first after UV irradiation to avoid the photo repair of the mutants. The plates were then
incubated at 30°C for three days for the growth of mutated fungal strains. The number of
the survivor colonies was counted. Each colony was subjected to the fermentation
experiment as mentioned above to check the production of taxol.
3.13.2 Nitrous Acid Treatment
Nitrous acid was also used to induce the random mutagenesis in the fungal strain to
enhance the production of the taxol. Spore suspension having 1.2 × 107 spores was
subjected to centrifugation and the pellet obtained was washed twice with 0.1 M
phosphate buffer (pH 7.0). After that, pellet was treated with 0.1 M sodium acetate buffer
and subsequently NaNO2 was added to adjust the final concentration to 0.8, 0.9, 1.0, 1.1
M. The reaction mixture was vigorously mixed for 10 min and reaction was stopped by
adding 0.1 M phosphate buffer. Pellet obtained after centrifugation was washed and redissolved in phosphate buffer. 100 μl of it was then poured onto PDA plate and incubated
at 30°C for 48 hrs (Mala et al., 2001). The number of the colonies was counted in each
plate. Each colony was subjected to the fermentation experiments as discussed earlier and
the amount of the taxol produced by each mutated fungal strain was quantified.
3.13.3 Ethyl Methane Sulphonate (EMS) Treatment
For chemical mutagens treatment, the spore suspension of wild strain was prepared. The
spore suspension was diluted upto 1.2 × 107 spores. 250 µL of spore suspension was
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transferred to different eppendorfs. 50 µL of EMS was added to every eppendorf tube to
make the final concentration of 125 mM.

The other concentrations such as 25, 50, 75

and 100 mM were also made. The effect of concentration on the death rate was found by
treating the spore suspension at fixed interval of time (annex. 5). On the same way the
death time was also optimized by exposing the spore suspension at the final concentration
of 150 mM (annex. 6). A final concentration of 125 mM of EMS was made and spores
were exposed for 20 min. sodium thiosulphate was added to the reaction mixture to stop
the reaction. Reaction mixture was centrifuged and the pellet obtained was washed with
phosphate buffer. The washed pellet was redissolved and 100 µL of redisolved pellet was
poured on PDA for growth (Lotfy et al., 2007). The number of the colonies was counted
in each plate. Each colony was subjected to the fermentation experiments as discussed
earlier and the amount of the taxol produced by each mutated fungal strain was quantified.

3.14 Down Stream Processing
3.14.1 Extraction of taxol
For the extraction of the extracellular taxol the culture broth was filtered through
four layers of cheese cloth to remove the mycelium. Then 0.25 g Na2CO3 was added to
the culture filtrate with frequent shaking to reduce the amount of fatty acids that might
contaminate taxol in the culture. The culture filtrate was extracted with two equal
volumes of solvent dichloromethane. The organic phase was collected and purified by
using column chromatography.
For the extraction of the intracellular taxol, the biomass collected after filtration was
crushed in pestle and mortar in the presence of some sand (washed and neutralized with
0.1M HCl) and adequate amount of dichloromethane. After crushing the solution was
filtered and dried in vacuum rotary evaporator at reduced pressure at 35ºC.
3.14.2 Column chromatography
The dried sample was redissolved in methanol. The mixture was purified by the column
chromatography. For the column chromatography, silica gel was packed into 60 to 100
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µm column and the column was dipped in chloroform overnight. After that the column
was allowed to pack by gravity settling. The column was washed with several column
volumes using CHCl3 for the removal of silica gel impurities. The sample was dissolved
in chloroform and loaded on the column. The unabsorbed impurities were washed out by
passing chloroform from the column. Thereafter, methanol: chloroform (3:97v/v) was
used for elution and the fractions were collected after various intervals of time. These
fractions were analyzed for the presence of the taxol. The fraction that had the pure taxol
was concentrated and dried in the rotary vacuum concentrator. All the process was
carried out at room temperature.

3.15 Product Characterization
For the characterization of taxol, the proton nuclear magnetic resonance spectroscopic
(1H NMR) and infrared spectroscopy (IR) was done. IR spectrum of the extracted taxol
was recorded on Shimadzu FT IR 8000 series instrument. The IR spectra were screened
in the region 4000–500/cm. Structural characterization of taxol was also done by 1H
NMR spectroscopy technique. CDCl3 was used as a solvent for proton analysis and
instrument was operated at 300 MHz. Chemical shifts were recorded as δ values relative
to tetramethylsilane (TMS) as internal reference and coupling constants were recorded in
Hertz. Samples dissolved in CDCl3 (Sigma) were used for the analysis. Chemical shifts
and coupling constants obtained from proton analysis report were used as a tool for the
characterization. The results were obtained and recorded.

3.16 Drug Delivery by Nanoparticles
3.16.1 Synthesis of mesoporous silica nanoparticles
The synthesis of MSNs with three different pore sizes was performed as described by
Lodha et al., (2012). According to this method, 0.2 g of CTAB was dissolved in a
mixture of distilled water (100 mL) and 2 M NaOH (720 mL). The solution was heated to
80°C and stirred vigorously. When the temperature of the CTAB solution was stabilized,
1 mL of TEOS was added. After 2 h, the solution was cooled to room temperature and
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the particles were collected by centrifugation (14,000 rpm, 10 min). The obtained
particles were allowed to dry at room temperature overnight. To remove the surfactants
from the pores of the particles, the particles (1 g) were dispersed in a mixture of ethanol
(120 mL) and 11.9 M hydrochloric acid (15 mL), and the mixture was refluxed. After 24
h, the suspensions were centrifuged; the precipitations were washed thoroughly to
remove the surfactants and then dried at room temperature. The resultant MSNs were
denoted by MSN-41. For the functionalization with the iron, MSN-41 was dispersed in
ferric chloride solution (6%, w/v) and the mixture was stirred vigorously at ambient
temperature for 1 to 2 hrs, respectively. The particles were collected and washed several
times by centrifugation and then were dried into powder.
The aluminium functionalized silica particles with different ratios of silica and
aluminium were prepared by the method as reported by Wang et al., (2013). For the
preparation of MSN-41, the CTACl (Hexadecyl trimethyl ammonium chloride) was
mixed with ammonium hydroxide solution and TEOS (Tetraethyl orthosilicate) in a
volume ratio of 1:1:1 in demineralized water (500 mL) and stirred at room temperature to
form a white gel. For the functionalization of the particles with aluminum, aluminum
sulphate was added to the white gel. The mixture was vigorously stirred for one hour.
Finally the mixture was collected, filtered and washed with distilled water. The washed
mixture was finally dried in an oven at 80ºC. Calcination of the particles was done at 450
ºC for 6hrs.
3.16.2 Characterization of the Nanoparticles
Various characteristics of the particles such as pore size, pore volume, radius of the pores,
pore diameter and pore surface area were determined by N2 adsorption–desorption
isotherms by using an Autosorb IQ-C system. Each sample (50 mg) was degassed at 423
K for 12 h under vacuum before the measurements and then the measurement of the
particles was done at 77 K.
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3.16.3 Drug loading
For the loading of the drug, the mesoporous silica nanoparticles were first dried at
temperature of 120 °C for 24 h in an oven. One mg of taxol was dissolved in 20 ml of
dichloromethane and the solution was put on shaking at 150 rpm for 24 hrs. After that
sample was taken and filtered. The amount of the taxol in the solution was determined by
the HPLC method. For loading of the drug, 60 mg of the mesoporous silica nanoparticles
(MSN-41) and other particles were added to the solution and again put on magnetic
stirrer at 150 rpm for 24 hrs. After 24 hrs, the sample was taken and filtered through
micro filters to remove the silica particle and amount of the unloaded drug was
determined. The amount of the loaded drug was calculated by using the following
formula:DL = DT - DU
Where
DL = Amount of the drug loaded
DT = Total amount of the drug dissolved
DU = Unloaded drug in the solution
The solution was dried at 35 °C under reduced pressure in vacuum drier. The dried
particles were weighed and stored.
3.16.4 In vitro Drug Release Assay
The release of the drug from the MSN- 41 and iron functionalized MSN-41 was studied
in dissolution apparatus. Fifty mg of the drug loaded mesoporous silica nanoparticles
were taken and dispersed in 0.1M Hydrochloric and kept at mild stirring. Acidic solution
was used to provide simulated gastric solution. The samples were taken after every 30
min to estimate the amount of the drug released. After 2 hours, the pH of the solution was
raised to 7 by adding 1 M sodium hydroxide solution to provide the simulated intestinal
conditions for the release of the drug. The samples were taken again after every 30 min
for 1 hr. The amount of the taxol released into the solution was determined by the HPLC
method as discussed earlier.
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Fig 3.1:- Standard curve of taxol
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Fig 3.2:- Standard curve of glucose
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Results and Discussions
4.1 Isolation and Screening of Endophytic Fungal Strains
One hundred and forty plant samples including stems and leaves from different plants
were collected for the isolation of the endophytic fungal strains. These samples were
taken from 55 different plants belonging to 10 different species. The maximum number
of samples (50) were collected from the Taxus wallichiana from the hilly area of Pakistan
including Nathia Gali (Abbotabad) and Shringle (Upper Dir). Thirty four samples from
Nathia Gali while sixteen samples were taken from the Shringle. Ten samples were
collected from each of the rest nine plant species that include Hibiscus rosa sinensis,
Citrus medica, Terminalia arjuna, Alstonia sp., Dalbergia sissoo, Ficus religiosa, Citrus
limonum, Pterospermum acerifolium and Syzygium cumini which were collected from
different areas of Lahore, Punjab. For the isolation of the fungal strains, small pieces of
the samples were cut after washing and surface sterilization with ethanol. These small
pieces with dimensions of 1 cm3 were placed in the PDA plates and incubated at 30 °C
for 5-7 days. Three hundred and ten fungal strains were isolated from these samples
(Table 4.1). The maximum numbers of isolates (95) were obtained from the Taxus sp.
while minimum numbers of isolates were obtained from the Citrus limonum i.e. 15 fungal
strains.
For the screening of the isolated fungal strains for the production of the taxol, the
fermentation studies were performed using surface culture fermentation in static flasks.
The presence of taxol was detected by performing thin layer chromatography (TLC) as
shown in the Fig 4.1. It was observed that 20 isolates from 310 fungal strains were found
to have the ability to produce taxol as shown in the table 4.2. Maximum number of taxol
producing fungal strains was isolated from the samples of Taxus specie. Among 95
isolated fungal strains which were obtained from the Taxus sp., only nine had the ability
to produce taxol. From 36 fungal strains that were isolated from the Hibiscus rosa
sinensis, only 3 fungal strains were observed to produce taxol. A medicinal plant
Terminalia arjuna had only 4 taxol producing fungal strains out of 25 isolated strains.
Minimum numbers of the taxol producing fungal strains i.e. 02 were obtained from the
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Citrus medica and Ficus religosa. No taxol producing fungal strains were detected from
the isolates obtained from plants like Alstonia sp., Dalbergia sissoo, Citrus limonum,
Pterospermum acerifolium and Syzygium cumini.
The amount of the taxol produced by these isolates ranged from 3µg/l to 540µg/l as
shown in the table 4.3. The highest amount of the taxol was produced by the strain UH275 i.e. 540 µg/l with a biomass of 2.90 g/l. This strain was isolated from the Taxus sp.
collected from Nathia Gali. The amount of the taxol produced by the strain UH-230 was
80µg/l (biomass 2.16 g/l). This strain was isolated from the sample of Ficus religosa. The
strain UH-10 isolated from Taxus sp. produced 140 µg/l of taxol (3.45g/l of the biomass).
The minimum amount of taxol (3µg/l) was produced by the strain UH-259 which was
also isolated from Taxus sp. The other strains had the intermediate amounts of the taxol
and biomass production.
Taxol was first isolated from the bark of the Taxus spp. in 1964. Since then till 1993, it
was mainly produced from the same plant. In 1993, taxol was coincidentally discovered
to be produced by a fungus Taxomyces andreanae living endophytically in the Taxus
plant (Stierle et al., 1993). Ever since, there have been a few reports on the isolation of
taxol producing endophytic fungi (Strobel et al., 1996b; Wang et al., 2000). Recently, a
research group has isolated several endophytic fungal strains from various medicinal
plants for taxol production (Gangadevi and Muthumary, 2008). Taxol producing
endophytic fungal strains such as Botryodiplodia theobromae from Taxus baccata and
leaf spot strain, Phyllosticta citricarpa from Citrus medica have also been reported (Raja
et al., 2008, Senthil et al., 2008). An endophytic fungus, Pestalotiopsis terminaliae was
isolated from the Terminalia arjuna plant which produced a considerable amount of
Taxol (Gangadevi and Muthumary, 2009). Taxol producing fungal strains (UH-73, UH87 and UH-190) have also been isolated from the plant Hibiscus rosa sinensis.
The main significance of the present study is that the amount of the taxol (540 µg/l)
produced by the isolated fungal strains in the present studies was higher as compared to
the previous studies i.e. 298 µg/l by Phyllosticta dioscoreae (Kumaran et al., 2009). In
the present work, the strain UH-230 was isolated from the Ficus religosawhich had
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considerable amount of the taxol production. It is the first report on the isolation of the
taxol producing fungal strain from this plant.
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Table 4.1:- Isolation of the endophytic fungal strains from different plant sources

Sr. No.

Plant sources

Number
of plants

Number of
samples

Parts used

Number of
isolates

1

Taxus
wallichiana

10

50

Stem

95

leaves
2

Hibiscus rosasinensis

5

10

Stem

36

leaves
3

Citrus medica

5

10

Stem

23

leaves
4

Terminalia
arjuna

5

10

Stem

25

leaves
5

Alstonia spp.

5

10

Stem

20

leaves
6

Dalbergia
sissoo

5

10

Stem

19

leaves
7

Ficus religiosa

5

10

Stem

25

Leaves
8

Citrus limonum

5

10

Stem

15

leaves
9

Pterospermum
acerifolium

5

10

Stem, leaves

30

10

Syzygium
cumini

5

10

Stem

22

Leaves
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Table 4.2: - Screening of the fungal isolate for the production of taxol through
surface culture fermentation

Sr. No.

