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Summary

The anti-cancer agent paclitaxel has been the subject o f  intense scientific evaluation 

since it was first isolated from the bark o f  the Pacific yew [T. brevifolia] in 1971. It is 

currently used extensively in the treatment o f ovarian, breast and non-small cell lung 

cancers as well as AIDS-related Kaposi's sarcoma. The success o f this agent is 

largely due to its novel mode o f action ie. promotes the polymerisation o f tubulin and 

stabilises the resultant microtubules to disassembly. Despite continuing efforts to 

develop a total synthetic route or an in vitro method o f production which would 

ultimately be more reliable, more consistent and potentially inexhaustible paclitaxel is 

currently produced by semi-synthesis from 10-deacetylbaccatin 111, a natural 

biosynthetic precursor isolated from the needles o f the European yew. The problems 

associated with paclitaxel production include (1) the correct identification o f the 

species in order to comply with the FDA licence and (2) the production o f  sufficient 

biomass to meet the world-wide demand for this drug.

The objectives o f  this project were, firstly to evaluate the morphological and 

phytochemical characteristics o f 33 species and varieties o f Taxus to determine 

whether they could be conclusively distinguished fi-om each another and from two 

related species, Cephalotaxus [C. harringtonii & C. fortuneii] and two Torreya [T. 

californica and T. nucifera]. No single parameter o f  taxonomic value was identified 

which facilitated the absolute distinction between one Taxus species and another 

although both microscopical and phytochemical characteristics can be used to 

distinguish between Taxus and other closely related genera.

A second objecfive was to identify a high paclitaxel-yielding cultivar by evaluating a 

large number o f mature yew trees growing at a number o f  locations in Europe. 

Results indicated that paclitaxel levels vary significantly both intra- and 

interspecifically. Geographic location was also shown to affect paclitaxel content 

with trees growing in Ireland and the UK producing higher levels o f paclitaxel 

compared to those growing on mainland Europe. An extensive seasonal study carried 

out using nine genetically identical Irish yew trees [T. baccata Tastigiata'] growing in 

Ireland indicated that April is the optimum month to harvest for paclitaxel. Overall, 

no species or variety was identified which produced consistently higher paclitaxel 

yields, irrespective o f other variables.



In addition, a number o f greenhouse experiments were set-up to determine the 

optimum conditions for growth o f  Taxus plants in cultivation and ultimately to 

establish the ideal conditions for maximum paclitaxel yield. Growth regulator [CCC] 

treatment both with and without fertiliser had no significant effect on either growth or 

paclitaxel production. In contrast, calcium nitrate application increased paclitaxel 

production by approx. 21% and plants grown under normal light conditions produced 

30% more biomass than those grown in the shade.

A field trial to evaluate the potential use o f 'marginal' land for Taxus plantations 

indicated that the Irish yew grew well on marginal land and produced levels o f 

paclitaxel similar to those produced by genetically identical trees growing at a more 

favourable location.

Two methods o f in vitro paclitaxel production were also investigated. Plant cell 

culture o f T. baccata was achieved using excised embryos o f  T. baccata 'Fastigiata' as 

the explant source. HPLC evaluation o f  the cells indicated that the taxane being 

produced by these cultures was not paclitaxel. However, the growth kinetics were 

similar to those expected for Taxus cell suspension cultures. Attempts were also 

made to produce 'hairy' root cultures but due to unforeseen circumstances these 

experiments could not be completed so no conclusions could be made.

Finally, two phenolic compounds were successfully isolated and characterised fi-om 

the needles o f T. baccata 'Fastigiata'. This is the first reported isolation o f  these 

compounds, taxicatin and eatechin, from the Irish yew although they are known to 

occur in other Taxus species.
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Preface

The development o f  paclitaxel, from its isolation to its current clinical use as a highly 

effective anti-cancer agent, has been both interesting and prolonged. The chronology 

o f  paclitaxel discovery spans over 30 years:

1962 Pacific yew bark included in exploratory plant screening program for new anticancer agents 

set up by the United States National Cancer Institute [NCI]

1963 Cytotoxicity o f bark extract against KB cells

1964 Monroe Wall and co-workers confirm cytotoxicity

1966 Active principal isolated and named taxol - beginning o f Taxus research

1971 Structure o f  taxol published for first time

1974 Taxol active against other cancer cell lines - B I6  melanoma

1978 Taxol shows positive activity against human cancercell lines - MX-1 breast xenograft

1979 Taxols novel mechanism o f action realised

1980 Formulation studies completed and toxicology evaluation begins

1984 NCI approve Investigational New Drug Application for taxol; Phase I clinical trials begin

1987 NCI contract for the collection o f 60,000 lbs. o f Pacific yew bark

1989 1. Phase II clinical trials show 30% improvement in refractory ovarian cancer 

2. NCI contract for another 60,000 lbs. o f bark

1990 Presence o f  paclitaxel in the needles and other plant parts o f the Pacific yew confirmed

1991 1. Phase II clinical trials show 48% tumour shrinkage in metastatic breast cancer

2. Bristol-Myers-Squibb sign a Co-operative Research & Development Agreement with NCI 

to develop and commercialise taxol

1992 1. Phase III clinical trials begin

2. The Pacific Yew Act becomes law -  Draft Environmental Impact Statement published

3. FDA approve taxol isolated from the bark o f the Pacific yew for the treatment of refractory 

ovarian cancer

4. BMS appropriate the word 'taxol' for use as a trademark - the accepted generic name 

becomes 'paclitaxel'

1993 1. Supplemental New Drug Application filed by BMS with the FDA to allow needl&derived

paclitaxel to be used clinically 

2. Paclitaxel approved as second line treatment for ovarian cancer

1994 1. Supplemental approval for the use o f paclitaxel in metastatic breast cancer 

2. Total synthesis o f paclitaxel achieved - not commercially viable

1996 Paclitaxel approved for the first line treatment of ovarian cancer

1998 Paclitaxel licensed for the treatment o f non-small cell lung cancer
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1999 Expiry o f  original BM S patent - circum vented in 1998 when the paclitaxel patent was 

extended to 2004 through a supplem ental use for AlDS-related Kaposi's sarcoma - a concept 

known as 'Orphan Drug Status'

It is not surprising therefore, that there is enormous scientific interest in paclitaxel and 

in the yew trees from which it is isolated. The earliest problem encountered in the 

development o f  paclitaxel for clinical use was supply. The original FDA licensed 

source, the bark o f  the Pacific yew, was both finite and environmentally unfriendly. 

Biomass production from this source was low and efforts were made to identify an 

alternative. In 1990, the discovery tliat paclitaxel was also present in other plant parts 

and other species o f yew (Witherup et al., 1990, Vidensek et al., 1990) sparked an 

extensive interest in the possible use o f  other Taxus species for the isolation o f 

paclitaxel. In 1993, the FDA approved needle-derived paclitaxel for clinical use and 

paclitaxel is now produced by semi-synthesis from lO-deacetylbaccatin III, a natural 

biosynthetic precursor extracted from the needles o f  the European yew [T. baccata]. 

Because o f the small amounts o f both paclitaxel and lO-deactylbaccatin III present in 

Taxus, optimisation o f their extraction is important eg. harvesting at the correct time 

o f year, selecting the highest yielding strains o f  yew etc. In the current FDA licence, 

the production o f paclitaxel by semi-synthesis from the naturally occurring precursor, 

10-deacetylbaccation III [10-DAB] is also allowable but the precursor must be 

isolated from the European yew [T. baccata]. The fact that the source o f the plant 

material is also specified in the new licence indicates that the correct identification o f 

the Taxus species, although difficult, is still imperative.
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Chapter 1 Introduction

1.1 Historical overview

Yews [genus Taxus L.] are dioecious evergreen trees of the family Taxaceae. They 

are reputed to be among the oldest living species in the world. Evidence from the 

fossil records suggest that an ancient yew, Paleotaxus rediviva, existed over 200 

million years ago and was found extensively in the temperate regions of the Northern 

Hemisphere (Appendino, 1993). This region is still the natural habitat of almost all 

of the twelve known species of the genus Taxus today. Two more recent [< 200 

millions years old] and more abundant fossil species, Taxus jurassica  and Taxus 

grandis, are reported to resemble the extant species even more closely (Florin, 1951).

In the Celtic tradition, the yew was considered a sacred tree. Many religious objects 

were made from yew wood and the dead were often buried on the hallowed ground 

beneath or close to the sacred yew. This practice subsisted during the advent of 

Christianity when churches were often built on the sites of old pagan burial grounds. 

Up to the present day, the vast majority of English and Irish churchyards and 

graveyards have one or more impressive yew trees on their grounds [Fig. 1.1].

Figure 1.1 Irish yew - a common graveyard sight
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Despite the sacredness it symbolises, yew wood was also used in the manufacture o f 

tools and weapons. Throughout Europe, archaeological evidence dating back over 

50,000 years suggests that yew wood was used extensively for the production o f arms 

by the Egyptians, Greeks, Romans and Celts alike. As recently as 1992, a copper axe 

set in a yew wood handle, a 6ft. longbow and a quiver o f arrows made from yew wood 

were discovered alongside the 5300 year old mummified remains o f a man - 'Oetzie', 

the iceman - uncovered in the Austro-ltalian Alps. The longbow is the most renowned 

o f yew wood weapons. Its influence on European history has been profound, most 

notably in the most decisive battles o f  the Hundred Years W ar between England and 

France which were won by English yeomen armed with yew wood longbows (Hartzell 

Jr., 1995). Household implements, tools and musical instruments were also 

commonly made from yew wood (Hartzell Jr., 1995).

The wood however, was not the only part o f  the yew tree to be exploited. Yew 

needles were also utilised, mainly for their poisonous properties. An extract o f  yew 

was often placed on the tips o f  yew arrows. The poisonous nature o f  the yew needle 

extract is directly related to the high levels o f  taxines (Lucas, 1856) which they 

contain. The medicinal value o f the needles was described as far back as the first 

century AD in De materia medica o f Dioscorides (Appendino, 1993). This text 

provided the basis for the first o f the pharmacopoeias, which we still use today. 

Historically, the medicinal value o f  the yew was often associated with its poisonous 

properties eg. its traditional use as an abortifacient.

Over the centuries, the extensive exploitation o f  our yew stocks has severely 

threatened the native yew habitats o f the world. Most recently, the discovery o f  anti

cancer properties o f  an extract o f bark from the Pacific yew [Taxus brevifolia Nutt.] 

(Wani et a i ,  1971) has threaten the continued existence o f this remarkable species.

1.2 The taxonomy of raxMS - a dilemma

Taxonomy is the scientific study o f the classification o f all living things and the 

relationships that exist between them. The taxonomy o f the genus Taxus has been the 

subject o f debate for much o f  the last century. The classification o f the order, Taxales, 

and family, Taxaceae, to which this genus is thought to belong, is also unclear. The
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main areas of controversy among taxonomists are (i) the evolutionary position of the 

Taxaceae in relation to the other members of the order Coniferales and (ii) whether 

the members of the genus Taxus are distinct species or merely different varieties o f a 

single species.

Originally, the family Taxaceae was believed to consist of the following five genera 

(Elwes and Henry, 1906):

Taxus L.

Pf'vminopitys Phil.

Cephalotaxus Sieb. & Zucc. ex Endl.

Torreya Am.

Saxegothaea Lindl.

Pniminopitys and Saxegothaea are now considered part of the family Podocarpaceae. 

The genus Saxegothaea is monospecific, consisting of just one species, Saxegothaea 

conspicua, commonly known as Prince Albert’s yew and so called as a result o f its 

original classification. The red fruit and narrow needle-like leaves o f some other 

Podocarps [e.g. Podocarpus nivalis and Podocarpus ferrugineus respectively] also 

strongly resemble the fruit and needles o f the yew (Florin, 1951). However, results 

from both microscopical investigation of epidermal characteristics (Florin 1948) and 

RNA analysis (Li, 1997) confirm that these genera belong in different families. It is 

now widely accepted that the family Taxaceae consists o f the following five genera 

(Farjon, 1998):

Taxus

Amentotaxus Pilg.

Austrotaxus R.H. Compton

Pseudotaxus W.C. Cheng [= Nothotaxus Florin]

Torreya

Cephalotaxus, known commonly as the Plum yew because o f its distinctive plum-like 

fruit, has in the past been included in the Taxaceae (Li, 1997) but is now considered to 

belong in a monogenetic family, the Cephalotaxaceae (Farjon, 1998).
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Am entotaxus

Austrotaxus - 

Pseudotaxus

Taxus

Torreya

■ A. a rg o ta en ia  (Pilg.)H ance  

A. assam ica  D.K. Ferguson

■ A .fo m ia n o sa  H.I. Li

■ A. p o ila n e i  (Ferre & Rouane) D.K. Ferguson  

. A. yu n n anensis  H.I. Li

■ A. sp ic a ta  R.H. Compton

P. ch ein ii W.C. Cheng

T. b a cca ta  Linn.

T. brevifo lia  Nutt.

T. can aden sis  Marshall 

T. ch inensis  (Piig.) Rehd.

T. cu sp ida ta  Siebold & Zucc.

T. J loridana  Nutt, ex Chapinan 

T. Juana  Nan Li & R.R. Mill

T. g lo b o sa  Schldtl.

T. sum atrana  (Miq.) de Laub 

T. w a llich ian a  Zucc.

T. X m edia  Dallimore & Jackson

T. X h unnew elliana  Dallimore & Jackson

T. ca liforn ica  Torr.

T. g ra n d is  Fortune exLindl.

T. ja c k i i  Chun

T. nucifera  (L.) Siebold & Zucc.

T. taxifo lia  A m .

Figure 1.2 The family Taxaceae - genera and species (according to Farjon, 

1998)

There is a suggestion that this is a sister family to the Taxaceae (Hart, 1987) and 

recent cladistic analyses based on RNA and DNA data (Chaw et al., 1993, Stefanovic 

et al., 1998), as well as obvious morphological similarities, strongly support this view. 

A second botanical review o f the Taxaceae published in the same year (Cope, 1998)



also includes Taxus, Torreya, Austrotaxus, Pseudotaxus and Amentotaxus in the 

family Taxaceae [Fig. 1.2],

Both Pseudotaxus and Austrotaxus are monospecific, the latter being the only other 

member of the family besides Taxus to contain the anti-cancer taxane, paclitaxel 

(Gueritte-Voegelein et a l, 1987). Torreya and Amentotaxus each consist of five 

species (Farjon, 1998), none of which have been found to contain any compounds of 

the taxane family. Taxus, the type genus of the family and also the largest, is now 

reported to consist of twelve species [Fig. 1.2] including two artifical hybrids first 

documented by Dallimore and Jackson (1924), as well as one hundred and ninety 

cultivars (Cope, 1998).

New varieties [eg. T. baccata 'Amersfoort', T. baccata 'Fowle' [Fig. 1.3] and T 

baccata 'Rushmore' - each with very different foliage shape and growth habit to the 

other yew species] and even species [eg. T. fuana - Farjon, 1998] are continually 

being reported.

Figure 1.3 T. baccata Tow le' - a new variety of T. baccata

As a result of morphological similarities, mistakes in the identification and 

nomenclature of both species [eg. T. chinensis and T sumatrana are frequently given 

the name T. celebica, and T wallichiana is often referred to as T. yunnanensis or T. 

chinensis] and genera [T. wallichiana was mistakenly identified as Cephalotaxus 

mannii in the early days of paclitaxel research (Powell et a l, 1979)] are common. 

Efforts are continually being made both chemotaxonomically and more recently, at a
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molecular level to conclusively establish the true phylogeny of the genus Taxus and 

the complex family, the Taxaceae, to which it belongs.

1.2.1 Taxonomy of Taxus - historical and morphological basis

Up to the early 1900's, the Taxaceae was thought to belong to the order Coniferales. 

Subsequent evidence from the fossil records shows that there are important 

similarities between Taxus and a number of fossil angiosperms that bear a seed, 

surrounded by a fleshy covering called an aril (Florin, 1951, Appendino, 1993), in 

place o f the cone structure expected for true conifers. This favours the view that 

Taxus is taxonomically unrelated to the Coniferales and belongs in a separate order. 

Early research, based solely on morphological features, also indicated that it belonged 

in an order o f its own, the Taxales (Sahni, 1920, Florin, 1948). The primary 

morphological sources of this argument were the absence o f a multiovulate cone and 

the presence of ovules at the axillary position. In contrast to the other Coniferales, the 

genera in the Taxaceae have a terminal, uniovulate seed. Some taxonomists believe 

this to be a defining feature o f primitive origin while others accept it as a derived 

reduction from the multiovulate cone over time (Li, 1997). In addition, Taxus has a 

completely different microscopical profile to the other members o f the Coniferales. 

Unlike most other conifers, members o f the genus Taxus do not have resin ducts and 

therefore, do not produce an oleoresin. The surface microscopy of Taxus needles also 

differs both qualitatively and quantitatively from the other conifers (Florin, 1951, 

Namba & Kuginuki, 1994, DiSapio et a l,  1997).

Morphologically, all species of Taxus are remarkably similar and intraspecific 

variation is often more apparent than differences between species. The genus has 

been considered monospecific with clearly delimited geographical subspecies (Pilger, 

1903). This view was supported by Elwes and Henry (1906) who considered the 

differences between these forms to be minor [foliage shape, growth habit] and largely 

attributable to climate, soil-type and other environmental factors. They acknowledged 

the existence of seven geographical forms and 23 varieties, both wild and cultivated, 

of Taxus baccata typica, the name they gave to what is now referred to as T. baccata. 

These varieties differed in habit [eg. fastigiate, prostrate, pendulous and dwarf], leaf 

shape, colour, size and disposition as well as fruit colour. In 1924, Dallimore and
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Jackson challenged this theory. They asserted that the seven forms identified by 

Elwes and Henry were distinct species within which they recognised a large number 

o f  varieties. Their work was based predominantly on the needle morphology o f  the 

different species. Needle lengths and widths as well as needle shape, arrangement 

around the stem and microscopy, were evaluated. A range o f needle lengths and 

widths were given for each species examined but significant overlap between the 

species restricted the use o f  these parameters for absolute identification. Furthermore, 

varieties o f  each species were also included in these evaluations. This did not account 

for the often greater morphological diversity between varieties and may explain the 

magnitude o f the range given for some species. Dallimore and Jackson also described 

each species in terms o f its growth habit and bark, seed, flower and bud morphology, 

although these observations were largely qualitative. They also described two hybrid 

species, T. x  hunnewelliana and T. x  media, for the first time. They were cultivated in 

Hunnewell Gardens, Massachusetts, USA in approximately 1900 and are hybrid 

species o f T. cuspidata x T. canadensis and T. cuspidata x T. baccata, respectively. 

More recent work based on leaf and pollen surface characteristics compared five 

Taxus species [T. canadensis, T. x  hunnewelliana, T. baccata, T. cuspidata, and T. x  

media] and a number o f varieties o f each (Nicolosi & Lindberger, 1982). All leaf 

surfaces were considered morphologically similar and, although differences in 

stomatal band widths and stomatal densities were significant, evaluation o f varieties 

revealed variations which again often overlapped with values obtained for other 

species. This highlights the somewhat limited value o f morphological evaluation 

alone, particularly using single data-set analyses, in establishing the true taxonomy o f 

the genus Taxus.

1.2.2 Chemotaxonomy

The phytochemistry o f  the genus Taxus has been extensively reviewed in recent years 

(Griffin, 1995, Appendino, 1995, Das and Anjani, 1998, Olsen et al., 1998, Parmar et 

a i ,  1999) and the chemical constituents o f the different species, which have been 

studied for over one hundred years, have been comprehensively examined. The 

taxines were among the first chemical constituents to be isolated fi'om the yew tree 

almost one hundred and fifty years ago (Lucas, 1856). Since that time, over three 

hundred and seventy compounds have been isolated from one or more species in this
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complex genus (Parmar et a i,  1999). The most significant compound isolated from 

the yew over the last century was paclitaxel [Fig. 1.4(1)], the highly successful anti

tumour agent first extracted from the bark of the Pacific yew [T. brevifolia] (Wani et 

a i, 1971). Paclitaxel is now also known to be present in most other Taxus species 

(Witherup et a i,  1990). It belongs to a group o f compounds known collectively as 

taxanes. These compounds derive their name from the unique diterpene skeleton 

which they share [Fig. 1.4(2)]. A large number of compounds with this characteristic 

taxane skeleton have since been isolated (Kingston et a i,  1993).
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Figure 1.4 Paclitaxel and the taxane skeleton

In addition to the taxanes, a wide variety of other secondary metabolites have been 

isolated fi'om various species and varieties of yew. These include monoterpenes, non- 

taxane diterpenes, phytosteroids, lignans, flavanoids, glycosides and simple phenolic 

compounds. In general, these compounds have been isolated and characterised from 

each o f the species individually and no attempt has been made to examine them fi’om 

a taxonomic perspective.

One chemotaxonomic study based on non-taxane constituents examined the 

heartwood of five species of yew [T. brevifolia, T. baccata, T. floridana and T. 

cuspidata] for the presence o f six lignan-type compounds (Erdtman and Tsuno, 1969). 

It was concluded that the lack of significant differences between the species examined 

made them chemically indistinguishable. More recently, van Rozendaal et al. (1999) 

published an extensive chemotaxonomic review o f the genus Taxus based on the 

taxanes. Using principal component analysis this group divide the genus into three



distinct sub-groups. The first, the Eurasian group, includes T. baccata, T. celebica, T. 

cuspidata, T. x  hunnewelliana and T. x  media. The second, the North American 

group, comprises T. canadensis, T. globosa  and T. floridana. Interestingly, these 

groups represent distinct geographical regions separated by the Pacific Ocean. 

Finally, the third monospecific group consists o f T. brevifolia, the only species that 

contains significantly higher levels o f brevifoliol [Fig. 1.5].

AcO OAc
BzO.

HO

OH

Figure 1.5 Structural formula of brevifoliol

Brevifoliol was first isolated from the needles o f  T. brevifolia in 1991 (Balza et al.) 

and has since been found in other plant parts (Das et a l ,  1995). It is now also known 

to be present in the needles o f T. wallichiana (Georg et al., 1993), the needles and 

seeds o f T. baccata (Guo et a l ,  1995 & Appendino, 1993 respectively) and the 

needles o f  T. x media (Rao et al., 1996). Brevifoliol was the first o f  a new group o f 

naturally occurring rearranged taxoids to be isolated fi-om Taxus. The compounds o f  

this group are characterised by their unique 11 (15—> 1 )-abeotaxoid ring system (Das et 

al., 1995),

Due to the fact that brevifoliol exists at higher concentrations in T. brevifolia than in 

other Taxus species, T. brevifolia can be considered a monospecific sub-group o f the 

genus in terms o f  its taxane phytochemistry. However, the other taxonomic divisions 

noted by van Rozendaal are not consistent with any previously published taxonomy o f 

the genus Taxus. In the van Rozendaal study, a second sample population was 

subjected to classic morphological as well as chemical evaluation and it was found 

that no observable correlation existed between the results obtained by morphology and 

those obtained chemotaxonomically. This raises the possibility that DNA and RNA
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analyses may in fact be the only alternative means by which the 12 species of the 

genus Taxus can be distinguished from one another.

1.2.3 Molecular systematics and taxonomy - future prospects

The evolution of molecular biological methods for the evaluation of plant taxonomy 

represents the most recent development in this complex area. Molecular biological 

studies on the Taxaceae are now beginning to appear and in direct contrast to the early 

morphological evidence [presented above], a recent molecular study using RNA 

analysis (Stefanovic et a i, 1998) supports the monophyly o f the Coniferales to include 

the Taxaceae.

At an intrageneric level, very little work has been published on the genus Taxus. In 

one small study, a Chinese research group (Zhou et a i,  1998) evaluated the genetic 

diversity of four Taxus species in China and concluded, based on their allozyme 

analysis, that the four taxa studied could be regarded as geographical fonns rather than 

distinct species. This supports the earliest morphological classification of the genus 

Taxus (Pilger, 1903, Elwes & Henry, 1906) and also concurs with practically all o f the 

available chemotaxonomic data, which indicates that the 'species' are chemically 

indistinguishable. Zhou et al. (1998) also examined the genus Pseudotaxus, 

sometimes considered part of the family Taxaceae, and confirmed the assertion by Li 

(1997) that it is a distinct genus but is closely related to Taxus.

There is no doubt that the taxonomy of the genus Taxus remains essentially 

unresolved. Since the time of Dallimore and Jackson little progress has been made in 

determining whether the twelve accepted Taxus 'species' are in fact species or whether 

they are all varieties o f one species despite their morphological diversity. The 

evolution of molecular biological methods will hopefully improve our understanding 

of this complex genus.

However, a clearer picture may emerge when the array o f all possible taxonomic 

parameters [morphology, chemotaxonomy, molecular biology] are evaluated 

collectively rather than individually.
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1.3 Paclitaxel - the anti-cancer com pound from yew

The anti-tumour activity o f an extract o f bark from the Pacific yew was first reahsed 

in the early 1960's. As part of a United States National Cancer Institute [NCI] 

programme to assess a wide variety of natural product extracts for anti-cancer activity, 

the crude bark was shown to have significant in vitro cytotoxicity. Wani et al. (1971) 

spent the next 10 yrs. isolating the active compound, which they called taxol. Bristol- 

Myers Squibb [BMS] were granted the sole marketing rights for taxol in 1991. They 

also successfully appropriated the word Taxol® for use as a trademark and the 

accepted generic name then became paclitaxel. This agreement also included a 

commitment by BMS to continue the search for alternative sources o f paclitaxel. 

Paclitaxel was first licensed for use by the FDA in December 1992. Eight years after 

its structure was first published, the discovery o f the novel mechanism of action of 

paclitaxel (Horwitz et al., 1979) highlighted its true clinical potential.

1.3.1 Mechanism of action

Paclitaxel was the first of a new class o f anti-tumour agents with a unique anti-mitotic 

mode of action. In contrast to the classic anti-mitotic agents, such as colchicine and 

the Cathamnthiis alkaloids, which inhibit microtubule formation, paclitaxel promotes 

the polymerisation of tubulin to form stable microtubules in the cell and then inhibits 

their disassembly (Horwitz et a l,  1979).

Microtubules are integral components o f all eukaryotic cells. They provide skeletal 

support and are involved in a number o f vital cellular fiinctions including intracellular 

support and most importantly, cell division. Microtubules are composed o f a number 

of microtubule-associated proteins [MAPs] and tubulin, a heterodimeric polypeptide 

made up of two sub-units, a  and p. In cell division, microtubules are the main 

component of the mitotic spindle and are assembled by the polymerisation o f tubulin. 

Paclitaxel binds specifically to one site on the p sub-unit and preferentially to formed 

microtubules rather than to P tubulin alone or tubulin dimers (Nogales et al., 1998). 

Under normal circumstances, microtubule assembly is facilitated by increased 

temperature [37“C], intracellular release o f GTP or the presence o f magnesium ions

15



[Mg "̂ ]̂. Depolymerisation on the other hand, is dependent upon reduced temperature 

[0°C] or the presence of calcium ions [Ca^^]. Paclitaxel shifts the normal equilibrium 

between soluble tubulin dimers and polymerised microtubules in favour of the formed 

microtubules in the absence o f either GTP or Mĝ "̂  and then stabilises them to both 

decreased temperatures and Câ "̂ .

Compounds that interfere with the tubulin-microtubule equilibrium are collectively 

known as 'spindle poisons'. Their activity can be detected using a unique anti-tubulin 

assay (Suffness and Pezzuto, 1991). Tubulin, isolated from bovine or porcine brain is 

first purified by a series of homogenisation and centrifugation steps and then pre

treated to inhibit spontaneous microtubule formation. Thus, on addition o f an anti

mitotic agent, in vitro assembly and disassembly can be monitored by observing 

changes in optical density at 35°C [Fig. 1.6].
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Figure 1.6 The anti-tubulin assay (Lataste et a i ,  1984)
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In the absence o f  polymer fonnation, turbidity is low and the observed degree o f light 

scatter is reduced. Paclitaxel and similar compounds [eg. docetaxel] actively promote 

polymerisation and inhibit depolymerisation. In so doing, these compounds cause a 

sustained increase in optical density. This in vitro assay not only provides conclusive 

proof o f paclitaxel's novel mechanism o f action but also provides an efficient 

screening method for the identification o f other compounds, o f natural or synthetic 

origin, with potentially similar activity

The unique mechanism by which paclitaxel exerts its anti-tumour effect was realised 

alongside a growing awareness o f the problem o f multi-drug resistance in cancer. 

This lead to an increased interest in this compound and ultimately in the yew trees 

from which it was isolated.

1.3.2 Biosynthesis of paclitaxel and other related secondary metabolites in

Taxus

Plant biochemistry, although fundamentally a hugely complex area, is dependent upon 

a small number o f  very simple organic primary metabolites including shikimic acid, 

acetate and mevalonic acid together with the biosynthetic pathways associated with 

these. Broadly speaking, the compounds isolated from Taxus can be divided into two 

main categories. The first category consists o f  terpenoid-type compounds that are 

biosynthesised via the mevalonate pathway while the second group consists o f the 

non-terpenoids, biosynthesised via the shikimate and other minor biosynthetic 

pathways.

1.3.2.1 Terpenoids

The mevalonate pathway [Fig. 1.7] is the critical first step in the biosynthesis o f  a 

large number o f  terpenoidal and steroidal secondary metabolites. These include the 

anti-cancer compound paclitaxel, the plant hormones, known collectively as 

gibberellins, and plant steroids. Biosynthetically, mevalonic acid is derived from 

acetyl-CoA and converted to more reactive C5 isoprene units [IPP] via a series o f  

condensation, decarboxylation and phosphorylation steps (Dewick, 1997). Successive 

condensation o f  isopentyl pyrophosphate [IPP] units extends the carbon chain length 

and provides the backbone for all terpenoids and steroids found in nature.
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Radiolabelling studies indicate that IPP derived via the mevalonate pathway exhibits a 

specific labelling pattern that can be confirmed using ['^C-'^C] coupling. In 

mevalonic acid derived IPP the carbon atoms at positions 2, 4 and 5 [see Fig. 1.4(2)] 

are contributed by the methyl group o f  acetyl-CoA and those at positions I and 3 are 

contributed by the carboxyl group o f  acetyl-CoA. Thus, the labelling patterns 

exhibited by C-2, C-4 and C-5 in mevalonate-derived IPP units are identical, as are



the patterns exhibited by C-l and C-3. Using this technique, IPP biosynthesised from 

mevalonate can be easily distinguished from IPP derived from other sources. This is 

especially relevant to paclitaxel where there is disagreement on the biosynthetic 

origins of the IPP building block from which paclitaxel and other taxanes are derived.

A. Paclitaxel and the taxanes

The original research on the biosynthesis of the taxanes centred on the well known 

alkaloids, the taxines [Fig. 1.8(1,2)]. The taxines share the basic taxane skeleton with 

paclitaxel [see Fig. 1.4] and other taxanes such as 10-deacetylbaccatin III [Fig. 

1.8(3)], baccatin III [Fig. 1.8(4)] and cephalomannine [Fig. 1.8(5)].
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Figure 1.8 Important taxanes found in Taxus
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The discovery that pacHtaxel possessed unique anti-tumour activity coupled with its 

subsequent clinical success sparked a renewed interest in the biosynthesis o f these 

compounds. Unfortunately, the true biosynthetic origins of the taxane skeleton are not 

universally agreed upon and mechanisms for both a 'classic' mevalonoid as well as a 

non-mevalonoid biosynthesis have been proposed. Although isoprenoid biosynthesis 

is the most contentious aspect o f paclitaxel biosynthesis much of the recent research in 

the area has concentrated on the later steps in the synthesis which are now reasonably 

well understood in ternis o f both the sequence of reactions and the enzymes 

responsible for catalysing them.

1. Paclitaxel biosynthesis via the mevalonoid route

Some of the earliest work on the biosynthesis of taxine indicated that the taxane 

skeleton was mevalonoid in origin (Harrison et a i,  1966). As a result, the original 

work on paclitaxel assumed that, like most other terpenoids, it was biosynthesised 

from acetyl-CoA via the mevalonate pathway [see Fig. 1.7]. Early radiolabelling 

feeding studies using newly grown leaves, ground needles and stems as well as a cell 

free homogenate o f T. canadensis revealed that the taxane ring was biosynthetically 

derived from the universal building blocks, acetate and mevalonate (Zamir et a i, 

1992). A second study which fed [ ! - '“*€] acetate and [l-'^C] acetate to aseptically 

prepared pieces of the inner bark of T. brevifolia (Strobel et a i, 1992) seemed to 

confirm that acetate was the primary biosynthetic precursor for the taxane skeleton. 

Interestingly, neither o f these groups provided a x-ray crystal structure o f the

resultant radiolabelled paclitaxel, which is the most conclusive means by which it's 

biosynthetic origins can be confirmed.

Development and functionalisation o f  the taxane ring: Once derived, four IPP units 

condense to form the universal terpenoid precursor, geranylgeranyl pyrophosphate. 

The enzyme for this conversion, geranylgeranyl diphosphate synthase, has recently 

been cloned from T. canadensis cell suspension cultures (Hefner et a l,  1998).

The first dedicated step in paclitaxel biosynthesis [Fig. 1.9] is the cyclisation of 

geranylgeranyl pyrophosphate [GGPP] to forni taxa-4(5), 11(12)-diene, a reaction 

catalysed by the diterpene cyclase, taxadiene synthase (Wildung and Croteau, 1996). 

The intermediate was originally thought to be taxa-20(5),l l(12)-diene (Harrison et a l,
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1966 & Gueritte-Voegelein et al., 1987) due to the natural abundance o f taxoids 

containing an exocyclic double bond at the C-4(20) position. No taxoids are known 

that contain a double bond at C4(5) (Kingston et al., 1993). Experimental evidence 

has also shown, despite previous hypotheses, that this step is not rate limiting (Hezari 

& Croteau, 1997).
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Figure 1.9 Cyclisation of GGPP to taxa-4(5),ll(12)-diene

In 1995 the second step [Fig. 1.10], hydroxylation at C-5 and double bond migration 

from C-5 to C-20 to produce taxa-4(20),l l(12)-dien-5a-ol, was identified (Rubenstein 

& Williams). A year later, the cytochrome P450 associated NADPH-dependent taxa- 

4(5), 1 l(12)-diene-5a-hydroxylase enzyme responsible for catalysing this reaction was 

characterised (Hefner et al., 1996). Again, this step is slow but not rate-limiting.

taxa-4(5), 11 (12)-diene

taxa-4(5),l l(12)-diene-5a- ^  
hydro jtylase

OH

H

taxa-4{20), 11(12>dien-5a-ol

Figure 1.10 T axa-4(20),ll(12)-d ien-5a-ol formation
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Acetylation o f the C-5 position seems to be the next logical step in the biosynthetic 

sequence. This involves a cytochrome P450  acetyl-CoA-dependent acetyltransferase 

(Pennington et al., 1998). This, coupled with the stereospecific nature o f  taxa- 

4(20),1 l(12)-dien-5a-ol formation, limits the possible biosynthetic mechanisms by 

which the oxetane ring at position C-4(5) could be constructed [Fig. 1.11]. This step 

does not appear to be rate limiting.
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Figure 1.11 Stereospecific oxetane ring formation at C-4(5)

Overall, these findings suggest that the rate-limiting steps in paclitaxel biosynthesis 

are further along the biosynthetic pathway. In addition, evidence from mathematical- 

based conceptual models suggests that the rate o f reaction may depend upon the 

activities o f key enzymes responsible for the synthesis o f  the C-13 side chain 

(Srinivasan et al., 1996).