Plant sources

Number
of plants

Number of
samples

Number of
isolates

Taxol
producers

1

Taxus
wallichiana

10

50

95

9

2

Hibiscus rosasinensis

5

10

36

3

3

Citrus medica

5

10

23

2

4

Terminalia
arjuna

5

10

25

4

5

Alstonia

5

10

20

------

6

Dalbergia
sissoo

5

10

19

------

7

Ficus religiosa

5

10

25

2

8

Citrus limonum

5

10

15

------

9

Pterospermum
acerifolium

5

10

30

------

10

Syzygium
cumini

5

10

22

-------
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Fig 4.1:- Thin layer chromatographs of standard taxol and fungal culture broths

(a) TLC plate developed by using vanillin and sulphuric acid
(b) TLC plate visualized under UV
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Table 4.3:- Quantification the taxol produced by the isolated fungal strains

Sr. Number

Strain

Plant source

Amount of
Taxol
(µg/l)

Dry mycelial
mass
(g/l)

1

UH6

Taxus wallichiana

20

2.67

2

UH 10

Taxus wallichiana

140

3.45

3

UH 18

Taxus wallichiana

10

2.99

4

UH 23

Taxus wallichiana

43

2.23

5

UH 37

Taxus wallichiana

27

2.56

6

UH 40

Taxus wallichiana

19

2.90

7

UH 62

Ficus relogisa

28

2.10

8

UH 73

Hibiscus rosa sinensis

58

2.87

9

UH 87

Hibiscus rosa sinensis

34

2.98

10

UH 93

Terminalia arjuna

25

2.87

11

UH 108

Terminalia arjuna

6

2.04

12

UH 116

Terminalia arjuna

12

2.32

13

UH 132

Terminalia arjuna

55

2.97

14

UH 141

Citrus medica

25

2.90

15

UH 147

Citrus medica

49

2.10

16

UH 190

Hibiscus rosa sinensis

10

2.30

17

UH 230

Ficus religosa

80

2.16

18

UH 259

Taxus wallichiana

3

2.56

19

UH 275

Taxus wallichiana

540

2.90

20

UH 283

Taxus wallichiana

8

2.43
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Figure 4.2:- HPLC chromatograph of taxol produced by the isolated fungal strain
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4.2 Identification of the Selected Fungal Strains
Three fungal strains viz; UH-10, UH-230 and UH-275 showed considerable amounts of
the taxol production, so these strains were selected for the further studies. The
morphological characteristics of these isolates were observed for the identification of
these strains. The colonies of the strain UH-10 were appeared to be olivacious green to
olivicious brown in colour and were turned black when mature. The colonies grew very
well on PDA medium showing a diameter upto 5.6 cm of 10 days old colony. The
colonies appeared velvety in texture when young (Fig 4.3a). The hyphae appeared
septate, hyaline and upto 5 µm wide. The septate conidiophores appeared to be straight or
flexuous, simple or branched, intercalary or terminal and smooth. The conidiophores
were up to 360 µm long and upto 4 µm wide. The conidia were in heads of densely
crowded, profusely branched chains. The conidia were oblong, limoniform, ellipsoid or
fusiform in shape (Fig 4.3b).
The strain UH-230 showed thread like colony appearance and soft texture. The colour of
the colonies was initially white but soon turned black on the top side, while the bottom
side was compact and light yellow in colour. The growth of the colony was rapid and
quick on PDA medium. The black conidial head rapidly covered the colonies and could
be easily observed (Fig 4.4a). The hyphae of the strain UH-230 appeared to be branched
and septate. The conidiophores were smooth walled, hyaline or turning dark towards the
head. The length of the conidiophores ranged from 200 to 400 µm and had the diameter
ranging from 7 to 10 µm. The conidiophores had the globose vesicles. The conidia were
densely crowded and were spherical in shape. The conidia were blackish to brown in
colour with diameter ranging from 2.5 to 4 µm (Fig 4.4b).
The strain UH-275 that showed the maximum amount of taxol production, grew into
white colour colonies after two days growth which turned into deep grape green colour as
shown in the Fig 4.5a. The diameter of the colony after 10 days of growth was 3 to 4 cm.
The size of the ascospore was observed to be greater than 6 µm and smooth in shape as
shown in the Fig 4.5b. The scanning electron microscopy was done for the structural
elucidation of the strain UH-275 because it produced maximum amount of the taxol i.e.
540 mg/l (Fig 4.6).
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On the basis of the morphological characteristic and microscopic studies, it was found
that the isolated fungal strain UH-10 had maximum similarity with the strain
Cladosporium cladosporioids (deHoog, 2000). Similarly, the morphological and
microscopic characteristics of the isolated fungal strain UH-230 were found to be similar
to the Aspergillus niger (Barron, 1968). The morphological and microscopic analysis of
the strain UH-275 was found to be much similar with strain Eurotium rubrum (Yazdani et
al., 2011).
For further confirmation, the strain UH-275 was subjected to the genomic analysis. For
the genomic analysis, the fungal DNA was isolated and amplified. The internal
transcribed spacer (ITS) from genomic DNA was consisted of 555 base pairs as shown in
the fig 4.7. This ITS region was amplified by PCR using a thermocycler (Fig 4.8). After
purification and amplification, the sequence analysis was performed. The BLAST tools
were used to find out similarity of the sequenced gene. The phylogenetic tree was built on
the basis of these similarities as shown in the fig 4.9. The sequence analysis of the strain
(UH-275) showed that it had the maximum similarity with Eurotium rubrum and
minimum similarity with the strain Asperigllus amestalodami.
It is first report about the Eurotium rubrum that it has the ability to produce taxol which
is another significant feature of the present study. The amount of taxol produced by the
strain was further enhanced by optimizing the fermentation conditions.
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Fig 4.3: - Identification of strain UH-10

4.3a: - Colony of strain UH-10

Fig 4.3 b: Conidiophores of fungal strain UH-10
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Fig 4.4:- Identification of strain UH-230

4.4a: - Colony of strain (UH-230)

Fig 4.4 b: - sporangiophore of fungal strain UH-230
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Fig 4.5:- Identification of strain UH-275

4.5a: - Colony of strain (UH-275)

Fig 4.5 b: - Microscopic characteristics of the fungal strain UH-275
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Fig 4.6: - Scanning electron microscopy of the isolated fungal strain UH-275

Fig 4.6a: - Fungal hyphae

Fig 4.6b: - Structure of the spore
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Fig 4.7: - Internal transcribed spacer (ITS) nucleotide sequence 555 bp

>A, 555bp
TTCCGATGGTGAACCTGCGGAAGGATCATTACCGAGTGCGGGCCCTCTGGGTCCAA
CCTC 60
CCATCCGTGTCTATCTGTACCCTGTTGCTTCGGCGTGGCCACGGCCCGCCGGAGAC
TAAC 120
ATTTGAACGCTGTCTGAAGTTTGCAGTCTGAGTTTTTAGTTAAACAATCGTTAAAA
CTTT 180
CAACAACGGATCTCTTGGTTCCGGCATCGATGAAGAACGCAGCGAAATGCGATAA
TTAAT 240
GTGAATTGCAGAATTCAGTGAATCATCGAGTCTTTGAACGCACATTGCGCCCCCTG
GTAT 300
TCCGGGGGGCATGCCTGTCCGAGCGTCATTGCTGCCCTCAAGCACGGCTTGTGTGT
TGGG 360
CTTCCGTCCCTGGCAACGGGGACGGGCCCAAAAGGCAGTGGCGGCACCATGTCTG
GTCCT 420
CGAGCGTATGGGGCTTTGTCACCCGCTCCCGTAGGTCCAGCTGGCAGCTAGCCTCG
CAAC 480
CAATCTTTTTAACCAGGTTGACCTCGGATCAGGTAGGGATACCCGCTGAACTTAAG
CATA 540
TCAATAAGCGGAGGA

555
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Fig 4.8: - Genomic DNA of isolated fungal strain UH-275

M

-ve

+veA

M

M: - Marker
A: - Sample (ITS).
-ve: - Negative control
+ve: - Positive control
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Fig 4.9a: - Sequences results of strain UH-275
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Fig 4.9b: - Phylogenetic tree of the strain UH-275 with top ten most similar
sequences
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4.3 Effect of type of Fermentation
The type of fermentation is very important for the production of the secondary metabolite
from the microbial sources. It was observed that the strain UH-275 had the maximum
productivity of the taxol (540µg/l), when fermentation was carried by the surface culture
method while minimum productivity of the taxol (130µg/l) was observed in solid state
fermentation as shown in the Fig 4.10. The amount of the taxol produced by the strain
UH-275 in shake flask culture was 220µg/l. The strain UH-230 showed the maximum
productivity (80µg/l) in surface culture and minimum productivity of the taxol i.e. 35
µg/l in shake flask fermentation. While in solid state fermentation, the strain UH-230
showed 40 µg/l of the taxol production. The minimum amount of the taxol i.e. 50 µg/l
was produced in solid state fermentation by the strain UH-10 and maximum amount of
the taxol (140 µg/l) was produced in the surface culture fermentation. The same strain
UH-10 had the intermediate productivity (80µg/l) in the shake flask fermentation
Taxol production has been carried out by submerged, solid state and static fermentations
by different workers (Ruiz-Sanchez et al., 2010). Most of the published studies related to
taxol producing fungi have been performed in submerged fermentation because
submerged fermentation is considered more suitable method for the production of
secondary metabolites (Auld, 1992). The products are secreted directly into the
fermentation broth which renders the down streaming more easy. A suitable arrangement
of the other physical parameters of fermentation such as incubation temperature,
incubation period and initial pH of the medium is very crucial for the higher output of the
fermentation process. Optimization of the nutritional parameters is another key factor for
the production of the secondary metabolites. In the present studies submerged
fermentation under static conditions was found to be the most suitable method for the
production of taxol as maximum amount of taxol was produced by the strain UH-275
under static culture fermentation. The static culture fermentation was also reported to be
used for the production of the taxol by various researchers (Sreeknath, 2009; Visalakchi
and Muthumary, 2010).
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Fig 4.10: - Type of fermentation for the production of taxol by different fungal
strains

600

Concentration
(ug/l)

500
400
SF

300

SFF
200

SSF

100
0
UH 10

UH 230

UH 275

Fungal Strains

―All the values are means of three parallel replicates. Y-error bars indicate the standard
error from mean‖.

Fermentation conditions: - ―Incubation temperature: 28°C; Incubation period: 20 days.‖
Abbreviations: - SF; Static Fermentation, SSF; Shake Flask Fermentation, SSF; Solid
State Fermentation
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4.4 Screening of Culture Medium
To find out the best fermentation medium for enhanced production of taxol, ten different
natural and synthetic fermentation media were used. Three selected strains namely
Cladosporium cladosporioids (UH-10), Aspergillus niger (UH-230) and Eurotium
rubrum (UH-275) were used for the up streaming of the taxol by using different media.
The strain UH-275 showed the highest amount of the taxol production (1580 µg/l) as
compared to the other two strains. The strains Cladosporium cladosporioids (UH-10) and
Aspergillus niger (UH-230) gave 140µg/l and 80 µg/l of taxol production, respectively.
Figure 4.11 shows the amount of the taxol produced by the strain Cladosporium
cladosporioids (UH-10) in ten different media. The highest amount of taxol (145µg/l)
was produced by the strain UH-10 in culture medium M-3. It was observed that there was
slight increase in the amount of the taxol produced then the M-2 i.e. 140µg/l while the
lowest amount of the taxol (21µg/l) was produced in the medium M-8. Similarly the
amount of the biomass produced by the strain Cladosporium cladosporioids (UH-10) was
maximum in the medium 3 i.e. 3.68 g/l and minimum in the medium 10 i.e. 2.11 g/l.
Beside M-3 and M-2, considerable amount of the taxol was also produced in the medium
9 and medium 1 i.e. 101 µg/l and 93 µg/l, respectively.
The amount of the taxol produced by the strain Aspergillus niger (UH-230) in different
culture media is shown in the Fig 4.12.The amount of the taxol produced by the strain
Aspergillus niger (UH-230) was 80µg/l, when it was grown in the potato dextrose broth
(M-2). A slight increase in taxol production (92µg/l) was observed when it was grown in
the medium M-3. The minimum amount of taxol (10µg/l) was produced in the medium 9
(M-9). Other media had the intermediate amount of the taxol production by the
Aspergillus niger (UH-230). The amount of the biomass produced by the strain
Aspergillus niger (UH-230) was minimum (2.11 g/l) in the M-10 and maximum (2.54 g/l)
in the medium 3. The medium 3 also had the maximum amount of the taxol. The biomass
produced in the M-1 was also minimum 2.12 g/l and the taxol production was also
minimum (20 µg/l) in the same medium.
The amount of the taxol produced by the strain Eurotium rubrum (UH-275) in different
media has shown in the Fig 4.13. The highest amount of the taxol (1580 µg/l) and highest
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amount of the biomass (4.68 g/l) was also produced in the medium i.e. M-3. While the
lowest amount of the taxol i.e. 101 µg/l was produced in the medium M-9. The minimum
amount of the biomass (2.34 g/l) was also produced in the medium M-1. In the previous
experiments, the amount of the taxol produced by Eurotium rubrum (UH-275) in the
medium M-2 was 540 µg/l. Other media had the much lower amount of the taxol as
compared to the M-2 and M-3. The results showed that among all the strains used,
maximum amount of the taxol was produced by the strain Eurotium rubrum (UH-275)i.e.
1580 µg/l in the medium M-3 while other two strains also had the maximum amount of
the taxol production in the same medium but much less than the strain Eurotium rubrum
(UH-275).
The media constituent are very important for the production of the secondary metabolites
by the fungi. Natural media consist of entire basic components that are needed by the
microorganism. The M-1 and M-2 are the natural media. The M-1 had the potato dextrose
whereas the M-2 had the malt extract. The highest amount of the taxol was produced in
the medium M-3. The composition of the M-3 included peptone, glucose, sodium acetate
and sodium benzoate. The sodium benzoate may serve as precursor for the synthesis of
the taxol. Glucose provided the required carbon source for the synthesis of the biomass as
well as for the basic carbon skeleton of the organic compounds. While the nitrogen
required for the synthesis of the biomass was provided by the peptone. Although the
other media had synthetic components but the amount of taxol was not considerable, as
the synthetic medium had only selected substances where as the natural medium might
have some additional component along with the components that were required for
growth required for the growth. The maximum amount of the biomass was also produced
in the same medium M-3. Sreeknath (2011) used taxol modified medium for the
production of taxol and it had highest amount of the taxol as compared to the potato
dextrose broth. The present study is also an agreement to the previous studies as the
highest amount of the taxol was produced in the medium M-3. So, further optimization of
the taxol production was done in the M-3 by using strain Eurotium rubrum (UH-275) as
this medium and strain had the maximum production of the taxol.
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Fig 4.11: Screening of the culture media for the production of taxol by Cladosporium
cladosporioids (UH-10) through surface culture fermentation
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―All the values are means of three parallel replicates. Y-error bars indicate the standard
error from mean‖.
Fermentation conditions: - ―Incubation temperature: 28°C; Incubation period: 20 days.‖
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Fig 4.12: Screening of the culture media for the production of taxol by strain
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―All the values are means of three parallel replicates. Y-error bars indicate the standard
error from mean‖.
Fermentation conditions: - ―Incubation temperature: 28°C; Incubation period: 20 days‖
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Aspergillus niger (UH-230) through surface culture fermentation

Fig 4.13: Screening of the culture media for the production of taxol by strain
Eurotium rubrum (UH-275) through surface culture fermentation
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―All the values are means of three parallel replicates. Y-error bars indicate the standard
error from mean‖.
Fermentation conditions: - ―Incubation temperature: 28°C; Incubation period: 21 days‖
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4.5 Incubation Period
The incubation period for the production of the taxol was optimized to enhance the
production of taxol. For the optimization of the incubation period, the selected fungal
strain Eurotium rubrum (UH-275) was incubated at different time intervals ranging from
8 to 30 days with an interval of 2days. Figure 4.14 shows the amount of taxol production
at various time intervals. The amount of the taxol produced at the start of the
fermentation was very low. It was started to appear in the fermentation broth (0.14 mg/l)
after 8th day of incubation and then it started increasing gradually. As the time proceeded,
the amount of the taxol increased and finally it reached maximum 1.59 mg/l in
fermentation broth after 21 days of fermentation. After 21st day of incubation, there was
decrease in the production of the taxol, which declined upto 1.05 mg/l after 30 days of
incubation. The same trend was followed by the biomass production. The biomass
production was 0.34 g/l at 8th day of the incubation period while it was maximum (4.90
g/l) at 22ndday of the incubation period after that it started to decline reaching to the level
of 4.70 g/l after 30 days of incubation. The amount of the residual glucose continued to
decrease from 35 mg/ml of the culture medium at the start of the fermentation to 8 mg/ml
of the culture medium at 30th day of the incubation period. There was an abrupt decrease
in the reduction of the glucose at the start of the fermentation experiment but after having
the maximum biomass there was gradual decrease in the residual glucose. So glucose
depletion coincided with increase in biomass and taxol production. The incubation period
of 21 days was used for the further optimization of the taxol production.
Incubation period is the one of the most important factors which determines the
biosynthesis of secondary metabolites by microorganisms during the course of
fermentation. The amount of the taxol was found to be related with the growth patterns of
the fungus i.e. log phase to stationary phase. The maximum amount of taxol was found to
be produced during the stationary phase of the fungal growth cycle (Sreekanth et al.,
2011). The incubation period may vary for different fungal strain for the production of
the secondary metabolites including taxol. In the present studies, maximum amount of
taxol was produced after 21days of incubation. There are many reports on the production
of the taxol after 21 days of fermentation (Guo et al., 2006a; Chakravarthi et al., 2013).
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The incubation period could vary for the different fungal strain as the different fungal
strains had the different growth patterns. Their time of lag, log and stationary phase may
vary from each other. Cladosporium cladosporioids and Aspergillus candidus have the
maximum productivity of the taxol after 10 days of incubation (Zhang et al., 2009a;
2009b) while the Fusarium solani and Ozonium sp. have the maximum productivity after
21 days of the incubation (Guo et al., 2006a; Chakravarthi et al., 2008).
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Fig 4.14:- Optimization of the incubation period for the production of taxol by
Eurotium rubrum (UH-275) using surface culture fermentation
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6.6‖
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4.6

Incubation Temperature

For the optimization of the incubation temperature, strain UH-275 was grown at different
temperatures ranging from 15 to 39ºC with an interval of 3ºC. A very low amount of the
taxol (0.07 mg/l) was produced at a temperature of 15ºC as shown in the fig 4.15. As the
temperature was increased, the amount of the taxol was also increased upto 1.8 mg/l at
30ºC but later on further increasing the temperature, the amount of taxol started to
decrease and reached to 0.24 mg/l at 39ºC of incubation temperature. The amount of the
biomass produced was also maximum (4.83 g/l) at 30ºC while minimum (1.34 g/l) at
15ºC. The amount of residual glucose was different at different incubation temperatures
as shown in the fig 4.15. The utilization of the glucose was increased on increasing the
temperature reaching to the maximum utilization at 30ºC whereas the utilization of the
glucose at 39ºC was very low along with decreased biomass production.
Among the external factor, the incubation temperature is very important parameter which
influence the growth and metabolite production by the organism. It has been observed
that the fungus grew exponentially at optimum temperature range. The enzymes being
protein in nature are highly sensitive for the change in temperature. So above and below
the optimum temperature, these thermo labile components do not work properly hence
affecting the growth of the fungus along with the production of metabolites. In the
present studies, maximum amount of the taxol was produced at 30ºC along with
maximum biomass production and maximum utilization of the glucose. Different fungal
strains have different optimum temperatures for the growth of fungi and the production of
the taxol. The fungus Pestalotiopsis breviseta had the maximum production of the taxol
at 24ºC (Karthik et al., 2012). There are many reports on the production of taxol at 25ºC
from different fungal strains such as Asperigllus candidus, Fusarium solani and
Colletotrichum gloeosporioides (Zhang et al., 2009; Nithya and Muthumary, 2009;
Chakravarthi et al., 2013). Gangadevi and Muthumary (2008) reported the production of

the taxol at 26ºC from Pestalotiopsis terminaliae. Some reports are also available on the
production of taxol at 28ºC by the different fungal strains (Liu et al., 2009; Zhao et al.,
2009).
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Fig 4.15:- Optimization of incubation temperature for the production of taxol by
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4.7 Optimization of the Initial pH
Figure 4.16 shows the effect of initial pH of the medium on the production taxol by the
isolated fungal strain Eurotium rubrum (UH-275). For the optimization of pH, the
medium with different values of initial pH ranging from 3 to 9 with a difference of 0.5
was prepared. The maximum amount (2.34 mg/l) of the taxol production was observed in
the medium with initial pH of 6.5 while the minimum amount of the taxol (0.02 mg/l)
was observed in the medium with initial pH of 4. The amount of the taxol produced was
also low (0.04 mg/l) at pH 9. It was observed on increasing the pH value of the medium
the amount of the taxol increased upto pH 6.5 while on further increasing the pH, amount
of the taxol was decreased as shown in the fig 4.16. The amount of the biomass was
observed to increase in increasing the pH from 4 (0.32 g/l) to 6.5(4.97 g/l) but on further
increase in pH, the biomass production decreased i.e. 0.98 g/l at pH 9. Figure 4.16 shows
the amount of the glucose utilized. A very low amount of the glucose was utilized at pH 4
so the amount of residual glucose was 34 mg/ml whereas at pH 6.5 only 8 mg/ml was
present in the fermentation medium. It indicated that on increasing the pH, the amount of
the glucose utilized was increased but on further increasing the pH from 6.5 to 9 the
utilization of the glucose decreased i.e. 25 mg/ml at pH 9.
The pH of culture medium is one of the determining factors for the biosynthesis of
secondary metabolites. The pH is related to permeability characteristics of the cell
membrane and thus has got effect on either ion uptake or loss to the nutrient medium
(Huang et. al., 2001b). The pH may also affect the stability of different medium
constituents in the culture broth (Kuenzi, 1980) so making them unavailable to the
fungus. In addition, the enzymes being used by the fungus for their metabolic activities
are protein in nature and these are pH sensitive and hence can work at an optimum pH
range. The working rang of pH for different fungi are different however, the majority of
the fungi show satisfactory growth at an initial pH of 5.5 to 7.0 (Tandon et al., 1961). The
most of the researches used the potato dextrose as medium for the production of the taxol
by different fungal strain but only a few reports are available on the optimization of the
initial pH for the production of the taxol. Nithya and Muthumary (2009) had optimized
the initial pH for the production of the taxol. They reported that maximum amount of
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taxol was produced at an initial pH of 6.5. The maximum amount of the biomass was also
observed to be highest at this pH (6.5) by the fungal strain Colletotrichum
gloeosporioides. In the present research it was found that the optimum pH value for the
production of the taxol was 6.5 that was a close agreement to the previous findings
(Karthik et al., 2012).
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Fig 4.16: - Optimization of initial pH for the production of taxol by UH-275
Eurotium rubrum under static culture fermentation
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Residual Glucose

30

4.8 Carbon Sources
Eight different carbon sources including fructose, glucose, maltose, lactose, starch,
mannose, sucrose and molasses were used for the optimization of the production of taxol.
Figure 4.17a shows the effect of different carbon sources on the production of the taxol.
The maximum amount of the taxol (2.94 mg/l) was produced when glucose was used as
carbon source in the culture medium while the minimum amount of the taxol (0.03 mg/l)
was produced when mannose was used as the carbon source. The other sources such as
fructose, sucrose, lactose and maltose had considerable effect on the production of taxol
but not greater than the glucose. The biomass production was also maximum (4.93g/l) in
the medium supplemented with glucose while the minimum amount of biomass was
produced when starch was used as carbon source.
The amount of glucose that showed the maximum productivity of taxol was also
optimized. The maximum amount of taxol (3.75 mg/l) was produced when 1.5 % glucose
was added to the medium. Whereas the minimum amount of taxol (1.25 mg/l) was
produced when 5% glucose, was supplemented to the medium. The amount of taxol at
0.5% glucose was only 1.45 mg/l and it increased on increasing the concentration of the
glucose in the medium. It became maximum (4.75 mg/l) at 1.5% of the glucose
concentration. On further increasing the amount of the glucose in the medium, production
of the taxol started to decrease. It is shown in the fig 4.17b that the amount of the biomass
increased on increasing the amount of the glucose upto 2.5% but at much higher
concentration such as 3 to 5%, the amount of the biomass started to decrease. The
relation between the amount of the biomass produced and the utilization of the glucose
has been shown in the fig 4.17b.
The carbon source such as glucose, sucrose, fructose, molasses and lactose etc. can affect
the production of taxol. So the type of the carbon source can greatly influence the
formation of primary and secondary metabolites (Sohn et al., 1994). The structural
complexity of the carbon sources such as simple monosaccharide (glucose) to complex
polysaccharide (starch) can affect the production of the secondary metabolites. As the
utilization of the carbon sources require a particular enzymatic system, so the availability
of the carbon source markedly affects the morphological characteristics of the organism
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and hence the production of the metabolites corresponding to that particular
morphological form. Inspite of being the back bone of the organic compounds and
metabolites, carbon source may have the suppressive effect on the production of
metabolites instead of enhancing the production of the secondary metabolite (Hutter,
1982). The amended medium containing glycerol and yeast extract along with the carbon
source was reported to have enhanced production of the antitumor compounds (Radu and
Kqueen, 2002). In the present study, maximum amount of taxol and biomass was
produced when glucose (1.5%) was used as carbon source. The requirement of the carbon
source for the different fungal strain is different for the production of taxol. Nithya and
Muthumary (2009) optimized carbon source for the growth of the fungi and production of
taxol. They found that considerable amount of the biomass and taxol was produced by the
Colletotrichum gloeosporioides when it was grown at 25˚C and pH 6.5 using dextrose as
carbon source. They also observed that beside dextrose, sucrose also had the considerable
effect on the production of the taxol. In their studies, minimum effect was observed when
glycerol was used as carbon source. Fusarium maire also had the best productivity in the
glucose supplemented medium (Xu et al., 2006).
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Fig 4.17a:- Optimization of carbon source (type) for the production of taxol by the
Eurotium rubrum (UH-275) under static culture fermentation
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Fig 4.17b:- Optimization of glucose (amount) for the production of taxol by the
Eurotium rubrum (UH-275) under static culture fermentation
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4.9 Nitrogen Sources
Five different organic nitrogen sources including casein, corn steep liquor, meat extract,
peptone and yeast extract were optimized to enhance the production of taxol by isolated
fungal strain Eurotium rubrum (UH-275). The effect of organic nitrogen sources was
variable as evident from the results shown in the figure 4.18a. The maximum amount of
taxol (3.70 mg/l) was produced when peptone was used as organic nitrogen sources in the
medium while minimum amount of taxol (1.20 mg/l) was produced when casein was
used as an organic nitrogen source. The meat extract also showed the considerable
amount of taxol production i.e. 2.15 mg/l. The maximum fungal growth with dry mycelia
mass of 7.2 g/l took place in the medium supplemented with casein. While minimum
amount of biomass (3.2 g/l) was produced by CSL. Though the amount of biomass was
different in media having different organic nitrogen sources but the utilization of the
glucose was not much different. The maximum amount of glucose was utilized by the
fungus when meat extract and casine were used as organic nitrogen source so the amount
of the residual glucose was 5 mg/ml while the minimum amount of glucose (10 mg/ml)
was utilized when corn steep liquor and yeast extract were used.
For the optimization of the concentration of peptone, different concentrations of the
peptone ranging from 0.5 to 4% were used (fig 4.18b). About 2.05 mg/ l taxol was
produced when 0.5% peptone was used in the medium. The amount of taxol increased on
increasing peptone concentration reaching its maximum i.e. 4.10 mg/l when 2 % peptone
was used. On furthering increasing the concentration of peptone, the amount of taxol was
decreased and reached 1.2 mg/l when 4% peptone was used. The maximum amount of
biomass (5.70 g/l) was produced at 3% peptone concentration while minimum amount of
biomass (3.90 g/l) was produced at 0.5% peptone. The amount of residual glucose has
also been shown in the fig 4.18b.
The effect of different inorganic nitrogen sources on the production of taxol was also
studied as shown in the figure 4.18c. The maximum amount of taxol (4.34 mg/l) was
produced in the medium supplemented with sodium nitrate. While the minimum amount
of taxol (2.35 mg/l) was produced in the medium that was supplemented with potassium
nitrate. Sodium nitrate favored the maximum amount of biomass (5.45 g/l) whereas
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minimum amount of biomass (4.12 g/l) was produced when ammonium sulphate was
used. The minimum amount of the residual glucose (3 mg/ml) was observed with
ammonium acetate while maximum amount of the residual glucose (8 mg/ml) was
observed with ammonium nitrate.
To optimize the amount of sodium nitrate in the culture medium, different amounts of
sodium nitrate (0.1 to 0.7%) were added into the medium and the fermentation was
carried out. The effect of these concentrations on the production of taxol has been shown
in the fig 4.18d. The maximum amount of taxol (4.60 mg/l) was produced when 0.3% of
the sodium nitrate was added to the medium. While the minimum amount of taxol was
produced in the presence of 0.7% of the sodium nitrate i.e. 2.10 mg/l. Maximum amount
of the biomass (5.66 g/l) was produced at 0.4% concentration of sodium nitrate while the
minimum amount of the biomass (4.20 g/l) was produced at 0.7%. The amount of the
glucose utilized was also different for the different concentration of the sodium nitrate.
The amount of the residual glucose is shown in the fig 4.18d.
The amount of the taxol being produced by the fungal culture is also regulated by the
nitrogen sources present in the culture medium as they act as precursor for the synthesis
of secondary metabolites (Parra et al., 2005). There are certain nitrogen sources that can
affect the growth of the fungal culture as well as production of secondary metabolites
(Merlin et al., 2013). The production of the anticancer drugs as secondary metabolites
could be enhanced by supplementing culture medium with yeast extract whereas biomass
production had been found to be increased by using soytone, peptone and beef extract in
the culture medium (Merlin et al., 2013).
Nitrogen being the basic component of the amino acid and is also essentially required for
the formation of the biomass along with the enzymatic system. The peptone (0.50 g/l) as
media component was used for the production of secondary metabolite such as taxol (Liu
et al., 2009). Different nitrogen sources such as CSL, yeast extract etc. can affect the
production of taxol (Caruso et al., 2000a). They found that the medium having yeast
extract as nitrogen source had the maximum productivity of the taxol. The MID medium
reported by the Strobel et al., (1996b) had been used by most of the researches for the
production of the taxol. This medium contains yeast extract (0.25 g/l) as nitrogen source.
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Most have the researches had used the MID medium that was supplemented with soytone
for the production of taxol. They used 1% soytone for the production of the taxol. The
present studies showed that the maximum amount of the taxol and biomass was produced
when peptone (2%) was used as an organic nitrogen source. Many workers had also used
inorganic nitrogen source such as ammonium sulphate, ammonium tartrate, ammonium
chloride etc. to supplement the medium for enhanced production of the taxol. In the
present work, sodium nitrate (0.3%) was proved to be the best inorganic nitrogen source
for the production of taxol. This is probably the first report on the use of the sodium
nitrate as the inorganic nitrogen source for the production of the taxol. For further studies,
the peptone and sodium nitrate were used as most suitable organic and inorganic nitrogen
sources for the production of the taxol.
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Fig 4.18a: - Optimization of the organic nitrogen sources for the production of taxol
by Eurotium rubrum (UH-275) by using surface culture fermentation
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Fig 4.18b: - Optimization of the peptone concentration for the production of taxol
by Eurotium rubrum (UH-275) by using surface culture fermentation
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Fig 4.18c:- Optimization of the inorganic nitrogen sources for the production of
taxol by Eurotium rubrum (UH-275) by using surface culture fermentation
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Fig 4.18d: - Optimization of concentration of sodium nitrate for the production of
taxol by Eurotium rubrum (UH-275) by using surface culture fermentation
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4.10 Effect of Sodium Benzoate
Figure 4.19 shows the effect of the various concentrations of sodium benzoate on the
production of the taxol by the Eurotium rubrum in static culture fermentation. The
concentration of the sodium benzoate in the previous experiments was 50 mg/l. Various
concentration of the sodium benzoate such as 25, 50, 75 and 100mg/l were used. It was
found that the minimum amount of the taxol (2.85mg/l) was produced at 100 mg/l of
sodium benzoate while the maximum amount of the taxol i.e. 4.65 mg/l was produced at
50 mg/l of the sodium benzoate. Sodium benzoate concentration in the medium has less
effect on the biomass production. The maximum amount of biomass (5.65 g/l) was
produced at 50 mg/l of sodium benzoate while the minimum amount of biomass (5.25
g/l) was producedat 100 mg/l of sodium benzoate. The maximum glucose was utilized at
50mg/l of the sodium benzoate so the amount of the residual glucose at this concentration
was 5mg/ml of the fermentation medium. On the other hand, remaining concentration of
the sodium benzoate i.e. 25 and 100 mg/l, the amount of the residual glucose was similar
i.e. 8 mg/ml.
Certain fungal strains have the enhanced production of the metabolites if the intermediate
compounds or precursors are added to the medium. Taxol has the benzene ring in its
basic structure so the addition of the benzoic acid as precursor may affect the amount of
the taxol production. Sodium benzoate may act as precursor for the synthesis of taxol by
the fungus. The production of taxol in the plant cell culture could be increased by adding
the benzoic acid into the culture medium (Arthur et al., 1994). The benzoic acid addition
could also restore the synthesis of taxol in the fungal cultures that had lost their
capabilities to produce taxol (Li et al., 1998). Plant taxol side chain was thought to be
originated from the benzoic acid (Arthur et al., 1994). Sreeknath (2011) had used the
sodium benzoate in the culture medium to enhance the amount of taxol production. He
called this medium as modified taxol medium. In his studies, he used 50mg/l of the
sodium benzoate. The present work showed an agreement to his work. The maximum
amount of the taxol was produced when same concentration of the sodium benzoate
(50mg/l) was used in the medium as was used in his studies.
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Fig 4.19: - Optimization of concentration of sodium benzoate for the production of
the taxol by Eurotium rubrum (UH-275)