The remaining oxygenation and functionalisation steps o f  the taxane ring system are 

relatively unexplored. It seems reasonable to assume that they, like the preceding 

oxygenation reactions, rely upon NADPH-dependent cytochrome P 4 5 0  oxygenases in 

the presence o f molecular oxygen, but this has yet to be substantiated. The tentatively 

suggested order o f  oxygenation, based on the relative natural abundance o f 

oxygenated taxoids, is C-5, C-10, C-2, C-9 and finally C-13 (Floss and Mocek, 1995).

Paclitaxel C-13 side chain biosynthesis: Early work on the biosynthetic origins o f  the 

taxine side-chain, 3-dimethylamino-3-phenyl-propanoic acid [W interstein’s acid], 

suggested that it was derived from the amino acid, phenylalanine (Leete and Bodem, 

1966). This has since been confirmed as the precursor to the phenylisoserine side- 

chain at the C-13 position o f  paclitaxel, albeit by a different mechanism (Fleming et
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a/., 1993). It was proposed that phenylalanine was converted to phenylisoserine via p- 

phenylalanine. In order for this reaction to proceed, Taxus species would have to 

contain a phenylalanine aminomutase enzyme. The presence o f  such an enzyme in T. 

brevifolia was confirmed by W alker and Floss in 1998. This is the first example o f  an 

aminomutase in higher plants and the first ever reported phenylalanine-specific 

aminomutase. It was also shown that the 3-7V-benzoyl subsdtuent o f  the side chain is 

derived from P-phenylalanine.

Condensation - the fin a l step: Ultimately, the taxane ring system and the C-I3 side 

chain must be attached. Isotopic labelling experiments using pieces o f bark and 

cambial tissue from T. brevifolia have shown that the side chain is not attached as a 

complete unit but rather as phenylisoserine with 3 -A^-benzoylation the ultimate step in 

this highly complex biosynthesis (Fleming et a l ,  1994). This assumes that baccatin 

III is the direct taxane precursor o f paclitaxel (Floss and Mocek, 1995) [Fig. 1.12],
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Figure 1.12 Condensation of baccatin III and the phenylisoserine side chain
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However, there is evidence to suggest that this may not necessarily be the case. In a 

study that examined the role o f  compartmentalisation in paclitaxel production using T. 

chinensis cell suspension cultures, Srinivasan and co-workers (1996) showed that 

paclitaxel biosynthesis is essentially plastidic while baccatin III production has both 

plastidic and cytoplasmic components. More recent work by Pennington et al. ( 1998) 

indicated the possible existence o f  a 10-deacetyltaxol-10-O-acetyltransferase enzyme 

that would acetylate the C-10 position o f  10-deacetyltaxol as the final step in the 

biosynthesis.

A more complete understanding o f  the reaction sequences, molecular enzymes and 

rate-limiting steps involved in the biosynthesis o f  paclitaxel is essential, both for the 

development o f  a commercially viable total synthesis and the potential incorporation 

o f  these enzymes into genetically transfonned Taxus cultures (Han et al., 1994) in 

order to enhance in vitro  paclitaxel production.

Paclitaxel biosynthesis is now also known to vary with plant part, season, time o f  day 

(K elsey & Vance, 1992, Vance et al., 1994, Griffin & Hook, 1996, ElSohly et a l ,  

1997a), as well as variety and species (Wheeler et al., 1992). This level o f  genetic and 

epigenetic variation is likely to dictate which individual trees or indeed which plant 

parts would be used in any potentially commercially viable in vitro method for the 

production o f  paclitaxel.

2. P aclitaxel biosynthesis via the non-MVA isoprenoid route 

Despite the original belief that paclitaxel was biosynthesised from mevalonic acid, a 

study by Strobel and co-workers (1993) cast doubt on the mevalonoid origins o f  the 

taxoids when they identified a number o f  species which could not utilise exogenous 

[l-'^^C] acetate in the biosynthesis o f  paclitaxel. More recent work measured the 

incorporation o f  radiolabelled precursors ( [ l - ’^C] glucose, [U-'^C] glucose and [1,2- 

'^€2] acetate) into paclitaxel using T. chinensis cell cultures. ['^C-'^C] coupling 

results showed unequivocally that the taxane ring system is not biosynthesised from 

m evalonic acid but rather fi'om exogenous glucose via the decarboxylation o f  pyruvate 

to form an activated acetaldehyde and subsequent condensation with glyceraldehyde- 

3-phosphate followed by an intramolecular rearrangement. Both o f  these precursors 

are glucose metabolites produced via the glycolytic pathway (Eisenreich e? al., 1998).
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Fig. 1.13 illustrates the labeling pattern identified by Zenk and co-workers using long 

range ['^C-'^C] coupling where pairs of adjacent '^C atoms are shown in bold and 

multiple ['^C] couples are shown as arrows (Eisenreich et a l,  1998). This work also 

demonstrated that all isotopically labeled acetate is diverted to the four acetyl groups 

of taxuyunnanine C. The labeling patterns identified for the IPP units in the taxane 

ring were inconsistent with those expected for mevalonic acid derived IPP. This 

alternative non-mevalonoid mechanism of IPP biosynthesis closely resembles that 

reported by Rohmer et al. (1993) for a number of bacteria including the eubacterium, 

Zymomonas mobilis.

[U-'^C] glucose IPP
o

o

13 13Figure 1.13 | C- C] coupled isotopomer of taxayunnanine C

While the evidence presented in support of the non-mevalonoid route is 

unquestionable, it remains possible that the two pathways operate in the same species 

possibly under different environmental conditions or at different growth stages (Seto 

et a l,  1998). This has been shown to be the case in Ginkgo biloba, another ancient 

dioecious conifer which originated in the Jurassic era ca. 190 million years ago 

(Braquet, 1987) and is sometimes positioned close to the Taxaceae in evolutionary 

terms. In G. biloba, P-sitosterol, a common plant sterol, is biosynthesised from 

acetyl-CoA via the classic mevalonoid route while the ginkgolides, diterpenes 

characteristic o f this species, are formed via the Rohmer pathway (Bach, 1995). 

Interestingly, the ginkgolides, like the taxanes, are important pharmacologically active 

secondary metabolites. They are potent platelet-activating-factor [PAF] antagonists 

(Braquet, 1987) and are increasingly used in the treatment o f diseases such as asthma
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as well as other auto-immune diseases, most notably multiple sclerosis and cerebral 

insufficiency (Bruneton, 1999).

Bach (1995) also proposed that these two biosynthetic mechanisms could work 

simultaneously but independently because they are compartmentalized, mevalonoid 

biosynthesis occurring in the cytoplasm and isoprenoid biosynthesis in the plastid. 

Similar evidence has been reported for exclusive biosynthesis of paclitaxel in the 

plastid in T. chinensis cell suspension cultures in conjunction with mevalonoid 

biosynthesis leading to the production of other terpenoid secondary metabolites such 

as gibberellins and plant steroids in the cytoplasm (Srinivasan et a i,  1996). This may 

explain the utilisation of acetate by some but not all Taxus species examined by 

Strobel(1993).

R  Non-taxoid higher isoprenoids

A number of endogenous groups of compounds found in Taxus species such as 

gibberellins and plant sterols, responsible for the nonnal control of plant growth and 

some plant pigments are also terpenoid in nature.

Gibberellins were first discovered in 1926 in the fungus Gibberella fujikuroi, a fungal 

pathogen of rice. It took a further twenty eight years before the structure o f the first 

gibberellin, GA3 , was published (Roberts and Hooley, 1988). The presence of 

gibberellin-like compounds in higher plants was realised soon after this and extensive 

research in the area has shown that gibberellins are ubiquitous in the plant kingdom. 

The accepted nomenclature is GA| - GAx, where X is now greater than 90 (Arteca, 

1996). Gibberellins are diterpenes, comprising twenty carbon atoms, which share the 

basic enf-gibberellane skeleton [Fig. 1.14].

20

:102

3

Figure 1.14 Structural formula of the e/i^-gibberellane skeleton
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Gibberellin biosynthesis occurs exclusively in the cytoplasm and can be divided easily 

into four distinct steps [Fig. 1.15],

3 A cety l-C o A
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I
I
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G eranylgeranyl p y ro p h o sh a te

I
C op yl p y ro p h o sp h a te
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I
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I
Q bb erellin s A , - A

1 X

S tep  1: Me\Blonate path>vay

S tep 2 : ent-K aiirene biosynthesis
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Step  4: Specific  g ibberellin  b io sy n th e s is

Figure 1.15 Gibberellin biosynthesis - an overview (Graebe, 1987)

Step 1: The mevalonate pathway: As we have seen, this pathway is one o f the most 

important basic metabolic biosynthetic routes in higher plants and is the first step in 

the biosynthesis o f  all terpenoids, including paclitaxel.

Step 2: en^-Kaurene biosynthesis: This second step in the biosynthesis o f  gibberellins 

involves the cyclisation o f  geranylgeranyl pyrophosphate to form the bicyclic 

diterpene copyl pyrophosphate followed by ring closure to give en/-kaurene. Both 

reactions rely on the enzyme, e«?-kaurene synthetase. This enzyme has two active 

sites, A and B. The partial cyclisation o f  geranylgeranyl pyrophosphate to copyl
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pyrophosphate is catalysed at the A site and the ring closure to form e/;/-kaurene at the 

B site (Graebe, 1987). A number o f  growth regulating substances, collectively known 

as onium retardants, exert their inhibitory effect at this point in the biosynthesis o f 

gibberellin. One o f the most important o f  these, particularly with regard to woody 

plants, is CCC [2-chloroethyl-trimethylammonium chloride - more commonly known 

as either chlorocholine chloride, chlormequat chloride or Cycocel ].

Steps 3 and 4 are highly complex, poorly understood, and o f  little relevance to this 

work. Graebe explores them in detail in his review o f gibberellin biosynthesis (1987).

Plant sterols, otherwise called phytosterols, are steroidal components o f all living 

plant cell membranes. They are essential for the efficient growth and development o f  

plants and are found throughout the plant kingdom. Like gibberellins, phytosterols are 

fonned exclusively in the cytoplasm via the mevalonate biosynthetic pathway. 

Beyond this point, the synthesis o f these compounds is species specific and highly 

complex.

HO

campesterol P-sitosterol

HO

daucosterol stigrmsterol

Figure 1.16 Phytosterols of the genus Taxus
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In general, plant sterols are C-24 and C-25 substituted cholesterol analogues, having 

mainly one- or two- carbon substituents at these positions (Dewick, 1997). The most 

widespread sterols in the plant kingdom are campesterol and (3-sitosterol. A number 

of Taxus species including T. baccata contain one or more of these as well as two 

other plant sterols, daucosterol and stigmasterol [Fig. 1.16] (Paraiar et a i,  1999).

Phytoecdysones or ecdysteroids, are another group of steroidal plant secondary 

metabolites. These are also biosynthesised via the mevalonate pathway. Collectively, 

this group of compounds is classified as insect moulting hormones. The insect 

moulting activity of yew extracts was reported as far back as 1967 (Appendino, 1995). 

The four compounds responsible for this activity have been isolated and characterised 

[Fig. 1.17] but the most commonly occurring is ecdysterone [Fig. 1.17(1)].
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Figure 1.17 Phytoecdysones of the genus Taxus

Ecdysterone and ponasterone A [Fig. 1.17(3)] were first isolated from T. cuspidata in 

1967, taxisterone [Fig. 1.17(2)] was first isolated from T. brevifolia in 1971 and
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makisterone A [Fig. 1.17(4)] was first isolated from T. cuspidata in 1977. All four 

have subsequently been identified in a number of other species (Parmar et a l, 1999).

The concentrations of these types of phytoecdysones in yew needles is relatively high 

(Appendino, 1993). In T. baccata, ecdysterone, like the plant sterols, has been shown 

to be biosynthesised from cholesterol (Lloyd-Jones et al., 1973). The concentrations 

o f ecdysterone and ponasterone are known to undergo dynamic fluctuations in T. 

cuspidata at different developmental stages of shoot growth. In vivo, the production 

o f plant honnones and plant steroids is much greater at times of increased growth [ie. 

summer] than at other times of the year indicating a seasonal variation in the 

biosynthesis o f these compounds.

Carotenoids, a large and structurally diverse group o f secondary metabolites represent 

the only group o f tetraterpenes found in plants. They are involved predominantly in 

photosynthesis but are also found in non-photosynthetic tissue (Dewick, 1997). 

Rhodoxanthin [Fig. 1.18], the main carotenoid found in all Taxus species (Czeczuga, 

1986), is responsible for the intense red colour of the yew aril surrounding yew seeds.

Figure 1.18 Rhodoxanthin

Varieties designated by the cultivar name 'Lutea' or 'Fructolutea' have a yellow aril but 

the corresponding carotenoid has not yet been isolated (Appendino, 1995). 

Rhodoxanthin is an oxygenated carotenoid or a xanthophyll. Other common green 

leaf xanthophylls found in yew include: xanthophyll, zeaxanthin, violaxanthin, 

neoxanthin (Czeczuga, 1986) and eschsoltzaxanthone (Bodea et a l,  1964). Similar to 

the other terpenoids, seasonal variation in carotenoid pigments and xanthophyll fatty 

acid esters is known to occur in the leaves o f T. baccata (Kufner et a l,  1978).
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1.3.2.2 Non-terpenoids

Yew trees also produce a large number of non-taxane, non-terpenoid secondary 

metabolites regarding which relatively little is known. These include tlavanoids, 

lignans and phenolic compounds. A full review by Parmar et al. (1999) 

comprehensively details both the taxane and non-taxane compounds that have been 

isolated from yew species and varieties over the last 100 yrs. The non-terpenoids of 

most importance to this work are the simple monomeric phenolic compounds [Fig. 

1.19], although a large number of dimeric and polymeric phenolics have also been 

identified. A number of phenolic glycosides, including taxicatin [Fig. 1.19(6)], have 

also been identified in Taxiis species.
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Figure 1.19 Examples of simple non-terpenoids found in Taxus species

Simple phenol-based secondary metabolites are found widely distributed in the plant 

kingdom and the presence of these compounds in a number o f species and varieties of 

yew has been reported [Table 1.1].
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Table 1.1 Simple non-terpenoids compounds found in Taxus

Species Compound number 

[see Fig. 1.19]

Reference

1 2 3 4 5 6

T. baccata y * Lefebvre, 1907

M erz et al. , 1941

Olsen e /a /. ,  1998

T. hrevifolia y * Tachibana et al., 1994a

y * Tachibana e/fl/., 1994a

y * Tachibana e ta !., 1994a

T. canadensis y * Olsen e? a/., 1998

T. cuspidata y ♦ M uranaka e / «/., 1999

y * M uranaka e? a/., 1999

Kim et al., 1999

T. cuspidal a 'Nana' y ♦ Tachibana e; a/., 1994b

y ♦ Tachibana e /a / . ,  1994b

Kim et al., 1999

T. mairei yt Chuang et al., 1989

T. wallichiana y t C hattopadhyay e /a /. ,  1999

T. yunnanensis Chen et al., 1996

[* leaves, f  bark, { heartwood]

Quercetin Fig. 1.19(2), the most commonly occurring flavanol in nature is known to 

have strong anti-viral properties (Harbome, 1989) and has recently been shown to 

possess anti-fungal activity (Muranaka et a l, 1999). Dihydroquercetin Fig. 1.19(1), 

sometimes called taxifolin, is also anti-viral, but to a lesser extent than its more 

unsaturated relative. Quercetin and kaempferol Fig. 1.19(3), most commonly found in 

red wine, and catechin Fig. 1.19(5), found at very high concentrations in wine, green 

tea and chocolate, have also been demonstrated to be effective anti-oxidants (Dewick, 

1997) and their function in chemo-prevention is now widely acknowledged.

The identification of these compounds not only adds to the value of yew as a source of 

pharmacologically active natural products but these compounds may also have an 

important chemotaxonomic role, an area as yet unexplored. From Fig 1.19 it is 

apparent that compounds 1-5 are structurally very similar and interestingly, all are 

biosynthetically linked [Fig. 1.20].
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Figure 1.20 Biosynthesic relationships between important flavanols in Taxus
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Catechin, quercetin, dihydroquercetin, kaempferol and isorhamnetin are all 

monomeric flavanoids, a class of natural compounds found in higher plants. They are 

biosynthesised via the shikimic acid pathway, another of the primary biosynthetic 

pathways in plants dependent upon the metabolism of exogenous glucose for the 

essential building blocks, phosphoenolpyruvate and D-erythrose-4-phosphate (detailed 

in Dewick, 1997).

Essentially, these compounds are derived from chalcones, the biosynthetic precursors 

for a large number of flavanoid derivatives including flavones, flavanols, 

anthocyanidins and catechins. Modifications to the hydroxyl patterns, as well as 

methylations and glycosylations are also possible, leading to an even broader range of 

compounds. The close structural relationship between these compounds seems to 

suggest that all should occur in the plant. However, one simple monomeric phenol 

may be produced preferentially, the identity of which may then depend upon seasonal, 

environmental or inter- and intra-specific variation, all o f which are known to 

influence secondary metabolite production.

Taxicatin [Fig. 1.19(6)], unlike the other simple monomeric phenolics, is a novel 

phenolic glycoside first isolated in 1907 from the needles of the European yew 

(Lefebvre). It is also biosynthesied from shikimic acid but the phenol ring undergoes 

a glucosylation at position C-1 and methylations at positions C-3 and C-5. The 

specific functions of taxicatin, either within the plant itself or as a potential 

phytopharmaceutical, are completely unexplored and its chemotaxonomic value is as 

yet unknown. This is probably due to the fact that it has yet to be identified in 10 of 

the 12 known Taxus species.

1.3.3 Sources of paclitaxel

The most pressing issue in the early development o f paclitaxel as a commercial drug 

was supply. The original FDA licence specified the bark of the Pacific yew {T. 

brevifolia Nutt.], which yielded paclitaxel at a concentration o f 200mg/kg (Wani et al, 

1971), as the only source. This represented an ultimately finite source o f paclitaxel 

and also an environmentally undesirable one. Once the remarkable clinical potential
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of paclitaxel was realised and its subsequent clinical success was established, the 

limited supply from natural stocks of Pacific yew could not meet the growing world

wide demand. This prompted an extensive search to find an alternative, 

environmentally friendly and renewable source of paclitaxel. A number of possible 

solutions to this problem were, and continue to be explored.

1.3.3.1 Other Taxus species

Since its discovery, research has shown the presence of paclitaxel at concentrations 

equal or comparable to that found in the bark o f the Pacific yew [200mg/kg] in almost 

all the other known Taxus species [Table 1.2]. To date no information has been 

published on the paclitaxel content of T. fuana, a species native to Tibet and 

southwest China. However, this species has only recently [1997] been registered as a 

new species of the genus Taxus (Farjon, 1998) and remains relatively difficult to 

access.

Table 1.2 Maximum recorded paclitaxel concentrations in Taxus *

Species Plant part Paclitaxel

[m g/kg|

Reference

T. baccata  L. Needles 510 Lauren e /a /.,  1995

T. brevifolia Nutt. Needles 160 Kelsey & Vance, 1992

T. canadensis Marsh. Needles 285 van Rozendaal et al., 1999

T. chinensis (Pilg.) Rehd. Needles 88 Fang et al., 1993

T. cuspidata Siebold & Zucc. Needles 520 Mattina & Paiva, 1992

T. floridana  Nutt, ex Chapman Needles 516 van Rozendaal et al., 1999

T. globosa  Schldtl. Needles 433 van Rozendaal et al., 1999

T. sumatrana (Miq.) de Laub Needles 60 Kitagawa et a l., 1995

T. wallichiana Zucc. Needles 1300 Georg et al., 1993

T. X hunnewelliana Needles 41 van Rozendaal et al., 1999

T. X media Rehd. 'Nigra' Needles 880 Mattina & Paiva, 1992

[* a comprehensive review o f  the paclitaxel content ofTaxus species and varieties is given by Croom 

Jr. in Taxol® Science and Applications, Chapter 3]

Ultimately, the supply of paclitaxel from natural sources is limited, not only by 

increasing demand but also by the fact that T. baccata, the species to which the 

licence for semi-synthesis pertains [see Section 1.3.3.5], is registered as a protected 

species on mainland Europe. A number o f other Taxus species worldwide are also
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considered endangered (International Conifer Conference, 1999). The potential use of 

commercial plantations as an alternative means to generate biomass for paclitaxel 

production has not been investigated in any great detail despite the fact that the 'Pacfic 

yew Final Environmental Impact Statement' (1993) encouraged the use of commercial 

yew plantations as a potential long-term solution to the paclitaxel supply issue. The 

statement indicated that BMS, in conjunction with Weyerhaeuser Company, had 

devised a program for the large-scale cultivation o f Taxus to provide biomass for 

paclitaxel production. A report by Hansen et al. (1994) suggested that ornamental 

Taxus species such as the popular hybrid yew, T. x media 'Hicksii', which are grown 

intensively in commercial nurseries could be used to produce Taxus biomass. This 

group asserted that the paclitaxel yields o f some ornamental cultivars were 

comparable to or greater than other Taxus species. In addition, many nursery crops of 

Taxus plants were being pruned annually and the clippings wastefully discarded. 

Based on these facts they conducted a survey of a large number o f nurseries in the US 

to establish the total abundance of Taxus cultivars, the age profile o f available trees 

and the total potential clipping yields. T. x  media 'Hicksii' was one o f the most 

extensively cultivated ornamental yews comprising 17% of total, second only to T. x  

media 'Densiformis' [26%]. T. baccata 'Repandens', the only European yew variety 

evaluated, accounted for just 0.7%. Clipping yields depended on plant age with three 

year old T. x  media 'Hicksii' trees producing I9g of dry wt. per plant per year 

compared to 58g per plant per year for seven year old trees. Hansen concluded that 

commercial nursery Taxus plantations could be utilised as an immediate and 

renewable resource for annually pruned cuttings. At a more local level, attempts were 

also made in both England and Ireland to initiate a program where the yew clippings 

from private trees and hedges would be collected and utilised for paclitaxel production 

but success was limited mainly through lack of adequate co-ordination.

1.3.3.2 Taxomyces andreanae and other fungi

One o f the most surprising and serendipitous discoveries in paclitaxel research to date 

was the isolation o f a novel endophytic fungus [Taxomyces andreanae'] from the inner 

bark of the Pacific yew, which possessed the ability to synthesise paclitaxel and other 

taxanes in culture (Stierle et a l, 1993). The research group suggested the possibility 

o f an intergeneric-genetic exchange between Taxus and this fungal pathogen, 

Taxomyces andreanae, much like that identified between rice and its fungal parasite,
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Giberella fujikuroi (Lang, 1970). Since then, a number o f other species o f fungus 

including Pestalotiopsis also isolated from the inner bark (Strobel et al., 1996, Li et 

al., 1996) and Pestalotia, a soil pathogen (Noh et al., 1999) have also been shown to 

produce paclitaxel, but yields remain too low to merit commercial development.

1.3.3.3 Plant cell culture

It quickly became evident that paclitaxel yields from any o f  the available natural 

sources were far too low to be o f any commercial value and this led to the evaluation 

o f in vitro cultures as potential long term solutions to the ongoing and escalating 

paclitaxel supply crisis. Plant cell culture and biotechnology have become 

increasingly important as both potential commercial sources o f  drugs from natural 

products and technological tools in the understanding o f biosynthetic processes. Plant 

cell culture involves the use o f  living tissue from the intact plant. This explant is then 

grown in vitro under closely controlled aseptic conditions. The chemical [medium 

composition] and physical [temperature, light, pH etc.] environment for growth are 

clearly defined and can be manipulated to influence both growth and secondary 

metabolite production. Plant cell culture is a method which, in theory, offers a 

potentially unlimited, efficient, renewable, consistent and environmentally friendly 

alternative source o f both paclitaxel and the other important precursor taxanes, most 

notably, 10-deacetylbaccatin III and baccatin III.

A. Undifferentiated cell culture systems

Undifferentiated cell cultures such as callus and cell suspension cultures have been the 

cultures o f  choice in most o f  the published work to date. A great deal o f  research has 

centred on selecting the ideal culture medium composition and in vitro environmental 

conditions for paclitaxel production. Studies into culture medium composition have 

indicated that carbon source, phytohormone concentration, and precursor feeding 

(Fett-Neto et al, 1992a, W ickremesinhe & Arteca, 1994a, Fett-Neto & DiCosmo, 

1996) are among the most important parameters affecting both cell growth and 

secondary metabolite production. Environmental conditions, such as medium pH, 

light intensity, temperature and the addition o f elicitors, are also important factors in 

the optimisation o f  cell culture systems. The physical environment o f  a cell culture 

system can be controlled to preferentially optimise either growth or secondary 

metabolite production.
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Carbon source'. Sucrose is the most commonly used carbon source in plant cell 

cultures and concentrations of 20-30g/l appear to be optimum. Concentrations as high 

as 80g/l have been shown to improve growth in Taxus cultures (Wickremesinhe & 

Arteca, 1994a) but the fact that growth is related inversely to paclitaxel production in 

culture (Gibson et a i,  1995) necessitates the use of reduced sucrose levels, typically 

30g/l. The replacement of sucrose with other carbon sources such as fructose and 

glucose has not resulted in any significant improvement in growth (Wickremesinhe & 

Arteca, 1994a, Kim etal., 1995).

Phytohormone concentration: Growth is strongly influenced by the presence of

phytohormones in the medium. Auxinxytokinin ratios have been extensively 

evaluated and 2,4-dichlorophenoxyacetic acid [2,4-D]:kinetin [at a ratio of 8:1] at 

concentrations o f l-8mg/l and 0-4mg/l, respectively have been shown to promote 

growth most effectively in Taxus cultures (Fett-Neto & DiCosmo, 1996).

Precursor feeding: This technique is more commonly used to enhance secondary 

metabolite production rather than to promote growth. In Taxus cultures the precursor 

of choice is phenylalanine (Fett-Neto et a i,  1993). This amino acid is the biosynthetic 

precursor for both the phenylisoserine and 3'-A^-benzoyl moieties of the C-13 side 

chain o f paclitaxel (Fleming et a i,  1992). In a recent study, Srinivasan and co

workers (1996) examined the dynamics of paclitaxel biosynthesis in T. chinensis cell 

suspension cultures by inhibition of biosynthetic enzymes as well as translation and 

translocation processes, elicitation and precursor feeding. Conceptual semi-empirical 

mathematical models were then used to describe the carbon flux in taxane production 

and the results suggested that biosynthesis of the C-13 side-chain may be the rate- 

limiting step in paclitaxel biosynthesis. It was predicted that this limitation was not at 

the level of primary nitrogen precursors such as phenylalanine, but probably due to the 

ability o f the cells to convert phenylalanine to phenylisoserine. It is noteworthy that 

any speculation by this group was based solely on models and a subsequent study 

using cell suspension cultures o f T. wallichiana showed that phenylalanine feeding 

markedly increased the overall production o f paclitaxel [ 180mg/kg - 500mg/kg] (Jha 

et a i,  1998). More recently, work by Floss and co-workers lead to the identification 

and characterisation of a phenylalanine aminomutase enzyme in cell suspension
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cultures of T. brevifolia (Walker & Floss, 1998). This enzyme is responsible for the 

conversion o f a-phenylalanine to P-phenylalanine, the immediate precursor to 

phenylisoserine and ultimately, a key step in biosynthesis o f the C-13 side-chain.

Medium pH: Early evidence suggested that medium pH, a factor that can influence 

cell growth, has little or no effect on either growth or paclitaxel production in T. 

cuspidata cell suspension cultures (Fett-Neto et al., 1993). A later study using four 

Taxus species [T. baccata, T. brevifolia, T. cuspidata and T. x media 'Hicksii'] 

confirmed that the pH of the medium prior to autoclaving [evaluated over a range of 

pH 4-7] has no significant effect on either biomass production or paclitaxel yields 

(Wickremesinhe & Arteca, 1994a).

Light intensity: In 1995, Fett-Neto and co-workers examined the effect of light on 

secondary metabolite accumulation in T. cuspidata cell suspension cultures. They 

showed a three-fold decrease in paclitaxel production and a marked reduction in 

growth in both callus and cell suspension cultures grown under light conditions. They 

attributed this to one of two possible effects. The first is the reduced activity o f P- 

hydroxy-P-methylglutaryl-CoA reductase [HMG-CoA reductase] in response to light. 

This key enzyme in mevalonate biosynthesis is essential for the production o f the 

growth promoting gibberellins and plant sterols as well as a wide variety of other 

seconday metabolites with the possible inclusion of paclitaxel [see Section 1.3.2]. 

The second is related to the increased activity of phenylalanine ammonia lyase [PAL] 

in response to light. This enzyme deaminates phenylalanine to produce cinnamic acid, 

a precursor in the biosynthesis o f phenolic compounds. They suggested that the use of 

phenylalanine in the over-production o f phenolics may reduce the amount of available 

phenylalanine for paclitaxel C-13 side chain biosynthesis thereby reducing the overall 

production o f paclitaxel. Growth inhibition of Taxus cell suspension cultures due to 

an increase in the production o f phenolics has also been reported previously (Fett- 

Neto et a l,  1992a).

Temperature: Lower temperatures [12-17°C] have been shown to increase the

doubling time up to 3-fold [on a dry wt. basis] in T. x media 'Hicksii' cell cultures 

(Wickremesinhe & Arteca, 1994a).
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Elicitors: The addition of eHcitors - substances which stimulate secondary metabolite 

production - to the medium has resulted in greatly enhanced paclitaxel yields. Up 

until 1996 the highest paclitaxel yield, recorded for T. chinensis cell suspension 

cultures, was 153mg/kg (Bringi and Kadkade, 1993). The effect of both biotic (Ciddi 

et al., 1995) and abiotic (Ciddi et al., 1995, Yukimune et al., 1996) elicitation has 

since been evaluated. Yukimune and co-workers showed that the use o f methyl 

jasmonate at a concentration of 100|^m resulted in a marked increase in paclitaxel 

production in T. x  media, T. baccata and T. brevifolia cell suspension cultures [ 1200- 

6060mg/kg, 20-2290mg/kg and 10-40mg/kg, respectively]. Methyl jasmonate is 

thought to act in a similar manner to endogenous jasmonic acid, which is produced by 

the plant in response to external stimuli such as wounding, insect or pathogen attack 

or other mechanical damage. It is thought to be a key signal transducer in the de novo 

transcription and translation of genes that are known to be involved in the chemical 

defense system of the plant (Gundlach et al., 1992). Activation o f these genes leads to 

the synthesis of key biosynthetic enzymes and ultimately the metabolites they form. 

Fanner et al., (1992) have shown that endogenous jasmonic acid is biosynthesised 

from linolenic acid released from the cell membrane into the cytoplasm in response to 

mechanical stimuli, in much the same way that prostaglandins are produced from 

arachidonic acid in animals. Prostaglandins are both structurally and functionally 

related to the jasmonates. It is o f interest that arachidonic acid has been shown to 

preferentially enhance paclitaxel production over the production of baccatin III in T. 

chinensis cell cultures (Srinivasan et a l,  1996). a-Linolenic acid at concentrations of 

30-100|iM has also been shown to result in an 8-fold increase in paclitaxel 

biosynthesis again in T. chinensis cell cultures (Zenk, 1997). This stimulation of 

paclitaxel production by free fatty acids may be a function o f their role as potential 

precursors to jasmonic acid. Jasmonic acid is also known to stimulate the production 

of important secondary metabolites in a number o f other species (Yukimune et al., 

1996). Interestingly, the only study to examine the effect of wounding on paclitaxel 

and baccatin III production in the intact plant [T. x  media 'Hicksii'] concluded that the 

concentration o f neither metabolite was significantly enhanced by mechanical damage 

(Egan et a l,  1996).

The success of plant cell culture as a source of paclitaxel and other bioactive and 

structurally unique taxanes which may serve as alternatives to or precursors for
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paclitaxel (Bringi & Kadkada, 1993, Cino et a i,  1994, Fett-Neto & DiCosmo, 1996) 

has been widely acknowledged. In addition, a large number of Taxus species have 

already been shown to produce levels of paclitaxel in culture comparable to, and with 

manipulation o f culture medium and physical environment, greater than those 

produced by the intact plant [Table 1.3],

Table 1.3 Paclitaxel production in cell culture

Species Paclitaxel

[nig/kg|

Reference Comment *

T. baccata 500 Gibson et a i ,  1995 cs
2290 Yukimune e /a /.,  1996 cs + 100(,iM methyl jasmonate

T. brevifolia 130 Kim et a i ,  1995 cs + 6% fructose
T. cuspiclata 120 Fett-Neto et a i ,  1992a ic

200 Fett-Neto et al., 1992a c
380 Xu e ta l.,  1998 nc

T. wallichiana 500 Jha et a i ,  1997 cs + 5mg/l lAA-phenylalanine
T. yunnanensis 320 Gan et a l., 1996 cs + lOOmg/1 phenylalanine
T. X media 13 Wickremesinhe & Arteca, 1994a c

6060 Yukimune e? a/., 1996 cs + lOOjoM methyl jasmonate
[* c=callus, cs=cell suspension, nc=nodule culture, ic= immobilised culture]

Growth and secondary metabolite production in Taxus were initially assumed to be 

mutually exclusive and research has indicated that paclitaxel production is not growth- 

linked (Fett-Neto et a i, 1994 & 1995). Fett-Neto attributes the inverse relationship 

between paclitaxel production and growth to the lack of cellular differentiation in both 

callus and cell suspension cultures. This is associated with a diversion o f carbon from 

secondary metabolism to growth pathways, a reduction o f developed storage sites and 

transport mechanisms for secondary metabolites, a low expression o f key enzymes 

and a deregulation of catabolism. In addition, the genetic instability exhibited by 

callus and cell suspension cultures is often associated with a rapid loss of biosynthetic 

potential.