7

9
8

6

7

Taxol
Dry Cell Mass

6
4

5

3

4
3

Residual Glucose

5

2
2
1

1

0

0
25

50

75

100

Sodium Benzoate (mg)
Taxol (mg/l)

Dry Cell Mass (g/l)

Residual Glucose (mg/ml)

―All the values are the mean of three parallel replicates. Y- error bars indicate the
standard error from mean‖.
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peptone.
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4.11 Optimization of Inoculum
The effect of the vegetative inoculum was found by taking the inoculum of various ages
i.e. 12, 24, 36, 48 and 60 hrs. The amount of taxol produced at various ages of the taxol
has been shown in the fig 4.20a. The maximum amount of taxol (2.80 mg/l) was
produced when vegetative inoculum of 12hrs was used while minimum amount of taxol
(2.4 mg/l) was produced, when inoculum of 60hrs was used. The amount of the biomass
and residual glucose has also showed in the fig 4.20a. Figure 4.20b shows the effect of
the different concentration of the spore inoculum on the production of taxol. Spore
suspension was used for the inoculation of the medium. The fully grown slants of the
fungal strain were used for preparation of the spore suspension. Various concentrations of
the spore suspension such as 2.5, 5, 7.5, 10 and 12.5% were used for the inoculation of
the medium. It was observed that the maximum amount of taxol (4.65mg/l) was produced
when 5% of the spore suspension was used while the minimum amount of taxol (1.50
mg/l) was produced when 2.5% of spore inoculum was used. The maximum amount of
the biomass (5.45 g/l) was produced at 5% of inoculum and minimum amount of biomass
(2.90 g/l) was produced at 2.5% of the inoculum. The maximum amount of the glucose
was utilized when 5% of the inoculum was used while the minimum amount of the
glucose utilized by the medium having 2.5% of inoculum.
Most of the researches had used the spore suspension for the production of taxol (Li et
al., 1996; Liu et al., 2009). The size of the inoculums is very important for the growth of
the fungi. Smaller the inoculums size lesser the growth of the fungi because the number
of germinating spore is less. Larger inoculums size may cause the overcrowding
phenomenon. During this condition i.e. overcrowding and high cell densities, the cell
may secrete self-inhibitory substances which can inhibit the germination of the spores
(Hornby et al., 2004).

Some reports were also available on the use of vegetative

inoculum for the production of the taxol (Caruso et al., 2000a). In the present study spore
inoculum was proved to have the better production rate as compared to the vegetative
inoculum.
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Fig 4.20a:- Optimization of the inoculum (vegetative) size for the production of taxol
by the strain Eurotium rubrum (UH-275) by using surface culture fermentation
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Fig 4.20b:- Optimization of the inoculum (spore) size for the production of taxol by
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4.12 Random Mutagenesis
The effect of the physical mutagens has been shown in the fig 4.21a. The effect of time
and distance of irradiation on the growing spores was optimized which has been shown in
the annexure 1 and 2. It was found that the exposure of 40 min at a distance of 9 inches
(23 cm) could cause the death of the maximum number of spores. The survivors were
collected and allowed to grow at optimized fermentation conditions. It was found that the
maximum amount of taxol (3.5 mg/l) was produced by the UH-UV-1 whereas the
minimum amount of taxol (1.43 mg/l) was produced by the strain UH-UV-3. But this
amount of taxol was less than the amount of taxol (4.65 mg/l) produced by the wild
strain. On the other hand the maximum amount of biomass (5.60 g/l) and minimum
amount of biomass (2.42 g/l) were produced by the strains UH-UV-4 and UH-UV-7
respectively. Accordingly the amount of the residual glucose was minimum (4 mg/ml)
and maximum (9 mg/ml) by the strains UH-UV-2 and UH-UV-4 respectively. The
amount of the residual glucose and biomass produced by the wild strain has also been
shown in the fig 4.21a.
Various concentrations of the nitrous acid and exposure time were optimized the lethal
concentration. Hence the doze and exposure time of the nitrous acid was found to be
1.1M at 20 min for the complete death of the fungal strains as shown in the annexure 3
and 4. Therefore, fungal spores treated with 1M at 15min were grown in the specified
medium. The results presented in the fig 4.21b shows the amount of taxol produced by
these variant strains. It was found that maximum amount of taxol (3.43 mg/l) was
produced by the variant strain UH-NA-2 and minimum amount of taxol (1.34 mg/l) was
produced by the strain UH-NA-11. The amount of taxol produced by the wild strain was
4.65 mg/l. Similarly, it was found that the maximum amount of biomass (5.48 g/l) was
produced by the strain UH-NA-6 and minimum amount of biomass (2.54 g/l) were
produced by the strain UH-NA-10. The amount of residual glucose was different in
different cultures as shown in the fig 4.21b. The maximum amount of the glucose was
utilized by the strains UH-NA-2, UH-NA-4 and UH-NA-11 and hence had the lowest
amount of the residual glucose i.e. 4 mg/ml while the minimum amount of the glucose
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utilized by the strain UH-NA-1 and UH-NA-9 so it showed maximum amount of the
residual glucose i.e. 8 mg/ml of the medium.
Figure 4.21c shows the results of the random mutagenesis caused by the chemical
mutagen ethyl methane sulphonate (EMS). The dose and treatment time optimization has
been shown in the annexure 5 and 6. It was observed that 150mM of EMS could kill all
spores when they were exposed for 25 min. So the spores were treated with 150mM of
EMS for 20 min. The survivors were allowed to grow on the specified culture medium. It
was found that the maximum amount of taxol (3.45 mg/l) was produced by the mutant
strain UH-EMS-1 while the minimum amount of the taxol (1.45 mg/l) was produced by
the isolated variant strain UH-EMS-9. The amount of taxol produced by the wild strain
was 4.65 mg/l. The maximum amount of biomass (5.48 g/l) was produced by the UHEMS-6 while the minimum amount of biomass (2.5 g/l) was being produced by the
mutant strain UH-EMS-8. The result shows that the maximum glucose was utilized by
the strain UH-EMS-5 and minimum amount of glucose was utilized by the strain UHEMS-4. So the amount of the residual glucose was 4 mg/ml and 9 mg/ml respectively.
The amount of the biomass and residual glucose for wild strain has shown in the figure
4.21c.
The biosynthetic pathway for the taxol consists of several steps and involves the
expression of several genes for the synthesis of taxol which code for nineteen enzymatic
steps. In the previous studies, spore and protoplast of the fungus Fusarium maire were
treated with UV radiation and chemical diethyl sulphate DES (Xu et al., 2006). It was
found that the spore were not much sensitive to the radiation and chemical mutagens as
compared to the protoplast of the germinating fungal spores. Multiple mutations are
required for the enhanced production of the taxol from the fungal strain.In the present
studies, attempts were made to mutagenize the isolated fungal strain Eurotium rubrum.
The variant showed decrease in the taxol production than the wild strain. This might
happened due to the fact that the synthesis of taxol through the metabolic machinery of
the fungus was not a single step process. As it may require the mutation at many points
for enhanced production of the taxol. So the productivity of taxol in wild strain was
greater than the mutant strains.
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Fig 4.21a:- Random mutagenesis (UV irradiation) of the strain Eurotium rubrum
(UH-275) for the production of taxol
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temperature: 30°C; pH: 6.5; carbon source: 2.5% glucose; organic nitrogen source: 2%
peptone; inorganic nitrogen source: 0.3% sodium nitrate; sodium benzoate: 50mg/l‖
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Fig 4.21b: - Random mutagenesis (Nitrous Acid) of the strain UH-275 Eurotium
rubrum for the production of the taxol
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Fig 4.21c:- Random mutagenesis (Ethyl Methane Sulphonate) of the strain Eurotium
rubrum (UH 275) for the production of taxol
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4.13 Fermenter Studies
Fermenter studies were performed in a 7.5 L glass fermenter (Model: Bioflow-110, New
Brunswick USA) with a working volume of 5.0 L. The media used for bioreactor the
same which was previously optimized during shake flask studies. The rate of taxol
production was determined by analyzing the sample every day and upto 20 days. The
maximum amount of taxol i.e. 4.7 mg/ml was produced at 15th day of incubation as
shown in the fig 4.22. The amount of the taxol was observed to appear after 4th day of
fermentation but the amount was very low i.e. 0.10 mg/l. On further increasing the
incubation period, the amount of taxol was found to be decreased. The amount of the
biomass produced during the optimization of the rate of the taxol production has been
shown in fig 4.22. It was observed that the biomass started to increase till reaching its
maximum (5.65 g/l) on fourteen day of incubation. No increase on the biomass was
observed on further increasing the incubation period. As the amount of the biomass
increased, the amount of the residual glucose decreased. The maximum amount of the
glucose was utilized on the 13th day of the fermentation so the amount of the residual
glucose was 5 mg/ml.
Fermenter studies were carried out to scale up the production of the taxol. A very few
reports are available on the production of the taxol from fungal culture through
fermentation in the fermenter (Ruiz-Sanchez et al., 2010). No any commercial studies are
available on production of taxol. In the present study, the rate of taxol production was
studied through fermentation by the isolated fungal strain. It was found that amount of
taxol production was similar to the surface culture fermentation i.e. 4.7 mg/ml. Further
studies were performed to optimize the fermenter condition to enhance the production of
taxol. For further studies the fermentation would be carried out about fifteen days as at
this incubation period the fungus had the maximum productivity of taxol (4.7 mg/ml).
After this period the amount of the taxol decreased slightly might be due to the
degradation of the taxol in the culture broth.
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Fig 4.22: - Rate of taxol production in stirred bioreactor by Eurotium rubrum (UH
275)
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4.14 Optimization of the pH
Figure 4.23 shows the amount of taxol production by the strain Eurotium rubrum. The
fermentation was carried out at various pH values such as 5.5, 6.0, 6.5, 7.0 and
uncontrolled. It was observed that the no taxol production was observed during the first
two days of the fermentation. The maximum amount of taxol (4.7 mg/l) was produced at
6.5 while minimum amount of taxol (3.7 mg/l) was produced at pH 5.5. Table 4.4 shows
the amount biomass production and residual glucose. The maximum amount of biomass
(7.90g/l) was produced when the fermentation was performed at pH 6.5 while the
minimum amount of the biomass (5.40g/l) was produced at pH 5.5. The amount the
biomass produced at pH 6 and 7 was 5.70g/l and 5.60g/l, respectively while it was 5.65
g/l at uncontrolled pH. The maximum amount of the glucose was utilized at pH 6 and 6.5
while the minimum amount of the glucose was utilized at pH 7. The amount of the
glucose utilized was correlated to the amount of the biomass production.
The pH of culture medium is one of the determining factors for the biosynthesis of
secondary metabolites. The pH is related to permeability characteristics of the cell
membrane and thus has got effect on either ion uptake or loss to the nutrient medium
(Huang et. al., 2001b). The pH may also affect the stability of different medium
constituents in the culture broth (Kuenzi, 1980) so making them unavailable to the
fungus. In addition, the enzymes being used by the fungus for their metabolic activities
are protein in nature and these are pH sensitive and hence can work at an optimum pH
range. The working rang of pH for different fungi are different however the majority of
the fungi show satisfactory growth at an initial pH of 5.5 to 7.0 (Tandon et al., 1961). The
present study shows that the maximum amount of taxol can be produced at pH 6.5 which
is an agreement to the previously optimized pH in the static culture fermentation.
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Fig 4.23a: - Optimization of pH in the stirred fermenter for the production of taxol
by Eurotium rubrum
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rpm; aeration: 1vvm‖
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Figure 4.23b: - Amount of the biomass production during the production of taxol in
bioreactor by Eurotium rubrum at different pH values
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Fig 4.23c:- Amount of the residual glucose during the production of taxol in
bioreactor by Eurotium rubrum at different pH values
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4.15 Optimization of the Aeration Rate
Figure 4.24 shows the results of taxol production during optimization of the aeration rate
in a stirred fermenter. The aeration rate of 0.5, 1.0 and 1.5vvm were applied. It was
observed that the maximum amount of taxol i.e. 4.75mg/l was produced when aeration at
a rate of 0.5. vvm was applied. The minimum amount of taxol (3.75mg/l) was produced
when the aeration was supplied at a rate of 1.5vvm. The rate of taxol production was
increased on increasing the fermentation period. The amount of biomass produced during
the optimization of aeration rate has been shown in the table 4.5. It was observed that the
maximum amount of biomass (7.90 g/l) was produced at the aeration rate of 0.5vvm
while minimum amount of biomass (5.40g/l) at 1.5vvm. Table 4.5 also shows the
amount of the residual glucose in the medium. It was observed that minimum amount of
the glucose was utilized when there was a less biomass produced which was at 1.5vvm
whereas the maximum glucose was utilized when maximum amount of biomass was
produced which was at 0.5vvm as shown in the table 4.5.
The results showed that the maximum amount of taxol was produced when there was less
aeration rate i.e. 0.5vvm whereas the amount of taxol production was decreased as
increase the aeration rate in the bioreactor was increased. It was evident from the
previous experiments that maximum taxol was produced when the fermentation was
carried out in surface culture fermentation in the static form. The fungus Eurotium
rubrum might require less aeration rate to produce taxol. Amount the biomass production
by this fungus was also associated with less aeration rate as evident from the results.
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Fig 4.24a: - Optimization of the aeration rate in stirred fermenter for the production
of the taxol by Eurotium rubrum
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Fermentation conditions: ―Medium: M-3; Incubation temperature: 30°C; agitation: 150
rpm; pH: 6.5‖
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Fig 4.24b: - Amount of the biomass production during the production of taxol in
bioreactor by Eurotium rubrum at various aeration rates
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Fig 4.24c: - Amount of the residual glucose during the production of taxol in
bioreactor by Eurotium rubrum at various aeration rates
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Fermentation conditions: ―Medium: M-3; Incubation temperature: 30 °C; agitation: 150
rpm; pH: 6.5‖
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4.16 Optimization of rate of Agitation
Figure 4.25 shows the effect of agitation on the rate of taxol production by Eurotium
rubrum during the fermentation in the stirred bioreactor. The various agitation rates such
as 50, 100, 150 and 200 rpm were used to enhance the production of taxol. It was
observed that the maximum amount of taxol (4.80mg/l) was produced when the agitation
rate of 100rpm was applied. While the minimum amount of taxol (3.25mg/l) was
produced when the fermentation was carried out at 200 rpm. At 150 rpm of agitation,
3.65mg/l of taxol was produced. The minimum amount of biomass (5.20g/l) was
produced when the agitation of 200 rpm was used. The maximum amount of biomass
(7.80g/l) was produced when the fermentation was carried out at 100 rpm as shown in the
table 4.7. The amount of the glucose utilized by the fungal strain for its growth has also
been shown in the table 4.6. It was observed that the maximum amount of the glucose
was utilized by Eurotium rubrum when there was maximum biomass production while
the minimum amount of glucose was utilized when the agitation rate of 50 rpm was
applied because at this agitation rate the biomass production was also minimum as shown
in the table 4.6.
The amount of the taxol production was decreased as the rate of the agitation was
increased. The flask studies had shown that the maximum productivity of the taxol was
achieved when the fermentation was carried out in static conditions. In the fermenter
studies, the amount of taxol production was equal to the amount of the taxol production
during the surface culture fermentation. This might be due to the fact that during the
submerged fermentation low agitation rate had effect on the availability of the nutrient as
the fermentation was carried out in large volume. So this agitation was necessary to meet
the nutritional requirement but in case of flask studies, the working volume was about 50
ml (in 500 ml Erlenmeyer flask) so that no agitation was required as the access to the
nutrient was easy. Hence the rate of taxol production was comparable to the surface
culture fermentation.
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Fig 4.25a: - Optimization of rate of agitation in the stirred fermenter for the
production of taxol by Eurotium rubrum
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Fermentation conditions: ―Medium: M-3; Incubation temperature: 30 °C; aeration:
0.5vvm; pH: 6.5‖

134

Fig 4.25b: - Amount of the biomass production during the optimization of agitation
in bioreactor by the strain Eurotium rubrum at various agitation rates
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Fig 4.25c: - Amount of the residual glucose during the optimization of agitation in
bioreactor by the strain Eurotium rubrum at various agitation rates
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4.17 Down streaming of the Taxol
After carrying out the fermentation, taxol was purified for subsequent analysis and
characterization. For this purpose, fermentation broth was filtered through the four layers
of cheese cloth. The extracellular taxol in the fermentation broth was purified by the
column chromatography. The column was packed with silica gel and washed with the
chloroform to remove impurities from the columns. The unpurified taxol was loaded to
the column and elution was done with 100% chloroform. The amount of the taxol
obtained during elution was subjected to the TLC for analyzing the components of the
purified product. It was found that there was only one bluish spot on the TLC plate. For
further confirmation and quantification, the purification was done through HPLC. The
retention time was found to be similar to the standard taxol. The presence of the single
peak confirmed the purity of taxol as shown in the fig 4.26.
The fungal mass was collected and crushed in the presence of sand and dichloromethane
to extract the intracellular taxol. The homogenized mixture was then filtered through
Whatman filter paper no 42 and the rotary vacuum evaporator was used to evaporate the
organic solvent. The dried product was then redissolved into chloroform. Figure 4.27
shows the amount of the intracellular and extracellular taxol. It was found that the taxol
was mostly produced extracellularly as the extracellular amount of taxol was 4.8 mg/l
while the amount of taxol produced intracellular was 1.7mg/l.
There are many methods used for the purification of the taxol from culture broth and
plant extract. Most of the researchers used HPLC for the purification of the taxol (Yang
et al., 1998; Pyo et al., 2004). The taxol can also be purified by the normal and reversed
phase operations (Wu et al., 1995). The use of the column chromatography using silica
gel had been reported to purify the taxol produced by the fungus (Sreeknath, 2011).The
product obtained by this process was of high purity grade.
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Fig 4.26: - HPLC chromatogram of purified taxol
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Fig 4.27: - Comparison between intracellular and extracellular productivity of the
taxol during fermenter studies
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―All the values are the mean of three parallel replicates. Y- error bars indicate the
standard error from mean‖.
Fermentation conditions: Medium: M-3; Incubation temperature: 30 °C; aeration:
0.5vvm; pH: 6.5.
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4.18 Characterization of the Taxol
Structural characterization of taxol was done by different spectroscopic techniques
including fourier transform infra-red (FTIR) and 1H-NMR. The molecular formula of the
taxol is C47H51NO14. Taxol molecule constitutes different functional groups including
hydroxyl group (OH), carbonyl group (COO), aromatic and aliphatic (CH), amine group
(NH) and keto group (CO) as shown in the fig 4.28. The presence of these functional
groups in the purified taxol was done through FTIR. IR spectrum of the extracted taxol
was recorded on Shimadzu FT IR 8000 series instrument. The IR spectra were screened
in the region 4000–500 cm-1. FTIR spectrum (fig 4.29) shows a broad peak at 3435.01
cm-1 that reflected the presence of OH stretch. Similarly, another peak that appeared at
2928.37/cm due to presence of aliphatic CH bends in the molecule. Confirmation of C=O
(carbonyl group) done from peaks that appeared at 1766.03 and 1725.29/cm. NH
stretching was confirmed from appearance of peaks at 1434.74 and 1381.72/cm region.
The COO stretching frequency was observed at 1242.07/cm. Two other peaks at 1071.83,
981.70/cm were due to the presence of aromatic C and H bends. The IR spectrum of the
purified taxol was much more similar to the IR spectrum of the standard taxol. The
appearance of the peaks on both the spectrum is at same positions indicating that the
sample contained the taxol as the only component of the sample.
Structural characterization of taxol was also done by 1H NMR spectroscopy technique.
CDCl3 (chloroform but contain deuterium instead of normal hydrogen) was used as a
solvent for proton analysis and instrument operated at 300 MHz. Chemical shifts were
recorded as δ values relative to tetramethylsilane (TMS) as internal reference and
coupling constants were recorded in Hertz. Samples dissolved in CDCl3 (Sigma) were
used for the analysis. Chemical shifts and coupling constants obtained from proton
analysis report were used as a tool for the characterization (Fig 4.30). In this spectrum, 1H
NMR analysis, almost all signals were well-resolved and distributed in the region
between 1.0 and 8.5 ppm. The strong three proton signals caused by the methyl and
acetate groups lie in the region between 0.87 and 1.72 ppm (H17, H19, H18, H6β, 10OAc, H14, 4-OAc and H2Oα), together with multiplets caused by certain methylene
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groups. Most of the protons in the taxane skeleton and the side-chain were observed in
the region between 2.0 and 6.181 ppm (H3, H2Oβ, H2Oα, H7, H2 ′, H5, H2, H3′, H13,
H10 and NH) and the aromatic proton signals caused by C-2′ benzoate, C-3′ phenyl and
C-3′ benzamide groups appeared between 7.15 and 8.33 ppm. The 1H NMR spectrum of
the purified taxol is similar to the 1H NMR of the authentic taxol (annex 7). So the 1H
NMR studies also confirmed that the sample contained purified taxol. Various reports are
available on the characterization of the taxol by the IR and 1H NMR spectroscopies
(Zhang et al., 2009; Visalakchi and Muthumary, 2010).
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Fig 4.28: - Structure of the standard taxol (Nicolaou et al., 1994)
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Fig 4.29: - IR Spectrum of taxol
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Fig 4.30: - 1H NMR Spectrum of taxol
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4.19 Synthesis and Characterization of Nanoparticles
For the drug delivery studies, the nanoparticles were prepared and some of the
nanoparticles were brought form the Catalytic Engineering Lab, School of Chemical and
Biomolecular Engineering University of Sydney, Australia to our lab at Institute of
Industrial Biotechnology, GC University Lahore. Three types of nanoparticles were used
viz; non porous silica particles, mesoporous unfunctionalized and functionalized
mesoporous silica nanoparticles. The functionalization of these particles was done with
the aluminum (Al) and iron (Fe). Table 4.4 shows the properties of the all these particles
including particles diameters, pore diameter, pore volume and surface area. The
aluminum functionalized particles were previously prepared and used in the drug delivery
experiments performed in the labs. These particles were designated as MSN-Al-1, MSNAl-2 and MSN-Al-3 depending on the ratios of the aluminum in the particles. The Si/Al
ratio in the MSN-Al-1, MSN-Al-2 and MSN-Al-3 were 25, 33.3 and 16.7, respectively
(Wang et al., 2013). The method used for the preparation of these particles was that of
reported by Wang et al., (2013). The iron functionalized mesoporous silica nanoparticles
were prepared in the lab by the method as described previously. There were two types i.e.
MSN-Fe-1, MSN-Fe-2 of the iron functionalized particles depending upon the ratios of Si
and Fe. The Brunauer–Emmett–Teller (BET) analysis for the particle characterization
was performed in the School of Chemical and Biomolecular Engineering, University of
Sydney, Australia. Fig 4.31 shows the scanning electron micrograph of silica
nanoparticles. Uniform pore size was observed in all the particles.
The particles belonged to the mesoporous class the particle diameters were in the range of
50 to 200 nm. The unfunctionalized mesoporous silica nanoparticles had the pore
diameter of 3.44nm. Among the aluminum functionalized particles, the maximum pore
diameter (3.99nm) was exhibited by the MSN-Al-3 while the pore diameter of 3.60nm
and 3.50nm was exhibited by the MSN-Al-1 and MSN-Al-2, respectively. While the iron
functionalized particles MSN-Fe-1 and MSNFe-2 had the diameter of 5.4nm and 4.2nm,
respectively. Maximum BET surface area (1221m2/g) was exhibited by the MSN-Fe-2
whereas the minimum BET surface area (350m2/g) was shown by the nonporous
nanoparticles. Among the aluminum functionalized particles, maximum surface area
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(1130 m2/g) was exhibited by the MSN-Al-3 and minimum was exhibited by the MSNAl-2 as shown in the table 4.10. The surface area of the other particles has been shown in
the table 4.10. The results also show that the nonporous silica particles did not have pore
in their structure. Wang et al., (2013) found the functionalization of MSN with metal
elements such as aluminum etc. increased surface silanol groups with enhanced bronsted
acid strength and a greater ability to protonate ammonia to ammonium. The density of the
silanol groups with enhanced bronsted acid strength increased with the increasing content
of metal in the functionalized particle.
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Table 4.4: - Characterization of the nanoparticles

D Particle nm

D Pore nm

V Pore (cm3/g)

S BET (m2/g)