R  Differentiated cell culture svstems

Secondary metabolite biosynthesis in the intact plant is generally associated with 

specific tissues and occurs at specific growth stages. An alternative approach to the in 

vitro production o f commercially important plant secondary metabolites is the use of 

differentiated culture systems. These systems are genetically more stable than 

undifferentiated cultures as they possess a degree o f cellular differentiation which can
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be necessary for the biosynthesis of some important phytopharmaceuticals. A number 

of differentiated culture types have been examined for the production o f paclitaxel. In 

one of the earliest studies, cell suspension cultures of T. cuspidata immobilised on 

glass fibre mats for a six month period, resulted in the release of microcalli which 

grew rapidly on sub-culture and produced paclitaxel [120±7mg/kg] at levels similar to 

the intact plant source (Fett-Neto et a i,  1992a). Attempts to increase paclitaxel yield 

using nodule or self-mobilised aggregate cultures [plant cells which have the ability to 

aggregate spontaneously into macroscopic clumps] were largely unsuccessful [T. 

cuspidata - max. 12mg/kg] (Ellis et a i,  1996). These systems are thought to represent 

a morphogenetic pathway similar to embryogenesis (McCown et al., 1988), and in a 

more recent study again using T. cuspidata, a 9-fold increase in paclitaxel production 

was observed when compared to suspension cultures [380mg/kg versus 42mg/kg] (Xu 

et a i,  1998). Plant regeneration has been successfully achieved using somatic 

embryogenesis (Chee, 1995 and 1996) but embryogenic cultures have not been 

evaluated for their ability to produce paclitaxel. Embryos have been shown to 

produce high levels of paclitaxel on a weight/weight basis (Kwak et a i,  1995) but as a 

potential source o f paclitaxel, biomass production would be impossible.

It is obvious that plant cell cultures o f selected high yielding individual trees, using 

either differentiated or undifferentiated culture systems could in theory provide a 

much more consistent and reliable supply o f paclitaxel. This would have an enormous 

advantage over production from the intact natural source where a large number of 

external parameters, such as weather, disease, politics etc. are both highly 

unpredictable and virtually impossible to effectively control.

1.3.3.4 Genetic manipulation with Agrobacterium species

The area of greatest potential is probably genetic manipulation. Most dicotyledonous 

plants are susceptible to infection by Agrobacterium species - virulent bacterial 

pathogens found in soil. Two species of Agrobacterium are known to influence plant 

cells in culture. The first, Agrobacterium tumefaciens, leads to the formation of callus 

or undifferentiated tissue commonly known as crown gall disease. Infection with 

Agrobacterium rhizogenes on the other hand, leads to the development of rapidly 

growing roots that exhibit a high degree of lateral branching, a condition known as 

'hairy' root disease. These are then used to produce genetically transformed sterile
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root cultures which in some cases have been shown to have enhanced biosynthetic 

capacity for medicinally important secondary metabolites (Schlatmann et a i,  1996). 

Agrobacterium transfomiation can enhance secondary metabolite production in one of 

three ways (1) by inducing native hormones, (2) by insertion o f a foreign gene into the 

host genome, or (3) by mutating the host genome (O’Keefe and Beecher, 1993). In 

plants the expression of the transferred DNA [t-DNA] results in either tumour 

formation in the case of A. tumefaciens or 'hairy' root formation in the case o f A. 

rhizogenes, and the production of a unique group of secondary metabolites 

collectively known as opines in both (O'Keefe & Beecher, 1993). The production of 

opines by the host plant is now considered a marker for transformation ie. evidence 

that the tumour or 'hairy' root tissues are producing opines is believed to be the proof 

that transfer of genetic material has occurred. The opine produced by the host plant 

depends on the species of bacterium used for initial infection, a theory known as the 

'opine concept' (Davioud et a i,  1988).

Both T. baccata and T. brevifolia have been successfully transformed using A. 

tumefaciens and the resultant transgenic cultures maintained the ability to produce 

paclitaxel at reasonable yield when compared to the untransformed cultures [4mg/kg 

versus 8mg/kg] (Han et a i,  1994). In the same year a US patent (5,279,953, 1994) 

was awarded to Stahlhut for his work on the genetic transformation of Taxus using A. 

tumefaciens. Gall formation was induced at all growth stages and incomplete 

harvesting of the galls allowed plant regeneration. In addition, transformed tissue 

produced double the concentration o f taxanes compared to normal tissue.

Transformation o f Taxus species using A. rhizogenes was also the subject of a patent 

in the same year (Plaut & Yu, 1994). Since then, T. x  media 'Hicksii' has been 

successfully transformed using A. rhizogenes and the resulting 'hairy' roots were 

shown to produce paclitaxel (Furmanowa and Syklowska-Baranek, 1999).

The potential o f these systems as commercial sources o f paclitaxel lies in the ability to 

manipulate them at a genetic level, for example by incorporation o f the rate-limiting 

enzymes in paclitaxel biosynthesis, currently the subject of intense research as we 

have already seen [see Section 1.3.2.1], In conjunction with this, precursor feeding 

and abiotic elicitation can fiarther enhance secondary metabolite production. This
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could provide an unlimited supply of paclitaxel from a consistent and reliable source. 

However, no system o f commercial significance has been developed to date.

1.3.3.5 Semi-synthesis from 10-deacetylbaccatin III

The biosynthetic precursor, 10-deacetylbaccatin III [Fig. 1.8(3)] was first isolated 

from T. brevifolia (Kingston et a i,  1982) and subsequently found not only to occur in 

the needles of the European yew (Senilh et al., 1984) but also to exist at significantly 

higher concentrations. The discovery of a naturally occurring biosynthetic precursor 

sparked the search for a commercially viable semi-synthetic route to paclitaxel. This 

was first achieved in 1988 (Denis et al.). 10-deacetylbaccatin 111 is now known to 

occur in the bark, needles and stems as well as other plant parts of a number o f other 

Taxus species (Witherup et al., 1990). However, it is obtained commercially

according to the FDA licence, from T. baccata [European yew] for the semi-synthesis

of paclitaxel and its closely related structural analogue, docetaxel [Taxotere®], the first 

semi-synthetic anti-cancer taxane not found in nature (Mangatal et a l,  1989). 

Commercially, both paclitaxel [BMS] and docetaxel [Rhone-Poulenc-Rhorer] are now 

produced exclusively by semi-synthesis. More efficient semi-synthetic routes 

continue to emerge (eg. Baloglu and Kingston, 1999) but no attempt has been made so 

far to extend the product licence to include these.

1.3.3.6 Semi-synthesis from the taxine B

Taxines, highly toxic alkaloidal compounds responsible for the poisonous reputation 

of yew, represent a second potential semi-synthetic precursor to the taxanes. Taxine 

was first isolated as a single alkaloid in 1856 (Lucas) but it took a fijrther 100 yrs. 

before it was shown to be a mixture of 11 individual alkaloids (Graf & Berholt, 1956). 

Twenty two percent o f the mixture was taxine A and two percent, taxine B. Graf also 

determined the structural formula of taxine A [see Fig. 1.8(1)] which is very different 

from the other taxane compounds, having an endocyclic C-4(20) double bond. On the 

other hand the structure of taxine B [see Fig. 1.8(2)] which was only recently 

elucidated (Poupat et a i,  1994) closely resembles paclitaxel. The undeniable 

structural similarities between these two compounds gave rise to the possibility of 

using taxine B as a semi-synthetic precursor for the commercial production of taxanes. 

Structurally taxine B has a multiple oxygenated taxane ring system, identical to that of 

paclitaxel, linked at C-5 to an alkaloidal side chain. It occurs at concentrations about
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x60 those of 10-deacetylbaccatin III, the current precursor of choice, and at 

concentrations about xlOO those recorded for paclitaxel in the needles of T. baccata 

(Hook et a i,  1999). This group recorded a maximum total basic alkaloid content of 

16.89g/kg and a total taxine B content of 10.87g/kg in the needles o f the Irish yew 

harvested in December confirming the results of Gessner & Orzechowski (1974) 

whose work also indicated maximum taxine levels during the winter months [20g/kg]. 

This also supports the theory that yew needles are most poisonous to animals in winter 

(Cooper & Johnson, 1984). The poisonous nature o f yew was documented as far back 

as 287 BC but extensive studies on the mechanisms of this toxicity are few. However, 

taxines are generally accepted to be cardiac and respiratory toxins which cause death 

by asphyxiation (Byran-Brown, 1932). More recent work showed that taxine slows 

both the atrial and ventricular rates of isolated frog heart possibly by inhibition of both 

the sodium and calcium currents in the cardiac cell membrane (Tekol, 1985). One 

study on the isolated toxicities of taxines A and B showed taxine A to de devoid of 

any cardiac or respiratory action (Kingston, 1995). This is an important finding in 

light o f the enormous structural similarities between taxine B and paclitaxel, 

especially as paclitaxel is now known to be cardiotoxic in some patients (Rowinsky et 

a i,  1991). In the future it may be possible to develop synthetic taxanes devoid of 

cardiotoxicity if the structural features responsible for this action can be identified and 

removed.

The taxines have been identified in the needles and seeds o f the T. baccata and T. 

cuspidata but have been shown to be completely absent from T. brevifolia. As we 

have seen, seasonal and interspecific variation in the secondary metabolites of Taxus 

is not uncommon and taxine may have a funcfion as a valuable chemotaxonomic 

marker in yew, although this has not been investigated. Taxine B has been 

successfully used to produce a number o f 7-deoxydocetaxel (Poujol et a i ,  1997a) and 

7-dehydroxy-lO-acetyldocetaxel (Poujol et al., 1997b) analogues but has yet to be 

successfully converted to paclitaxel or docetaxel. Its potential as a semi-synthetic 

precursor is still being investigated.

1.3.3.7 Total synthesis

The complex chemical nature o f paclitaxel [see Fig.l.4(l)] alone, is sufficient to 

indicate that its synthesis is a formidable challenge for either the synthetic chemist or
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the plant itself. There has been limited progress in the area o f total chemical synthesis 

but so far no process o f any commercial value has been developed. Studies in the area 

o f  biosynthesis provide vital information on the most effective potential synthetic 

route to paclitaxel as well as opening up a wide range o f biotechnological solutions to 

the paclitaxel supply problem, including plant tissue culture and genetic engineering.

Despite the complex chemical nature o f  the taxane skeleton [Fig. 1.4(2)] together with 

the complexity o f paclitaxel itself, having a total o f eleven chiral centres [2048 

diastereoisomers] one o f the first avenues explored was total chemical synthesis. In 

theory, total chemical synthesis offers an efficient supply o f pure paclitaxel. It also 

facilitates the synthesis o f new taxanes or paclitaxel derivatives with more favourable 

physicochemical or cytotoxic properties, based on the chemical structure o f the active 

natural product.

The first total syntheses o f  paclitaxel were achieved in 1993 by two groups working 

independently o f  one another. The tirst, by Holton and co-workers (1994), used 

camphor as the starting material and built the molecule in a thirty step linear synthesis. 

In contrast, Nicolau et al. (1994) synthesised the A and C rings separately and united 

them in a convergent synthesis. They then introduced the oxetane ring at positions 4 

and 5, flinctionalised the B and C rings, oxygenated the C-13 position and ultimately 

attached the 3'-A^-benzoyl-phenylisoserine side chain. Although both mechanisms 

undoubtedly represented enormous advances in the area, they could not be exploited 

commercially. Work has continued in the search for an efficient total synthesis with 

the potential to meet the current growing demand for paclitaxel and other effective 

anti-tumour agents and despite some success (Masters et al., 1995, Danishefsky et al., 

1996), semi-synthesis still remains the commercial means o f paclitaxel production.
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C H A P T E R  2

O B J E C T I V E S



Chapter 2 Objectives

The main problem associated with the early development o f paclitaxel for clinical use 

was supply. Paclitaxel was first isolated from the bark of the Pacific yew and 

important issues, such as the environmental impact of harvesting vast numbers of 

trees in order to meet the growing world-wide demand for this drug, resulted in an 

extensive search for alternative renewable sources of paclitaxel.

In light of this problem, a programme was initiated in the School of Phannacy, Trinity 

College, Dublin to evaluate the Irish yew, T. baccata 'Fastigiata', as a potential source 

of paclitaxel. Attempts were made to identify a uniquely high yielding tree, which 

could then be utilised in the development o f either plant cell culture or field 

plantations as commercial sources o f biomass for paclitaxel production.

In continuation o f this work a project was initiated with the following objectives:

(1) to evaluate the potential use of morphological and chemical characteristics 

for the conclusive identification of the different species and varieties o f the 

genus Taxiis,

(2) to investigate the variation in paclitaxel content in mature yew trees 

predominantly T. baccata [European yew] and its varieties [incl. T. baccata 

'Fastigiata'] growing at various locations in Ireland, the UK and mainland 

Europe with a view to identifying a uniquely high yielding species, variety or 

individual,

(3) to determine the ideal conditions for the growth and development o f these 

plants in order, ultimately, to optimise paclitaxel production in the Irish yew 

and/or any other tree identified as part o f objective (2) above and,

(4) to develop and evaluate a number of in vitro methods o f paclitaxel 

production, including plant cell culture, as alternative sources o f Taxus 

biomass.
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C H A P T E R  3

M A T E R I A L S  & M E T H O D S



Chapter 3 M aterials and M ethods

3.1 General analytical procedures

3.1.1 Plant material, sources and harvesting and post-harvest protocols

Plant material was collected from a number o f countries for a number o f different 

studies. All species and varieties referred to in this text, where indicated, have been 

authenticated and voucher specimens deposited in the Trinity College Dublin 

Herbarium.

3.1.1.1 Ireland

General harvesting protocol fo r  Irish collections'. Twigs approximately 20cm in 

length were clipped from two height levels [ca. Im and 3m] and four sides o f  each 

tree. The eight clippings were then pooled and dried intact in a Memmert™ fan- 

assisted oven at <30'’C for approximately 72 hours or until completely dry. Once 

dried the material was separated into woody stems and needles. Samples were stored 

whole in sealed plastic bags at room temperature in the absence o f  light.

A. Seasonal variation: Nine genetically identical female trees o f Taxus baccata

Tastigiata' [Irish yew] o f the same age [ca. 70 yrs.] growing at Mount Anville School, 

Dublin were harvested as above at noon on the last Friday o f each month from January 

to December 1996.

R  Country-wide collections o f  Irish yew: In May 1996 twenty seven individual Irish 

yew trees were sampled from seven different locations around Ireland [Ballinasloe, 

Co. Galway; Collooney, Co. Sligo; Dundalk, Co. Louth; Fermoy, Co. Cork; New 

Ross, Co. Wexford; Rathmore, Co. Kerry] [Fig. 3.1]. All collections were made over 

a two-day period in order to minimise seasonal effects.

C. Country-wide collections o f  European yew: Two species and seven varieties o f T. 

baccata were sampled at Powerscourt Gardens Arboretum, Co. Wicklow in April 

1996. Collections were also made from twenty six individual European yew trees [T.
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baccata] at four other locations in Ireland [Ballyduff, Co. Waterford, Glengarra 

Wood, Co. Tipperary, Jenkinstown, Co. Waterford and Muckross Park, Co. Kerry - 

F ig . 3 .1] in May 1996. At the time o f harvesting, an experiment to evaluate the 

rooting capacity o f  these trees was initiated by Coillte Teoranta [The Irish Forestry 

Board] as part o f an EU Project [A1R3-CT94-1979], In order to evaluate the 

hertitability o f paclitaxel content, six progeny were chosen retrospectively based on 

the pacltaxel yield o f  the parent. In May 1998, two progeny propagated from a high 

yielding parent, two propagated from a low yielding parent and two propagated from a 

parent with intermediate yield, were harvested. Between August 1996 and May 1997 

a number o f individual yew trees and hedges growing in Ireland were also sampled 

[Weir's hedge, Co. Dublin, Kilmacurra, Co. Wicklow and Maynooth, Co. Kildare].

ftoscommoQ

OfM y (Kir«5)

limerick

Figure 3.1 Locations where collections were made in Ireland
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3.1.1.2 England

A. Taxonoiny study: In July 1997, taxonomically yerified samples o f 25 varieties of 

T. baccata and eight species o f Taxus were collected at Bedgebury National Pinetum, 

Kent, UK [Table 3.1].

Table 3.1 Species and varieties of Taxus collected in the UK

 Genus________Species____________Variety_______

Taxus baccata
Taxus baccata Adpressa Aurea
Taxus baccata Argentea Minor
Taxus baccata Aurea Aldenhamensis
Taxus baccata Barronii
Taxus baccata Brevifolia *
Taxus baccata Cavendishii
Taxus baccata Compacta *
Taxus baccata Contortifolia
Taxus baccata Dovastonia Aurea
Taxus baccata Elegantissima
Taxus baccata Elvastonensis *
Taxus baccata Fastigiata *
Taxus baccata Fastigiata Aureomarginata
Taxus baccata Glauca
Taxus baccata Gracilis Pendula *
Taxus baccata Lutea
Taxus baccata Neidpathensis
Taxus baccata Pendula
Taxus baccata Repandens No. 1
Taxus baccata Repandens No.2
Taxus baccata Semperaurea
Taxus baccata Standishii
Taxus baccata Variegata *
Taxus baccata Washingtonii *
Taxus canadensis *
Taxus celebica
Taxus cuspidata
Taxus cuspidata Contorta *
Taxus cuspidata Nana *
Taxus X  hunnewelliana *
Taxus x  media Hatfieldii *
Taxus X  media Hicksii

In February 1999, fresh samples o f eight varieties o f T. baccata and five other species 

[marked with and asterix in Table 3.1] were supplied by Bedgebury for the evaluation 

of «-alkane profiles of needle waxes [see Section 3.1.5],
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^  Evaluation o f non-taxane constituents: A combination o f  samples [x9] collected 

in 1997 and 1999 were also used in a study on the non-taxane simple phenolic 

constituents o f Taxus -  see Section 3.1.4,

3.1.1.3 France

General harvesting protocol fo r  French collections'. Clippings were taken from ca. 

Im above ground level from all sides o f  the tree and air-dried intact. Material was 

separated into needles and stems. Dried coarse-ground samples were kindly provided 

to us for analysis by CNRS, Gif-sur-Yvette, France. All samples were stored in sealed 

containers at room temperature in the dark.

A. Seasonal study: In January, April, August and October 1995, samples were

collected by individuals at the CNRS, Gif-sur-Yvette [France] from a locally growing 

European yew tree [T. baccata].

^  Inter- & IntraspeciFic variation: Taxonomically verified species and varieties o f 

yew, Taxus, growing at Arboretum des Barres [x9] and Arboretum Chevreloup [xl6] 

were selected and samples taken in April and again in October 1996. In 1997 several 

different species growing at Chevreloup [x9] and a collection o f  10 European yews 

growing at Arboretum des Barres were harvested in spring [March] and autumn 

[September] and examined for paclitaxel content.

3 .1.1.4 Germany

General harvesting protocol fo r  German collections'. Exact harvesting protocols were 

unavailable for samples collected in Germany but post-harvest, all samples were air- 

dried intact. Samples were collected by individuals fi-om the Universities o f Halle and 

Munich, Germany, and kindly supplied to us for analysis. Samples were stored until 

just prior to extraction at room temperature in a dark, moisture-free environment.

A. Intraspecific variation: In November 1995, collections were made from individual 

trees o f  T. baccata [xlO] in Munich.
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R  Seasonal study: In April and again in October o f  the following year [1996] a 

further 10 European yews were sampled at two arboreta [Ibengarten & Westenfeld] in 

Halle to evaluate seasonal variation in paclitaxel content.

Professional plant collectors [Sedaherb] were employed by the CNRS, Gif-sur-Yvette, 

France to collect yew samples from four international sources [Canada, India, 

Romania and Britain] in May and October o f  1996. Details o f harvesting and post

harvest protocols were not available but samples were provided dried and intact and 

stored as outlined above.

3.1.2 Standards and solvents

All reagent-grade solvents [Rathbum™] were re-distilled prior to use. For thin layer 

chromatography [TLC], high performance liquid chromatography [HPLC] and gas 

chromatography [GC], Rathbum™ HPLC-grade solvents were used. De-ionised water 

was produced in situ  using a Millipore™ water de-ionising system.

Reference standards were obtained as follows;

A mixture o f  thirteen standard taxanes [10-DAB, baccatin III, 7-xylosyl-lO- 

deacetylcephalomannine, 7-xylosyl-lO-deacetyltaxol, taxinine M, 7-xylosyl-lO- 

deacetyltaxol C, 10-deacetyltaxol, 7-xylosyltaxol, cephalomannine, 1-epi-lO- 

deacetyltaxol, paclitaxel, taxol C, and l-epi-taxo\] was also obtained from 

Phenomenex™ [UK],

Glacial acetic acid [Riedal-de-Haen, Germany] ammonium acetate [E. Merck], 

chlorocholine chloride [CCC] [Sigma Chemical Co.], calcium nitrate [BDH, UK] and 

chloral hydrate solution BP were obtained from departmental stocks and fertiliser 

N:P:K [18:18:18] was supplied by Coillte at their research station in Kilmacurra,
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Co.Wicklow. Polysorbate 80 [Tween 80] was obtained from the Dept, o f

Pharmaceutics, TCD. C21 - C38 «-alkane standards were purchased from Fluka Ltd. & 

Sigma-Aldrich Ltd., Ireland. P-D-Glucose [E. Merck], quercetin [Sigma Chemical 

Co.] and dihyroquercetin [taxifolin] [Koch-Light Labs. Ltd.] reference standards were 

also obtained from departmental stocks. Catechin reference standard was kindly 

provided by Dr. Padraig James, Dept, o f Chemistry, Dublin City University.

3.1.3 Extraction, identification and purification procedures for

paclitaxel

3.1.3.1 Paclitaxel extraction

Immediately prior to extraction, each sample o f plant material was ground to a fine 

powder using a Krups® coffee grinder [BP definition: Not less than 100% by weight 

passes through a sieve with a nominal mesh aperture o f  ISO^m and not more than 

40% by weight passes through a sieve o f nominal mesh aperture 125|im - British 

Phannacopoeia 1993]. Unless otherwise stated, 3g o f dried powdered material was 

extracted by heating under reflux with 50ml methanol [MeOH] for two and a half 

hours. The crude extract was then filtered and evaporated to dryness in vacuo. The 

residue was partitioned between 20ml o f  ethyl acetate [EtOAc] and 20ml o f distilled 

water. The EtOAc layer was retained, dried over anhydrous sodium sulfate and 

evaporated to dryness in vacuo. For HPLC analysis, the final residue was re-dissolved 

in an appropriate volume o f  HPLC-grade MeOH and filtered through absorbent cotton 

wool to remove any particulate matter. Unless otherwise stated, the extraction o f each 

sample o f  plant material was replicated four times.

3.1.3.2 Analytical Thin Layer Chromatography [TLC]

Thin layer chromatography was carried out on aluminium-backed pre-coated silica gel 

6OF254 plates [E .Merck, Darmstadt]. Samples were re-dissolved in an appropriate 

solvent, applied as spots and run against appropriate standards. The plates were 

developed over 10cm using chloroform:methanoI [10:1] as mobile phase. References 

used were paclitaxel, 10-DAB and cephalomannine standards and, where specified, a 

mixture o f 13 taxanes [10-DAB, baccatin III, 7-xylosyl-10-deacetylcephalomannine, 

7-xylosyl-10-deacetyltaxol, taxinine M, 7-xylosyl-10-deacetyltaxol C, 10- 

deacetyltaxol, 7-xylosyltaxol, cephalomannine, 7-ep/-10-deacetyltaxol, paclitaxel,
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taxol C, and 7-e/?/-taxol], Visualisation was achieved by UV 2 5 4  or by spraying with 

1% vanillinisulfuric acid [H2 SO4 ] solution and heating for 5 mins. at 110°C.

3.1.3.3 Column Chromatography [CC]

Approximately 400g o f finely powdered freshly dried needle material \T. baccata 

'Fastigiata'] was exhaustively extracted for 12 hrs. with petroleum ether in a Soxhlet 

extractor. This extract was analysed by TLC and contained no compounds o f  interest. 

The plant material was then extracted for a further 12 hrs. with methanol. This extract 

was then partitioned between ethyl acetate and water and both layers were retained. 

The organic layer yielded 13g o f residue, which was introduced onto a wet packed 

silica gel column [E.Merck, Darmstadt], The column was eluted with chloroform 

[CHCI3], chloroform/methanol and chloroform/methanol/water mixtures. A total o f 

236 x 15ml test tubes were filled from this column [Fig. 3.2]. The contents o f  each 

tube were examined by TLC to identify the fractions that contained the taxane 

compounds o f interest, paclitaxel and 10-deacetylbaccatin III. The solvent o f  elution 

for this purpose was CHClaiMeOH [10:1]. Their presence was then re-confirmed by 

HPLC analysis o f the selected fractions and comparison o f results with the retention 

data o f  authenticated standards o f  both compounds. Highly polar non-taxane 

monomeric phenolic compounds were also identified in the earlier fractions o f  this 

column and were later isolated by optimisation o f  the process [see Section 3.1.4].

3.1.3.4 High Performance Liquid Chromatography [HPLC]

High performance liquid chromatographic analysis was employed for the 

quantification o f  paclitaxel in all plant [needles, twigs and intact stems] and cell 

culture material. It was also used to confirm the presence o f  paclitaxel and lO-DAB 

in the non-polar fi'actions isolated by column chromatography fi’om the MeOH 

extracts o f  the needles o f T. baccata Tastigiata'.

A. Instrumentation: HPLC was carried out using a Waters™ 600E Multisolvent 

Delivery System consisting o f  a 600 Gradient Controller, a 486 UV Tunable 

Absorbance Detector, a 726 Data Module Integrator and a Rheodyne 5^1 auto

injector.
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Freshly ground needles o f 
T. baccata 'Fastigjata' [400g]

A Petroleum Ether [2L]/ \
12hrs

Extract Plant Material
M ethanol [2L] 
12hrs

From IL 
o f  extract

Methanol residue 
[75.44g]

Plant Material

Partition H, OiEtOAc

Ethyl Acetate residue
[13g - 3g taken]

Water extract

Fm s 60-90 
Ml*

Column Chromatography [CHCI^MeOH] 
SiO,

Fms 124-154 
%

NI

Fm s 1-60 
[924.7mg]

Fms 170-236 
Nl*

C C - CHCL:MeOH 
SiO,

Fms 91-124
10-DAB

[Rj=3.43 mins.]

Fms 154-169 
Paclitaxel

[^=21.47 mins.]

Fm s 99-164 
[442. Img]

Prep. TLC 
BAW

Taxicatin [26.8mg] 
[R,.=0.65]

Impure mixture o f  taxicatin & catechin 
[R<=0.65,0.89]

Figure 3.2 Isolation and identification of taxanes and non-taxanes
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Columns and chromatographic conditions 

Two HPLC methods were used for the identification and quantitation of paclitaxel 

during the course of this work:

Method (i); The analytical column used was a Phenomonex Curosil™ G [4^m, 4.6 x 

250mm] 'paclitaxel-specific' column fitted with a Phenomenex Curosil™ G [4|im, 3.9 

x 20mm] guard column. Analyses were carried out according to the manufacturer 

recommended isocratic method. The mobile phase was composed o f ammonium 

acetate buffer [10fiM;pH4]-acetonitrile-methanol [56:42:2] (Hook et ai,  1999).

Method (ii): The analytical column was a Waters™ Symmetry® Cg, 3.5)j,m, 4.6 x 

150mm column which was fitted with a Waters™ Sentry™ Symmetry® Cg, 3.5|im, 3.6 

X 20mm guard column. Separation was achieved using isocratic elution with an 

ammonium acetate buffer [20fiM;pH5]-acetonitrile:methanol:tetrahydrofuran 

[55:39:4:2] mobile phase (Hook et ai,  1999).

In both cases pH adjustment o f buffer was achieved using 100% glacial acetic acid. 

Detection was carried out at the absorption maximum for paclitaxel, 228nm. The 

flow rate was Iml/min. The injection volume was 5|j,l for both standards and samples. 

All analyses were carried out at ambient temperature and each extract was analysed in 

duplicate.

Q  Quantitation and statistical analysis

Quantitation was carried out with reference to a four-point calibration curve for 

paclitaxel [Sigma Chemical Co.] prepared each morning at concentrations 0.01 mg/ml, 

0.025mg/ml, 0.05mg/ml and O.lg/ml. Results are expressed in milligrams per 

kilogram of the extracted dry weight. Calibration was confirmed each evening by re

injection o f two standard concentrations.

Statistical analyses were performed using Instat® Statistical Software [Graph Pad, San 

Diego, USA]. All data was analysed by one-way ANQVA [Analysis Q f Variance].
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Validation o f the HPLC method 

The aim o f validation for any newly developed analytical procedure is to prove that 

the method is suitable for its intended use.

HPLC method (i) above was developed according to the manufacturer's guidelines 

[Phenomenex, UK] and validated by Brendan O ’Keefe, Department o f 

Phamiacognosy, School o f Pharmacy, Trinity College Dublin prior to the 

commencement o f this work. The method is identical to that published by 

W ickremesinhe & Arteca (1994b).

However, during this work problems arose with method HPLC (i). As a result o f 

these problems, HPLC method (ii) was developed for the selective identification and 

quantification o f  paclitaxel in a crude extract o f  yew needles, woody stems or entire 

shoots. Validation o f  this procedure was carried in accordance with the specifications 

outlined in the USP [23] and the ICH guidelines (International Conference on 

Harmonisation, Text on Validation o f  Analytical Procedures, Q2A and Methodology 

Guidelines, Q2B, 1996). According to the ICH guidelines, the recommended 

validation parameters for an assay-type analytical procedure that measures the amount 

o f the principal analyte present in a given sample are:

I. Specificity

2. Precision

3. Linearity

4. Accuracy

5. Range

I. Specificity

Specificity is defined in the ICH guidelines (Topic Q2A) as 'the ability to assess 

unequivocally the analyte in the presence o f  components, which may be expected to 

be present'. In the determination o f  paclitaxel content in crude extracts o f  yew needles 

or stems it is vital that the analytical method be capable o f  discriminating between 

paclitaxel [see Fig. 1.4(1)] and other structurally similar taxanes [see Fig. 1.8]. 

Optimum resolution is essential for the separation o f  paclitaxel from compounds, such 

as the other taxanes, which are structural similar and would therefore be expected to
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behave similarly in a chromatographic system developed for the identification of 

paclitaxel. The ability of the selected chromatographic procedure to resolve paclitaxel 

from the next nearest eluting compound can be measured by determining the 

resolution factor, R, which, according to the USP [23], should be > 1. The resolution 

factor, R, is given by the following equation:

R =

where ti and t2 are the retention times of the two components and Wi and W 2 are the 

corresponding widths at the bases o f the peaks obtained by extrapolating the relatively 

straight sides of the peaks to the baseline. Paclitaxel [Rt=21.09 mins.] was separated 

from the next nearest eluting peak [Rt= 19.64 mins.] with resolution values typically 

between 1.8 and 1.9. Since a value of R greater that 1.5 is generally regarded as 

describing a chromatogram with baseline resolution o f two peaks (Snyder, 1972) [Fig. 

3.3], the system was considered to exhibit adequate specificity.

9E

Figure 3.3 HPLC chromatogram of a crude Taxus extract
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2. Precision

The USP [23] defines precision as the 'degree of agreement among individual test 

results when the procedure is applied repeatedly to multiple samplings o f a 

homogeneous sample'. The precision of a method that is perfonned within a single 

laboratory is evaluated by measuring the repeatability of that method. Repeatability is 

determined by repeated injections of a series of standards over a short time interval. 

As recommended by ICH (Topic Q2A -  Methodology Guidelines), three replicates, 

each o f three standard concentrations, were used to calculate the relative standard 

deviation [RSD]. A calculated average RSD of 1.9% is sufficient to indicate that the 

system was precise.

3. Linearity

Linearity is demonstrated by injecting a series o f dilutions o f the standard and plotting 

the recorded response versus concentration. Where the response appears to be linearly 

related to concentration from visual inspection, the degree of linearity is evaluated by 

analysing the regression line for fit to the following equation:

y, = ax, + b

where yi is the measured response, a is the slope o f the line, X| is the concentration 

and b is the intercept. The range of concentrations chosen should span 80-120 percent 

o f the expected test concentration (ICH, Topic Q2A -  Methodology Guidelines). The 

concentrations used were: 0.01 mg/ml, 0.025 mg/ml, 0.05 mg/ml, 0.1 mg/ml and over 

90 percent of the test samples analysed fell within this range. In addition, the slope, 

which reflects the sensitivity o f the method, was sufficiently close to unity [a = 1.008] 

to indicate that this method could distinguish between test samples close in 

concentration. The y intercept coefficient, b, was non-zero but did not deviate 

significantly [1.7%] from zero (Riley & Rosanske, 1996). However, while the 

correlation coefficient, r=0.999, indicated that a method was linear it should not 

necessarily be relied upon alone, because calibration data with high r values [>0.99] 

can still exhibit a high degree o f curvature (Riley & Rosanske, 1996). Riley & 

Rosanske and the ICH methodology guideline (ICH, Topic Q 2 B - Text on Validation
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of Analytical Procedures) recommend examining residuals from the regression line 

which are given by the following equation:

Sy,x =  y i  - Y2

where yi is the observed response and y2 is the predicted response from the regression 

line. The difference should be randomly distributed about zero when plotted against 

xi if the method is non-biased. Both the calculated correlation coefficient, r=0.999 

and the residual analysis indicated that the method was linear [Fig. 3.4].