NPS

10-20

-

-

350

MSN

50-200

3.44

0.897

1 042

MSN-Al-1

50-200

3.60

0.959

1 036

MSN-Al-2

50-200

3.50

0.881

1 005

MSN-Al-3

50-200

3.99

1.127

1 130

MSN-Fe-1

50-200

5.4

1.20

1067

MSN-Fe-2

50-200

4.2

9.55

1221

Type of the
Particles

D particle nm = Diameter of the particles
D Pore nm = Diameter of the pore
V Pore (cm3/g) = Volume of the pore
S BET (m2/g) = Surface Area of the Particles
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Fig 4.31: - Electron micrographs of various types of mesoporous nanoparticles (a)
MSN (b) MSN-1 (c) MSN-2 (d) MSN-3
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4.20 Loading of Taxol on the Nanoparticles
Fig 4.32 shows the amounts of the drug (taxol) loaded on different kinds of the
functionalized and unfunctionalized mesoporous nanoparticles. For the loading of drug,
the mesoporous silica nanoparticles were first dried at temperature of 120°C for 24 h in
an oven. One mg of taxol was dissolved in 20 ml of dichloromethane and the solution
was put on shaking at 150 rpm for 24 hrs. It was observed that the amount of the taxol
loaded on the nonporous silica particles was very low only 6µg/ml while the amount of
the taxol loaded on the unfunctionalized particles was 25µg/ml.
The amount of the taxol loaded on the aluminum functionalized particles was maximum
(60 µg/ml) on the MSN-Al-3 while on the other two particles (1and 2) the loading of the
taxol was 50µg/ml and 44µg/ml, respectively. The amount of the taxol loaded on the iron
functionalized particles (1 and 2) was 6µg/ml and 57µg/ml, respectively. Maximum taxol
(76%) was loaded on the MSN-Fe-1 and minimum amount of the taxol (12%) was loaded
on the NPS. It was observed that the amount of taxol loading and the diameter of the
particles had correlation with one another. As the diameter of the particles increased, the
loading of the taxol on the particles was also increased. So the maximum loading was
observed on MSN-Fe-1 as it had the largest particles diameter among all the particles
while the minimum of the taxol was observed on the NPS as they did not possess any
pore in their structure. While all the other particles had the intermediate drug loading
capacities as they had the intermediate particle diameter.
It has already been reported that taxol can be loaded on the particles that had the particle
diameter of 1.8nm or greater (Jia et al., 2013). The factors that can control the loading of
the drug on the mesoporous nanoparticles include particle diameter, functional group on
the surface of the particles i.e. silanol groups and functional group present on the drug
molecules. As the particles diameter increased, the loading of the drug increased as
reported in the present study. The functionalization of the particles with metal atom can
increase the silanol groups on the surface of the particles (Wnag et al., 2013). The
functionalization of the particles with aluminum and iron had increased the surface
silanol groups. As the ratio of the silica and aluminum increase, the surface silanol groups
had also been increased. The drug molecules play an important role for the loading
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profile. The taxol has many functional groups such as hydroxyl, keto, carbonyl and amine
groups. These groups had interaction with the surface silanol group of the particles.
These interactions favor binding of the drug on the surface of nanoparticles. In the
present studies, Al and Fe had the better loading profile then the unfunctionalized
particles. Among the functionalized particles, better loading profile was shown by the
particles having the higher ratios of the metal element. The maximum drug loading
capacity had been shown by the MSN-Fe-1 because these particles had higher diameter
and greater number of surface silanol groups. Previously it was reported that the drug
loading efficacy of the mesoporous silica nanoparticles was 21.8% (Jia et al., 2013).
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Fig 4.32: - Loading of the taxol on functionalized and unfunctionalized mesoporous
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4.21 Release of the Loaded Drug from the Nanoparticles
Fig 4.33 shows the results of the drug (taxol) released from the functionalized and
unfunctionalized mesoporous nanoparticles. For the release of the drug, the nanoparticles
loaded with the drug was dissolved into the week acidic solution for four hours later the
pH of the solution was raised to the slightly basic conditions. It was observed that the
initial concentration of the drug in the solution was zero. The amount of the drug released
was observed for five hours. For the first three hours the conditions of the solution were
kept acidic similar to the simulated gastric condition then the pH of the solution was
raised to provide the intestinal conditions. The result showed that the amount of the drug
released by the NPS much faster in the first hour as it had loaded very small amount of
the drug so maximum was released during the first hour. The amount of the drug released
by the NPS during the rest of the time was almost similar. The amount of the drug loaded
on the NPS was 6µg/ml from this about 5µg/ml had been released. So the maximum of
the loaded drug released to the solution. From the unfunctionalized silica particles the
amount of the drug release is very slow in acidic condition i.e. 10µg/ml while on
changing the condition from acidic to basic the release of the drug was very rapid. The
total amount of the drug release was upto the 20 µg/ml. Among the aluminum
functionalized particles (1, 2 and 3) the amount of the taxol released into the solution was
15µg/ml, 12µg/ml and 20µg/ml respectively. While the amount of the taxol released by
the iron functionalized particles (1 and 2) was 25µg/ml and 20µg/ml respectively. The
trend in the release of the drug was similar for all the particles i.e. they had a slow release
profile in acidic conditions but on changing the condition from the acidic to basic there
was abrupt increase in the release of the drug from the particles.
Fig 4.34 shows the comparison in the amount of the drug loaded and amount of the drug
released. It was observed that the maximum amount of the drug was released by NPS.
But among the mesoporous particles the maximum amount of the loaded drug was
released by the unfunctionalized particles i.e. 80%. Among the functionalized particles
the maximum amount of the drug (65%) was released by the iron functionalized particle
(MSN-Fe-1). The amount of the drug released by the MSN-Al (1, 2 and 3) and MSN-Fe2 was 50%, 44%, 60% and 57% respectively.
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There are many factors that can affect the release of the drug from mesoporous
nanoparticles. These factors may include pore size of the particles, uniformity of the
pores, silanol groups on the surface of the particles and the interacting site on the surface
of the drug molecules. It was observed that the pH of the solvent another important factor
for the release of the drug from the particles. The present studies shows that amount of
the drug release was minimum in acidic condition in all the particles but on changing the
condition of the particles the amount of the drug release was observed to increase
abruptly. As changing the pH the interaction between the silanol group and the drug
molecules reversed thus releasing the drug molecules into solution. The effect of the pH
change was more pronounced in case of unfunctionalized particles as compared to the
functionalized particles. The most suited particles for the delivery of the drug are
unfunctionalized particles as they had the better loading and release efficacies.
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Fig 4.33: - The release of the loaded taxol from the MSNs
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Conclusions
Eurotium rubrum, isolated from the Taxus sp. produced a considerably high amount
(4.8mg/L) of taxol as compared to previously reported strains such as Metarhizium
anisopliae (846.1μg/L), Cladosporium cladosporioides (800μg/L), Aspergillus fumigatus
(557.8μg/L), Fusarium mairei (286.4μg/L) and Ectostroma sp. (276.75μg/L). A 1.56 fold
enhancement in taxol production was achieved by optimizing physical parameters such as
medium composition, incubation period, incubation temperature and initial pH. Further
enhancement of 1.98 fold was observed by optimizing nutritional parameters i.e. carbon,
nitrogen sources and sodium benzoate. Fermenter studies resulted in economizing the
bioprocess by reduction in incubation period. The cost of the taxol production has been
reduced to two times as compared to commercial available taxol (Merck Germany).
Drug delivery studies through mesoporous silica nanoparticles were proved to be an
effective alternative of oral delivery of taxol. Present studies showed that the endophytic
fungal strains were the promising source for the production of taxol and MSNs were the
good carrier for the delivery of anticancer drugs with low side effects.

156

References
Adinarayana, K., T. Prabhakar, V. Srinivasulu, M. A. Rao, P. J. Lakshmi and Ellaiah.
2003. Optimization of process parameters for cephalosporin C production under
solid state fermentation from Acremonium chrysogenum, Proc Biochem. 39: 171177.
Ajikumar, P. K., W. H. Xiao, K. E. J. Tyo, Y. Wang, F. Simeon, E. Leonard, O. Mucha,
T. H. Phon, B. Pfeifer and

G. Stephanopoulos. 2010. Isoprenoid Pathway

Optimization for Taxol Precursor Overproduction in Escherichia coli. Science.,
330-70.
Altschul, S. F., T. L. Madden, A. A. Schäffer, J. Zhang, Z. Zhang, W. Miller and D. J.
Lipman. 1997. Gapped BLAST and PSI-BLAST: a new generation of protein
database search programs. Nucleic Acids Res., 25:3389-402.
Arthur, G. F. N., J. M. Stewart, A. N. Sher- win, J. P. Jason and Frank. 1994. Improved
taxol yield by aromatic carboxylic acidand amino acid feeding to cell cultures of
Taxus cuspidata. iotechnol.Bioeng. 44, 967–971.
Aulde. B.B., 1992. Mass production, formulation & application of fungi as biocontrol
agent. CAB Int., 12(1): 219-229.
Badi, H. N., V. Abdoosi and N. Farzin. 2015. New approach to improve taxol
biosynthetic. Trakia J. of Sci., 2: 115-124.
Baloglu, E., 1998. A New Synthesis of Taxol® from Baccatin III. Department of
Chemistry, Virginia Polytechnic Institute and State University.
Barron, George L. (1968). The genera of Hyphomycetes from soil. Baltimore, MD:
Williams & Wilkins.
Bi, J., Y. Ji, J. Pan, Y. Yu, H. Chen and X. Zhu. 2011. A new taxol-producing fungus
(Pestalotiopsis malicola) and evidence for taxol as a transient product in the
culture. Afr. J. Biotechnol. 10(34): 6647-6654.
Brito D. A., Z. Yang and C. L. Rieder. 2008. Microtubules do not promote mitotic
slippage

when the spindle assembly checkpoint cannot be satisfied. J. Cell

Biol.182 (4): 623–629.
157

Caruso, M., A. L. Colombo, L. Fedeli, A. Pavesi, S. Quaroni, M. Saracchi and G.
Ventrella. 2000b. Isolation of endophytic fungi and actinomycetes taxane
producers. Ann of Micro., 50, 3-13.
Caruso, M., A. L. Colombo, N. Crespi-Perellino, L. Fedeli, J. Malyszko, A. Pavesi, S.
Quaroni, M. Saracchi and G. Ventrella. 2000a. Studies on a strain of
Kitasatospora sp. paclitaxel producer. Annals of Microbiology, 50: 89-102.
Chakravarthi, B. V. S. K., P. Das, K. Surendranath, A. A. Karande And C. Jayabaskaran.
2008. Production of paclitaxel by Fusarium solani isolated from Taxus celebica.
J. Biosci. 33 (2): 259–267.
Chakravarthi, B. V. S. K., R. Sujay, G.C. Kuriakose, A. A. Karande and C. Jayabaskaran.
2013. Inhibition of cancer cell proliferation and apoptosis-inducing activity of
fungal taxol and its precursor baccatin III purified from endophytic Fusarium
solani. Canc Cell Intl. 13(105): 1-11.
Chathurdevi, G. and S. U. Gowrie. 2015. A study on the bioactive potential of endophytic
fungi isolated from medicinal plant. Euro J of Biomedical and Pharmaceutical
Sci. 2 (4) 848-866.
Chau, M. and R. Croteau. 2004. Molecular cloning and characterization of a cytochrome
P450 taxoid 2a-hydroxylase involved in Taxol biosynthesis. Archiv of Biochem
and Biophys 427: 48–57.
Chen, T. S., X. L. D. Bollag, Y. Liub and C. Chang. 2001. Biotransformation of taxol.
Tetrahedron Letters. 42: 3787–3789.
Chi, Y., D. Zhao and D. Zhou. 2008. Identification of taxol biosynthesis stage-enriched
transcripts

in

Nodulisporium

sylviforme,

using

suppression

subtractive

hybridization. World J Microbiol Biotechnol. 24:2601–2605.
Christen, A.A., J. Bland and D.M. Gibson. 1989. Cell cultures as a means to produce
Taxol. Proc.Am. Assoc. Cancer Res, 30: 566.
Croteau, R., R. E. B. Ketchum, R. M. Long, R. Kaspera and M. R.Wildung. 2006. Taxol
biosynthesis and molecular genetics. Phytochem Rev. 5(1): 75–97.

158

Cuadra, T., F. J. Fernandez, A. Tomasini and J. Barrios-Gonzalez. 2008. Influence of pH
regulation and nutrient content on cephalosporin C production in solid-state
fermentation by Acremonium chrysogenum C1. Lett in Appl Micro. 46(2): 216220.
Daly, D., S. Verhaegen, M. Clynes and K. Kavanagh. 1999. Culture filtrates of
Aspergillus fumigatus induce different modes of cell death in human cancer cell
lines. Mycopathologia 146: 67–74.
Danishefsky, S. J., J. J. Masters, W. B. Young, J. T. Link, L. B. Snyder, T. V. Magee, D.
K. Jung, R. C. A. Isaacs, W. G. Bornmann, C. A. Alaimo, C. A. Coburn and M. J.
D. Grandi. 1996. Total Synthesis of Baccatin III and Taxol. J. Am. Chem.
Soc., 118 (12): 2843–2859.
David, G.I. K., G. Samaranayake and C.A. Ivey. 1990. The chemistry of taxol, a
clinically useful anticancer agent. Journal of Natural Proahis., 53 (I): 1-12.
David.G. I. K. 2000. Recent advances in the chemistry of taxol. J. Nat. Prod. 63: 726734.
De Jong, W. H. and P. J. Borm. 2008. Drug delivery and nanoparticles: applications and
hazards. Int J Nanomedicine, 3: 133-149.
deHoog, G. S. (2000). Atlas of clinical fungi (2nd Ed.). Netherlands: Amer Society for
Microbiology. pp. 1–1126.
Denis, J.N., A.E. Greene, D. Guenard, F. Guéritte- Voegelein, L. Mangatal and P. Potier.
1988 Highly efficient practical approach to natural Taxol. J. Am. Chem. Soc., 110:
5917-5919.
Doherty, T. M., A. Sher and S. N. Vogel. 1998. Paclitaxel (Taxol)-induced killing of
Leishmania major in murine macrophages. Infect Immun,. 66 (9): 4553-6.
Engels, B., P. Dahmb and S. Jennewein. 2008. Metabolic engineering of taxadiene
biosynthesis in yeast as a first step towards Taxol (Paclitaxel) production.
Metabolic Engin., 10.:201– 206.

159

Expósito, O., M. Bonfill, E. Moyano, M. Onrubia, M. H. Mirjalili, R. M. Cusidó and J.
Palazón. 2009. Biotechnological production of taxol and related taxoids: current
state and prospects. Anticancer Agents Med Chem. 9(1):109-121.
Felsenstein, J. 1985. Confidence limits on phylogenies: an approach using the bootstrap.
Evolution. 39: 783-91.
Gangadevi, V. and J. Muthumary. 2009. Taxol production by Pestalotiopsis terminaliae,
an endophytic fungus of Terminalia arjuna (arjun tree). Biotechnol. Appl.
Biochem., 52, 9–15.
Gangadevi, V. and J. Muthumary. 2007. A simple and rapid method for the determination
of taxol produced by fungal endophytes from medicinal plants using high
performance thin layer chromatography. Chinese Journal of Chromatography,
26(1): 50-55.
Gangadevi, V. and J. Muthumary. 2008. Isolation of Colletotrichum gloeosporioides, a
novel endophytic taxol-producing fungus from the leaves of a medicinal
plant,Justicia gendarussa. Mycologia Balcanica. 5: 1–4.
Gond, S. K., R. N. Kharwar and J. F. White. 2014. Will fungi be the new source of the
blockbuster drug taxol. Fun bio. Reviw., 1-8.
Goodman, J. and V. Walsh. 2001. The Story of Taxol: Nature and Politics in the Pursuit
of an Anti-Cancer Drug. Cambridge University Press. P. 81.
Guchelaar, H.J., C. H. ten Napel, E. G. de Vries and N. H. Mulder. 1994. Clinical,
toxicological and pharmaceutical aspects of the antineoplastic drug taxol: a
review. Clin Oncol (R Coll Radiol). 6(1): 40-8.
Guo, B. H., Y.C. Wang, X.W. Zhou, K. Hu, F. Tan, Z.Q. Miao and K.X. Tang. 2006b.
An endophytic Taxol-producing fungus BT2 isolated from Taxus chinensis var.
mairei. Afri Jour of Biotech., 5 (10): 875-877.
Guo, B.H., G.Y. Kai, H.B. Jin and K.X. Tang. 2006a. Taxol synthesis. Afri J of Biotech.,
5 (1); 015-020.
Haidary, S. M., E. P. Rcoles and N. K Ali. 2012. Nanoporous Silicon as Drug Delivery
Systems for Cancer Therapies. Journal of Nanomaterials, pages15.
160

Hampel, D., C. J. D. Mau and R. B. Croteau. 2009. Taxol biosynthesis: Identification and
characterization of two acetyl CoA: taxoid-O-acetyl transferases that divert
pathway flux away from Taxol production. Archiv of Biochem and Biophys., 487:
91–97.
Hazalin, N. A., K. Ramasamy, S. M. Lim, I. A. Wahab, A. L. J. Cole and A. B. A
Majeed. 2009. Cytotoxic and antibacterial activities of endophytic fungi isolated
from plants at the National Park, Pahang, Malaysia. BMC Complementary and
Alternative Med., 9:46.
Heinig, U., S. Scholz and S. Jennewein. 2013.

Getting to the bottom of Taxol

biosynthesis by fungi. Fungal Diversity. 60:161–170.
Holton, R. A., C. Somoza, H. B. Kim, F. Liang, R. J. Biediger, P. D. Boatman, M.
Shindo, C. C. Smith, S. Kim, H. Nadizadeh, Y. Suzuki, C. Tao, P. Vu, S. Tang, P.
Zhang, K. K. Murthi, L. N. Gentile and J. H. Liu. 1994. First total synthesis of
taxol. 1. Functionalization of the B ring. J. Am. Chem. Soc., 116 (4): 1597–1598.
Hornby, J. M., S. M. Jacobitz-Kizzier, D. J. McNeel, E. C. Jensen, D.S. Treves and K.
W. Nickerson. 2004. Inoculum Size Effect in Dimorphic Fungi: Extracellular
Control of Yeast-Mycelium Dimorphism in Ceratocystis ulmi. Applied and Envir
Microbio., 1356–1359.
Hu, Y. M., F. Y. Gan, C. H. Lu, H. S. Ding and Y. M. Shen. 2003. Production of Taxol
and related taxanes by cell suspension cultures of Taxus yunnanensis. Acta. Bot.
Sin., 45: 373-378.
Huang, Q., C. A. Roessner, R. Croteau and A. I. Scott. 2001a. Engineering Escherichia
coli for the Synthesis of Taxadiene, a Key Intermediate in the Biosynthesis of
Taxol. Bioor & Medl Chem 9: 2237–2242.
Huang, Y., J. Wang, G. Li, Z. Zheng and W. Su. (2001b). Antitumor and antifungal
activities in endophytic fungi isolated from pharmaceutical plants Taxus mairei,
Cephalataxus fortunei and Torreya grandis. FEMS Immunol Med Microbiol. 31:
163–167.

161

Hutter, R., 1982. Design of culture media capable of provoking wide gene expression. In:
Bullock Jd, Nisbet LJ, Winstanley DJ (eds) Bioactive microbial products, Search
and Discovery. Academic Press, London. 37-50.
Jenkins, S. B. 2010. Nanoporous Materials: Types, Properties, and Uses, Nova Science
Publishers, Incorporated. Kempson, I. M., T. J. Barnes, and C. A. Prestidge. 2010.
Use of TOF-SIMS to study adsorption and loading behavior of methylene blue
and papain in a nano-porous silicon layer. J Am Soc Mass Spectrom, 21, 254-60.
Jennewein, S. and R. Croteau. 2001. Taxol: biosynthesis, molecular genetics and
biotechnological applications. Appl Microbiol Biotechnol. 57:13–19.
Ji, Y., J. N. Bi, B. Yan and X. D. Zhu. 2006. Taxol-producing fungi: a new approach to
industrial production of taxol. Sheng Wu Gong Cheng Xue Bao. 22(1):1-6.
John H. C. 1991. HPLC separation of taxol and cephalomannine. Jour of Liq Chromato.,
14(4), 659-665.
Julsing, M. K., A. Koulman, H. J. Woerdenbag, W. J. Quax and O. Kayser. 2006.
Combinatorial

biosynthesis

of

medicinal

plant

secondary

metabolites.

Biomolecular Engineering 23: 265–279.
Karthik, G., K. G. Arajan and S. Natarajapillai. 2012. Production of taxol by
Pestalotiopsis breviseta CR01 isolated from the Catharanceus roceus and its
growth studies. Int J Pharm Bio Sci. 3(3): 1046 – 1053.
Kathiravan, G. and V. S. Raman. 2010. In vitro taxol production, by Pestalotiopsis
breviseta - A first report. Fitoterapia, 81: 557–564.
Kathiravan, G., V. S. Raman, B. Rajangam and A. Rajasekar. 2014. Infra-red Spectral
analysis of Taxol Produced by Different Species of Pestalotiopsis. J Anal Bioanal
Tech. 5 (4): 1-9.
Kempson, I. M., T. J. Barnes and C. A. Prestidge. 2010. Use of TOF-SIMS to study
adsorption and loading behavior of methylene blue and papain in a nano-porous
silicon layer. J Am Soc Mass Spectrom, 21: 254-260.
162

Kesarwani, P., R. K. Tekade and N. K. Jain. 2011. Spectrophotometric estimation of
paclitaxel. Intl J of Adva in Pharma Sci., (2) 29-32.
Khosroushahi ,A.Y., M. Valizadeh, A. Ghasempour, M. Khosrowshahli, H. Naghdibadi,
M. R. Dadpour and Y. Omidi. 2006. Improved Taxol production by combination
of inducing factors in suspension cell culture of Taxus baccata. Biotech Lett.
19(4): 353-356.
Kilpelainen, M., J. Riikonen, M. A. Vlasova, A. Huotari, V. P. Lehto, J. Salonen, K. H.
Herzig and K. Jarvinen. 2009. In vivo delivery of a peptide, ghrelin antagonist,
with mesoporous silicon microparticles. J Control Release, 70: 137- 166.
Kingston D. G. I. 1995. Recent advances in the chemistry and structure–activity
relationships of paclitaxel. Am.Chem Soc Symp Ser; 583:203–216.
Kingston, D. G. I. 2007. The shape of things to come: Structural and synthetic studies of
taxol and related compounds. Phytochemistry. 68: 1844–1854.
Klein-Marcuschamer, D., P. K. Ajikumar and G. Stephanopoulos. 2007. Engineering
microbial cell factories for biosynthesis of isoprenoid molecules:beyond
lycopene. Trends in Biotech. 25. (9): 417–424.
Kohler, J. and B.R. Goldspiel. 1994. Evaluation of new drug Paclitaxel (Taxol).
Pharmacotherapy, 14: 3-34.
Kong, D. X., X. Y. Huang, F. Li, S. Y. Jiang, S. S. Huang and L. Hong. 2011. Analysis
and evaluation of taxol contents in different parts between Taxus media and Taxus
mairei based on Fourier transform infrared spectroscopy. Guang Pu Xue Yu
Guang Pu Fen Xi. 31(3):656-660.
Kuenzi, T.M., 1980. Regulation of cephalosporin C synthesis in Cephalosporium
acremonium by phosphate and glucose. Arch. Microbiol. 128: 78-83.
Kumaran, R. S., H. J. Kim and B. Hur. 2010. Taxol promising fungal endophyte,
Pestalotiopsis species isolated from Taxus cuspidate. J. Biosci. Bioeng. 110 (5),
541–546.
163

Kumaran, R. S., J. Muthumary and B. Hur. 2008. Taxol from Phyllosticta citricarpa, a
Leaf Spot Fungus of the Angiosperm Citrus medica. Jou of Biosci and Bioengin,
106 (1): 103–106.
Kumaran, R. S., J. Muthumary, E. Kim and B. Hur. 2009. Production of Taxol from
Phyllosticta dioscoreae, a Leaf Spot Fungus Isolated from Hibiscus rosa-sinensis.
Biotechnology and Bioprocess Engineering. 14: 76-83.
Kumaran, R. S., Y. Choi, S. Lee, H. J. Jeon, H. Jung and H. J. Kim. 2012. Isolation of
taxol, an anticancer drug produced by the endophytic fungus, Phoma betae. Afr. J.
Biotechnol. 11(4): 950-960.
Kwon, I.C., Y.J. Yoo, J.H. Lee and J.O. Hyun. 1998. Enhancement of Taxol production
by in situ recovery of product. Process Biochem., 33: 701-707.
Li, J. Y., R. S. Sidhu, A. Bollon and G. A. Strobel. 1998. Stimulation of taxol production
in liquid cultures of Pestalotiopsis microspora. Mycol. Res. 102 (4): 461-464.
Li, J., G. Strobel, R. Sidhu, W. M. Hess and E. J. Fordl. 1996. Endophytic taxolproducing fungi from bald cypress, Taxodium distichurn. Microbiology, 142,
2223-2226.
Li, Y. C. and W. Tao. 2009. Paclitaxel-producing fungal endophyte stimulates the
accumulation of taxoids in suspension cultures of Taxus cuspidate. Scientia
Hortic. 121: 97–102.
Liu,

L., Y. M. Wei, X. W. Zhou, J. Lin , X. F. Sun

and

K. X. Tang. 2013a.

Agrobacterium tumefaciens-mediated genetic transformation of the Taxolproducing endophytic fungus Ozonium sp EFY21. Genet Mol Res. 12(3): 29132922.
Liu, J., W. Bu, L. Pan and J. Shi. 2013b. NIR-Triggered Anticancer Drug Delivery by
Upconverting Nanoparticles with Integrated Azobenzene-Modified Mesoporous
Silica. Angewandte Chemie International Edition.
Liu, K., X. Ding, B. Deng and W. Chen.

2009. Isolation and characterization of

endophytic taxol-producing fungi from Taxus chinensis. J Ind Microbiol
Biotechnol. 36(9):1171-1177.

164

Lodha , A., ,M. Lodha, A. Patel, J. Chaudhuri, J. Dalal, M. Edwards, and D. Douroumis.
2012. Synthesis of mesoporous silica nanoparticles and drug loading of poorly
water soluble drug cyclosporin A. J Pharm Bioallied Sci. 4(Suppl 1): S92–S94.
Lotfy, A.W., K. M. Ghanem and E. R. El-Helow. 2007. Citric acid production by a novel
Aspergillus niger isolate: I. Mutagenesis and cost reduction studies. Bioresource
Technology, 98(18): 3464-3469.
Lowe, J., H. Li, K. H. Downing and E. Nogales. 2001. Refined structure of α β-tubulin at
3.5 Å resolution. Journal of Molecular Biology, 313 (5): 1045–57.
Madan, M., and K.S. Thind, 1998. Physiology of fungi. A.P.H. Publishing Carporation
New Delhi.
Mala, J. G. S., N. R. Kamini and R. Puvanakrishnan. 2001. Strain improvement of
Aspergillus niger for the enhanced production of lipase. J. Gen. Appl. Microbiol.,
47: 181-186.
Malik, S., R. M. Cusidó, M. H. Mirjalili, E. Moyano, J. Palazón and M. Bonfill, 2011.
Production of the anticancer drug taxol in Taxus baccata suspension cultures.
Proc. Biochem., 46: 23–34.
Marmann, A., A. H. Aly, W. Lin, B. Wang and P. Proksch. 2014. Co-Cultivation—A
Powerful

Emerging

Tool

for

Enhancing

the

Chemical

Diversity

of

Microorganisms. Mar. Drugs., 12: 1043-1065.
Merlin, J. N., I.V.S. N. Christhudas, P. P. Kumar and P. Agastian. 2013. Optimization of
growth and bioactive metabolite production: Fusarium solani. Asian J Pharm
Clin Res, Vol 6, Suppl 3, 98-103.
Miller, G.L. 1959. Use of dinitrosalicylic acid reagent for determination of reducing
sugar. Anal. Chem., 31: 426-428.
Morihira, K., R. Hara, S. Kawahara, T. Nishimori, N. Nakamura, H. Kusama and I.
Kuwajima. 1998. Enantio-selective total synthesis of Taxol. J. Am. Chem. Soc.,
120: 12980-12981.
Negi, A. S., G. Longo, A. Bertucco, I. Kikic, D. Solinas, M. Calabrese and M.
Quarantotto. 2010. Purification of taxol from chloroform extracts of Taxus