0 0.05  0.1
C o n c e n t r a t i o n  | m g / m l |

)  0.05  0 ,

C o n c e n t r a t i o n  | m g / m l |

Figure 3.4 a. Calibration curve b. Residual analysis

4. Accuracy

Accuracy is defined in the USP [23] as being 'the closeness of test results obtained by 

that method to the true value'. According to the ICH guidelines, 'accuracy may be 

inferred once precision, linearity and specificity have been estimated' (ICH, Topic 

Q2B -  Text on Validation o f Analytical Procedures). The chosen analytical system 

was shown to be precise, specific and linear, therefore it can also be assumed to be 

accurate. However, the accuracy of the method not only depends upon the accuracy of 

the analytical system but also on accuracy of the pre-extraction and extraction 

protocols. The method for paclitaxel extraction used in this work was developed by 

Griffin (1995). It is a modification of that published by Vidensek et al. (1990) for the 

extraction of paclitaxel from various plant parts including stems, needles, shoots and 

bark. As part o f the development procedure a total o f six parameters were
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investigated to ensure that the chosen method allowed a consistant and reproducible 

total extraction o f paclitaxel from the plant material:

Extended reflux times [3, 3.5 & 4 hrs.], multiple extractions [x2 & x3], the value o f 

pre-extraction removal o f lipids and the value o f  pre-HPLC clean-up procedures were 

assessed. None o f these modifications resulted in any significant increase in the 

amount o f  paclitaxel recovered from the sample and in the case o f  pre-HPLC clean-up 

procedures, a ca. 50% loss o f paclitaxel was observed using either silica, alumina or 

ion-exchange micro-columns. The final method, outlined in Section 3.1.3.1, was 

chosen to facilitate the safe, rapid and routine extraction o f a large number o f  samples. 

The extracts were analysed by high performance liquid chromatography and the 

results compared in a qualitative manner to evaluate seasonal, environmental, 

intraspecific and interspecific variations in paclitaxel content.

5. Range

Range is defined by the ICH guidelines (Topic Q2A) as 'the interval between the 

upper and lower concentration o f analyte in the sample for which it has been 

demonstrated that the analytical procedure has a suitable level o f precision, accuracy 

and linearity'. The precision and linearity data support the use o f this method over a 

concentration range o f  0.01 mg/ml to 0.1 mg/ml which encompassed greater than 

ninety percent o f the test samples analysed in this work.

3.1.4 Extraction, identification and purification o f non-taxanes

Thin layer chromatography was carried out on aluminium-backed precoated silica gel 

6 O F 2 5 4  plates [ E . Merck, Darmstadt] cut to the required size. Samples were 

redissolved in an appropriate solvent, applied as spots and run against appropriate 

standards. Mobile phases o f varying polarities including (1) chloroform:methanol 

[10:1], (2) chloroform:methanol:water [75:23:2], (3) butanol:acetic acid:water [4:1:5],

[i] quantity o f plant material

[ii] solvent for extraction

[iii] length o f  reflux time

[iv] number o f extractions

[v] pre-extraction solvents

[vi] pre-extraction columns

3.1.4.1 Analytical TLC
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(4) ethyl acetate;methanol:water [50:15:2] and (5) petroleum ether:EtO Ac:acetone  

[7:3:1] were used.

Taxus [x9] species w ere analysed by TLC [m obile phase (2)] for the identification o f  

the fo llow in g  non-taxane phenolic com pounds:

quercetin R f=0.70±0.07 [n=8 ]

dihydroquercetin R t=0.65±0.07 [n=8 ]

taxicatin R f=0.59±0.08 [n=8 ]

catechin R t=0.38±0.04 [n=8 ]

T hese sam ples w ere also exam ined by reversed-phase TLC using glass-backed [2m m  

thickness] RP- Cg [5 x 10] silica  gel plates [E.M erck, Darmstadt]. M obile phase 

consisted  o f  0 .02M  phosphoric acid:M eO H :M eCN [50:35:15], V isualisation was 

achieved using U V 254 and spraying with 1% vanillin:sulfijric acid solution and heating  

for 5m ins. At 1 iO^C.

3 .1 .4 .2  Preparative TLC

Preparative TLC w as carried out using glass-backed, pre-coated [2m m  thickness] 

silica  gel 6 OF254 [E.M erck, Darmstadt] plates. The plates w ere activated before use by  

heating at 110°C for one hour. Sam ples were d issolved  in the m inim um  solvent 

necessary for com plete d issolution  and applied as bands approxim ately 2 cm from the 

bottom  o f  the plate. Plates were developed over approxim ately 15cm  using an 

appropriate m obile phase [system s (2)-(5) listed above]. M ultiple developm ents w ere 

used in som e instances.

3 .1 .4 .3  Colum n Chromatography - isolation & identification o f  phenolics  

G lass colum ns o f  various sizes w ere used depending on the sam ple size. The ratio o f  

adsorbent to sam ple w as usually silica:sam ple [10:1]. T he adsorbent used w as silica  

gel 60  [70-230  m esh] [E.M erck, Darmstadt]. C olum ns w ere eluted w ith solvents and 

solvent mixtures o f  increasing polarity [chloroform , m ethanol and water].
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A. Column 1 - crude extraction o f  polar components o f T. baccata 'Fasti aiata'

Freshly ground needles o f  T. baccata 'Fastigiata' [400g] were first defatted with pet. 

ether [2L]. The plant material was then ftjrther extracted with methanol to yield an 

organic residue [75.44g] which was partitioned between H2 0 :Et0 Ac [1:1]. The ethyl 

acetate residue [13g] was subjected to flash column chromatography [see below for 

experimental detail] and 236 fractions [approx. 10ml] were collected. Following 

analysis by analytical TLC, like fractions were pooled. For more detail see Fig. 3.2.

Frns. 1-60 These fractions were re-chromatographed using a CHCl3 :MeOH 

gradient system o f increasing polarity. From this column, fractions 99-164 were 

combined and purified by prep. TLC to yield taxicatin [26.3mg], Rf=0.59 [solvent 

system - CHCl3 :Me0 H:H 2 0 , 75:23:2], as an amorphous off-white solid MS (%): m/z 

317 [M +l]^(3), 170(35), 126 (16). For [ 'H ]-and ['^C]-NMR spectra see Figs. 4 .6 5 -  

4.70.

Hydrolysis o f  taxicatin [Fig. 3.5] - Taxicatin [lOOmg] was heated under reflux 

in HCl [ 1M, 10ml] for 45 mins. The reaction was poured onto ice and extracted with 

EtOAc [20ml]. The aqueous extract was dried under vacuum and reconstituted in 

MeOH prior to TLC analysis using BAW [4:1:5] which showed the presence o f  a 

single component, Rf=0.11. This was identified as (3-D-glucose by co-TLC with an 

authenticated standard [Rf=0.11], The EtOAc residue [40mg] was purified by column 

chromatography on Si0 2  [lOg] with CHCI3 as eluent. Fractions [10ml] were collected 

and the aglycone was characterised from pooled fractions 5-7 by a combination o f 

['H ]- and ['^C]-NM R [see Fig. 4.71] as 3,5-dimethoxyphenol [Rf=0.5, CHCI3 ].

Acetylation o f  taxicatin [Fig. 3.5] - Taxicatin [50mg] was heated under reflux 

for 1 hr. in AC2 O [25ml] and pyridine [0.5ml]. The reaction was poured onto ice/HCl 

and then extracted into EtOAc. The EtOAc layer was washed with HCl [2 x 50ml], 

dried over sodium sulfate, filtered and evaporated to dryness to yield taxicatin acetate 

[6.7mg], Rt=0.75 [solvent; CHCI3 ], as an oil. For ['H ]- and ['^C]-NMR spectra see 

Figs. 4.72 - 4.73].
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Fig. 3.5 Acetylation and hydrolysis of taxicatin

Frns. 60-90 Not investigated.

Frns. 90-124 This fraction was analysed by TLC and HPLC and shown to contain 

10-deacetylbaccatin III, Rt=3.43 mins. [see Section 3.1.3.4].

Frns. 124-154 Not investigated.
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Frns. 154-169 This fraction was analysed by TLC and HPLC and shown to contain 

paclitaxel, Rt=21.47 mins. [see Section 3.1.3.4],

Frns. ] 70-236 Not investigated.

R  Column 2 - optimisation o f extraction and purification o f polar components o f 

T. baccata 'Fastigiata': isolation o f taxicatin and catechin 

Ground needles [200g] were heated under reflux with MeOH [IL] for 12 hrs. The 

MeOH residue was subjected to vacuum liquid chromatography on silica gel [see 

below] to yield three major fractions. Frns. 1 & 3 were not investigated further. Fm. 

2 [4.2176g] was subjected to prep. TLC [solvent: CHCl3:M e0H:H20, 75:23:2] to 

yield five major bands [see Fig. 4.64].

Band I Yielded taxicatin, Rt=0.59, as previously identified.

Band 2 Yielded an oil which was divided into two fractions. Fraction 1

[250mg] was purified by re-chromatography using prep. TLC [solvent: 

E t0A c:M e0H :H 20, 50:15:2] as mobile phase to yield taxicatin [140.5mg] and a 

second off-white solid [47mg] which was characterised as catechin Rt=0.38 [solvent 

system: CHCl3:M e0H:H20, 75:23:2], mp 213-214°C, MS: [M+1]^ m/z 291, ['H ]- and 

['^C]-NMR spectra. Fraction 2 [245mg] was acetylated by heating under reflux in 

AciO [5ml] and pyridine [0.5ml]. The reaction mixture was poured onto ice/HCL and 

extracted into EtOAc. The organic layer was dried over sodium sulfate and 

evaporated to dryness in vacuo. The residue was subjected to prep. TLC [pet. 

ethenethyl acetate:acetone, 7:3:1] to yield an oil, taxicatin tetra-acetate [21.6mg] as 

previously identified and a second oily residue, Rf=0.12, identified as catechin penta- 

acetate by ['H]- and ['^C]-NMR [see Figs. 4.74-4.80]

Bands 3-5 Not investigated

3.1.4.4 Vacuum Liquid Chromatography [VLC]

This technique was carried out as described by Coll and Bowden (1986). VLC is 

preparative chromatographic technique run as a column, with a vacuum attached in 

order to speed up the rate o f elution (Hostettmann et a l ,  1997). The sample in this
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case was pre-adsorbed onto silica gel 60 [230-400 mesh] [E. Merck, Darmstadt] and 

eluted with chloroform as the primary solvent o f elution, followed by a mixture of 

solvents [chloroform:methanol] of gradually increasing polarity. As is characteristic 

o f this method and unlike flash or column chromatography, the column was evacuated 

to dryness between each individual fraction collected.

3.1.4.5 Flash Liquid Chromatography

Flash liquid chromatography was carried out according to the method of Still et al. 

(1978). For the purpose of this work, silica gel [230-400 mesh] [E.Merck, Darmstadt] 

was mixed with chloroform to form a slurry which was then introduced under pressure 

to a glass column with a non-absorbent cotton wool plug at the base. The pressure 

ensured uniform column packing. The sample, adsorbed onto silica gel, was then 

introduced onto the top of the column and another piece of cotton wool placed on top 

to ensure the surface remained even. Columns were eluted with solvents and solvent 

mixtures o f increasing polarity [chlorofomi, methanol and water]. The eluting solvent 

was maintained above the level o f the silica for the duration of analysis. The solvent 

reservoir allowed adequate solvent mixing for gradient elution.

3.1.5 Extraction and examination of /i-alkanes in needle waxes

For wax profile analyses, fresh samples of eight varieties of T. baccata and five Taxus 

species [Table 3.2] were collected at Bedgebury National Pinetum, in February 1999.

Table 3.2 Taxus species and varieties examined for n-alkane content

Genus Species Variety

Taxus baccata Brevifolia
Taxus baccata Compacta
Taxus baccata Elvastonensis
Taxus baccata Fastigiata
Taxus baccata Fastigiata Aureomarginata
Taxus baccata Gracilis Pendula
Taxus baccata Variegata
Taxus baccata Washingtonii
Taxus celebica
Taxus cuspidata Contorta
Taxus cuspidata Nana
Taxus X hunnewelliana
Taxus X media Hatfieldii
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3.1.5.1 Extraction procedure

Fresh needles [new growth] were immersed in 100ml o f cold HPLC-grade /7-hexane 

[Rathbum®] for approximately one minute with continuous agitation (Tulloch & 

Berger, 1981). The resultant extract was then filtered and evaporated to dryness in 

vacuo. The residue was redissolved in 10ml o f  HPLC-grade «-hexane for analysis.

3.1.5.2 Gas chromatography [GC]

GC was used to examine the «-alkane profiles o f  the needle waxes o f nine species and 

varieties o f yew collected at bedgebury National Pinetum, Kent [UK] as outlined 

below.

A. Instrumentation and column

Analyses were performed on a Perkin Elmer 8700 Gas Chromatograph fitted with a 

15m [0.25mm i.d.;0.25|im  film thickness] polyamide-coated fused silica capillary 

column [SGE BPX5]. The carrier gas was helium [He] set at a constant head pressure 

o f 40kPa. This gave a linear gas velocity [LGV] o f  25cm/sec, the optimum LGV for 

the column. Injecfions were performed in the splitless mode giving a flow rate o f 

0.73ml/min [Flow rate = LGV in cm/sec x [0.47 x i.d. ] where i.d. is the column 

internal diameter in millimetres]. Detection was carried out using a flame ionisation 

detector [FID].

B. Chromatographic conditions

Each wax fraction was evaluated using a temperature-programmed analysis. An 

initial oven temperature o f 190°C was maintained for two minutes and then increased 

at a ramp rate o f 10°C/min to a final temperature o f  300°C, which was maintained for 

20 minutes (SGE Catalogue 1998/99). The injector and detector temperatures were 

maintained at 320°C. In all cases an injection volume o f 10|il was used.

C. Identification, quantitation and statistical analysis

The /7-alkanes present in the crude wax extract were identified using the linear 

relationship between the logarithm o f retention time [Log Rt] and carbon number 

(Brifish Pharmacopoeia, 1993) .  A  series o f fifteen «-alkane standards [ C 2 1 ,  C 2 3 ,  C 2 4 ,  

C 2 5 ,  C 2 6 ,  C 2 7 ,  C 2 8 ,  C 2 9 ,  C 3 0 ,  C 3 1 ,  C 3 2 ,  C 3 3 ,  C 3 4 ,  C 3 6 ,  C 3 8 ]  [Fig. 3.6] were used and the 

identity o f each «-alkane present in the extract was re-confirmed by co-injection o f  the
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relevant standard. Quantitation was achieved using internal normalisation and results 

are expressed as a percentage o f  total leaf wax analysed.
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Figure 3.6 Log Rt versus carbon number

D. Validation o f GC method

This experiment was a comparative study o f  the «-alkane profiles o f various species 

and varieties o f the genus Taxus and required only limited validation to ensure both 

the accuracy and the precision o f  the method. For a qualitative procedure o f  this type, 

precision is the parameter o f  greatest importance both in terms o f peak area and 

retention time. In his book, 'Validation and Qualification o f  Analytical Laboratories', 

Huber {1999) recommends that these parameters be evaluated as follows;

1. Precision o f  peak area

Precision was examined using a series o f five 10)̂ 1 replicate injecfions o f  a known 

concentration [1 mg/ml] o f  a heneicosane [C27] standard. The recorded percent 

relative standard deviation [% RSD] for peak area was 1.69. This value is less than 

the 2% recommended limit and is therefore sufficient to demonstrate that the injection 

volume o f 10|al was consistently reproducible. This is particularly important in this 

case as injections were performed manually.

2. Precision o f  retention time

This was examined using the same series o f five replicate injections o f  a 1 mg/ml 

solution o f heneicosane. The recorded % RSD was 0.89, less than the 1% 

recommended limit and sufficient to show that the method was reliable.
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3.1.6 Spectroscopy

A number o f spectroscopic techniques were utiHsed to elucidate the structure and 

detennine the identity o f compounds isolated from the needles of T. baccata 

'Fastigiata' [Irish yew]. These included;

Infra-red spectra [IR] were recorded using a Perkin Elmer™ FT-IR Paragon 100 

spectrometer; mass spectra [MS] were determined at 60eV on an AEl MS 30 

instrument; nuclear magnetic resonance [NMR] spectra were recorded using a Bruker 

MSL 300 instrument with tetramethylsilane [TMS] as internal standard -  proton, 

['H]-NMR, were recorded at 300 MHz and carbon-13, ['^C]-NMR, at 75.47 MHz.

3.2 Additional experim ental procedures

3.2.1 Morphological examination of Taxus species

In order to evaluate the potential taxonomic value of morphological characteristics for 

the accurate identification and authentication of Taxus species and varieties, a detailed 

morphological examination was carried out on 33 species and varieties o f Taxus 

collected in July 1997 at Bedgebury National Pinetum, UK [see Section 3.1.1.2]. 

Samples o f Torreya nucifera and Torreya californica collected in September 1998 at 

Mount Usher Gardens, Co. Wicklow and Cephalotaxus harringtonii and 

Cephalotaxus fortuneii [both voucher specimens were collected at John F. Kennedy 

Park Arboretum, New Ross, Co. Wexford in June 1995] were also examined.

3.2.1.1 Macroscopical features

Needle lengths, widths and areas were measured for all species and varieties of Taxus 

and the other related genera. In addition to the leaf morphology, tree heights and 

appearance [including growth habit, foliage colour and arrangement and presence or 

absence o f berries] were recorded at Bedgebury National Pinetum, Kent [UK] in 

September 1999.
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A. Needle Dimensions

Dried intact needles [xlOO] were selected at random from each o f the species and 

varieties. Length [L] and width [W] measurements were made for each needle using a 

Vernier calipers. The needle area was assumed to be rectangular and therefore 

calculated as length by width [L x W] [Fig. 3.7].

width

length

Figure 3.7 Needle dimensions

3.2.1.2 Microscopical examination o f Taxus needles

Microscopical examination was carried out on all species and varieties o f  Taxus, and 

both species o f Torreya and Cephalotaxus. Ten dried needles were selected at 

random from each sample. The needles were first cleared by boiling in Chloral 

Hydrate solution BP. All microscopical determinations were made using an 

OlympusT^'^ BH light microscope attached to a video recorder and a visual display unit 

[VDU],

A. Stomatal pore length

Five pore lengths were measured from two fields o f  view on either side o f the main 

vein o f  each o f 10 needles [n=100]. For the purpose o f  this experiment the stomatal 

pore length was taken as the diameter o f  the Florin's ring, a unique arrangement o f  the 

cells surrounding the stomatal pore in the genus Taxus (Florin, 1931) [Fig. 3.8].
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Figure 3.8 SEM of the Florin's ring stomatal apparatus of T. baccata

'Fastigiata'

R  Stomatal number

The stomatal number determinations were carried out in conjunction with the stomatal 

pore lengths measurements on the same plant material. Four determinations were 

made from each o f two fields of view on either side of the main vein.

3.2.2 Factors affecting biomass and paclitaxel production

As part o f the EU project [AIR3-CT94-1979] associated with this work, Coillte 

Teoranta [The Irish Forestry Board] initiated an experiment to evaluate the rooting 

capacity o f trees growing in Ireland. At the time of harvesting, a large number of 

clippings were treated with a root-inducing auxin preparation, placed in small pots in 

greenhouses at the Kilmacurra Research Station, Co. Wicklow and evaluated for 

rooting capacity. A number o f experiments were established using successflilly rooted 

cuttings o f T. baccata.

3.2.2.1 Fertiliser concentration and chlorocholine chloride

As part o f this programme, Kilmacurra tree No.l was sampled in January 1995. In 

April 1997, one hundred and sixty eight of the succesfully rooted cuttings were 

selected to evaluate the effect o f both fertiliser concentration and growth retardant 

application on growth and paclitaxel production. Kilmacurra tree No.l was chosen
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for this experiment because it was one o f only a small number o f  trees to generate 

rooted cuttings in sufficient quantity.

The cuttings [xl68] were divided into six groups o f  28. Each group was then 

subjected to one o f the following treatments:

The pots were arranged in a series o f seven randomised blocks [each block consisting 

o f four o f each o f  the six treatments] in a greenhouse at Kilmacurra Research Station, 

Co. Wicklow. The fertiliser consisted o f  N:P:K [18:18:18], a standard preparation 

used to promote growth in already established cuttings. It was applied directly to the 

soil at 'low' [1ml] and 'high' [2ml] concentrations. The growth regulator chosen was 

chlorocholine chloride [CCC] which was formulated as an aqueous solution in 1% 

Tween 80 [polysorbate 80]. Approximately 5mls o f  CCC solution were applied as a 

foliar spray to run off. All treatments were first applied in April 1997, just prior to 

extension growth, and then reapplied in June o f the same year [approx. 8 weeks later]. 

Height measurements, taken as the distance from soil level to the tip o f the main 

shoot, were made on a monthly basis from April to September. At the end o f the first 

growth season [September 1997], one block o f 4 x 6 treatments was harvested and the 

needles evaluated for biomass and paclitaxel production. In order to assess the 

possible long term effects o f  growth regulator and fertiliser application, the remaining 

six blocks were maintained in the greenhouses until April 1998 when they were 

treated as in the previous year. In April and June o f  1998 the cuttings had become too 

large to apply the CCC as a spray. Each CCC-treated sapling was dipped into an 

aqueous solution o f  CCC made up in Tween 80 as before. At the end o f  the second 

growth season [September 1998], two blocks o f  4x6 treatments were harvested and 

needles analysed to determine biomass and paclitaxel yields. The second block 

harvested at this time was also evaluated for paclitaxel content in the roots. Again for 

the duration o f  the growth season, height measurements were taken monthly.

2. CCC [50ppm]

3. CCC [50ppm]

1. Control 4. Fertiliser [low conc.]

5. Fertiliser [high conc.]

6. CCC [50ppm] + Fertiliser [low conc.]
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3.2.2.2 Calcium nitrate application

32 cuttings of Kilmacurra tree No.7, successfully rooted as part of this same 

programme, were selected and divided into two groups. In July 1997, the first group 

[xl6] were treated with lOmls of a 1% calcium nitrate solution applied directly to the 

soil. The second 16 or the control group were left untreated. The treatment was 

reapplied in April 1998. All plants were placed in a greenhouse at Kilmacurra 

Research Station, Co. Wicklow under identical environmental conditions for the 

duration of the experiment. In October 1999, each of the two groups were harvested 

and examined for paclitaxel content and biomass yield.

3.2.2.3 Light versus shade

As part o f the same programme, 32 cuttings from Kilmacurra tree No.2, successftilly 

rooted from clippings taken in November 1993, were selected in April 1997 and 

divided into two groups o f sixteen. The first sixteen were placed in a greenhouse 

under nonnal light conditions. The second group [xl6] were placed under a dark 

green netting to create artificial shade conditions. Environmental parameters other 

than light were identical for each of the two groups [greenhouse - Kilmacurra 

Research Station, Co. Wicklow], The light intensity was measured at under-storey 

and at canopy level using a Li-Cor Photometer, model no. Li-189 [Table 3.3]

Table 3.3 Intensity of light (^mol/s/m^ per ^A)

Light Shade
Under-storey level 62 .31±24.90 11.12±3.17

Canopy level 398 .54±56.38 184.1 O i l  9.32

In October 1999, each o f the two groups were harvested and evaluated for paclitaxel 

content and biomass production.

3.2.3 Field culture and the effect of soil type on biomass and paclitaxel

production

This experiment was carried out in conjunction with Coillte, again as part o f the EU 

programme, AIR3-CT94-1979. Taxus plants [ca. 5 yrs. old] were purchased from 

Pierre den Ouden Plants N.V., Boskoop. Holland in April 1997:
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250 X T. baccata 'Fastigiata' 30 - 40cm in height

250 X T. baccata 'Fastigiata' 40 - 50cm in height

One hundred and twenty five o f each were planted at two separate sites in May 1997:

Tullamore, Co. Offaly, an exposed inland site consisting of peat-based soil. 

Aughrim, Co. Wicklow, a sunny, warm coastal site with a rich loam soil.

Trees were planted in rows one metre apart with a minimum distance o f half a metre 

and a maximum distance of one metre between individuals within each row.

At Aughrim, 25 o f the trees were harvested annually in December 1997 and again in 

December 1998, 25 were harvested once every two years [December 1998] and a 

further 25 were harvested triennially [January 1999]. Similarly at Tullamore, 25 of 

the trees were harvested annually, 25 biennially and 25 triennially. All harvesting was 

done manually. Paclitaxel content was determined for trees harvested annually, 

biennially and triennially at each location according to the experimental detail in

Section 3.1.3. Biomass yield was assessed in terms of fresh weight [g/tree]. The

height o f each plant was also measured by Coillte before harvesting and the results 

provided to us for evaluation.

3.2.4 Suspension cultures of T. baccata

3.2.4.1 Plant material and initiation of callus cultures

A. From apical buds: In March 1997, cuttings o f T. baccata [St. Patrick’s College, 

Maynooth, Co. Kildare] were collected. The apical buds were removed, washed in 

ethanol [70%] for 5 mins. and then sterilised for 15 mins. in Domestos® [25%]. After 

rinsing [x4] in sterile water the buds were placed on Anderson's Stage I culture 

medium [see Appendix 13], O f the 129 buds sterilised, 26 remained sterile. After six 

weeks callus was produced. Sub-culturing was carried out every four weeks.

^  From embryos: In July o f 1997, embryos were separated from mature seeds o f T. 

baccata 'Fastigiata' and T. baccata 'Mairei' supplied by Sandeman Seeds, West
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Sussex, UK. The seeds were rinsed with sterile water and then immersed in conc. 

sulfliric acid [H2 SO4 ] for 5 mins. This sterilised the outer husk and also softened it to 

allow easier removal of the embryo. Embryos were re-sterilised in ethanol [70%] 

after removal o f the husk and placed on to an embryogenesis medium (Gupta & 

Durzan, 1987). O f the 127 explants 42 developed callus.

C. From embryos: Seeds from genetically identical Irish yew trees, o f the same age 

[ca.70 yrs.] and gender [female] growing at Mount Anville School, Dublin, were 

collected in August 1997. Callus cultures were initiated by researchers from Coillte 

Research Laboratories, Newtownmountkennedy, Co. Wicklow. Embryos excised 

from these mature Taxus seeds were placed onto a Phytagel®-solidified modified 

Picea abies embryogenesis medium [Table 3.4, 1902-A] (Gupta & Pullman, 1991). 

26 cell lines, successftilly developed by Coillte, were subsequently maintained in the 

Dept, o f Pharmacognosy, Trinity College, Dublin . All cultures were kept in the dark 

at a constant temperature o f 25”C. Of the 26 lines originally developed, three are now 

growing well in suspension culture and five are still producing viable callus.

In November 1998 cell suspension cultures were initiated from callus tissue of two of 

the more rapidly growing cell lines [ 8  and 19], These were grown in lOOmI of 

medium 1902-A or 1902-B [Table 3.4] in 250ml flasks on a rotary shaker at 90rpm in 

the dark and were sub-cultured by filtration every 14 days. A number of individual 

experiments to evaluate the cell culture kinetics and the impact o f culture medium 

composition on paclitaxel and biomass production were then set up using these 

successfially growing cell suspension cultures.

3.2.4.2 Kinetics of biomass and taxane production in suspension culture

In February 1999 the more rapidly growing of the two cell cultures [cell line no. 19] 

was selected for this experiment. The experimental design was a replicated [x3] 

randomised block. Biomass and taxane production were monitored for a 36 day 

growth period. Every six days three flasks were harvested by filtration, cells were 

dried in a fan-assisted oven at <30°C for approximately 48 hours or until completely 

dry and then examined for both biomass yield and taxane content as well as medium 

pH and conductivity.
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Table 3.4 Media used for iniation of embryogenesis

Component Pin US taeda L. 

|m g/L ] *

Picea abies 

|n ig /L ] * *

1902-A

|m g/L ]

1902-B

lm g/L |

Ammonium nitrate 275 206 206 206
Potassium  nitrate 2337 2340 2340 2340
Potassium dihydrogen phosphate 85 85 85 85
Calcium  chloride (anhydrous) 166.1 220 220 220
M agnesium  sulfate,7 H2O 90.35 185 185 185

Boric acid 3.1 3.1 6.2 6.2
M anganese sulfate.H 2O 8.45 8.45 16.9 16.9
Zinc sulfate.7 H2O 4.3 4.3 8.6 8.6
Potassium iodide 0.415 0.415 0.83 0.83
Sodium  molybdate 0.125 0.125 0.25 0.25
Copper sulfate 0 .0125 0.0125 0.025 0 .025
Cobalt chloride 0.0125 0.0125 0.025 0 .025
Sodium EDTA 18.63 18.63 37 .26 37 .26
Ferrous sulfate 13.9 13.93 27.8 27.8

M yo-inositol 1000 1000 1000 1000
C asam ino acid 500 500 500 500
N icotin ic acid - 0.5 0.5 0.5
Pyridoxine hydrochloride - 0.5 0.5 0.5
Thiam ine hydrochloride 0.5 1 0.1 0.1
G lycine 2 - -

L-glutamine 450 450 2 450

2,4-D ichlorophenoxyacetic acid 1.1 - 1.1 1.1
6-BenzyIam inopurine 0.4 - 0.4 0.4
Kinetin 0.4 - 0.4 0.4

Sucrose 30000 30000 30000 30000
PH 5.7 5.7 5.7 5.7

[* Gupta & Durzan, 1987, ** Gupta & Pullman, 1991]

3.2.4.3 Effects o f culture medium

The effect of two concentrations o f L-glutamine [media 1902-A and -B - Table 3.4] 

on biomass and paclitaxel production was examined for both cell lines, 8 and 19, over 

a seven month period. Six flasks of each of the two cell lines, three in medium A and 

three in medium B, were sub-cultured every fourteen days for 6 months. Fresh 

weight, medium pH and conductivity [mV] were recorded at the time o f harvest. 

Cells were dried as above and re-weighed. Growth was evaluated in terms of a 

growth index;

Fresh wt. at harvest
Growth Index = ----------------------------

Fresh wt. of inoculum
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3.2.5 'Hairy' root cultures of T. baccata 'Fastigiata'

Ten strains of Agrobacterium rhizogenes acquired from a number o f international 

sources were available in the Dept, of Pharmacognosy, School of Pharmacy, TCD 

[Table 3.5], These were maintained on agar-solidified YMB or MYA media [see 

Appendix 14] at 25“C in the dark. For 'hairy' root induction these strains were 

activated by culture for 48 hrs. at 25°C on an orbital shaker at 90rpm in either 100ml 

of Luria broth [for YMB-requiring strains] or 100ml of liquid MYA [for MYA- 

requiring strains]. For infection, non-sterile green stems [5-10cm long] were stripped 

of their lower needles, rinsed with ethanol [70%] for 1 min. and then allowed to stand 

for 10 mins. in the Agrobacterium-containmg liquid medium. On removal, excess 

broth was shaken off and stems were placed in potting compost.

Table 3.5 Agrobacterium rhizogenes strains used for 'hairy' root induction

A. rhizogenes 

Strain

Source M edium

requirem ent
1754 CNRS, Inst. Des Sciences Vegetales, Gif-sur-Yvette, France YMB/Luria broth
15834 CNRS, Inst. Des Sciences Vegetales, Gif-sur-Yvette, France
RI60I University o f Geneva, Switzerland
2659 CNRS, Inst. Des Sciences Vegetales, Gif-sur-Yvette, France
MAFF 03-01724 Tsukuba Med. Research Station, Japan
TRI05 Louisiana State University, USA
8196 CNRS, Inst. Des Sciences Vegetales, Gif-sur-Yvette, France
9042 Norwich, UK
h r ' INRA, Versaille, France MYA

INRA, Versaille, France II

A. Experiment 1: In January 1996, 60 Taxus baccata 'Fastigiata' [Irish yew] twigs 

collected at Mount Anville School, Dublin were infected with Agrobacterium 

rhizogenes strain 9042 [see Table 3.5] Infected stems were wrapped in wet cotton 

wool and initially placed in containers in the tissue culture room before being 

transplanted into pots filled with John Innes No.2 sand-based potting compost in July 

1996 and placed in the greenhouse. All plants were watered as required.

R  Experiment 2 : A second experiment was initiated using fresh shoot material of T. 

baccata 'Fastigiata' collected again at Mount Anville School, Dublin in May 1996 

using the same 10 bacterial strains, 10 shoots per pot and in this case the shoots were 

potted-on immediately after infection and placed in the greenhouse.
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C  Experiment 3 : In October 1996, cuttings were taken from T baccata 'Fastigiata' 

growing at Mount Anville School, Dublin. Non-sterile shoots [x5] were infected with 

one of the 10 Agrobacterium strains and then placed into pots containing a sand- 

based potting compost [John Innes No.2], Pots were maintained in the greenhouse.

^  Experiment 4 : In March 1997 a fourth experiment was set up using cuttings from 

a European yew hedge [T. baccata] located at St.Patrick’s College, Maynooth, Co. 

Kildare. The 10 strains of A. rhizogenes were used to infect the non-sterile stems as 

before. A total o f 5 or 10 individual infected stems were then placed in pots filled 

John Innes No.3 potting compost. One pot was filled per strain o f Agrobacterium 

with the exception of HR* and A'*, which were evaluated in both media. An 

uninfected control was set up for both Luria broth and MYA. Pots were placed in the 

greenhouse.

E. Experiment 5: A similar experiment on a larger scale was initiated in May of 1997 

using cuttings from T. baccata 'Aurea' [Golden yew] collected at Powerscourt 

Gardens, Co. Wicklow. For each of the first eight strains o f Agrobacteria listed in 

Table 3.5, one culture [x 100ml] was used to infect 10 twigs, five of which were 

placed in John Innes No.3 potting compost and five in peat. A total o f five [x 100ml] 

Luria broth and five [x 100ml] MYA cultures were initiated for HR* and A"̂ . Ten 

twigs were infected fi'om each, five were placed in John Innes No.3 potting compost 

and five in peat. Five controls were set up for each of the two culture media. All pots 

were again maintained in the greenhouse.
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C H A P T E R  4 

R E S U L T S  & D I S C U S S I O N



Chapter 4 Results and Discussion

4.1 Taxonomic evaluation of the genus Taxus

The purpose of this study was to examine 33 authenticated species and varieties of 

Taxus to determine whether they could be conclusively identified based on their 

morphological and phytochemical characteristics. Two outlying but closely related 

genera, Cephalotaxus [C. harringtonii and C. fortuneii] and Torreya [T. californica 

and T. nucifera], were also examined for foliar microscopical characteristics and 

paclitaxel content of shoot material.

4.1.1 Macroscopical appearance of Bedgebury yew tree population

The general description of the yew according to 'The Royal Horticultural Society 

[RHS] A-Z Encyclopedia of Garden Plants' (1996) is 'broadly rounded to upright, 

dioecious, evergreen, coniferous, large shrubs or small trees found in forests 

extending from the N. temperate areas to the Philippines and Central America'. As we 

have seen, classification of this genus is difficult since many of the species do not 

differ significantly from each other in their morphology. In fact intraspecific 

variation is frequently more apparent that differences between species. In most cases, 

the needles are linear lanceolate with a pointed apex, generally green with a paler 

underside and are arranged spirally around the stem but can appear two-ranked. 

Young stems are green and take a number of years to become woody. The bark is a 

dark reddish-brown colour and has a distinctly scaly appearance.

For macroscopical evaluation of this population, height was estimated by comparison 

to the known height of a person standing in the foreground of the tree. This method is 

an approximation and where possible the results have been correlated with literature 

values. Generally, varieties are characterised by new growth and therefore, foliage 

colour and arrangement about the stem as well as the presence or absence of a fruit 

and its colour were also noted. Growth habit was described according to the 

guidelines outlined in the 'International Code of Nomenclature for Cultivated Plants' 

(Trehane, 1995).
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1. T. baccata L. [Common or European yew] - a large, pyramidal, female tree, 

480cm in height. Needles are dark green with a pale underside, two-ranked and 

parted either side o f the shoot (RHS A-Z Encyclopedia o f Garden Plants, 1996, 

Vidakovic, 1991). Fruit consists o f a green seed surrounded by a red aril [Fig. 4.1].

Figure 4.1 T. baccata

1 a. T. baccata 'Adpressa Aurea' - a dense, spreading bun-shaped male shrub 

345cm in height. Young needles are bright yellow with a green central strip both top 

and bottom. They are characteristically short and wide with a pointed apex [Fig. 4.2]. 

This concurs with the description o f Dallimore & Jackson (1924).

Figure 4.2 T. baccata 'Adpressa Aurea'
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1 b. T. baccata 'Argentea Minor' - a dwarf male shrub 325cm tall with an arching 

habit. Needles have white margins (Dallimore & Jackson, 1924) and are arranged 

spirally around a yellow shoot [Fig. 4.3],

Figure 4,3 T. baccata 'Argentea Minor'

1 c. T. baccata 'Aurea Aldenhamensis' - a male, globose shrub 390cm in height. 

Needles are predominantly bright yellow (Dallimore & Jackson, 1924) with a narrow 

green band running down the centre [Fig. 4.4],

Figure 4.4 T. baccata 'Aurea Aldenhamensis'

84



1 d. T. baccata 'Barronii' - a large bun-shaped shrub 400cm in height. The young 

needles of this golden variety are yellow with a broad green stripe down the centre on 

the top only. Needles darken as they mature, are two-ranked and parted on either side 

of a bright yellow shoot (Dallimore & Jackson. 1924). The fruit is green and is 

surrounded by a bright red aril [Fig. 4.5].

Figure 4.5 T. baccata 'Barronii'

1 e. T. baccata 'Brevifolia' - a small [190cm] scrawny female bush with sparse 

green foliage. The red aril surrounds but does not completely envelope the green seed 

[Fig. 4.6]

Figure 4.6 T. baccata 'Brevifolia*
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1 f. T. baccata 'Cavendishii' - a low spreading dark green 'dwarf female vareity 

that stands just 100cm in height. The needles are two-ranked along green shoots [Fig. 

4.7],

Figure 4.7 T. baccata 'Cavendishii'

1 g. T. baccata 'Compacta' -  this is a small [250cm] female shrub with a globose 

habit (Vidakovic, 1991), The needles are characteristically small, dark green and 

spirally arranged around green shoots. The fruits, like those of the parent species, are 

bright red [Fig. 4.8],

Figure 4.8 T. baccata 'Compacta'
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1 h. T. baccata 'Contortifolia' - as the name suggests the green foliage of this 

female variety is twisted or contorted. The seeds are green and completely enveloped 

in a fleshy red aril. It has an arching habit and stands 270cm tall [Fig. 4,9].

Figure 4.9 T. baccata 'Contortifolia'

1 i. T. baccata 'Dovastonia Aurea' - a 545cm female tree with horizontally 

spreading branches, long weeping branchlets (Dallimore & Jackson, 1924) and 

drooping shoot tips (Vidakovic, 1991). The needles have yellow margins both top 

and bottom and occur in a two-ranked arrangement along bright yellow shoots [Fig. 

4.10]

Figure 4.10 T. baccata 'Dovastonia Aurea'
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U  IL  baccata ’Elegantissima' - this golden variety is a widely spreading oval, 

male shrub standing 390cm tall. Its pale golden needles have a narrow green strip 

both top and bottom and are spirally arranged around a pale yellow shoot (Dallimore 

& Jackson, 1924) [Fig. 4.11].

Figure 4.11 T. ^acca^a'Elegantissima*

1 k. T. baccata 'Elvastonensis' - another golden variety with an arching habit. This 

male shrub is 205cm in height. The young foliage consists of yellow needles spirally 

arranged around orange/yellow shoots (Vidakovic, 1991) which darken and become 

more like the type species as they mature [Fig. 4.12].

Figure 4.12 T. baccata 'Elvastonensis'



1 1. T. baccata 'Fastieiata' - a columnar or fastigiate variety with a compact habit. 

It is commonly known as the Florencecourt or Irish yew, is female and bears the 

characteristic bright red fruit (Dallimore & Jackson, 1924). The foliage is dense, dark 

green and radially set (Vidakovic, 1991). It stands at 610cm in height [Fig. 4,13].

Figure 4.13 T. baccata 'Fastigiata'

1 m. T. baccata 'Fastigiata Aureomarginata' - similar to 'Fastigiata' this tree has a 

tall [400cm] columnar in habit and produces leaves with yellow margins [Fig. 4.14].

Figure 4.14 T. baccata 'Fastigiata Aureomarginata'
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1 n . T. baccata 'Glauca' - a male tree, oval in shape and 520cm tall. It derives its 

name from the young needles which have a glaucous blue underside which becomes 

green as the leaves mature (Dallimore and Jackson, 1924) [Fig. 4.15],

Figure 4.15 T. baccata 'Glauca'

1 0. T. baccata 'Gracilis Pendula' - a female which stands 425cm tall. This tree has 

a weeping habit [horizontal branches and pendular branchlets (Dallimore & Jackson, 

1924)], light green or glaucous foliage (Vidakovic, 1991) and a red fruit [Fig. 4.16],

Figure 4.16 T. baccata 'Gracilis Pendula'
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JLe. 2L baccata 'Lutea' - a bun-shaped, male shrub [320cm] with foliage similar to 

the parent species. Female selections of this variety bear a yellow fruit (Dallimore & 

Jackson, 1924, Vidakovic, 1991) [Fig. 4.17].

Figure 4.17 T. baccata 'Lutea'

1 q. T. baccata 'Neidpathensis' - a tall [435cm], male, pyramidal tree with green 

leaves radially set on erect branches (Dallimore & Jackson, 1924) [Fig. 4.18],

Figure 4.18 T. Aaccafa'Neidpathensis'

91



1 r. T. baccata 'Pendula' - a female, bun-shaped shrub [195cm] with pendular 

branchlets (Vidakovic, 1991), green radially set leaves and a bright red fruit [Fig. 

4.19]

Figure 4.19 T. baccata 'Pendula'

1 s. T. baccata 'Repandens' - No. 1 - an arching, low-spreading shrub, 290cm in 

height with green leaves radially set about a green shoot. This variety is always 

female (RHS A-Z Encyclopedia of Garden Plants, 1996) and therefore bears a red 

fruit [Fig. 4.20].

Figure 4.20 T. baccata 'Repandens' - No. 1
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1 t. T. baccata 'Repandens' - No. 2 - an arching, low-spreading, female shrub 

which looks much like the 'Repandens' described above and stands just 280cm tall 

[Fig. 4.21]

Figure 4.21 T. baccata 'Repandens' - No. 2

1 u. T. baccata 'Semperaurea' - a golden leaved variety where the golden colour is 

retained throughout the second year (Dallimore & Jackson, 1924). This shrub is a 

broad, globose, female [275cm] bearing a fine harvest of bright red fruits [Fig. 4.22].

Figure 4.22 T. baccata 'Semperaurea'
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1 V.  T. baccata 'Standishii' - this is a narrow, columnar, miniature female selection 

of 'Fastigiata' which produces golden yellow needles (RHS A-Z Encyclopedia of 

Garden Plants, 1996). It stands 270cm tall [Fig. 4.23],

Figure 4.23 T. baccata 'Standishii'

1 w. T. baccata 'Variegata' - an oval-shaped male, 420cm tall. This variety, as the 

name suggests, produces two-toned needles [yellow underneath and along the margins 

of the upper side with a green central strip] and yellow shoots [Fig. 4.24],

Figure 4.24 T. baccata 'Variegata'
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1 X .  T. baccata Washingtonii' - an arching golden female [305cm] producing 

yellow leaves in a two-ranked arrangement along yellow branchlets (Vidakovic, 

1991) [Fig. 4.25],

Figure 4.25 T. baccata 'Washingtonii'

2. T. canadensis Marsh. [Canadian yew] - this is low-growing, male shrub 

which rarely reaches l-2m in height (Vidakovic, 1991). It has a loose, bun-shaped 

habit (Dallimore & Jackson, 1924) and is just 260cm in height. The needles are 

narrow, slightly curved and light green both top and bottom [Fig. 4.26].

Figure 4.26 T. canadensis
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3. T. celebica (Warb.) Li, [also known as T. sumatrana and has been mistaken 

for T. chinensis in the past (Farjon, 1998)] - this is an oval-shaped male shrub with a 

loose habit and stands 340cm in height. The leaves are yellowish green on both sides, 

two-ranked and sparsely distributed along yellow-green shoots (Vidakovic, 1991) 

[Fig. 4.27],

Figure 4.27 T. celebica

4. T. cuspidata Sieb. & Zucc. [Japanese yew] - a globose male tree, 390cm in 

height. The leaves are green with a paler underside (Vidakovic, 1991) and appear 

shorter than other species. They are slightly golden at the needle edge [Fig. 4.28].

Figure 4.28 T. cuspidata
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4 a. T. cuspidata 'Contorta' - a bun-shaped male shrub with a somewhat arching 

habit. This variety stands 410cm tall. It has characteristically twisted or contorted 

light green needles and stems (Dallimore & Jackson, 1924, Vidakovic, 1991) [Fig. 

4.29]

Figure 4.29 T. cuspidata 'Contorta'

4 b. T. cuspidata TMana' - a low-spreading female dwarf form [150cm], This 

variety has short dense green foliage lightening towards the apex and a 'donut' shaped 

fruit [Fig. 4.30].

Figure 4.30 T. cuspidata 'Nana'
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5. T X. hunnewelliana Dallimore & Jackson [r. baccata x T. canadensis] - a 

bun-shaped female shrub with a loose habit and narrow light greenish-yellow radially 

set needles (Vidakovic, 1991) and bright red fruit scattered sparsely throughout the 

branches. It is 265cm in height [Fig. 4.31],

Figure 4.31 T. x  hunnewelliana

6. T X. media 'Hatfieldii' - a tall [480cm] oval shaped female variety with erect 

branches and a looser habit than other varieties of the species T. x media [T. baccata x 

T. cuspidata]. It has olive-green branches and green needles with a paler yellowish 

underside [Fig. 4.32],

Figure 4.32 T. x  media 'Hatfieldii'
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6b. T X .  media 'Hicksii' - similar to the type species, a very tall [640cm] female 

tree with an oval to fastigiate or upright habit similar to the Irish yew (RHS A-Z 

Encyclopedia of Garden Plants, 1996). The needles are greener than those of T. x 

media 'Hatfieldii' [Fig. 4.33]. This species is known for its faster growth rate and 

both varieties examined in this study are considerably taller [480 & 640cm 

respectively] than the other species of the same age [70 yrs ] growing at the same site 

[av. 337cm],

Figure 4.33 T. x  media 'Hicksii'

Generally, the tree heights recorded are lower than the values quoted in Dallimore & 

Jackson (1924), Vidakovic (1991) or the RHS A-Z Encyclopedia of Garden Plants 

(1996). However, it is noteworthy that the tree age is not provided in any of these 

texts so it seems reasonable to assume that the values quoted are maximum recorded 

heights. The trees in the Bedgebury population are approximately 70 yrs. old, which 

is very young in yew terms.

4.1.2 Foliar characteristics

Macroscopical and microscopical foliar characteristics of Taxus, such as needle 

length, width or area, can and have been used as taxonomic tools to help distinguish 

between the large number of morphologically similar species and varieties of this 

genus (Dallimore & Jackson, 1924, Vidakovic, 1991, Namba & Kuginuki, 1994).
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Table 4.1 Foliar characteristics for Taxus and related species ^

Taxus species and varieties Needle
length

|m m|
n=100

Needle
width
|n im |
n=IOO

Needle
area
|m m|
n=100

Stomatal 
pore length 

lnm| 
n=100

Stomatal 
number 
Ipcr nim^l 

n=40

Paclitaxel

|mg/kg|
n=4

T. baccala 21.11±3.76 1.86+0.28 39.75111.01 15.1012.62 91.67112.63 61+7

T. baccala 'Adpressa Aurea' 7.7311.32 1.9110.15 14.8913.29 13.5312.10 91.03115.80 19+2

T. baccala 'Argentea Minor' 16.35+2.57 1.62+0.16 26.5315.29 13.20+2.24 103.98+14.14 53+1

T. baccala 'Aurea Aldenhamensis' 17.1512.57 1.7010.16 29.4216.05 14.7412.45 90.1419.59 19+0

T. baccala 'Barronii' 21.2513.65 1.9210.17 41.0418.94 13.1412.80 108.20121.87 50+1

T. baccala 'Brevifolia' 15.1912.82 1.9210.18 29.4516.90 12.7012.07 119.61 + 16.96 253+5

T. baccala 'Cavendishii' 14.8312.27 1.8210.17 26.9315.16 13.5512.32 94.19+12.51 74+4

T. baccala 'Compacta' 8.4311.79 1.3110.13 11.2113.15 13.9112.56 86.49119.76 146+12

T. baccala 'Contortifolia' 17.1212.65 1.5510.17 26.7315.12 16.2712.42 95.08+16.51 57+1

T. baccala 'Dovastonia Aurea' 16.0212.88 2.1410.18 34.6918.31 14.3912.44 102.53118.23 41+0

T. baccala 'Elegantissima' 16.78+2.83 1.90+0.17 31.98+6.76 14.21+2.45 97.75+12.91 95+2

T. baccala 'Elvastonensis' 22.40+4.59 2.15+0.20 48.35+11.99 14.98+2.39 104.71 + 14.16 196+5

T. baccala 'Fastigiata' 17.0613.51 2.2210.33 37.90110.60 14.9412.50 87.54115.11 159+2

T.baccala' Fastigiata Aureomarginata’ 16.12+3.06 2.13+0.20 34.78+8.71 13.05+2.23 93.29+11.92 134+2

7. baccala 'Glauca' 14.1412.01 1.93+0.15 27.3214.67 14.3112.23 86.5811 1.85 29+3

T. baccala 'Gracilis Pcndula' 19.45+3.75 2.02+0.21 39.34+8.93 14.1212.14 88.76+1 1.34 36+4

T. baccala 'Lutea' 16.07+2.34 1.79+0.19 28.98+5.55 16.00+2.56 91.51111.45 139+1

T. baccala Neidpathensis' 19.4213.98 1.4310.20 27.9017.37 13.7212.38 82.36110.77 93+3

T. baccala 'Pendula' 19.4813.32 1.8510.21 36.0819.61 14.0612.70 95.56114.26 76+6

T. baccala 'Repandens' No.l 20.37±3.47 1.87±0.24 33.64+8.15 14.8312.68 91.11+9.79 73+4

T. baccala 'Repandens' No.2 18.92±3.34 1.77+0.19 38.60110.19 13.91+2.50 110.95114.13 118±6

T. baccala 'Semperaurea' 19.2313.08 1.71+0.19 33.2517.72 18.1812.48 94.7519.92 65±2

T. baccala 'Standishii' 18.58+3.52 1.95+0.22 36.60+9.66 14.2312.00 114.59115.05 164+28

T. baccala 'Variegata' 15.14+2.31 2.00+0.15 30.43+6.15 15.7512.50 91.68+10.74 49+1

T. baccala 'Washingtonii' 19.75+3.61 1.92+0.31 38.59+12.03 13.92+2.25 95.16+12.91 68+4

T. canadensis 21.33+3.58 1.96+0.21 42.08+9.42 13.44+1.97 121.96114.48 106+2

T. celebica 14.7712.64 2.01+0.15 30.01+7.15 14.55+2.44 91.50+10.34 50+1

T. cuspidala 12.7612.00 2.3010.22 29.4116.11 15.2012.50 96.21110.74 41 + 1

T. cuspidala 'Contorta' 20.50+3.75 2.05+0.25 42.25+10.75 13.51 + 1.91 128,93115.85 91+4

T. cuspidala 'Nana' 13.41+2.09 2.18+0.24 29.15+5.32 11.05+2.24 124.47±13.09 82±1

T. X hunnewelliana 16.86+3.23 2.1010.27 35.3919.06 12.2612.07 121.72111.34 166+8

T. X media 'Hatfieldii' 20.17+3.14 1.90+0.15 38.6618.05 14.15+2.72 117.99+17.00 47+1

T. X media 'Hicksii’ 19.71+3.25 1.9210.15 38.2117.89 15.61+2.65 93.70+9.41 134+5

Cephalolaxus harringlonii 18.86+2.38 107.55+11.99 0+0

Cephalolaxus forluneii 20.0212.45 103.58113.61 0+0

Torreya californica 28.0313.13 77.61+8.70 0+0

Torreya nucifera 0+0
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t  For raw data and statistical analyses see Appendices 1 - 3



The needle lengths, widths and areas of the 33 taxonomically verified Taxus species 

and varieties and four species of two related genera [Cephalotaxus & Torreya] 

evaluated in this study are presented in Table 4.1. When T baccata was taken as the 

control, variation between the needle widths for each of the varieties [P<0.0001] and 

species [P<0.0001] was highly significant. Similarly, analysis of variance indicated 

that the differences between mean needle lengths [?<0.0001] and mean needle areas 

[?<0.0001] were also significant. The taxonomic value of each individual parameter 

was minimal due to the large numbers of overlapping results. However, needle length 

appeared to be the most usefiil measurement for taxonomic purposes as differences 

were more apparent and therefore more easily evaluated [Fig. 4.34].
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Figure 4.34 Needle lengths of species and varieties of Taxus ^
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Needle length has been used in other classical morphological taxonomic evaluations 

(Dallimore & Jackson, 1924, Vidakovic, 1991, Namba & Kuginuki, 1994 & van 

Rozendaal et a i ,  1999) and can be used to determine needle area [see Fig. 3.7].

Varieties o f T. baccata such as 'Adpressa' or 'Compacta', which had very short 

needles, and 'Elvastonensis', which had very long needles, may account for the high 

degree o f  significance between the sample means. However, even with these polar 

values removed, variation was considered extremely significant [P<0.0001].

Interestingly, when the sample means o f  each pair were compared [Dunnett Multiple 

Comparisons Test], T. x  hunnewelliana was the only species o f  the eight examined 

which did not differ significantly from T. baccata [average value] in terms o f needle 

length [P>0.05]. T. x  hunnewelliana is a hybrid species known to exhibit the 

characteristics o f both o f its parents, T. baccata and T. canadensis. Using the same 

test, a similar lack o f  significant variation [P>0.05] was observed for the two varieties 

o f  T. X media ['Hatfieldii' and 'Hicksii'] in this study, showing that within certain 

species, especially those with a small number o f varieties, levels o f  intraspecific 

variation can be low.

In 1924, Dallimore & Jackson determined a range for needle lengths for a small 

number o f  varieties o f  T. baccata as well as T. canadensis, T. cuspidata, T. brevifolia 

and T. chinensis. They also reported a range for the widths o f a limited number o f 

species and varieties. A more recent evaluation o f  the genus Taxus reported expected 

needle widths and lengths for a large number o f species and varieties (Vidakovic, 

1991). In the Dallimore study, the Common yew, T. baccata, was shown to have a 

needle length within the range 12.50-31.25mm. In our study T. baccata had a mean 

needle length well within this range [21.11±3.76mm] and a mean needle width 

[1.86±0.28mm] well within the range quoted by Vidakovic [2-2.5mm]. This value is 

also similar to the value cited in Namba & Kuginuki (1994) [20 x 2mm]. The small- 

leafed variety o f  the Common yew, 'Adpressa', was evaluated by both Dallimore & 

Jackson [6.25-12.50mm] and Vidakovic [5-9 x 2-4mm]. The variety examined in our 

work was T. baccata 'Adpressa Aurea' or the golden-leafed form o f the same variety 

and, as expected, the result [7.73+1.32 x 1.91±0.15mm] fell well within
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the expected range. T. baccata 'Brevifolia' is often confused with the species o f  the 

same name, T. brevifolia, the Pacific yew. In his book, 'World Checklist and 

Bibliography o f  Conifers' (1998), Farjon suggests that these designations refer to the 

same plant, identified by him as the species, T. brevifolia. In this instance the mean 

needle length [15.19±2.82mm] for T. baccata 'Brevifolia' was significantly above that 

expected by Dallimore & Jackson for this variety [rarely above 12.5mm] but 

coincides with the length expected by Vidakovic [up to 20mm] for the species o f  the 

same name, T. brevifolia. There is evidence to suggest therefore, that this tree may 

have been incorrectly identified and may in fact be T. brevifolia. As this species and 

variety are often considered synonymous (Farjon, 1998), it may not be a case o f 

misidentification but rather misnomenclature. An illustration o f the tree in question, 

presented in Fig. 4.6, showing its growth habit would suggest that it is T. brevifolia 

[understorey shrub, very small in stature and exhibiting poor growth]. The needles o f 

T. baccata 'Compacta' also had comparable dimensions [8.43 x 1.3 1mm] to those 

expected by Vidakovic for the same variety [5-10 x 1-1.5mm]. Vidakovic also 

examined the needles o f  T. baccata 'Dovastonia' and 'Fastigiata' [20-35mm & 20- 

30mm long, respectively]. In these cases our result fell just below or at the lower end 

o f  the expected ranges [16.02±2.88mm & I7.06±3.51mm respectively]. The mean 

needle length o f  T. baccata 'Semperaurea' [19.23±3.08mm], on the other hand, fell at 

the upper end range cited by Vidakovic [10-20mm].

A number o f  different Taxus species were also included in our study [see Table 4.1] 

and the results correlate well with those obtained by both Dallimore & Jackson (1924) 

and Vidakovic (1991). T. canadensis needle dimensions were expected to fall within 

the range 12.50-18.75mm in length and 1.56 - 2.08mm in width by Dallimore and in 

the range 13-20 x 0.5-2mm by Vidakovic. Our mean value was at the upper end o f 

this range [21.33±3.58 x 1.96±0.21mm], T. cuspidata had an average needle length o f 

12.76±2.00mm and an average width o f  2.30±0.22mm. These results are at the lower 

end o f the range reported by either Dallimore & Jackson [12.50-25.00 x 2.08- 

3.125mm] or Vidakovic [15-25 x 3mm]. However, our result for T. cuspidata 

'Contorta' [20.50±3.75mm] is at the upper end o f  the ranges stated above. It is 

possible in this case that the varieties o f  T. cuspidata v/ere not correctly identified. T. 

cuspidata 'Nana' had a smaller than expected needle length [13.41±2.09mm] but a 

needle width [2.18±0.24mm] very close to the value quoted in Namba & Kuginuki
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(1994) [20 X 2.2mm]. Finally, Dallimore & Jackson report the Chinese yew, T. 

chinensis to have an expected needle length o f 12.50-25.00mm and a width o f  2.08- 

3 .125mm. One o f  the species examined in our study, T. celebica, is also known as the 

Chinese yew. The needle length and width determinations for T. celebica 

[14.77±2.64 X 2 .0 1±0.15mm] lay within the expected range for the Chinese yew 

examined by Dallimore & Jackson. However, the needles o f T. celebica itself were 

examined in the work o f Vidakovic [12-40 x 2-2.5mm] and our own sample fell well 

within this expected range. T. celebica is now widely accepted as another name for T. 

siimatrana, but it has been mistakenly used to describe T. chinensis (Farjon, 1998).

Recently, a multiple data-set taxonomic study which examined the needle 

morphology o f 66 varieties o f T. baccata, T. cuspidata and T. x  media, identified five 

distinct groups based on one main differentiating physical feature (van Rozendaal et 

a i ,  1999):

Aurea group: variegated T. baccata cultivars 

Media group: cultivars ascribed to T. x  media 

Wild group: wild trees and cultivars

Nana group: mainly dw arf plants and other deviating cultivars 

Fastigiata group: cultivars belonging to T. baccata

Direct comparison o f the above data to our own is o f limited value as our study 

evaluated needle dimensions only. Nevertheless, a number o f  interesting comparisons 

can be made. The 'Nana group' identified by van Rozendaal included T. baccata 

'Compacta' and T. cuspidata 'Nana', both o f which featured at the lower end o f  the 

needle length scale [8.43±1.79 & 13.41±2.09mm respectively] in our study. 

Interestingly, T. baccata 'Adpressa' [the golden variety], a dw arf form which had the 

smallest recorded needle length in our work [7.73± 1.32mm], was notably absent fi'om 

the 'Nana group' in the van Rozendaal study. This group also identified a group 

composed mainly o f  T. x  media cultivars and, although only two varieties o f  T. x  

media were examined in our work ['Hatfieldii' & 'Hicksii'] their needle lengths were 

considered statistically similar [20.17±3.14 & 19.71±3.25mm, respectively]. Finally 

the needle lengths recorded for each the three fastigiate varieties examined in our 

study ['Fastigiata', 'Fastigiata Aureomarginata' and 'Standishii'] also exhibited 

considerable overlap, supporting the assertion by van Rozendaal that these varieties 

belong in a distinct group, the 'Fastigiata group'.
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4.1.3 M icroscopical characteristics

Microscopically, the structure o f  the needle epidermis, and more specifically the 

stomata, is considered the most valuable features in the differentiation o f conifers 

(Florin, 1951). Coniferous stomata are deeply sunken and surrounded by guard cells. 

These guard cells are overarched by subsidiary or other epidermal cells (Esau, 1965). 

They are arranged in regular lines along either side o f the main vein and occur on both 

the upper and lower leaf surfaces. In contrast, the stomata o f  all Taxiis species and 

varieties showed a random distribution on the abaxial surface only. The stomatal 

apparatus itself has an atypical morphology compared to the other species and genera 

in the Coniferae. There are four enlarged subsidiary epidermal cells arranged in a 

circle around the stomatal pore, obscuring the pore itself and the guard cells. This 

unique arrangement is known as a Florin's ring (Florin, 1931) [see Figs. 3.8 &  4.35]. 

These fmdings are in agreement with previous work on the microscopical features o f 

T. baccata (Nicolosi et al, 1982, Di Sapio et al, 1997). In contrast, the microscopical 

features o f both Cephalotaxus and Torreya were much more similar to other members 

o f  the Coniferae. The stomatal bands were linear and the stomata were deep sunken 

and oblong in shape. The number o f surrounding epidermal cells was considerably 

greater in Torreya than in Cephalotaxus. Fig. 4.35a-c illustrates the lower epidermal 

characteristics and stomatal arrangements o f  T. baccata Tastigiata', Cephalotaxus 

fortuneii and Torreya nucifera. The apparent qualitative differences between the 

genera are abundantly clear from these pictures.

For the purpose o f  this work, stomatal pore lengths for all Taxus samples were 

measured as the diameter o f the distinctive Florin's ring. The differences between the 

mean values for all samples o f  T. baccata were considered extremely significant 

[P<0.0001]. Variation in stomatal pore length among the other species examined was 

also significant [P<0.0001]. However, comparison o f each o f  the individual species 

with T. baccata [15.10±2.62|im] using the Dunnett Multiple Comparisons Test, 

showed that T. cuspidata 'Nana', T. cuspidata 'Contorta' and T. x  hunnewelliana were 

the only species which differed significantly fi'om T. baccata in terms o f stomatal 

pore length [P<0.001 in each case]. Again, due to high levels o f  intraspecific 

variation these differences were o f little value taxonomically.
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Figure 4.35

(a) T. baccata 'Fastigiata'

(b) Torreya nucifera

(c) Cephalotaxus harringtonii

Stomatal arrangement of Taxus and related genera
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The average stomatal pore length for the genus Taxiis [14.26)im] was smaller than the 

average pore lengths o f either of the two the allied genera, Cephalotaxus [19.44|^m] 

and Torreya [28.03p.m], indicating the possible taxonomic value of stomatal pore 

lengths at a generic level [see Table 4.1], However, this would need to be 

substantiated in a more comprehensive study using larger sample numbers and 

including other closely related genera such as the other members o f the Taxaceae.

Stomatal numbers also varied significantly among all samples examined. Both intra- 

[P<0.0001] and interspecific [P<0.0001] variation were considered extremely 

significant. Comparison of the sample means o f each o f the species to the sample 

mean o f T. baccata showed that all but three o f the species examined [T. celebica, T. 

cuspidata and T. x  media 'Hicksii'] differed significantly from T. baccata with regard 

to stomatal number. The value for Torreya [76.61±8.70 per mm^] was considerably 

lower than for the other genera evaluated [Taxiis - 100.17 per mm^, Cephalotaxus - 

105.57 per mm ] [see Table 4.1]. The values recorded for Taxus and Cephalotaxus, 

were considerably lower than those reported by Namba & Kuginuki (1994) [81.79 & 

134.26 per mm^ respectively]. However, no information was available on the number 

of samples examined for each species in this study so direct comparison is difficult. It 

is worthy of note that this study was carried out on yew trees growing in Japan where 

the local environmental conditions may influence the expression o f stomata on the 

leaf surface.

All parameters measured showed significant interspecific and intraspecific variation. 

However, the high level o f intraspecific variation, which in most instances was equal 

to or greater than interspecific variafion, indicated that morphological examination 

alone was inadequate as a means o f accurate taxonomic classification.

4.1.4 n-Alkane profiles of cuticular wax of Taxus species and varieties

The chemotaxonomic significance o f leaf wax «-alkanes has been known since the 

early 1960's (Eglinton et a l,  1962). «-Alkane patterns have been shown to vary with 

age and environmental effects (Herbin and Robins, 1969; Wilkinson, 1972). Herbin 

and Robins showed that with elimination of these variables, alkane patterns could, for 

certain plant families or genera, be used as reliable criteria for taxonomic purposes.
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However, work by Corrigan et al. (1978a) on Galium  and Asperula  species showed 

that this was not a universal phenomenon and for certain genera, age and geographic 

location, among other factors, were unimportant. In our work these variables were 

eliminated [by sampling trees o f  approximately the same age from one location] as 

there is no evidence to either prove or disprove the effects o f  these parameters on the 

needle wax profiles o f  Taxus species. Generally, n-alkanes are relatively simple 

compounds, which are universally present in cuticular leaf wax and are relatively easy 

to isolate and analyse.

Erdtman et al. (1956) looked at the use o f  chemical constituents as a means o f  

classification o f  conifers, but concluded that the differences in leaf wax profiles for 

this family were not adequate for use as chemotaxonomic criteria. However, their 

work concentrated on the complete wax profile rather than on one class o f  wax 

constituent, such as the saturated hydrocarbons. Since then, the chemotaxonomic 

value o f  hydrocarbon profiles has been demonstrated for a number o f  families such as 

the Solanaceae (Zygadlo et al., 1994), the Labiatae and related families (Maffei, 

1994) and the Crassulaceae (Stevens et al., 1994). More recently the 

chemotaxonomic value o f  leaf wax «-alkanes has been demonstrated for the 

Compositae at both generic and species level (M affei, 1996).

Despite extensive research in the area, little has been published on the taxonomic 

value o f  these compounds in conifers. Herbin and Robins (1968) examined the leaf 

wax 77-alkanes and co-hydroxy acids o f  some members o f  the Cupressaceae and 

Pinaceae. They identified C33 [tritriacontane] as the dominant «-alkane in the 

Cupressaceae but concluded that «-alkane profiling was o f  no taxonomic value for the 

absolute identification o f  species within this family. In contrast, the Pinaceae only 

exhibited a feeble dominance o f  either C27, C29 or C31 which likewise showed a lack 

o f  clear species differentiation. However, a later study o f  the Cupressaceae which 

compared the relative proportions o f  minor alkane constituents expressed as ratios, 

successfully utilised /?-alkanes as chemotaxonomic markers (Dyson & Robins, 1968). 

Tulloch & Bergter (1981) confirmed the findings o f  Herbin when they idenified C33 

as the predominant «-alkane in the leaf wax o f  Juniperus scopulorum , a species o f  the 

Cupressaceae family.
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+ For raw  data see A ppendix 4
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The present study examined Taxus needle wax for the presence of fifteen odd- and 

even-numbered «-alkanes [C21-C38]. For both species and varieties, the odd numbered 

«-alkanes were dominant, with C27, C29, C31 and C33 occurring in the highest 

concentrations. A similar pattern has been reported for the genus Pinus (Herbin & 

Robins, 1968), a closely related family of the order Coniferales. The «-alkane profiles 

for all samples examined are presented in Fig. 4.36 . Results were calculated by 

internal normalisation and are expressed as a relative percentage of the total wax 

analysed. In all but one of the samples tested, n-alkanes in the range C30-C33 

accounted for more than 85% of the total «-alkanes in the sample [in the range 

evaluated] and results shown in Fig. 4.36 apply to these alkanes only.

In each case, C31 was the dominant alkane followed by C33. T. celebica was the only 

species examined which exhibited co-dominance of C31 and C33 [F ig. 4 .37]. This 

species differed significantly from the others examined, not only in terms of its n- 

alkane profile but also in terms of the overall percentage of n-alkanes in the sample 

[70% - compared to >85% in all other samples].
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Cuticular wax analysis of a number of other conifers showed C29, C31 or C33 to be the 

the major n-alkane component (Borges Del Castillo et a l,  1967). This study included 

Torreya nucifera, a member of the Taxaceae, which contained C27 and C29 as the 

major constituents. Generally, C31 is the most commonly occurring «-alkane in higher 

plants but has not previously been shown to be the primary component in any

t  For raw data see Appendix 4
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member of the Conifereae. In Juniperus, C33 is the main Aj-alkane component (Herbin 

and Robins, 1968, Tulloch and Bergter, 1981). In Pinus the principal «-alkanes are 

C2 7 , C2 9 , C31 or C33 (Herbin & Robins, 1968) and in Picea, the major /?-alkane is C27  

(Corrigan et a i,  1978b). All of these genera are also members of the order 

Coniferales.

Our results indicated that T. celebica may be distinguished from the other species and 

varieties in terms o f its cuticular wax /?-alkane distribution. However, no statistically 

significant differences existed between the other species and varieties examined. It is 

probable that there is a basic genetic control over the composition of «-alkanes in the 

cuticular wax o f Taxus species as profiles were similar for practically all species 

examined despite the elimination o f other external sources o f variation. Overall, the 

evidence suggested that Az-alkane profiles alone were inadequate as taxonomic 

fingerprints for the genus Taxus although a study using larger sample numbers may be 

more diagnostic.