165

wallichiana on solid matrix by supercritical CO2 extraction. 12th European
Meeting on Supercritical Fluids 2010. V(1): 693-702.
Neumann, B., A. Pospiech and H. U. Schairer. 1992. Rapid isolation of genomic DNA
from gram-negative bacteria. Trends Genet., 8:332-3.
Nicolaou, K.C., Z. Yang, J. J. Liu, H. Ueno, P. G. Nantermet, R. K. Guy, C. F. Claiborne,
J. Renaud, E. A. Couladouros, K. Paulvannan and E. J. Sorenson. 1994. Total
synthesis of taxol. Nature, 367 (6464): 630–634.
Nims, E., P. D. Camille, C. R. Susan and E. L. Walker. 2006. Expression profiling of
genes involved in paclitaxel biosynthesis for targeted metabolic engineering.
Metabo Engin. 8; 385–394.
Nithya, K. and J. Muthumary. 2009. Growth studies of Colletotrichum gloeosporioides
(Penz.) Sacc.-a taxol producing endophytic fungus from Plumeria acutifolia.
Indian J.Sci.Technol., 2. 11:14-19.
Onrubia, M., E. Moyano, M. Bonfill, R. M. Cusidó, A. Goossens and J. Palazón. 2013.
Coronatine, a more powerful elicitor for inducing taxane biosynthesis in Taxus
media cell cultures than methyl jasmonate. J. of Plt Physio. 170: 211– 219.
Ottaggio, L., F. Bestoso, A. Armirotti, A. Balbi, G. Damonte, M. Mazzei, M. Sancandi
and M. Miele. 2008. Taxanes from Shells and Leaves of Corylusavellana. Journal
of natural products, 71 (1): 58–60.
Ozcelik, B., C. Turkyilmaz, M. T. Ozgun, I. S. Serin, C. Batukan, S. Ozdamar and A.
Ozturk. 2010. "Prevention of paclitaxel and cisplatin induced ovarian damage in
rats by a gonadotropin-releasing hormone agonist". Fertil.Steril. 93 (5): 1609–14.
Panchagnula, R., 1998. Pharmaceutical aspects of paclitaxel. Intl Jour of Pharmaceutics.,
172; 1–15.
Pandi, M., R. S. Kumaran, Y. Choi, H. J. Kim and J. Muthumary. 2011. Isolation and
detection of taxol, an anticancer drug produced from Lasiodiplodia theobromae,
an endophytic fungus of the medicinal plant Morinda citrifolia. Afr. J. Biotechnol.
10 (8): 1428-1435.
Parra, R., D. Aldred and N. Magan. 2005. Medium optimization for the production of the
secondary metabolite squalestatin S1 by a Phoma sp. combining orthogonal
166

design and response surface methodology. Enzyme Microb. Technol. 37: 704–
711.
Pillay, V., A. Seedat, Y. E. Choonara, L. C. Du Toit, P. Kumar, and V. M. Ndesendo.
2013. A Review of Polymeric Refabrication Techniques to Modify Polymer
Properties for Biomedical and Drug Delivery Applications. AAPS Pharm Sci
Tech. 14(2): 692-711.
Pyo, S., H. Park, B. Song, B. Han and J. Kim. 2004. A large-scale purification of
paclitaxel from cell cultures of Taxus chinensis. Proc. Biochem., 39: 1985–1991.
Radu, S. and C. Y. Kqueen. 2002. Preliminary screening of endophytic fungi from
medicinal plants in Malaysia for antimicrobial and antitumour activity. M J Med
Sci. 9(2): 23-33.
Raja, V., S. Kamalraj and J. Muthumary. 2008. Taxol from Botryodiplodia theobromae
(BT 115) an endophytic fungus of Taxus baccata. J. Biotechnol., 136: 187-197.
Ruiz-Sanchez, J., Z. R. Flores-Bustamante, L. Dendooven, E. Favela-Torres, G. SocaChafre, J. Galindez-Mayer and L.B. Flores-Cotera. 2010. A comparative study of
Taxol production in liquid and solid-state fermentation with Nigrospora sp. a
fungus isolated from Taxus globosa. Jour of Appl Micro., 109: 2144–2150.
Saville, M.W., J. Lietzau, J. M. Pluda, W. H. Wilson, R. W. Humphrey, E. Feigel, S. M.
Steinberg, S. Broder, R. Yarchoan, J. Odom, and I. Feuerstein. 1995. Treatment of
HIV-associated Kaposi's sarcoma with paclitaxel. The Lancet., 346 (8966): 26–8.
Schiff, P.B., J. Fant and S.B. Horowitz. 1979. Promotion of microtubule assembly in
vitro by taxol. Nature, 277: 665-667.
Senthil, K., R.J. Muthumary and B.K. Hur. 2008. Taxol from Phyllosticta citricarpa, a
Leaf Spot Fungus of the Angiosperm Citrus medica. Journal of Bioscience and
Bioengineering, 106 (1): 103-106.
Singla, A. K., A. Garg and D. Aggarwal. 2002. Paclitaxel and its formulations. Int J
Pharm., 235 (1-2):179-192.
Sreekanth, D., A. Syed, S. Sarkar, D. Sarkar, B. Santhakumari, A. Ahmad and M. I.
Khan. 2009. Production, Purification, and Characterization of Taxol and 10167

DABIII from a new Endophytic Fungus Gliocladium sp. Isolated from the Indian
Yew Tree, Taxus baccata. J. Microbiol. Biotechnol., 19(11), 1342–1347.
Sreekanth, D., G. K. Sushim, A. Syed, B. M. Khan and A. Ahmad. 2011. Molecular and
Morphological

Characterization

of

a

Taxol-Producing

Endophytic

Fungus, Gliocladium sp., from Taxus baccata. Mycobiology., 39(3):151-157.
Srinivasan, V., L. Pestchanker, S. Moser, T. J. Hirasuna, R. A. Taticek and M. L. Shuler.
2004. Taxol production in bioreactors: Kinetics of biomass accumulation, nutrient
uptake, and taxol production by cell suspensions of Taxus baccata. Biotechnol
Bioeng. 47 (6): 666-676.
Staniek, A., H. J. Woerdenbag and O. Kayser. 2010. Screening the endophytic flora of
Wollemia nobilis for alternative paclitaxel sources. J of Plant Interactions. 5 (3)
189-195.
Stierle, A., D. Stierle, G. Strobel1, G. Bignami and P. Grothaus. 1994. Bioregulators for
crop protection and pest control. ACS Symposium Series, 557. 6, pp 64–77.
Stierle, A., G.A. Strobel and D. Stierle. 1993. Taxol and taxane production by Taxomyces
andreanae, an endophytic fungus of Pacifi c yew. Science, 9; 260 (5105): 214226.
Stierle, A., G. Strobel and D. Stierle. (1993). Taxol and taxane production by Taxomyces
andreanae, an endophytic fungus of Pacific yew. Science. 9; 260 (5105):214-6.
Strobel, G. A., W. M. Hess, J. Y. Li, E. Ford, J. Sears, R. S. Sidhu, and B. Summerell.
1997. Pestalotiopsis guepinii, a Taxol-producing Endophyte of the Wollemi Pine,
Wollemia nobilis. Aust. J. Bot., 45; 1073-1082.
Strobel, G., X. Yang, J. Sears, R. Kramer, R. S. Sidhu and W. M. Hess. 1996a. Taxol
from Pestalotiopsis microspora, an endophytic fungus of Taxus wallachiana.
Microbiology. 1996; 142 (2):435-440
Strobel, G.A., W.M. Hess, E. Ford, R.S. Sidhu and X. Yang. 1996b. Taxol from fungal
endophytes and the issue of biodiversity. J. Ind. Microbiol., 17: 417-423.
168

Subramaniyam, R. and R. Vimala. 2012. Solid state and submerged fermentation for the
production of bioactive substances: a comparative study. I.J.S.N., 3(3): 480-486.
Süleymanoglu, E. 2010. Thermodynamics of Molecular Recognitions between
Antineoplastic Drug Taxol and Phosphatidylcholine. Braz. Arch. Biol. Technol.53
(6): 1351-1358.
Tandon, R.N. and Chandra 1961. Utilisation of some amino acid by some fungi causing
disease. Proc. Nat. Acad. Sci. India.31B: 255-260.
Thompson. J.D., D. G. Higgins and T. J. Gibson. 1994. CLUSTAL W: improving the
sensitivity of progressive multiple sequence alignment through sequence
weighting, position-specific gap penalties and weight matrix choice. Nucleic
Acids Res., 22:4673-80.
Visalakchi, S. and J. Muthumary. 2010. Taxol (Anticancer Drug) Producing Endophytic
Fungi: an Overview. Int. J. Pharma & Bio-Sci. 1, (3):1 -9.
Walker, k. and R. Croteau. 2001. Taxol biosynthetic genes. Phytochem., 58: 1–7.
Walker, K., A. Schoendorf and R. Croteau. 2000. Molecular Cloning of a Taxa-4(20),
11(12)-dien-5a-ol-OAcetyl Transferase cDNA from Taxus and Functional
Expression in Escherichia coli. Archives of Biochem and Biophy. Vol. 374 (2):
371–380.
Wall, M. E., M.C. Wani, C.E. Cooke, K.T. Palmer, A.T. McPhail and G.A. Sim. 1966. J.
Am. Chem. Soc., 88: 3888-3890.
Walsh, V. and J. Goodman. 1999. Cancer chemotherapy, biodiversity, public and private
property: the case of the anti-cancer drug Taxol. Soc Sci & Medic, 49: 1215-1225.
Wang, J., G. Li, H. Lu, Z. Zheng, Y. Huang and W. Su. 2000. Taxol from Tubercularia
sp. strain TF5, an endophytic fungus of Taxus mairei. FEMS Microbiology Letters
193: 249-253.
Wang, S. 2009. Ordered mesoporous materials for drug delivery. Microporous and
Mesoporous Materials, 117: 1-9.
Wang, Z., Y. Jiang, R. Rachwalik, Z. Liu, J. Shi, M. Hunger and J. Huang. 2013. OneStep Room-Temperature Synthesis of [Al] MCM-41Materials for the Catalytic
Conversion of Phenylglyoxal to Ethylmandelate. Chem Cat Chem., 5: 1–9.
169

Wani, M., H. Taylor, M. Wall, P. Coggon and P. McPhail. 1971. Plant antitumor
agents.VI. The isolation and structure of taxol, a novel antileukemic and
antitumor agent from Taxus brevifolia. J Am Chem Soc. 93 (9): 2325–7.
Wei, Y., X. Zhou, L. Liu, J. Lu, Z. Wang, G. Yu, L. Hu, J. Lin, X. Sun and K. Tang.
2010. An efficient transformation system of taxol-producing endophytic fungus
EFY-21 (Ozonium sp.). Afri J of Biotech. 9 (12): 1726-1733.
Wheeler, A. L., R. M. Long, R. E. B. Ketchum, C. D. Rithner, R. M. Williams and R.
Croteau. 2001. Taxol Biosynthesis: Differential Transformations of Taxadien-5aol and Its Acetate Ester by Cytochrome P450 Hydroxylases from Taxus
Suspension Cells. Archiv of Biochem and Biophys. 390(2): 265–278.
Wilczewska, A. Z., K. Niemirowicz, K. H. Markiewicz and H. Car. 2012. Nanoparticles
as drug delivery systems. Pharmacol Rep, 64, 1020-1037.
Williams, D. C., B. J. Carroll, Q. Jin, C. D. Rithner,S. R. Lenger, H. G. Floss, R. M.
Coates, R. M. Williams and R. Croteau. 2000. Intramolecular proton transfer in
the cyclization of geranylgeranyl diphosphate to the taxadiene precursor of taxol
catalyzed by recombinant taxadiene synthase. Chem and Bio, 7:969-977.
Xu, F., W. Tao, L. Cheng and L. Guo. 2006. Strain improvement and optimization of the
media of taxol-producing fungus Fusarium maire. Bioch Engin Jour., 31: 67–73.
Xu, Q. 2013. Nanoporous Materials: Synthesis and Applications, Taylor & Francis
Group.
Yang, X., K. Liu and M. Xie. 1998. Purification of taxol by industrial preparative liquid
chromatography. Jour of Chromatography A., 813: 201–204.
Yazdani, D., Z. M. Ahmad, T. Y How and A. Qaderi. 2011. Production of taxol by
pestalotiopsis breviseta cr01 isolated from the catharanceus roceus and its growth
studies. Intl J of Molec and Clini Micro. 1: 97-102.
Zaiyou, J., W. Hongsheng, W. Ning, M. Li and X. Guifang. 2015. Isolation and
identification of an endophytic fungus producing paclitaxel from Taxus
wallichiana var mairei. Nutr Hosp., 32(6):2932-2937.

170

Zhang, H., Z. Li, P. Xu, R. Wu, L. Wang, Y. Xiang, and Z. Jiao. 2011. Synthesis of novel
mesoporous silica nanoparticles for loading and release of ibuprofen. J Control
Release, 152 Suppl 1, e38-9.
Zhang, P., P. Zhou and L. Yu. 2009a. An endophytic taxol-producing fungus fromTaxus
xmedia, Aspergillus candidus MD3. FEMS Microbiol Lett. 293: 155–159.
Zhang, P., P. Zhou and L. Yu. 2009b. An Endophytic Taxol-Producing Fungus from
Taxus media, Cladosporium cladosporioides MD2. Curr Microbiol.59: 227–232.
Zhang, P., P. Zhou, C. Jiang, H. Yu and L. Yu. 2008. Screening of Taxol-producing
fungi based on PCR amplification from Taxus. Biotechnol Lett. 30:2119–2123.
Zhao, J., L. Zhou, J. Wang, T. Shan, L. Zhong, X. Liu and X. Gao. 2010. Endophytic
fungi for producing bioactive compounds originally from their host plants, In:
Mendez-Vilas. A. (Ed). Current research, technology and education topics in
applied microbiology and microbial biotechnology. Formatex, Spain, 1: 567-576.
Zhao, K., L. Sun, X. Ma, X. Li, X. Wang, W. Ping and D. Zhou. 2011. Improved taxol
production in Nodulisporium sylviforme derived from inactivated protoplast
fusion. Afr. J. Biotechnol. 10(20): 4175-4182.
Zhao, k., W. Ping, Q. Li, S. Hao, L. Zhao, T. Gao and D. Zhou. 2009. Aspergillus niger
var. taxi, a new species variant of taxol-producing fungus isolated from Taxus
cuspidate in China. Journal of Applied Microbiology. 107. 1202–1207.
Zhou, X., W. Zheng, H. Zhu and K. Tang. 2009. Identification of a taxol-producing
endophytic fungus EFY-36. African Journal of Biotechnology. 8 (11): 26232625.

171

Annexures
Annexure 1: - Optimization of the distance for UV irradiation of wild strain of
Eurotium rubrum
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Annexure 2: - Optimization of time for UV irradiation of wild strain of Eurotium
rubrum
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Annexure 3: - Optimization of concentration of nitrous acid for mutagenesis of wild
strain of Eurotium rubrum
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Annexure 4: - Optimization of time for the exposure of nitrous acid for mutagenesis
of wild strain of Eurotium rubrum
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Annexure 5: - Optimization of concentration of EMS for mutagenesis of wild strain
of Eurotium rubrum
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Annexure 6: - Optimization of time for the exposure with EMS for mutagenesis of
wild strain of Eurotium rubrum
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