However, cuticular wax does contain a large number o f other constituents which 

could be measured in conjunction with or as an alternative to the «-alkanes for the 

successful taxonomic evaluation of Taxus. These compounds include co- 

hydroxyalkanoic acids, which have been used in conjunction with «-alkanes for the 

taxonomic evaluation of Picea (Corrigan et al., 1978b), «-alkyl esters, n-secondary 

alcohols, ^-primary alcohols, «-fatty acids and y3-diketones.

4.1.5 Paclitaxel content

All varieties and species o f Taxus examined contained paclitaxel, confirming them as 

authentic yews. The specimens in this population were harvested at the same time of 

year [July 1997] using the same harvesting protocol, fi'om one location [Bedgebury 

National Pinetum, Kent] and all 33 trees sampled were approximately the same age 

[ca. 70 yrs.]. Thus, variation attributable to age, geographic or physical environment 

and harvesting protocols was eliminated as external sources of variation have been 

shown to influence paclitaxel levels in a number o f other studies (Kelsey and Vance, 

1992; Wance et al., 1994; Griffin and Hook, 1996; El Sohlye/a/., 1997a).
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Paclitaxel concentration [Fig. 4.48] ranged from 19mg/kg in T. baccata 'Aurea 

Aldenhamensis' and T. baccata 'Adpressa Aurea' to 253mg/kg in T. baccata 

'Brevifolia'. This is an unusually high level of paclitaxel, comparable to the 

concentrations found in the bark [200mg/kg] (Wani et al., 1971), and shoots [10- 

330mg/kg dry wt.] (Wheeler et al., 1992) of the species, T. brevifolia. This, like the 

needle morphology, casts doubt upon the true identity of this tree, van Rozendaal et 

al. (2000) examined a T. baccata 'Brevifolia', possibly collected at Bedgebury also, 

and obtained a high paclitaxel content [approx. 170mg/kg] when compared to other 

species and varieties examined.
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Figure 4.38 Paclitaxel content of species and varieties of Taxus from 

Bedgebury National Pinetum, Kent ^

Variation between species was also broad, ranging from 41 mg/kg in T. cuspidata to 

166mg/kg in T. x hunnewelliana. Interestingly, neither species of T. x media 

examined ['Hatfieldii' - 47mg/kg and 'Hicksii' - 134mg/kg] had a paclitaxel yield
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intermediate between the parent species, T. baccata [61 mg/kg] and T. cuspidata 

[41mg/kg], This was true also o f T. x  hunnewelliana, which had a paclitaxel content 

o f  166mg/kg, higher than the paclitaxel levels detected in either parent [T. baccata - 

as above & T. canadensis - 106mg/kg]. Analysis o f variance indicated that variation 

between the mean paclitaxel concentrations o f varieties o f T. baccata [P<0.0001] was 

considered extremely significant. However, variation between the species was also 

significant [P<0.0001], Unfortunately, such high levels o f inherent intraspecific 

variability limits the chemotaxonomic value o f paclitaxel concentration. This is in 

line with previously published data, which also showed that paclitaxel concentration 

varied significantly both within populations and within species (Wheeler et al.., 

1992).

A more comprehensive study which examined the needles o f  different Taxus species 

for paclitaxel and related taxoids showed an average paclitaxel content in T. baccata 

cultivars [x473] o f  63mg/kg (van Rozendaal et al., 2000) which is similar to our own 

average value [91mg/kg]. Interestingly, this group collected samples from Bedgebury 

National Pinetum, UK [xl38] and obtained an average paclitaxel content for these 

trees o f  113mg/kg. Standard deviations varied between 4 and 420% probably due in 

part to the large population sizes and in part to the inherent high level o f variability 

associated with paclitaxel content in Taxus generally. Unfortunately, as the date o f 

this collection was not available, direct comparison with our own Bedgebury samples 

is merely speculative. However, the total average paclitaxel concentration in our own 

population [90±55mg/kg] was close to that obtained by van Rozendaal [113mg/kg] 

and the ranges are also comparable [26-285mg/kg & 19-253mg/kg respectively].

van Rozendaal and his research group (1999) also invesfigated the taxonomic value o f 

total taxane content. Significant differences were shown to exist between the species 

examined but these differences were inconsistent with the morphological data for the 

same sample set. Chemotaxonomically, van Rozendaal and co-workers related T. 

celebica most closely to T. x  hunnwelliana and T. cuspidata and recognised T. 

brevifolia, due to its high content o f brevifoliol, as most significantly distinct fi"om 

other species. In this present study, high levels o f variation [P=0.0001] were observed 

between the species when T. baccata 'Brevifolia' was included as a 'species' [as 

indicated by the morphological taxonomy]. Statistical analysis showed that this tree 

was consistently distinct from the other species in terms o f  paclitaxel content. This
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indicates that paclitaxel may be of some chemotaxonomic value at a species level but 

a much larger study would need to be carried out to confimi this.

As expected, neither of the two species of the two allied genera contained any 

paclitaxel [Cephalotaxus & Torreya]. van Rozendaal et al. (2000) confirmed the 

absence of paclitaxel in both Cephalotaxus species and Torreya californica as well as 

three other species from the Taxaceae, Torreya grandis, Amentotaxus formanosa and 

Pseudotaxus cheinii. There is evidence from one study to suggest that Torreya 

californica does contain low levels of paclitaxel (Nemeth-Kiss et a l,  1996) but this 

has not yet been confirmed in any other publication.

4.1.6 Discussion

The taxonomy of the genus Taxus is extremely complicated. Microscopical and 

macroscopical examination o f the needles showed that only very minor morphological 

differences exist between the various species and varieties. In contrast, chemical data 

varied significantly, both inter- and intraspecifically.

A number of tentative conclusions can be drawn from our work. Despite the fact that 

significant differences were found to occur between all the samples examined, no 

single feature o f taxonomic value was identified. Furthermore, no correlation 

appeared to exist between any possible classification based on morphological 

evidence and those based on chemical data. For example, T. baccata 'Compacta' and 

T. baccata 'Adpressa Aurea' are both described as 'Dwarf forms of yew (Dallimore 

and Jackson, 1924, van Rozendaal, 1999) and as expected, were significantly smaller 

in stature and had significantly smaller needle lengths than the other species and 

varieties examined. However, chemotaxonomically they were indistinguishable. In 

contrast, T. celebica had a unique n-alkane distribution but was macroscopically and 

microscopically almost identical to the other species and had a paclitaxel yield 

[50mg/kg] which fell well within the concentration range [19-253mg/kg] obtained for 

the Taxus species and varieties examined in this study. However, since only one 

sample of each species was examined, it is not possible to make any definite 

taxonomic claims on the value o f any of these parameters.
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It is worthy of note at this stage that high levels of disagreement on the taxonomy o f 

this genus and few available sources of authenticated material make larger more 

comprehensive studies difficult. On the whole however, our results appear to support 

the view that, taxonomically, the genus Taxus should be considered monospecific and 

that what are currently assumed to be different species are in fact different forms 

which have adapted in different ways to their own geographical environments. It may 

also be useful to input these results into a computer program which would interpret 

the data as a whole and highlight any potential merit in evaluating two or more of 

these data-points together.

Overall, morphological and chemotaxonomic evaluations do have a role to play in 

distinguishing between the genera o f the Taxaceae and allied families. The leaf 

surface microscopy, including stomatal arrangement, stomatal number and stomatal 

pore size, of both Torreya and Cephalotaxus was much more conifer-like than Taxus. 

Both genera are readily distinguishable from Taxus in this way [see Fig. 4.35]. 

Chemotaxonomically, Taxus is known to be characteristic among the Taxaceae as it is 

one of two genera which produce the anti-cancer drug paclitaxel. The only other 

member of the family known to contain paclitaxel is Austrotaxus (Gueritte-Voegelein, 

1987), a monospecific genus indigenious to New Caledonia and the Zhejiang 

Province in China. Obviously, the allied genera, Torreya and Cephalotaxus, were 

chemically distinguishable from Taxus as neither contained paclitaxel.

Further work, such as molecular RNA and DNA analyses, has much to offer this 

complex and so far unresolved problem. The limited number of molecular studies 

which have already been carried out (Li, 1997) have concentrated on the phylogeny of 

the Coniferales and the Taxaceae rather than on the genus Taxus itself One very 

small study on yew trees growing in China confirmed the monospecificity o f the 

genus Taxus (Zhou et al., 1998). Unfortunately, there is a tendency to assume that the 

results from molecular biological studies will provide the definitive answer, but these 

experiments, like morphological and chemical studies in the past, often make the 

assumption that molecular evolution is both consistent and reliable! As this is 

unlikely to be the case, the merits o f using multiple data-set analysis should not be 

overlooked.
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4.2 V ariation  in paclitaxel content

4.2.1 Mature trees growing in Ireland

4.2.1.1 Effect o f geographic location on the paclitaxel content o f T. baccata

Collections were made from twenty six European yew trees [T. baccata] at four 

locations in Ireland in early 1996 [Table 4.2].

Table 4.2 Variation in paclitaxel content of T. baccata growing in Ireland ^

Species Site Paclitaxel

|m g/kg|

T. baccata Ballyduff No. 1 178±19
tl Ballyduff N o.2 106±3
II Ballyduff N o.3 15±1

T. baccata Glengaira Wood No. 1 20±3
II Glengarra Wood N o.2 47±5
II Glengarra Wood N o.3 7±1
II Glengarra Wood N o.4 6±1
II Glengarra Wood N o.5 7±1
II Glengarra Wood N o.6 6±1

T. baccata Jenkinstown No. 1 29±4
t l Jenkinstown N o.2 53±1

T. baccata Muckross No. 1 18±2
11 Muckross N o.2 58±3
II Muckross N o.3 52±2
II Muckross N o.4 54±6
II Muckross N o.5 20±2
II Muckross N o.6 62±6
II Muckross N o.7 66±5
II Muckross No. 8 29±2
II Muckross N o.9 49±I0
II Muckross No. 10 21±2
II Muckross No. 11 113±4
II Muckross No. 12 23±3
II Muckross No. 13 114±8
II Muckross No. 14 31±2
II Muckross No. 15 95±4

Variation within each population was significant [P<0.0001] but between population 

means, the degree o f  significance was considerably reduced [P=0.0274]. The highest 

mean paclitaxel yield was recorded in Ballyduff, Co. Waterford [lOOmg/kg], a south 

eastern location. From a climatic point o f  view, easterly locations are less exposed to 

heavy rain and strong winds, which in Ireland are predominantly caused by the G ulf 

Stream. This cool prevailing North Atlantic wind, which has its greatest impact on
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the West coast, is forced to higher altitudes by the mountain ranges through Kerry, 

Galway, Mayo and Donegal resulting in higher rainfall in these areas. Ballyduff was 

also the location o f the highest yielding individual tree [178mg/kg] in this study. In 

addition, this was the highest paclitaxel yield recorded for any European yew growing 

in Ireland.

4.2.1.2 Effect o f geographic location on the paclitaxel yield o f  Irish yew

In May 1996, twenty seven individual Irish yew {T. baccata 'Fastigiata'] trees were 

sampled from seven different locations around Ireland [Table 4.3].

Table 4.3 Geographic variation in paclitaxel content of Irish yew ^

Variety Site Paclitaxel

Img/kgl

T. haccata 'Fastigiata' Cork 59±4
II II 65±4
II II 59±3
II II 54±3

T. haccata 'Fastigiata' Dundalk 101±15
II " 63±2
II II 86±4
II " 95±2

T. baccata  'Fastigiata' Galway 51±2
II It 102±3
II II 88±5
n tl 65±2

T. baccata  'Fastigiata' Kerry 64±17
t t II 64±8
II It 87±1
t l It 55±3

T. baccata  'Fastigiata' Mullingar 47±8
II II 115±15
II II 80±9
II tl 86±11

T. baccata  'Fastigiata' Sligo 68±6
II tl 50±6
»» II 41±5

T. baccata  'Fastigiata' Wexford 55±3
fl It lOOilO
t l " 87±12
t l " 88±13

Four trees were sampled at all but one o f the locations, where three were sampled 

[Sligo]. All collections were made over a two-day period to eliminate seasonal 

effects. As expected, considerable variation existed within each population sampled 

[x4]. Analysis o f variance [ANOVA] indicated that within each population [x4] 

variation was very significant [P<0.0001], However, analysis o f the mean paclitaxel
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content for each location [Fig. 4.39] showed no significant differences between them 

[P=0.1704].
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Figure 4.39 Variation in paclitaxel content of Irish yews growing at different 

locations in Ireland ^

Variation in paclitaxel content did not appear to correlate with degrees of either 

longitude or latitude. However, the samples which contained the highest mean 

paclitaxel contents [86mg/kg, 83mg/kg and 82mg/kg] came from the three most 

easterly locations [Dundalk, Wexford and Mulligar respectively]. This concurs with 

the same trend observed for T. baccata growing in Ireland and may again be due to 

the inherent climatic differences between these two areas. Both Dundalk and 

Mullingar are inland locations whereas Wexford is coastal. However, in European 

mainland terms, all locations in Ireland would be considered close to the sea. 

Differences in soil type could also be expected to influence paclitaxel production 

based on evidence from a separate study carried out using Irish yew trees [see Section 

4.4] but the results here suggested that it did not. The total average paclitaxel yield 

for the population was 73mg/kg. This concurs with both previous work on the Irish 

yew collected in May 1993 [71±8mg/kg - GriflTin & Hook, 1996] and with T. baccata 

'Fastgiata' collected in May 1996 [93± 11 mg/kg] as part of the seasonal study 

described below [see Section 4.2.1.6],
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4.2.1.3 Effect of variety o f T. baccata on paclitaxel content

A number of different varieties of T. baccata were collected from Powerscourt 

Gardens Arboretum, Co.Wicklow in April 1996 [Table 4.4].

Table 4.4 Paclitaxel content of 9 varieties of T. baccata ^

SpeciesA^ariety Gender Paclitaxel

|m g/kg|

T. baccata Male 58±10
T. baccata Female 115±20
T. baccata  'Adpressa' Female 78±21
T. baccata  'Aurea' Male 101±5
T. baccata  'Dovastonia' No. 1 Male 53±8
T. baccata  'Dovastonia' N o.2 Male 74±17
T. baccata  'Fastigiata' Female 95±13
T. baccata  'Lutea' Female 93±9
T. baccata  'Unknown' Male 82±4

In this study, all varieties of T. baccata contained levels of paclitaxel comparable to 

those found in the parent species. Male trees generally contained less paclitaxel 

[74±19mg/kg] than females [95±15mg/kg], although this was not statistically 

significant. The highest yielding variety was T. baccata Aurea' or the Golden yew. 

This variety is characterised by its bright yellow foliage and has been th o u ^ t to 

contain less paclitaxel than the darker green varieties (Griffin, 1995). T. baccata 

Tastigiata' also contained a relatively high level o f paclitaxel as expected based on the 

results of the seasonal study [241 mg/kg dry wt. of shoot collected in April - see 

Section 4.1.2.6].

4.2.1.4 Miscellaneous collections

A number of other individual trees and hedges were also sampled during the course of

this work [Table 4.5]. These collections represent a variety o f factors. The Weir

hedge [approx. 260cm in height and 100cm wide] is a good example o f a well-

established European yew hedge [ca. 30yrs. old] which has been clipped annually

[both front and back] in August o f each year. Both the Kilmacurra and Maynooth

trees were evaluated to assess the impact o f age on paclitaxel content. The Maynooth

tree is reputed to be the oldest European yew tree in Ireland [708 yrs. 6 mths.]. The

Maynooth hedge is another fine example o f a European yew hedge that has been

carefially pruned and well maintained. Saxegothea conspicua, commonly known as

Prince Albert’s yew and once included in the Taxaceae, was analysed to determine
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whether it contained paclitaxel. Surprisingly, a compound with the same retention 

time as paclitaxel was present in two of the four extracts of Saxogothaea conspicua. 

It is very doubtful that this compound was in fact paclitaxel but lack of research time 

prevented further investigation of this compound.

Table 4.5 Miscellaneous trees and hedges sampled in Ireland ^

Species Date of 

Collection

Site Paclitaxel

|m g/kg|

T. baccata Aug. 1996 Weir's, Ballyboden, Dublin 91±2
T. baccata Oct. 1996 Kilmacurra, Co. W icklow 19±1
Saxogothaea conspicua Oct. 1996 Kilmacurra, Co. W icklow 5±6
T. baccata  [hedge] Mar. 1996 Maynooth, Co. Kildare 44±I
T. baccata  [tree] Mar. 1996 Maynooth, Co. Kildare 70±1

The Weir hedge at Ballyboden had the highest paclitaxel yield o f the four European 

yews in this group. The paclitaxel content of the Maynooth hedge was only half that 

of the Weir hedge, despite the fact that both were European yew hedges which had 

been pruned annually. Differences in other environmental factors such as soil type or 

light and shade conditions [which were also investigated as part o f this research - for 

detail see Sections 4.3 & 4.4] may account for this variation. The 'old' tree at 

Kilmacurra [19mg/kg] had a very low yield compared to the 'old' tree at Maynooth 

[70mg/kg]. Evidence exists to suggest that paclitaxel concentration is higher in older 

needles (Nemeth-Kiss et al., 1996) but only one of our sample group o f two 'old' trees 

supported this theory. However, the Maynooth tree was harvested in March, one of 

the optimum months to harvest for paclitaxel according to the seasonal evaluation of 

the Irish yew [see Section 4.2.1.6] while, in contrast, the Kilmacurra tree was 

harvested in October. The paclitaxel content o f all four species o f T. baccata 

examined in this section fell well with the range observed for European yews growing 

in Ireland [6-178mg/kg] [see Section 4.2.1.1],

4.2.1.5 Heritability of paclitaxel content from parent to progeny

As part of the EU project associated with this work [AIR3-CT94-1979], an 

experiment to evaluate the rooting capacity of all trees harvested in Ireland was set up 

by Coillte [The Irish Forestry Board]. The successfully rooted cuttings o f a number 

of the European yews, which were originally examined for paclitaxel yield as part o f a 

study to evaluate the effect o f geographic location on paclitaxel content [see Table

+ For raw data see A ppendix 5
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4.2], were retrospectively chosen to represent the broad spectrum o f results obtained 

for this species;

High yield BallyduffNo. 1 [178mg/kg]

Muckross No. 13 [114mg/kg]

Intermediate yield Muckross No.6 [62mg/kg]

Glengarra No.2 [47mg/kg]

Low yield Muckross No. 1 [18mg/kg]

B allyduffN o.3 [I5mg/kg]

A small-scale experiment was then set-up to examine whether the progeny o f high or 

low yielding parents inherited paclitaxel content or whether it was predominantly 

affected by other factors.

From Fig. 4.40, it appears that the paclitaxel levels in the progeny reflected those 

recorded for the parent plant from which they were propagated ie. rooted cuttings 

from high yielding parents contained higher levels o f paclitaxel than cuttings from 

lower yielding trees.
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This trend, while significant, needs to be investigated further to allow any definite 

conclusions to be made. Paclitaxel levels recorded in the progeny were significantly 

less than those recorded for the parent plant. Rather than an inherited reduction in 

paclitaxel content, this could be an indication that the older foliage contains higher 

levels o f paclitaxel. This has been shown to be the case for a number o f Taxus 

species, including T. baccata growing in Hungary (Nemeth-Kiss et a l ,  1996), T. 

brevifolia (Kelsey & Vance, 1992) and T. cuspidata (Fett-Neto & DiCosmo, 1992b). 

As we have seen, paclitaxel content can also vary considerably with environmental 

conditions and most specifically with soil type. This is investigated in greater detail 

in Section 4.4.

Very little work has been done in this area but, should the phenomenon o f hertitability 

prove universal in the genus Taxus, it has potential implications in the fields o f fissue 

culture and biotechnology, which rely heavily upon the selection o f  high yielding 

individual trees for commercial paclitaxel production. Croom Jr. (1995) reported a 

study using 380 three year old T. brevifolia seedlings which showed that hertitability 

levels for paclitaxel were low. This is hardly surprising, as, unlike rooted cuttings, 

propagation from seed does not preserve genetic identity.

4.2.1.6 Effect o f season on the paclitaxel content o f  Irish yew

The existence o f  a yew native to Ireland, T. baccata 'Fastgiata', commonly known as 

the Irish or Florencecourt yew, was first noted in 1780 and the original Florencecourt 

parent still survives today. All existing Irish yews have been derived from it by 

vegetative propagation, either directly from the parent itself or from trees grown from 

its cuttings. Trees derived from the Florencecourt parent are designated by the culfivar 

name 'Fastigiata' (Forrest, 1985), meaning upright. The Irish yew is always female 

and has a distinctive compact, erect habit and dense dark green foliage [illustrated in 

Fig. 4.13].

Plant secondary metabolites, including taxanes, are known to be influenced both 

qualitatively and quantitatively by plant age and variety and by season, and climate 

(W heeler et al., 1992, Kelsey & Vance, 1992). The trees chosen for this experiment 

were genetically identical Irish yew trees [x9], o f  the same age [ca. VOyrs. old] and 

gender [female], growing at one location [Mount Anville School, Dublin]. This 

eliminated any genetic variation or variation due to age, geographic
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location or climate and allowed direct month-to-month comparisons to be made. 

Clippings were harvested at noon on the last Friday of each month from January to 

December 1996. This mmimised diurnal variation which is also known to influence 

paclitaxel levels (ElSohly et al., 1997a).

Results, presented in Fig. 4.41, showed that at all times, the needles of T. baccata 

'Fastigiata' yielded significantly higher levels of paclitaxel than the stems 

[118±47mg/kg and 44±18mg/kg respectively]. This result, although confirming 

previous results for Irish yew (Griffin & Hook, 1996), was more significant in this 

study where environmental and genetic factors were eliminated. A significant drop in 

paclitaxel content in the needles occurred between the end of April [185±25mg/kg] 

and the end of May [93±11 mg/kg]. This may be associated with extension growth, 

which begins in June in T. baccata growing in Ireland, and continues until August.
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Figure 4.41 Monthly variation in paclitaxel content in the Irish yew *

Extension growth occurs in plants in response to the plant hormones, gibberellins, and 

other plant steroids. Paclitaxel shares a common biosynthetic precursor, isoprene 

[IPP], with both gibberellins and plant sterols. However, recent evidence has shown 

that the IPP used in paclitaxel biosynthesis is not derived from mevalonate 

(Eisenreich, 1996) as it is for the biosynthesis of both gibberellins and plant steroids. 

It is possible, however, that paclitaxel production is reduced at the time of increased 

growth due to the general diversion of available carbon source to growth-related
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biosynthetic pathways. Paclitaxel biosynthesis depends upon exogenous glucose as a 

basic carbon source and acetyl-CoA, the precursor to mevalonic acid, is also a by

product of glucose metabolism.

This pattern of seasonal variation of paclitaxel in the Irish yew has been previously 

observed (Griffin and Hook, 1996). It also concurs with work on the seasonal 

variation of paclitaxel in other Taxus species (Wheeler et al., 1992) including, T. 

brevifolia (Vance et al., 1994), the species from which paclitaxel was originally 

isolated (Wani et al., 1971), ElSohly and co-workers (1997a) examined the seasonal 

variation of paclitaxel in T. x media and proposed that the best time of year to harvest 

for paclitaxel is approximately one month prior to the emergence of new growth. 

Taking into account the different species examined and the inherent epigenetic 

variation within each study, our results also support this finding. Paclitaxel levels 

peaked again in June [122±16mg/kg] and also in October [11 l±4mg/kg], but to a 

much lesser extent. The slight increase in paclitxel levels recorded in June is in 

keeping with previously published work on T. brevifolia (Vance et al., 1994). 

Statistical analysis of the data showed an extremely significant level of variation in 

paclitaxel content of both needles and stems from month-to-month [P<0.0001], 

However, February, March and April were shown to be the optimum months to 

harvest for paclitaxel.
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Figure 4.42 Seasonal variation in paclitaxel content o f the Irish yew ^
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From a seasonal perspective, levels of paclitaxel recorded in Winter [Dec., Jan. & 

Feb.] and Spring [Mar., Apr. & May] were considerably greater [132mg/kg & 

152mg/kg, respectively] than those recorded in either Summer [92mg/kg] or Autumn 

[90mg/kg] - Fig. 4.42.

As we have already seen, the significant fall in paclitaxel concentration from Spring 

to Summer appears to be related to the beginning of extension growth (ElSohly et a i, 

1997a).

4.2.2 Mature trees growing in France

4.2.2.1 Seasonal variation in the paclitaxel content of European yew

The first yew samples in this study were collected in January, April, August and 

December 1995 from a male European yew tree [T. baccata] growing south of Paris 

in Gif-sur-Yvette, France.

Results, shown in Fig. 4.43, indicated considerable seasonal variation but in this case 

maximum paclitaxel yield was recorded in December [49±1 mg/kg]. This contrasts 

with our own results for T. baccata 'Fastigiata' growing in Ireland but also with a 

number of other studies on seasonal variation in paclitaxel content of other Taxus 

species (ElSohly et al., 1997a, Wheeler et a i, 1992)
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For the second collection, shoot samples were taken in Spring and Autumn during 

1996 from a number of European yews at two arboreta in France [Table 4.6],

Table 4.6 Seasonal variation in paclitaxel content of T. baccata -  France ^

Species Gender* Date of 

Collection

Site Paclitaxel

[mg/kg]

T. baccata 'young' f 1997 (Mar. & Sept.). Chevreloup

Spring Autumn 
[Mar./Apr.| [Sept./Oct.|

17±2 42±4
7! baccata 'old' m II 20±4 55±7

T. baccata No. 1 m 1997 (Mar & Sept) Barres 92±34 104±22
" No.2 m II 54±20 102±9
" No.3 m l( II 7±2 7±1
" No.4 m (1 II 10±2 16±4
" No.5 m II II 40±3 34±3

7'. baccata No. 1 f II II 7±2 12±1
" No.2 f II II 28±11 39±3
" No.3 f II II 42±2 50±6
" No.4 f II II 61±5 79±5
" No.5 f II II 14±6 28±14

[* m = male, f  = female]

Collections were made twice a year to assess the effect of time of year on paclitaxel 

levels in mature yew trees growing in France (Hook et al., 1999). A selection of both, 

male and female trees were chosen to evaluate any possible gender differences in 

paclitaxel content. Results are presented in Fig. 4.44.
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Figure 4.44 Seasonal variation in paclitaxel content of T. baccata ^
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Seasonal variation was again found to occur. However, in all but one tree, paclitaxel 

yield was higher in October than in April. This contrasts directly with our results for 

the Irish yew where April was one o f  the optimum months to harvest for paclitaxel. 

Geographic location and climatic variation between the two countries as well as the 

species type may account for this difference. The overall average paclitaxel yield for 

April [33mg/kg] was considerably less than that for T. baccata harvested at 

approximately the same time in Ireland [49mg/kg - see Section 4.2.1.1].

From a gender perspective, the male trees had a higher average paclitaxel content in 

both the Spring [37mg/kg versus 28mg/kg] and the Autumn [53mg/kg versus 42 

mg/kg] collections, although this was not statistically significant. Limited 

information is available on the impact o f  tree gender on paclitaxel content in Taxus 

species and varieties. In one study by Nemeth-Kiss et al. (1996) which provided 

limited information on the gender o f the T. baccata samples analysed, the results 

indicated no significant differences between the paclitaxel levels in male and female 

trees. Gender has also been found to have no significant effect on paclitaxel 

production in T. cuspidata (Fett-Neto & DiCosmo, 1992b).

4.2.2.2 Seasonal and intraspecific variation in the paclitaxel content o f T.

baccata

To further evaluate the effects o f  season and variety on paclitaxel yields o f European 

yews growing in France, Spring and Autumn collections were made in 1996 and 

1997. A number o f  different varieties [xl2] o f  T. baccata growing at two arboreta in 

Northern France [Arboretum des Barres and Arboretum Chevreloup] were selected 

and a total o f 20 trees were sampled [in some instances the same variety was sampled 

more than once]. Results are presented in Table 4,7.

Results indicated that intraspecific variation in paclitaxel content o f  European yew 

was considerable [P<0.0001] within each population [site] in both Spring and 

Autumn. Any variation in paclitaxel content between the two sites could be attributed 

to different environmental conditions. Yields o f plant secondary metabolites are 

generally accepted to depend upon soil composition and climatic conditions. Both 

arboreta are located in northern France but possible differences in soil type cannot be 

discounted. Golden varieties [marked with an asterix in Table 4.7] had lower
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paclitaxel levels in both Spring and Summer than their greener relations. This 

contrasts with our own data for varieties of T. baccata growing in Ireland although it 

has been shown to be the case in other work Griffin (1995).

Table 4.7 Seasonal variation in paclitaxel content of T. baccata varieties  ̂

SpeciesA^arieties Date of Site Paclitaxel

Collection |mg/kg|

S pring A utum n
|M ar./A pr.| |Sept./Oct.|

T. bacca ta 1996 (Apr. & Oct.) Chevreloup
" 'Aurea' * ff II 18±3 40±3
" 'Barronii' * t l II 51±3 36±4
" T astig iata'N o. 1 t l II 122±4 142±8
" Tastigiata' N o .2 t l II 41±1 65±4
" 'Repandens' II It 31±1 34±4

T. baccata 1996 (Apr. & Oct.) Barres
" 'Aurea' * II It 18±2 35±7
" 'Adpressa' N o. 1 II It 12±1 23±3
" 'Adpressa' N o .2 II It 19±2 15±2
" 'Fastigiata A urea'N o. 1 * II II 37±3 99±7
" 'Fastigiata Aurea' N o .2 * II It 30±2 21±3
" 'Fastigiata'N o. 1 II II 69±7 105±3
" 'Fastigiata' N o .2 II It 66±4 77±7
" ’Repandens’ N o. 1 1» »! 13±2 24±1
" 'Repandens' N o .2 tl II 12±2 14±3
" 'V ariegata'N o.l * II It 12±1 7±2
" 'Variegata' N o .2 * It II 8±3 38±2

T. baccata 1997 (Mar. & Sept.) Chevreloup
" 'Adpressa Aurea' * It 9±5 4 ± i
" 'Fastigiata Aureomarginata' * II tl 21±7 32±4
" 'Aureomarginata' * II tl 53±12 39±18
" 'Semperaurea' * t l t l 67± 16 94±33

[* - golden-leaved varieties]

Results [average paclitaxel content for each species over the two years], presented in 

Fig. 4.45, indicated that paclitaxel levels for most varieties were higher in Autumn 

than in Spring. This contrasts with the results obtained for T. baccata Tastigiata' in 

Ireland, where all but one o f the Irish yew trees [x4] sampled in the study had a higher 

paclitaxel yield in Spring. Interestingly, T. baccata Tastigiata' was the highest 

yielding variety in both the Spring and the Autumn collections [av. 75mg/kg and 

97mg/kg respectively].
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Figure 4.45 Paclitaxel content of 12 varieties of T. baccata - France^

4.2 2.3 Seasonal and interspecific variation in the pacUtaxel content of Taxus

Taxonomically verified species of Tcaus [xlO], growing at the same two arboreta in 

northern France were selected and samples taken in April and October 1996. In 1997 

several different species growing in Chevreloup were harvested in Spring [March] 

and Autumn [September] and examined for paclitaxel content [Table 4.8],

Statistical evaluation of the data indicated that paclitaxel levels varied significantly 

from one species to another [P<0.0001] in both Spring and Autumn. Fig. 4.46 

illustrates the variation in paclitaxel levels for each of the species over the two years 

[where >1 tree was examined for a species, results were averaged]. It shows clearly 

the high levels of intraspecific variation where even within T. x media variation was 

significant [ranging from 40 to I42mg/kg],

Mattina & Paiva (1992) also observed a high level of intraspecific variation in their 

study of eight varieties of T. x media [range: 120 - 880mg/kg] which included four of 

the five varieties examined in our work. The average paclitaxel yield for T. x media 

varieties was greater than that obtained for either T. baccata [33mg/kg] or indeed any
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of its varieties. The T. cuspidata harvested at Chevreloup in October 1996 was the 

highest yielding French tree analysed during this work [169±7mg/kg].

Table 4.8 Seasonal variation in paclitaxel content of Taxus species -  France ^

Species Date of 

Collection

Site Paclitaxel

[mg/kg|

T. canadensis 1996 (Apr & Oct.) Chevreloup

Spring Autumn 
[Mar./Apr.| [Sept./Oct.|

36±1 46±5
T. cuspidata M II 61±2 169±7
T.x media 'Brownii' It II 41±3 64±5
T.x media 'Densiformis' II II 40±1 70±5

T. brevifolia No. 1 1996 (Apr. & Oct.) Barres 15±1 15±4
No. 2 II II 12±2 8±0

T. cuspidata No. 1 II II 24±3 49±3
No. 2 " II 8±1 18±2

T.x hunnewelliana II II 83±4 104±21

T.x media 'Hatfieldii' 1997 (Mar & Sept.) Chevreloup 97±12 130±17
T.x media 'Hicksii' 114±8 142±38
T.x media 'Stricta Virdis' " " 81±10 56±9
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Figure 4.46 Seasonal variation in paclitaxel content of Taxus species ^

Here again we observed the trend of higher paclitaxel yields in Autumn, which was 

noted in the other French studies.
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4.2.3 Mature trees growing in Germany and other countries

4.2.3.1 Intraspecific variation in the paclitaxel content o f  T. baccata

The first o f the two German studies was carried out on T. baccata [xlO] growing in 

Munich. The trees were harvested on one occasion only in November 1995 [with the 

exception o f one tree, which was sampled in February 1996].

Table 4.9 Variation in paclitaxel content of individual trees of T. baccata

harvested in Germany ^

Taxus species Date of 

Collection

Site Paclitaxel

Img/kg]

T .baccata  No. 1 1995 (Nov.) Munich 137±8
" No.2 It It 136±11
" No.3 It It 186±22
" No.4 It It 81±3
" No.5 It It 25±2
" No.6 It It 96±26
" No.7 It It 70±11
" No.8 133±15
" No.9 It t l 121±13

T. baccata  No. 10 1996 (Feb.) Munich 23±2

Results, presented in T able 4.9, indicated that paclitaxel yields were generally higher 

[av. lOOmg/kg] than those obtained for European yews growing in either Ireland [av. 

49mg/kg] or France [T. baccata September 1997 - 33mg/kg] at the same time o f  year. 

This was undoubtedly due to more favourable enviromental conditions for growth as 

well as the fact that for German samples, only needles were examined. Intraspecific 

variation was again considered extremely significant [P<0.0001].

4.2.3.2 Seasonal variation in the paclitaxel content o f T. baccata

In the second study, collections were made in April and October 1996 at two arboreta 

[Ibengarten & Westenfeld] in Halle in order to examine seasonal variation in 

paclitaxel content in mature T. baccata growing in Germany. Overall, the yields in 

this study [Table 4.10] were lower than those obtained for T. baccata growing 

Munich.
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Table 4.10 Seasonal variation in paclitaxel content in T. baccata -  Germany ^

Species Date of 

Collection

Site Paclitaxel

(mg/kg|

April October

T. baccata No. 1 1996 (Apr & Oct ) Ibengarten 16±5 20±l
" No.2 II II 57±7 12±1
'' No.3 II II 70±19 22±2
” No.4 II II 101±4 65±3
" No. 5 II II 93±10 85±5
” No.6 M 43±5 14±1
" No. 7 tl 23±1 8±2
" No. 8 If 36±2 22±3
" No.9 II 38±7 45±1
" No. 10 II 21±2 23±1

T. baccata No. 11 1996 (Apr & Oct.) Westenfeld 14±3 29±7

The lowest paclitaxel yield was recorded for the W estenfeld tree, the only specimen in 

this study, which was collected from a different geographic location. Overall, 

intraspecific variation was considered extremely significant [P<0.0001] in both April 

and October. Statistical comparison o f the April and October harvests showed a 

significant seasonal variation in paclitaxel content [two-tailed P value 0.0428] and 

interestingly, highest levels o f paclitaxel were recorded in April for seven out o f the 

eleven individual trees examined [Fig. 4.47],
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Figure 4.47 Seasonal variation in paclitaxel content in T. baccata -  Germany ^
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This is in agreement with resuhs obtained for the Irish yew growing in Ireland and the 

results o f a number o f other studies (Wheeler et al, 1992, ElSohly et al, 1997a) but 

contrasts directly with results obtained in France where maximum paclitaxel levels 

were recorded in October.

4.2.3.3 Seasonal variation in paclitaxel content of Taxus species growing in

different parts of the world 

Taxus species [x5] were collected at four international locations in May and 

September 1996 to evaluate seasonal variation in paclitaxel content o f trees growing 

in their natural habitats. The results, shown in Fig. 4.48, indicated that paclitaxel 

levels were highest in October. Unfortunately, the October collection for T. baccata 

Tastigiata' was not supplied. Interestingly, T .cuspidata [Romania] collected in May 

had no detectable paclitaxel and in October only very low paclitaxel levels were 

recorded. This is the only example o f a verified Taxus specimen that produced no 

paclitaxel at the time of harvest and therefore, the identity of the sample is 

questionable. Ironically, the T. cuspidata sample collected in October of the same 

year in Chevreloup, France was the highest yielding of the Taxus species collected 

during the course o f this work. On the assumption that the sample was correctly 

identified, this result highlights the potential impact of geographical location on 

paclitaxel production, particularly in trees growing away from their natural habitats.

Species/Location  

[* not supplied, ** contained no paclitaxel]

Figure 4.48 Seasonal variation in paclitaxel of Taxus species -  International ^
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Highest levels o f paclitaxel were found to be present in T. canadensis in both the 

April and the October collections [98mg/kg and 156mg/kg respectively]. 

Interestingly, this was one o f  just two samples in the study that was collected from the 

'wild'. In their work on T. cuspidata, Fang et al. (1993) also observed a higher level 

o f  paclitaxel in 'wild' rather than 'cultivated' samples. T. watlichiana, the other 'wild' 

specimen, had comparatively low yields in both April and October [ 1 Smg/kg & 

41 mg/kg respectively].

4.2.4 Mature trees growing in the UK

Collections made in the UK consisted o f  25 varieties o f T. baccata and a total o f 8 

other Taxus species [see Table 4.1], Each o f the samples was examined for paclitaxel 

content and for foliar characteristics [macroscopic and microscopic]. A selected 

number were also evaluated for leaf wax Aj-alkane content [see Section 4.1.4],

4.2,4.1 Inter- and intraspecific variation in paclitaxel content

Variation in paclitaxel content among the 25 varieties o f  T. baccata examined was 

considered extremely significant [P<0.0001] with values ranging from 19-253mg/kg, 

T. baccata 'Brevifolia' had the highest paclitaxel content [253mg/kg] recorded during 

the course o f this work. This small, scraggy female is only 190cm tall and has sparse 

foliage [see Fig. 4.6]. It grows at a significantly slower rate that the other trees at 

Bedgebury. In appearance it resembles T. brevifolia, the native American species. 

Evidence from our own taxonomic evaluation, including needle length and width 

measurements, also indicated that this tree may have been misidentified as T. baccata 

'Brevifolia' and may in fact be the species o f  the same name. Farjon (1998) in his 

definitive taxonomy o f conifers proposes that T. baccata 'Brevifolia' is merely a 

synonym for T. brevifolia and does not recognise the variety 'Brevifolia'. The average 

paclitaxel content for golden varieties in this study [82mg/kg] fell well within the 

overall range. At an interspecific level [x9] variation was high [P<0.0001] and values 

ranged from 47 to 166mg/kg. On inclusion o f  our T. baccata 'Brevifolia' as a species, 

variation was also considerable [P<0.0001] but this species was the most significantly 

different from all others examined [Dunnett Multiple Comparisons Test]. This is in 

line with other chemotaxonomic research on the genus Taxiis (van Rozendaal et al., 

1999), A graphic illustration o f  these results is presented in Fig. 4.38],
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4.2.5 Discussion

In each study harvesting and post-harvest protocols were consistent with 

recommended methods. Clippings were taken from two height levels and all aspects 

o f each tree to ensure a representative random sample was taken since sunlight is 

known to intluence paclitaxel concentration (Kelsey and Vance, 1992). All Irish and 

UK samples were dried at <30°C for as short a time as possible. Extensive research 

by ElSohly and co-workers (1995 & 1997b) into the post-harvest treatment of Taxus 

clippings has indicated that the most critical factor in preserving paclitaxel content 

during sample drying is processing time. Drying times o f more than 10 days can 

cause a reduction in overall paclitaxel recovery o f up to 48%. This may explain the 

lower overall levels o f paclitaxel detected in samples collected in France, which were 

air-dried. Although the German samples were also air-dried, needles only, which are 

known to contain higher levels o f paclitaxel than shoots, were analysed. In all cases, 

clippings were dried intact, ie. needles still attached to stems, which is also known to 

preserve their paclitaxel content (ElSohly et al., 1995).

Direct comparison of our results to previously published data is difficult due to the 

high levels o f genetic and environmental variation inherent to studies of this type. 

Generally our results compare favourably to literature values. The highest yielding 

individual tree, T. baccata 'Brevifolia' [253mg/kg] growing at Bedgebury National 

Pinetum, had a very sickly appearance and would not have been expected to produce 

such high levels o f paclitaxel based merely on its apparent poor health. However, our 

own taxonomic studies indicated that this tree was possibly T. brevifolia, a species of 

the same name indigenous to the Pacific North West o f America. This being the case, 

it is hardly surprising that it does not grow well in a situation so far from its natural 

habitat. This may also explain the extremely low levels o f paclitaxel recorded in the 

two other T. brevifolia specimens examined in this study [8-I5mg/kg over two 

collections - see Fig. 4.46].

Intraspecific variation: The most extensive study on the intraspecific variation

of paclitaxel content was carried out on T. baccata. Samples of this species were 

harvested in Ireland, France, Germany and the UK, and in each country variation was 

considerable. A total o f 28 varieties of this species were also examined in Ireland, 

France and the UK and again levels o f variation were extremely high. T. baccata
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'Fastigiata' had consistently higher levels of paclitaxel than other varieties. The 

highest paclitaxel yields for this variety [av. 116mg/kg] were, not surprisingly, 

recorded in Ireland, its natural habitat. However T. baccata 'Fastigiata' was also the 

most productive of the varieties growing in France with an average paclitaxel content 

o f 79mg/kg. As we have already seen, this slight reduction in paclitaxel content may 

be related to extended drying times. The only sample o f T. baccata 'Fastigiata' 

collected in the UK also had a remarkably high paclitaxel content [159±2mg/kg]. In 

France, golden varieties were shown to contain less paclitaxel than other greener 

members of the species. In the UK, T. baccata 'Elvastonensis' [see Fig. 4.12] had a 

paclitaxel yield of 196±5mg/kg. In the Irish collections, golden yews were no more 

or no less productive in terms of their paclitaxel content than greener varieties. 

Overall, paclitaxel levels were lower in France than in other countries. This may be 

symptomatic of unfavourable drying conditions. A number of varieties of T. x media 

were also examined [n=5]. Samples were taken from two countries [France and the 

UK] and values ranged from 47-134mg/kg. High yielding T. x  media 'Hicksii' 

[134mg/kg - UK] could be considered for commercial production o f paclitaxel as it is 

both widely available as an ornamental tree and is known to have a faster growth rate 

relative to the other Taxus species (Wickremesinhe & Arteca, 1996). O f the three T. 

canadensis specimens, the highest yielding [ 156mg/kg] came from Canada, again the 

natural habitat of this species.

Interspecific variation: A total o f 13 different Taxus species were analysed

during the course of this work and values ranged from 8mg/kg in T. brevifolia 

collected in Arboretum des Barres, France to 169mg/kg in T. cuspidata collected in 

Arboretum Chevrdoup, France. Our results indicated that no single species had a 

consistently higher level o f paclitaxel and that variation between the species, while 

significant in a number o f individual studies, is often overshadowed by variation 

within the species themselves.

Geographic variation: The issue of geographic variation encompasses a wide

variety o f parameters such as soil-type, aspect and weather conditions. The impact of 

soil type on paclitaxel content is discussed in detail in Section 4.4. However, it is 

generally assumed that secondary metabolite production is adversely affected by 

nutritionally deficient soil and Taxus is known to thrive on chalky/limestone soils 

(Grieve, 1976). From a climatic perspective, little is known about the ideal conditions
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for growth o f Taxus species. Evidence from inter- and intraspecific variation would 

suggest that each species grows best in its own natural habitat. Our own results on 

geographic variation show significant variation from site-to-site for collections made 

in Ireland, France and Germany irrespective o f  species or variety. The trees harvested 

at Bedgebury had levels o f paclitaxe! which were generally higher than those 

collected elsewhere. For example, T. baccata 'Fastigiata Aureomarginata' [134mg/kg 

versus max. 28mg/kg in France] and T. baccata 'Repandens' [1 18mg/kg versus max. 

24mg/kg in France]. The Bedgebury site is located in the south o f England [Kent] 

which has a cool maritime climate. Paclitaxel levels recorded for Taxus growing in 

Ireland were also high. The cool moist weather conditions prevalent in Ireland and 

the UK may favour growth and secondary metabolite production in Taxus. This has 

been noted before, not only for T. baccata (Griffin & Hook, 1995) but also for T. 

brevifolia (Wheeler et a l ,  1992) and T. cuspidata (Choi et a i ,  1995)

Seasonal variation: For the Irish yew, results indicated that for maximum paclitaxel

yields, shoots should be harvested in April before the emergence o f new growth. This 

is in line with previous work on T. baccata Tastigiata' (Griffin & Hook, 1995) and 

has also been found to be the case for T. x  media (ElSohly et al. 1997a). European 

yew trees growing in Ireland or Germany yielded higher paclitaxel in April than 

October, as expected from the more comprehensive seasonal study above. However, 

in France, higher levels o f  paclitaxel were recorded in October than April. No clear 

explanation is available for this result but the extent to which location, species and 

variety have been shown to influence paclitaxel production is sufficient to conclude 

that any one o f these could have a greater impact on paclitaxel levels than season.

In conclusion, the high levels o f  variation observed among individual trees indicated 

that no single variety or species could be selected for superior paclitaxel content. 

However, since high paclitaxel yields appear to be inherited by the progeny o f  high- 

yielding parent trees, individuals may be selected and propagated, under clearly 

defined and controlled growing conditions, for the long-term commercial production 

o f paclitaxel. It is also noteworthy at this stage that during the course o f  this work and 

as part o f  the EU project associated with it [AIR3-CT94-1979], levels o f 10-DAB III, 

total taxines and taxine B were determined for all samples and levels o f  both seasonal 

(Hook et al., 1999) and interspecific variation (Poupat et al., 2000) were also shown 

to be significant.
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4.3 Factors influencing biomass and paclitaxel production

4.3.1 Fertiliser concentration and growth re ta rd an t application

The aim of this experiment was to examine the effect of exogenously applied growth 

retardant and fertiliser on the growth and paclitaxel production of the European yew 

[T. baccata]. The growth regulator selected, chlorocholine chloride [CCC], was first 

discovered in the 1960’s (Roberts and Hooley, 1988) and since that time has been 

widely and successfully utilised in the cereal industry as an 'anti-lodging agent' ie. to 

reduce the overall crop height and prevent the stems of cereal falling over at times 

when the ears are heavy with grain. CCC is one o f the only plant growth retardants 

known to exert an effect on woody plants (Roberts & Hooley, 1988). The success of 

CCC is largely due to the fact that it is readily absorbed by the plant and essentially 

non-toxic. CCC was chosen in this work for its potential ability to promote paclitaxel 

synthesis [Fig. 4.49] (Strobel et al., 1992).

Mevalonate
Pathway

Non-Mevalonate
Pathway

IPP DMAPP

GPP

FPP

GGPP Squalene

Qbberellins Paclitaxel Plant Steroids

Figure 4.49 Mechanism of CCC induced inhibition of growth 

[see Section 1.3.2.1 for details o f  abbreviations]
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The mechanism by which CCC could be expected to exert this effect is based on its 

growth retardant activity. CCC reduces plant growth primarily by inhibiting the 

biosynthesis of gibberillins, plant hormones responsible for growth and development. 

CCC inhibits the cyclisation of geranylgeranyl pyrophosphate [GGPP] to copyl 

pyrophosphate ie. inhibition of the 'A' site on the enf-kaurene synthetase enzyme 

(Arteca, 1995)[see Fig. 1.15], It is possible that the increase in readily available 

GGPP could result in the excess being preferentially utilised in the biosynthesis of 

other biologically important secondary metabolites such as paclitaxel. CCC is also 

believed to inhibit sterol biosynthesis by inhibiting the cyclisation of famesyl 

pyrophosphate to squalene (Roberts & Hooley, 1988). This could also result in a shift 

in metabolism with relevant precursors shunted into other compounds, including 

paclitaxel. One might therefore expect an accentuated reduction in growth as well as 

an increase in paclitaxel biosynthesis.

CCC has been shown to stimulate the production o f paclitaxel in intact pieces o f the 

inner bark of T. brevifolia at concentrations of <1.58mM (Strobel et al., 1992). A 

later study examined the effect o f CCC on paclitaxel production in T. x  media 'Hicksii' 

seedlings (Strobel et al., 1994). It showed that neither direct injection nor spray 

application of CCC [0.63-63mM] resulted in any increase in paclitaxel production. 

However, direct injection o f CCC at similar concentrations into freshly cut logs of T. 

brevifolia resulted in a significant increase in paclitaxel production. Strobel relates 

the lack o f inhibition of growth by CCC applied as a foliar spray to the leaf surface 

morphology o f these plants. Taxus needles have stomata on the abaxial surface only 

and are also covered with a thick hydrophobic waxy cuticle. This may reduce foliar 

absorption and the efficiency o f CCC uptake by yew. The Strobel study used the 

incorporation of exogenously applied radiolabelled [ I - '‘*C] acetate as a measure of 

stimulation of paclitaxel biosynthesis and results indicated that different species of 

yew differed in their abilities to utilise acetate in the production of paclitaxel and 

therefore differed in their sensitivity to CCC. Originally, paclitaxel, like other plant 

terpenoids, was assumed to be biosynthesised from acetate via the mevalonic acid 

pathway but subsequent work by Zenk and his co-workers (Eisenreich et al., 1996), 

confirmed that it was in fact derived from glucose via the isoprenoid pathway [see 

Section 1.3.2.1]. This newly proposed mechanism of paclitaxel biosynthesis should 

not influence any potential effect of CCC on paclitaxel production as CCC acts
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at a later stage in the biosynthetic pathway [see Fig. 4.49]. However, while the effect 

of CCC on paclitaxel biosynthesis does seem to be different among Taxus species, the 

potential influence of environmental conditions and compartmentalisation must also 

be taken in account.

In our experiments conducted over the course of two growth seasons, the heights of 

each of the 128 rooted cuttings were recorded monthly and results are expressed as % 

height increase. From Fig. 4.50 it is apparent that the saplings treated with the 50ppm 

[equivalent to 0.32mM] CCC solution showed the greatest reduction in growth 

compared to the control. This only became statistically significant in the final three 

months of the second growth season [Dunnett Multiple Comparisons Test, P<0.05],

o.
<

250  -

200  - -

150  - -

C o n tro l  

C C C  [SOppml 

C C C  [SOOppml 

F [low]

FF [high!

CC +F

£ 100 - •

50  - -

30
O '

30
O '

30O'
ao
3< a.<

ao3<
a.

c/3
o

D ate

Figure 4.50 The effect of CCC with & without fertiliser on the growth of T. 

baccata ^

The method of application used in the second year [saplings were dipped in an 

aqueous solution of CCC containing 1% [Tween 80] may have favoured increased 

uptake of CCC as it allowed greater contact with the lower leaf surface. In both 1997 

and 1998, 1% Tween 80 was added as a surfactant [wetting agent] to the formulation
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to promote better adhesion of the CCC to the leaf surface and improve penetration 

through the waxy cuticle. At a higher concentration [500ppm, equivalent to 3.2mM], 

the inhibitory effect of CCC was less pronounced. The combination treatment, CCC 

[50ppm] and fertiliser ['low'], had a significantly lower impact on growth than CCC 

[50ppm] alone and a similar effect to both 'low' and 'high' fertiliser treatments.

Immediately after harvesting fresh weights were recorded for each shoot. They were 

then dried over a period of approximately 72 hrs. and their dry weights recorded. 

Paclitaxel content was also determined for each treatment [Table 4.11],

Table 4.11 Av. paclitaxel content and fresh & dry weights of shoots ^

Treatm ent

group

August 1997 Septem ber 1998

Paclitaxel

|nig/kg|
n=4

Fresh wt.

|g|
n=4

Dry wt.

|g|
n=4

Paclitaxel Fresh wt. 

|tng/kg| |g| 
n=8 n=8

Dry wt.

|g|
n=8

Control 26±7 16.34±4.68 6.78±2.15 33±6 34.06±5.69 12.01±1.80

CCC - 50ppm 31±2 16.82±7.73 6,87±3.55 34±11 31,24±10.02 10.54±3.17

CCC - 500ppm 31±5 13,21±3,27 5.48±1.52 24±8 31.96±8.30 10.93±2.62

Fertiliser - 'low' 27±10 13.28±2.15 5.10±0.98 26±7 33.99±7.74 11.94±2.24

Fertiliser - 'high' 37±10 15.94±4.19 6.27±1.84 24±10 40.03±11,08 13,49±3.29

CCC + Fertiliser 27±9 15.80±1.51 6.09±0.66 25±10 26.92±6.02 9.43±2.05

In 1997 both fresh and dry shoot weights and paclitaxel content were unaffected by 

either CCC or fertiliser application compared to the control. Wickremesinhe & 

Arteca (1996) observed a similar lack of effect of CCC [10|iM, 100|J.M & 1000|iM] 

on the fresh shoot weights o f hydroponically grown T. x  media plants. This group did 

observe a significant decrease in root mass with both 100|iM and 1000(iM treatments 

as well as an increase in paclitaxel production in the lOOOfxM treated group 

[332mg/kg compared to 195mg/kg in the control]. This could be related to the 

method o f application [addition of CCC to the hydroponic solution], which may not 

allow CCC to effectively reach 'over-ground' plant parts. Interestingly, in 1998, the 

combination treatment [CCC 50ppm + F 'low'] resulted in a reduction in both fresh 

and dry weights compared to the control [two-tailed P values 0.0286 & 0.0178].
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Paclitaxel content ranged from 26±7-37±10mg/kg in 1997 and from 24±8- 

34±11 mg/kg in 1998. Analysis o f variance indicated that differences between any of 

the treatments and the control were not quite significant [P=0.0711]. However, 

comparison of each treatment group to the control using the unpaired t-test showed 

that CCC 500ppm and the two fertiliser treatments resulted in a significant reduction 

in paclitaxel yield [two-tailed P values 0.0182, 0.0315 and 0.0465

respectively]. No treatment resulted an increase in paclitaxel yield compared to the 

control.

The overall absence of a positive effect on paclitaxel formation could also be 

explained by: (i) lack of foliar absorption and/or (ii) cellular compartmenalisation. 

Srinivasan et al. (1996), using cell cultures of T. chinensis, showed that paclitaxel 

production occurs exclusively within plastids and that the source of isopentyl 

pyrophosphate, essential for paclitaxel biosynthesis, is also plastidic. They showed 

that CCC at concentrations ranging from 1-0. ImM effectively inhibited cytoplasmic 

gibberellin and sterol biosynthesis yet had no significant effect on paclitaxel 

production, indicating that increased availability o f relevant biosynthetic precursors in 

the cytoplasmic compartment has no effect on paclitaxel biosynthesis. However, 

since no statistically significant increase in growth was observed for either 

concentration used in our own study, the results support the theory that spraying is 

ineffective as a means of CCC application. Conflicting results have been reported on 

the effect of CCC on paclitaxel production. As previously discussed, CCC 

application to intact pieces o f inner bark o f [<1.58mM] and freshly cut logs [0.63- 

63mM] (Strobel et a l ,  1992 & 1994) resulted in increased paclitaxel yields but had no 

effect on the paclitaxel content of seedlings treated by either spray application or 

direct injection. Both concentrations used in our study [0.32 & 3.2mM] fall at the 

lower end of this range and therefore, confirm the results obtained by Strobel (1994).

At the end o f 1998 the roots from eight o f our treatment groups were evaluated for 

biomass production. Four o f these were also analysed to determine paclitaxel yields 

[Table 4.12], Fresh biomass production was significantly reduced by treating with 

CCC 500ppm [two-tailed P value 0.0386]. However, no significant differences in dry 

weight was observed for any of the five treatments compared to the control 

[P=0.2072]. Paclitaxel content in the roots ranged from 89-173mg/kg but no
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statistically significant differences were observed between the mean paclitaxel content 

[n=4] of any of the treatment types compared to the control [P=0.7373], The 

combined CCC [50ppm] + fertiliser 'low' treatment resulted in the lowest mean 

biomass yield [3.6g dry wt.] and the highest mean paclitaxel yield [142mg/kg], The 

absence of any highly significant effect on root growth or paclitaxel biosynthesis in 

our study may again be related to the method of application. In this instance, CCC 

was applied directly to the 'over-ground' plant parts and may not have successfully 

reached the roots. The sample size for each treatment group [n=8 for biomass & n=4 

for paclitaxel content] was possibly too small to detect a treatment response with any 

degree of statistical significance.

Table 4.12 Av. paclitaxel content, fresh & dry wt.'s o f roots - CCC study ^

Treatment Roots harvested in

Group August 1997

Paclitaxel Fresh wt. Dry wt.
lm g/kg| iKl l8l

n=4 n=4 n=4

Control 132±33 27.77±3.48 4.97±0.56

CCC - 50ppm 128±24 23.62±7.40 4.40±1.50

CCC -  500ppm 138±24 23.78±3.49 4.35±1.07

Fertiliser - 'low' 118±18 26.96±4.96 4.92±0.83

Fertiliser - 'high' 121±40 27.14±5.67 5.15±1.67

CCC + Fertiliser -  [low] 145±20 22.66±5.96 3.79±1.04

Overall paclitaxel content was significantly higher in the roots [av. 129mg/kg] than 

the shoots [av. 28mg/kg] for the same four treatment groups [treatments 9-12]. This 

represents a 4.6-fold increase in paclitaxel production in the roots compared to the 

foliage. High paclitaxel concentrations in the roots of a number of hydroponically 

grown Taxus species [>1.5 times the concentrations found in the shoots] has been 

reported previously (Wickremasinhe and Arteca, 1994b).
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4.3.2 Calcium nitrate application

This experiment was carried out using 32 genetically identical rooted cuttings grown 

in a constant greenhouse environment. Sixteen cuttings were treated with 10ml of a 

1% calcium nitrate solution applied directly to the soil and 16 were left untreated as a 

control group. The paclitaxel content of the calcium nitrate-treated group [av. 

112±16mg/kg] was significantly greater [P=0.0005] than that of the control group [av. 

88±18mg/kg] but no observable difference was noted for either fresh [P=0.9S34] or 

dry [P=0.9353] biomass yields. These results, illustrated in Fig. 4.51, indicated that 

calcium nitrate has a positive and direct influence on paclitaxel production in Taxus, 
in the absence of any observable effect on plant growth.

It has also been noted in the past that Taxus grows most favourably on soils rich in 

limestone, a rock composed mainly of calcium carbonate (Elwes & Henry, 1906, 

Grieve, 1976). Interestingly, high concentrations o f exogenously applied calcium are 

generally known to result in an increase in Ca^^ in the leaves (Marschner, 1996) and it 

was the foliar paclitaxel content that was shown to have increased in this case. 

However, other plant parts were not examined. In cell suspension culture, a constant 

supply o f available Câ "̂  has also been shown to increase paclitaxel production 

(Mirjalili & Linden, 1995) although a mechanism for this was not suggested.
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Fig. 4.51 Paclitaxel content, fresh & dry w t.'s - calcium nitrate  study
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The evidence suggests that calcium has a role to play in paclitaxel production in yew. 

Calcium ion [Ca^^] concentration is known to have a powerful effect on cell 

behaviour, most specifically in its activity as a secondary messenger. One o f the most 

notable effects o f  calcium is in the activation o f  calmodulin, a calcium-dependent 

secondary messenger itself Calmodulin is a protein consisting o f 148 amino acids 

and four binding sites for calcium and once bound to calcium the calcium-calmodulin 

complex activates other cellular proteins (Fosket, 1994). O f the proteins which 

depend upon calmodulin for activation, NAD-kinase (Marschner, 1996) is the most 

significant to this work because, as we have seen, the latter oxygenation steps in 

paclitaxel biosynthesis are catalysed mainly by NADP-dependent oxygenases [see 

Section 1.3.2.1]. It is possible that exogenously applied calcium could exert its 

positive effect on paclitaxel biosynthesis in this way but this is merely speculation and 

fijrther work is necessary to confirm or disprove this theory. It is important to 

remember that paclitaxel biosynthesis is not the only biosynthetic pathway controlled 

by NADP/NADPH-dependent enzymes. It is likely that NADPH-dependent HMG- 

CoA reductase would be activated in the same way, which would in theory lead to 

increased growth (Bach, 1995). This enzyme is responsible for the conversion o f 

HMG-Co A- to malonyl-Co A, the first step in the biosynthesis o f phytosterols and 

plant hormones.

4.3.3 L ight versus shade

In this experiment, genetically identical rooted cuttings were grown under normal 

light conditions [n=16] and in artificially shaded conditions [n=16]. All cuttings were 

kept in a greenhouse at Kilmacurra Research Station. The light intensity in the 

shaded area was between two [under-storey] and six [canopy] times less than in the 

naturally lit area [see T ab le 3.3]. Trees grown under normal light conditions 

produced significantly more biomass than trees grown in the shade [two-tailed P 

values 0.0192 & 0.0448 respectively]. However, no significant difference in 

paclitaxel content o f needles was observed [P=0.5I39] - Fig. 4.52.

This concurs with results from a study on the paclitaxel content o f  shade-grown and 

sun-exposed T. brevifolia which revealed that, unlike the bark, the needles did not 

show significant concentration differences due to light (Kelsey and Vance, 1992). T. 

brevifolia  however, is indigenous to the old-growth forest o f the Pacific North West
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of America where it grows naturally as an understorey shrub. This seems to indicate 

that T. brevifolia should inherently grow more favourably in shaded conditions.

A recent study investigating acclimatisation o f the Pacific yew to sun and shade, 

based on foliar physiology and morphology, indicated that Pacific yew foliage was 

tolerant to both light and shade, irrespective of tree gender (Mitchell, 1998). 

However, interspecific variation in foliar morphology and physiology was found to be 

significant between T. brevifolia and T. baccata, indicating that these two species 

cannot be effectively compared in terms of their sensitivity to light.
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Fig. 4.52 Paclitaxel content, fresh & dry w t.'s - light/shade study

4.3.4 Discussion

The greenhouse studies were carried out, firstly to examine the nutritional and 

environmental requirements for optimum growth of Tcaus baccata in cultivation and 

secondly to determine the ideal physico-chemical conditions for paclitaxel production.

Treatment with a chlorocholine both with and without fertiliser resulted in no 

significant increase in either plant growth or paclitaxel production. Some degree of 

statistical significance was observed in the second year of treatment indicating that a 

third or fourth growth season may have yielded more significant results but time 

constraints of this work prevented long-term investigation. However, the absence of 

any positive effect on paclitaxel production seems to suggest that growth retardants of
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this type are of limited value in the cultivation o f yew. Interestingly, calcium nitrate 

applied directly into the soil resulted in a dramatic increase in paclitaxel production 

compared to the control group [approx. 21%]. This finding has potential commercial 

implications were Taxus plants are grown specifically for their paclitaxel content. 

Calcium may also have a positive effect on the production of other important taxanes, 

ie. 10-DAB III, which are produced via similar biosynthetic pathways and which are 

used in the commercial semi-synthesis of paclitaxel and docetaxel, an interesting area 

which has yet to be investigated.

The effect of light on growth and paclitaxel content was also evaluated. No 

difference in paclitaxel yield was observed between plants grown in light and those 

grown in the shade. However, biomass production was significantly enhanced in 

those plants that had been exposed to normal light conditions [approx. 30%]. Again 

this has commercial value in terms of biomass production for the isolation of 

paclitaxel.

4.4 Effect o f  soil type and harvesting on paclitaxel and biomass yields

Despite enormous developments in areas such as semi-synthesis, total synthesis and 

cell culture [discussed in detail in Section 1.3.3], worldwide demand for paclitaxel 

still exceeds available supply. Propagation of known high yielding individuals, which 

appear to generate high yielding offspring [see Section 4.2.1.5], in commercial 

nurseries is a potential long term solution to the paclitaxel supply problem. The 

advantages of cultivating yew as a commercial source of paclitaxel include increased 

quality control of botanical source and increased production of the desired natural 

product by genetic improvement and agronomic manipulation (Croom Jr., 1995).

This field trial experiment was set up to determine if'marginal' land could be used for 

the commercial production o f T. baccata 'Fastigiata' as a source o f paclitaxel. 

Harvesting was carried out by hand as Taxus plants used in this study were not of 

sufficient size to facilitate machine harvesting. At both sites 25 trees were harvested 

on a yearly basis, a further 25 after two years growth [biennially] and finally 25 were 

harvested on a triennial basis ie. after three years growth. Soil analyses, carried out 

by Coillte is presented in Table 4.13.
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Table 4.13 Soil analyses for Aughrim  & Tullam ore

Sample pH Free-lime Phosphorous 

Ijlg/g soil]

Potassium  

[Hg/g soil!

Calcium  

lUg/g soil!

Magnesium 

[pg/g soil!

Aughrim 5.2 26 107 322 45

Tullamore 5.1 7 89 11633 362

The soil types at each of the two chosen sites differed significantly. Aughrim, an 

exposed, coastal site consisted of a rich loam soil officially described as a mineral soil 

and Tullamore, an inland cut-over bog site consisted of a peat/mineral soil. Most 

significantly, the soil at Tullamore had over 36 times the amount of calcium than the 

soil at Aughrim. The results of the study indicated that T. baccata Tastigiata' grew 

preferentially on the mineral soil at Aughrim [Table 4.14 & Fig. 4.53],

Table 4.14 Height, biomass and paclitaxel content of trees growing at 

Aughrim  and Tullam ore ^

Site Height (m| - Height |m | - Height lm| - Height |m | - Height (m| -

End o f yr 1 End of yr 2 End o f yr 3 After 2 yrs After 3 yrs

Aughrim 0.74 0.62 0.604 0.76 0.928

Tullamore 0.58 0.58 0.439 0.60 0.698

Site Biomass [g| - Biomass |g| - Biomass [g| - Biomass [g| - Biomass [g| -

End of yr 1 End of yr 2 End o f yr 3 After 2 yrs After 3 yrs

Aughrim 121 83 128.8 120 280.3

Tullamore 63 67 73.3 79 127.5

Site Paclitaxel Paclitaxel Paclitaxel Paclitaxel Paclitaxel

|mg/kg| -  End Img/kgl -  End [mg/kgl -  End [mg/kg] - Img/kgl -

o f year 1 o f year 2 of year 3 After 2 years After 3 years

Aughrim 95 205 232 211 273

Tullamore 123 188 157 226 271

Macroscopically, annual clippings taken from trees growing at Aughrim were greener 

and more healthy in appearance that those taken from trees growing at Tullamore. 

Both annually and biennially, tree heights and biomass production [fresh wt. (g)] were 

greater at Aughrim than Tullamore. This result is unexpected as Taxus, a calcicole
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species ie. a species that grows well on calcium rich soils, is known to grow 

preferentially on limestone soils (Elwes & Henry, 1906, Grieve, 1976).

Paclitaxel content was significantly greater for trees growing in Tullamore than 

Aughrim in the first year [P<0.0001], However this increase was not maintained in 

the second year for either annual or biennial harvests. Generally, trees clipped on an 

annual basis did not produce significantly more biomass in the second or third years. 

Biennial yields were greater than individual annual yields but were not greater than 

the total yield over the two years, indicating that annual pruning enhanced biomass 

production [av. 40% increase]. This trend was maintained in the third year when total 

biomass yields were consistently higher for trees clipped annually [333g and 203g for 

Aughrim and Tullamore respectively] than for those clipped on a triennial basis [280g 

and 128g, respectively]. This represents an average increase in biomass of 27%.
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Figure 4.53 Effect o f soil type and frequency o f harvesting on paclitaxei yield ^

The overall environmental conditions at the Aughrim site were favourable for use as a 

plantation site for the commercial production of paclitaxel. However, the Tullamore 

site, comprising 'marginal' land and relatively poor soil conditions, with the exception 

of a high calcium content, could be used for the commercial cultivation of Taxus to 

produce paclitaxel.
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4.5 Cell culture - biomass and taxane production

Although the needles of the Irish yew [T. baccata 'Fastigiata'] have been shown to 

contain levels o f paclitaxel and 10-deacetylbaccatin comparable to those found in the 

bark o f the Pacific yew (Griffin and Hook, 1996, Hook et a l, 1999), it has not yet 

been thoroughly investigated as a potential candidate for plant cell culture. 

Preliminary studies indicated that it was possible to produce viable callus and 

suspension cultures of T. baccata 'Fastigiata' but slow growth rates and high incidence 

o f infection hampered this early work (Griffin, 1995). Previous work did show that 

the optimum time o f year to initiate cultures was June-July (Griffin, 1995).

Our initial work in the area of cell culture involved the use o f sterile apical buds of T. 

baccata [collected in July, 1997 at St. Patrick's College, Maynooth] as the explant 

source. Buds were placed onto a series of media, including Anderson’s Stage 1 

medium, McCown’s Woody Plant Medium (Lloyd & McCown, 1981) and Schenk & 

Hildebrandt medium [see Appendix 13 for detail of medium composition]. However, 

despite vigorous sterilisation, levels o f microbial contamination were high. O f the 

129 buds originally sterilised, 26 remained sterile and of those 2 are still viable. 

Reduction of the sterilisation time [5 & 8 mins.] to improve viabilty was unsuccessful 

as incidence of infection increased.

Once the buds had been sterilised, callus began to form at the base o f the needles and 

stems after ca. two weeks [Fig. 4.54]. The callus formed gradually darkened and after 

about four months no new growth was observed.

Figure 4.54 Callus culture developed from M aynooth hedge, T. baccata
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The 'darkening' effect was attributed to the over-production o f oxidative phenolic 

compounds, which are known to inhibit cell growth (Fett-Neto et a i ,  1992a). 

Possible strategies to overcome this problem include the addition of anti-oxidants [eg. 

ascorbic acid], phenolic binding agents, [eg. polyvinylpyrrolidone - PVP], or activated 

charcoal to the culture medium. Concentrations o f 1.5-3% PVP have been shown to 

reduce callus darkening without adversely affecting either growth or paclitaxel 

production (Fett-Neto et a i ,  1992a). However, this was not explored further in this 

work.

All cultures were maintained in the dark and after 2.5 yrs. and a number of sub- 

culturings onto fresh 1902-A medium [see Table 3.4], new callus began to form. 

This long period of 'dormancy' is not uncommon and extended initation times for 

Taxus cultures have been reported previously (Eisenreich et a i ,  1996). Investigation 

o f these cultures for growth or paclitaxel production will be carried out as part of 

another research project.

Studies to evaluate the possibility of plant regeneration by somatic embryogenesis 

were also initiated. The first attempt to initiate embryogenesis involved the use of the 

excised embryos of mature seeds o f T. baccata 'Fastigiata' and T. baccata 'Mairei' 

[Sandeman Seeds, UK] using an embryogenic medium devised by Gupta and Durzan 

(1987) for the regeneration o f Pinus taeda L. [see Table 3.4]. To devise a protocol 

for the large-scale production of genetically identical plants, embryos were excised 

from seeds that had been sterlised in concentrated sulftiric acid, a treatment which 

also softened the testa and allowed easier removal of the seed coat. The resultant 

cultures [42 from a total of 127 explants initially sterilised] produced undifferentiated 

callus, which darkened and appeared to loose viability over approximately four 

weeks. This experiment was unsuccessftil.

In August 1997 a second attempt to initiate somatic embryogenesis was carried out at 

the research laboratories o f The Irish Forestry Board [Coillte]. Excised embryos of 

mature seeds o f T. baccata Tastigiata' [collected at Mount Anville School, Dublin in 

July 1997] were placed onto a modified Picea abies nutrient medium (Gupta & 

Pullman, 1991) similar that used above [see Table 3.4]. Although micropropagation 

has been successfiilly achieved by somatic embryogenesis using immature zygotic 

embryos of T. brevifolia (Chee, 1996) our cultures o f T. baccata produced
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undifferentiated callus. The three nutrient media [modified McCowns Woody Plant 

medium] used by Chee differed significantly in composition from the medium used in 

our work. In terms of macronutrient constituents, the most significant differences 

were higher calcium content [approx. x2] and lower potassium content. McCown's 

WPM contains 386mg/l calcium nitrate, known from our own work to promote 

paclitaxel production in the intact plant but also known to do so in T. cuspidata cell 

suspension cultures (Mirjalili & Linden, 1995). The initiation medium also contained 

a significantly higher concentration of 2,4-D [35mg/l, approx. x30 the concentration 

in either of the two media used in this work - 1902-A or -B], twice the amount of 6- 

BAP and NAA in place of kinetin. Once embryo-like structures had formed the 

cultures were maintained on a similar medium supplemented with l.lmg/1 kinetin, 

0.9mg/l 6-BAP and 0.22mg/l NAA. However, the conversion of embryos was 

achieved using a hormone-free WPM supplemented with 10.6mg/l abscisic acid [a 

plant growth hormone] and 1% activated charcoal [see Section 1.3,3.3]. Although we 

were unable to induce plant regeneration, 26 callus-producing cell lines were 

successfully developed from the seeds of T. baccata Tastigiata' as part of the EU 

project associated with this work [A1R3-CT94-1979] and were provided to us for 

further investigation. The callus produced was more viable and less prone to 

'darkening' than callus induced from apical buds [Fig. 4.55].

Fig. 4.55 Callus produced from an embryo of T. baccata 'Fastigiata'

From August 1997 to November 1998 the callus cultures grew very slowly, were 

maintained in the dark at 25°C and were sub-cultured every 28 days. In November, 

two of the faster growing cell lines [8 and 19] were selected for the initiation of 

suspension cultures.
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4.5.1 Kinetics of biomass and paclitaxel production

Cell line no. 19 grew more favourably during the first four months in suspension 

culture and was selected in February 1999 for evaluation of the kinetics o f both 

biomass and paclitaxel production. In this replicated randomised-block experiment, 

growth and paclitaxel production were monitored every six days, over a 32-day 

growth cycle.

Maximum biomass production [5.55g dry wt./l] was recorded on day 24 [Fig. 4.56]. 

This agrees with previously published data on the growth kinetics o f T. cuspidata 

(Fett-Neto and DiCosmo, 1996) which showed a growth peak after approximately 27 

days. A dry weight doubling time of approximately 20 days, also concurred with the 

results obtained for T. cuspidata by Fett-Neto and his group.
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Figure 4.56 Growth kinetics of T. baccata 'Fastigiata' suspension cultures [cell 

line no.l9 | ^

Maximum novel taxane detected [see pg. 156 for ftirther detail], expressed as 

paclitaxel equivalents, were recorded on day 30 o f the growth cycle [132mg/kg] 

coinciding with high levels of biomass production and optimum growth rate, as 

indicated by the high growth indices from day 24 to 36 [Fig. 4.57]. In their study on
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the kinetics of pachtaxel production in T. cuspidata, Fett-Neto & DiCosmo (1996) 

observed an inverse relationship between growth and paclitaxel production. Since the 

taxane being produced by our cultures is known not to be paclitaxel, it is difficult to 

make direct comparisons.
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Figure 4.57 Growth and taxane production in T. baccata 'Fastigiata' cell 

culture (cell line no.l9| ^

The pH of the medium fluctuated from 4.30 to 4.90 from day 12 to day 36. A steady 

increase of 0.5 pH units was observed from day 12 to day 24. A similar trend in pH 

was observed for T. cuspidata cell suspension cultures (Fett-Neto et al., 1996). 

However, pH does not influence Taxus cultures, either in terms of growth or 

paclitaxel production, over this range (Wickremesinhe & Arteca, 1994a, Fett-Neto et 

a l,  1994).

The electrical conductivity of the liquid medium was also measured at the time of 

harvest from day 12 to day 36. Conductivity decreased gradually from day 12 to day 

24. This was followed by an increase of approx. 20mV at day 30 but by day 36 the 

conductivity of the medium was lower than at any other point in the growth cycle 

[Fig. 4.58].
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Electrical conductivity offers an alternative, simple and rapid means o f  estimating 

plant cell growth in cell suspension culture. Conventional methods, such as fresh and 

dry weight measurements, can be used with ease and confidence on a small scale but 

large scale commercial processes benefit greatly from the availability o f techniques 

which can be used on-line.
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Fig. 4.58 E lectrical conductivity  o f liquid m edium  versus time

Hahlbrock et al. (1974) extensively investigated the possibility o f using conductivity 

as a measure o f plant cell growth and they, among others (Zenk et al., 1975), showed 

that conductivity is directly related to nitrate uptake by the cells and, by extension, to 

nitrate depletion in the medium. Hahlbrock proved that in many cell culture systems 

biomass production and conductivity were inversely related throughout the linear 

growth phase, ie. until all available nitrate has been consumed, and that conductivity 

could be used as an indication o f plant growth in cell suspension culture. In our work, 

the conductivity o f  the medium decreased steadily for the first 24 days and the lowest 

conductivity measurement was recorded on the last day o f the growth cycle. The 

increase in conductivity observed on day 30 was inconsistent with the Hahlbrock 

theory outlined above. However, variations for different cell lines and different media 

are to be expected. There is evidence to suggest that the uptake o f  other ions [eg. 

phosphorous] can influence conductivity during the latter stages o f  the growth cycle 

(Cusack, 1998). Unfortunately, nutrient depletion was not monitored as part o f our 

work so it is impossible to draw definite conclusions on the significance o f changes in 

the electrical conductivity o f  the nutrient medium.

Conductivity
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Preliminary analysis of the cell culture extract indicated that the main metabolite 

produced by cell line no. 19 was not paclitaxel. TLC evaluation, using CHCbiMeOH 

[10:1] as mobile phase, produced a single spot [RpO.52] which was visible under 

UV254 and was a grey colour after spraying with vanillin:sulftiric acid solution 

followed by heating for 5 mins. at 110°C. This suggested that the unknown was in 

fact paclitaxel [Rf=0.53], In order to confirm this, the cell culture extract was also 

subjected to HPLC [see Section 3.1.3.4,]. In this case the guard column was not used, 

as the extracts were much cleaner than crude extracts of the intact plant material due 

to the absence o f chlorophyll and other pigments. HPLC analysis produced a peak at 

Rt=I8.54±0.32 [n=42] approximately one minute before the paclitaxel peak 

[Rt=I9.50±0.22, n=16]. No peak corresponding to paclitaxel was observed in any of 

the cell culture extracts over the course of the experiment. It appears that the TLC 

system was not sufficiently sensitive to resolve the unknown from paclitaxel but using 

HPLC, co-injection of the cell culture extract and paclitaxel confirmed that the 

unknown was not paclitaxel. Due to the very low yields produced, both in terms of 

biomass and unknown metabolite, we were unable to elucidate the structure and as 

such determine the true identity of this unknown within the research time available. 

Quantitation was carried out on the basis of paclitaxel equivalents [mg/kg of dry wt. 

of cells]. However, given that both the TLC and HPLC chromatographic systems 

were selective for paclitaxel it was not unreasonable to assume that this unknown was 

a taxane also. Its HPLC elution time of just under 1 min. less than that of paclitaxel 

[see Fig. 1.4(1)] suggested that it was a taxane o f similar structure to paclitaxel. A 

number o f possibilities presented themselves in the literature, most notably, 

cephalomannine [see Fig. 1.8(5)] (Miller et al. 1981), 7-ep/-taxol [Fig 4.59(1)] 

(Huang et a l, 1986), 10-deacetyltaxol [Fig. 4.59(2)] and 7-ep/-10-deacetyltaxol [Fig. 

4.59(3)] (McLaughlin et al., 1981). While the isolation o f taxanes which have 

undergone epimerisation at C-7 has been reported (McLaughlin et al., 1981 & Huang 

et al., 1986) both authors acknowledge that these compounds may have been formed 

during the purification and isolation processes rather than by the plant itself 

Interestingly, a recent study on the production o f various taxanes in T. baccata cell 

suspension cultures indicated that nine taxanes are produced in culture and l-epi-\Q- 

deacetyltaxol is produced at significantly higher concentrations [215mg/kg of dry cell 

wt.] than paclitaxel [5Img/kg of dry cell wt.] (Vanek et a i,  1999). This group 

identified the taxanes by reverse-phased HPLC and also showed l-epi-\0- 

deacetyltaxol to have a retention time o f just under 1 min. less that paclitaxel.
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Cephalomannine reference standard was analysed by both TLC and HPLC under the 

same conditions as the unknown and the observed Rf=0.45 [CHCb:MeOH, 10:1] and 

retention time [17.01 mins.] were inconsistent with those obtained for the unknown. 

7-ep/-taxol would be expected to have a longer retention time than paclitaxel and is 

therefore also unlikely to be the unknown. 10-deacetyltaxol and 7-ep/-10- 

deacetyltaxol would be expected to have shorter retention times that paclitaxel and 7- 

ep/-taxol. Similarly, 7-e/?/-10-deacetyltaxol should have a longer retention time than 

10-deacetyltaxol. Therefore, the expected order o f elution is: 10-deacetyltaxol, 1-epi- 

10-deacetytaxol, paclitaxel and finally 7-e/7/-taxol. This is also the order of elution 

published by Phenomenex Ltd. [UK] for their Curosil™ paclitaxel-specific column 

range (Phenomenex Chromatography, 1999/2000). It can be argued that the unknown 

compound produced by T. baccata Tastigiata' cell line no. 19 was 7-e/?/-10- 

deacetyltaxol although this is highly speculative and would need further confirmation 

either by co-injection of a standard sample or LC-NMR. However, this theory does 

concur with the results obtained by Vanek (1999)

BzN

O "Ph

OH
OH OAc

OBz

7-e/?/-taxol(l) [r , = o a c , R 2 = h , R 3  =  o h ]

10-deacetyltaxol (2) [r,= oh, r ,= oh, r,= h]
7-epi-10-deacetyltaxol (3) [R, = OH, = H, R, = OH]

Figure 4.59 Taxanes similar in chemical structure to paclitaxel

It is not uncommon for plant cell culture systems to differ from the intact plant in their

secondary metabolite profile. In July 1997, at the time of harvesting, the needles of

the intact explant source had a paclitaxel content o f over lOOmg/kg. Unfortunately

the seeds were not analysed at the time of harvesting so a direct comparison of

explant and culture was not possible. However, the seeds from this source [collected

in October 1995] were analysed previously and paclitaxel content of the whole seed
157



was 62mg/kg (O’Flaherty, 1998). The presence of comparable levels of paclitaxel 

[av. 67mg/kg] in the seeds o f a number o f other Taxus species including T. baccata 

has also been reported (Kwak et a i ,  1995). Interestingly, this group also noted that 

on a w/w basis the embryo, which accounts for just 0.2% of the total seed weight, 

contained the highest amount of paclitaxel compared to other seed parts.

4.5.2 Effects of culture medium

The successful use of plant cell culture as a source of commercially important 

secondary metabolites depends completely on the assumption that the species in 

question will grow in culture and that the undifferentiated cells will produce the 

required secondary metabolite in sufficient yield. Optimising growth and secondary 

metabolite biosynthesis is achieved by manipulating the chemical and physical 

environment of the culture system. The effect of L-glutamine on biomass production 

was examined for two cell lines [8 and 19] over seven and eight months [April- 

November 1999] respectively. The first medium, designated 1902-A, had an L- 

glutamine concentration o f 2mg/l and the second, 1902-B, had 450mg/l.

□  L-glutam ine 
2m g

■  L-glutam ine 
450m g

4

3.5
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2

1.5

0.5

0
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34

W e e k  o f h arv est

Figure 4.60 Nutrient medium evaluation - Cell line no.l9 ^

Figs. 4.60 & 4.61 show that in both media the growth rates varied enormously. 

Interestingly though, both cell lines exhibited a similar pattern o f growth. In the first 

month both cultures grew well. This was followed by a five-month period of poor 

and erratic growth. In the more recent months o f evaluation both cell lines re-
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established a more rapid and proliferative growth pattern. It could be that although 

the cells were undifferentiated, they possessed an inherent seasonality much like the 

intact plant. The periods of more rapid growth occurred for both cell lines in April 

and again in October/November. It is likely that minor temperature changes influence 

cell culture growth. Taxus cultures have also been shown to grow preferentially at 

lower temperatures [12-I7°C] (Wickremesinhe and Arteca, 1994a) but our cultures 

were maintained at 25°C for the duration of the study. However, the inherent drop in 

temperature associated with the winter months could, in theory, have resulted in a 

slight cooling of the cell culture environment.

□  L-glutam ine 
2m g

■  L-glutam ine 
450m g

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

W e e k  of h a rv e s t

Figure 4.61 Nutrient medium evaluation - Cell line no.8 ^

The pH of the medium was recorded at the time of subculture throughout the study. 

Average pH and pH range for both media and each cell line are presented in Table 

4.15. The average pH values for the medium B [450mg/l L-glutamine] were lower 

than those for the medium A [2mg/l L-glutamine], though this was not significant.

Table 4.15 pH range and average pH values of Taxus culture medium ^

pH range Average pH

Cell line 8 -  Medium A 4 .5 4 -5 .4 9 5.20±0.32

Cell line 8 -  Medium B 4 .2 2 -5 .4 7 4.89±0.32

Cell line 19 -  Medium A 4 .2 8 -5 .7 1 5.18±0.44

Cell line 19 -  Medium B 3 .99 -5 .41 4.83±0.42

4 -r 

3.5 -  

3 -

I --
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As expected (Wickremesinhe & Arteca, 1994a), no apparent relationship existed 

between medium pH and growth response for either of the two cell lines (Fig. 4.62a- 

d), although growth rates seemed to be consistently higher at pH 5 or greater. 

Statistical evaluation of the data suggested that no significant differences existed 

between the two media for either cell line no.8 [two-tailed P value 0.7001] or cell line 

no. 19 [two-tailed P value 0.3954], Statistical comparison of the two cell lines also 

showed no significant differences between them irrespective o f the growth medium 

[two-tailed P values 0.5515 & 0.3174 for 1902-A & 1902-B respectively].
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Overall, the results indicated that there was no absolute requirements for high levels 

of L-glutamine for either growth or taxane secondary metabolite production in cell 

suspension cultures of T. baccata 'Fastigiata'.

4.6 'Hairy' root cultures of Taxus

Induction of genetically transformed 'hairy' roots is achieved by treating plant cuttings 

with various strains of Agrobacterium rhizogenes. This soil bacterium is known to 

induce the formation of rapidly growing adventitious roots often with a high capacity 

for secondary metabolite production (Schlatmann et al., 1996) and inherent genetic 

stability (Hamill et al., 1987).

Despite the fact that Taxus cuttings have been found to have an erratic rooting 

capacity (Hook, personal communication), a number of experiments to initiate 'hairy' 

root cultures of Taxus were set-up with a view to developing rapidly growing sterile 

root cultures which would produce high levels o f paclitaxel. However, sterile root 

cultures were not developed with any success due to high levels of microbial 

contamination. Therefore, as a secondary objective, a micropropagation protocol was 

developed which utilised the rapidly growing adventitious roots produced by infection 

with A. rhizogenes to improve the overall rooting of recalcitrant Taxus cuttings. 

Ideally, this would facilitate the commercial production of a large number of 

genetically identical plants, which could be used as an alternative in vitro source of 

biomass for paclitaxel production.

Preliminary work in the School of Pharmacy using several Agrobacterium  strains 

indicated that roots were induced at the base of most Taxus cuttings, irrespective of 

Agrobacterium  strain, after a minimum of eight months. However, there was no 

evidence that these roots were transformed. T. baccata 'Fastigiata' cuttings collected 

at Mount Anville School, Dublin [January 1996] were used in the first attempt to 

induce 'hairy' roots. A total o f 60 shoots were infected with one o f six A. rhizogenes 

strains. By the end of March only 28 remained viable and by December that number 

had decreased to 18. In all cases nodular wound tissue was observed at the stem base 

and leaf insertion sites. However, by late March only one stem, originally infected 

with A. bacterium strain 9042 activated in MYA, had development o f roots. This 

stem continued to produce roots through May and June and by early July a second
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stem [ex. A. b. strain A'* activated in MYA broth] had developed roots. In December, 

examination o f the viable shoots showed that stems infected with HR* were also 

producing roots.

A second more comprehensive experiment was initiated in May 1996 using cuttings 

[x90] from the Irish yew at Mount Anville School, Dublin. Ten twigs were infected 

with one o f eight strains of A. rhizogenes and ten were maintained as a control group. 

O f the 90 shoots originally inserted, 50 were viable six months later [Dec. 1996], 

Stems innoculated with Agrobacterium  strain A“* and strain R160I activated in Luria 

broth developed roots. This was the first time that shoots treated with the latter strain 

were shown to develop roots. The most notable result from this experiment was the 

proliferative root development from stems treated with A. b. strain HR* activated in 

MYA. Interestingly, at least two shoots remained viable for each treatment including 

the control, although they did not produce roots.

The third attempt to induce rooting by infection with Agrobacterium  was initiated in 

October 1996. As part of the EU project associated with this work [AIR3-CT94- 

1979] T. baccata 'Aurea' growing at Powerscourt Gardens Co. Wicklow was 

identified as particularly high yielding in terms of its 10-DAB III content. Paclitaxel 

yield was also reasonably high [101±5mg/kg -see Section 4.2.1.3]. As a result, an 

experiment was initiated to promote the rooting of cuttings from this tree. 10 twigs 

were infected with one o f the ten A. rhizogenes strains listed in Table 3.5. Again 

nodular wound tissue formed at the stem base and leaf insertion sites of all treated 

shoots. However, only shoots innoculated with HR*, A"* and 9042 produced roots 

further up the stem [Fig. 4.63]. Interestingly, one shoot originally treated with HR* 

activated in MYA liquid medium showed root development from the needle [Fig. 

4.63]. Unfortunately, no experiments to confirm genetic transformation were carried 

out.

Furmanowa & Syklowska-Baranek (1999) also observed the emergence of a root 

from a leaf of T. x  media 'Hicksii' infected with Agrobacterium rhizogenes strain LBA 

9042. This particular root was shown to have undergone Agrobacterium-mdnced 

genetic transformation. Therefore, it seems reasonable to suggest that the root tissue 

growing from the needle of the Irish yew was also transformed. Unfortunately, due to 

a combination of adverse weather conditions and the removal of the greenhouse
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facility from its original site, the incidence of rooting for the other shoots could not be 

monitored and the experiment was ultimately abandoned. Similarly, the more 

comprehensive study initiated in March 1997 was also terminated.

Fig. 4.63 Roots produced by T. baccata 'A urea ' after treatm ent with HR* 

strain  o f A. rhizogenes

'Hairy' root cultures of a number o f plants are known to produce increased quantities 

o f medicinally important secondary metabolites that are normally biosynthesised in 

the roots o f the differentiated plant (Saito et al., 1992). Transformation of Taxus roots 

is an area which, despite limited success (Furmanowa & Syklowska-Baranek, 1999), 

has not been investigated in detail, partly due to the difficulties encountered in the 

initiation of 'hairy' root cultures of this species and partly due to the availability of 

paclitaxel produced commercially by semi-synthesis. High levels o f paclitaxel in the 

roots o f T. brevifolia, T. x  media 'Hicksii' (Vidensek et al., 1992, Wickremesinhe & 

Arteca, 1994b) and T. baccata [see Section 4.3.1] are promising. However, it 

remains possible that the taxanes are biosynthesised in other plant parts and then 

translocated to the roots (Gibson et al., 1995), which are known universally to 

function as storage organs in the plant. The second possible use for this protocol is 

generating genetically identical rooted cuttings, which could then be used to establish 

Taxus plantations. However, the environmental dangers associated with planting out
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large numbers o f rooted cuttings, which have been treated with a bacterium known to 

cause genetic transformation, may prevent this.

4.7 Non-taxane constituents o f yew

TLC analysis o f the crude extract o f T baccata 'Fastigiata' [Irish yew] needles 

highlighted the presence o f  two highly polar compounds which developed an intense 

pink colour on spraying with 1% vanillin/H2S0 4  and heating for 5 mins. at 110°C. It 

was considered appropriate to investigate these compounds further and both 

compounds were successfully isolated by column chromatography [Figs. 3.2 & 4.64] 

despite initial problems o f separation and the apparent instability o f the second 

isolate.

At a later stage in the study when additional quantities o f material were required the 

isolation procedure was optimised. The crude extract was first subjected to vacuum 

liquid chromatography according to the method developed by Coll and Bowden 

(1986). This technique which allows the fast and efficient removal o f unwanted 

compounds from crude natural product extracts, provided a polar fraction in this case. 

This could then be re-chromatographed more efficiently using preparative thin layer 

chromatography.

The first o f the two phenolic compounds isolated from the needles o f  T. baccata 

'Fastigiata' was obtained as an off-white solid. Mass spectral analysis yielded a 

molecular ion o f [M+1]^ at m/z 317, which, in conjunction with the ['^C]-NMR 

spectrum suggested a molecular formula o f  CwHioOg. Absorbances at 3400cm'‘ in 

the IR spectrum suggested the presence o f hydroxyl groups. No carbonyl
1 13functionalities were indicated. Analysis o f  the [ H]- and [ C]-NMR spectra indicated 

that the compound contained both an aromatic moiety and a glucose residue [Figs. 

4.65-70, Tables 4.16-17], The anomeric H-1  ̂ o f the glucose residue resonates as a 

doublet at 5 4.87. Diaxial coupling o f  8 Hz between H - l ‘ and H-2‘ o f the glucose 

residue indicated that the isolate was a (3-linked glucoside.
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Figure 4.64 Optimised extraction of taxicatin and catechin from the needles of 

T. baccata 'Fastigiata'
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T able 4.16 ['H |-N M R  data for taxicatin

Proton No. CD3OD ' D M SO ”*’
2 6.40d, 2Hz 6.25d, 2Hz
3-OCH3 3.83s 3.7s
4 6.24t, 2Hz 6.15t, 2Hz
5-OCH3 3.83s 3.7s
6 6.40d, 2Hz 6.25d, 2Hz

1' 4.94d, 8Hz 4.8d, 7.9Hz
2 ' 3.38-3.59 bm 3.2-3.5 bm
3' 3.38-3.59 bm 3.2-3.5 bm
4' 3.38-3.59 bm 3.2-3.5 bm
5' 3.98dd, J=2, 12Hz 3.2-3.5 bm
6' 3.77dd, J=5.5, 12Hz 3.2-3.5 bm

2'-0H 5.2-5.4
3'-0H 5.2-5.4
4'-0H 5.2-5.4
6'-0H 4.65

[* Literature values: Chuang et ai, 1989]

The molecular formula requirements suggest that the aromatic ring is substituted at 

two positions with hydroxyl groups in addition to the O -p-D-glucose unit. The 

pattern o f  aromatic resonances [Fig. 4.65] indicates that the phenolic groups have a 

1,3,5 relationship.

Table 4.17 ['^C|-NM R data for taxicatin

C arbon No. CD3OD DMSO"'’
1 161.3 159.6
2 96.8 96.8
3 163.2 161.2
4 96.0 96.1
5 163.2 161.2
6 96.8 96.8
-OMe 56.1 56.1

1' 102.7 102.7
2' 75.2 75.2
3 ' 78.3 78.3
4 ' 71.8 71.85
5' 78.6 78.6
6‘ 62.9 63.1

[* Literature values: Chuang et ai, 1989]
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The results suggested that the isolate was taxicatin [see Fig. 1.19(6)], previously 

isolated from the needles T. baccata L. (Lefebvre, 1907, Merz et a i, 1941, Li et a i, 

1994). The chemical structure of the isolate was confirmed by comparison of the 

spectral data with known literature values [Tables 4.16-17].

The isolate was also subjected to acid hydrolysis [see Section 3.1.4.3], yielding 3,5- 

dimethoxyphenol aglycone (phloroglucinol) which was characterised by [*H]-NMR 

[Fig. 4.71] and [3-D-glucose which was confirmed by co-TLC with an authenticated 

standard. The isolate was acetylated [see Section 3.1.4.3] to yield a tetra-acetylated 

product which was characterised by NMR [see Figs. 4.72-73 & Table 4.18].

Table 4.18 ['H |- and [’^C|-NMR data for the tetra-acetate of taxicatin

Carbon/Proton ' h 13^
1 158.9

2 6 .2 s 96.0

3 161.8

4 6 .2 s 96.0

5 161.8

6 6 .2 s 95.3

-OCH 3 3.7s 55.8

3 X -CH 3 2 .0 s 21.04

-OCH3 2 .0 s 30.11

4 X - C = 0 169.7-171

1 ' 6 . Im 99.1

2 ' 4.15ddd 71.4

3 ' 72.4

4 ‘ 68.7

5‘ 73.1

6 ' 62.4

Although taxicatin has been isolated from T. baccata L. (Lefebvre, 1907, Merz et a i, 

1941) this is the first report of its isolation from the Irish yew.
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Figure 4.65 [*H]-NMR spectrum  of taxicatin
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Figure 4.69 Dept 135° spectrum  of taxicatin
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Figure 4.71 [*H]-NMR spectrum of 3,5-dimethoxyphenol
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The second compound to be isolated was the more polar o f  the two. It was recovered 

as a buff coloured solid mp 213-214°C. Mass spectral analysis gave a molecular ion 

[M +l]^at m/z 291, which, when coupled with the ['^C]-NMR data suggested a 

molecular formula o f  C 15H 14O6 . Due to the highly polar nature o f  the isolate, the 

['H ]-NM R data was unclear. However, the [*^C]-NMR showed the presence o f  one 

methylene group, two aliphatic -CH group, five aromatic -CH groups, five -C-OH  

groups and three quaternary carbons. These data, in conjunction with the 

requirements o f  the molecular formula, suggested the isolate was a tricyclic structure 

containing one oxygen, a heterocycle and two aromatic rings. To facilitate further 

analysis this compound was acetylated and then isolated as the penta-acetate. The 

acetate was evaluated spectroscopically [Table 4.19 and Figs. 4.74-80]. The alcohol 

was also isolated and subjected to spectroscopic analysis. The spectra clearly showed 

that the isolate was catechin. This assignment was confirmed by comparison o f  the 

physical and spectroscopical properties with those o f  an authenticated standard.

Table 4.19 Spectroscopic data for catechin penta-acetate

Carbon No. 8 , M ultiplicity 8 h 'H - 'H  CO SY
2 78.1 CH 5.14 H-3
3 68.2 CH 5.23 H-2, H-4
4 23.8 CH2 2.66,2.86 H-3
4a 110.1 - - -
5 145.3 - - -
6 108.7 CH 6.66 -
7 149.8 - - -
8 107.6 CH 6.59 -
8a 149.3 - - -

1' 136.1 _ _ .

2' 123.7 CH 7.20 H-6'
3' 142.0 - - -
4' 142.1 - - -
5' 121.7 CH 7.17 H-6'
6'

5 X -CHj 
5 X -C=0

124.4

20.63-21.10
168.1-170.1

CH 7.27

2.00,2.27-2.28

H-2', H-5'
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Figure 4.74 [*H]-NMR spectrum of catechin penta-acetate
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Figure 4.80 HMQC spectrum of catechin penta-acetate



This is the first reported isolation o f catechin from the Irish yew {T. baccata 

'Fastigiata']. Catechin has recently been isolated from four other Taxus species, T. 

cuspidata 'Contorta', T. cuspidata "Nana' (Kim et al., 1999), T. wallichiana 

(Chattopadhyay et al., 1999) and T. yunnanensis (Chen et al., 1996). Although two 

groups (Chen et al., 1996 & Chattopadhyay et a l ,  1999) working independently of 

one another, isolated catechin from T. yunnanensis and T. wallichiana, T. yunnanensis 

is now thought to be another name for T. wallichiana [commonly known as the 

Himalayan yew], rather than a distinct species (Farjon, 1998).

Taxifolin, quercetin, kaempferol and isorhamnetin are the only other reported 

monomeric phenolics to be isolated from Taxus [see Table 1.1]. These phenols are 

closely structurally related to catechin [see Fig. 1.19]. Taxifolin was first recovered 

from T. mairei (Chuang et a l ,  1989) now known to be T. chinensis (Farjon, 1998). 

Quercetin is present in both T. brevifolia and T. cuspidata (Tachibana et al., 1994a & 

1994b).

The close structural relationship between catechin and taxifolin, and the existing 

knowledge of their similar biosynthetic origins [see Fig. 1.20] suggests that T. 

baccata 'Fastigiata' may first produce taxifolin which is then reduced to yield 

catechin. In light o f this information, a small TLC study was carried out to determine 

if these compounds occurred universally in the genus Taxus and whether any 

significant differences existed between the species in terms of their simple monomeric 

phenolic profiles. Two varieties of T. baccata and seven other species were examined 

[Table 4.20].

All species and varieties examined contained catechin which, based on the known 

biosynthetic origins of this compound [see Section 1.3.2.2] lead us to believe that 

they should also contain dihydroquercetin and dihydrokaempferol, direct biosynthetic 

precursors of catechin. However, no dihydroquercetin was observed in any of the 

species or varieties analysed. Quercetin was also perceived absent in all samples 

examined, revealing a possible preferential 'shunt' o f the common dihydroquercetin 

precursor to catechin [see Fig. 1.20].
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Table 4.18 M onomeric phenolic compounds found in Taxus species

Species Date of 

collection

Dihydro-

quercetin

Quercetin Catechin Taxicatin

T. baccata 'Fastigiata' [f] July 1997 X X ✓ ✓

T. baccata 'Brevifolia' [f] Feb. 1999 X X /

T. canadensis [f] July 1997 X X / y
T. celehica [m] Feb. 1999 X X / -

T. cuspidata 'Contorta' [m] Feb. 1999 X X / -

T. cuspidata 'Nana' [f] Feb. 1999 X X ✓ /

T. X hunnewelliana [f] Feb. 1999 X X / /

T. X media 'Hatfieldii' [f] Feb. 1999 X X / /

T. X media 'Hicksii' [f] July 1997 X X / y
[f=female, m=male]

Taxicatin, on the other hand, was only found in seven of the nine species tested. 

Taxicatin was first identified in the needles o f the European yew [T. baccata] almost 

100 yrs. ago (Lefebvre, 1907), and has recently been identified in the needles of the 

Canadian yew (Olsen et al., 1998). However, its distribution profile in the genus 

Taxus generally is not known. Interestingly the seven species that tested positive for 

taxicatin were female varieties while the two that tested negative were males. This 

suggests a possible gender differential in taxicatin production in Taxus, but such a 

small study renders the result speculative rather than conclusive.

T. baccata 'Brevifolia' contained both catechin and taxicatin. As we have seen in our 

taxonomic evaluation of this population of trees growing at Bedgebury National 

Pinetum [UK], the identity of this tree is circumspect. Evidence from our 

macroscopical and microscopical examination of this tree coupled with the evaluation 

of paclitaxel content [see Section 4.1] suggested that this tree may actually be the 

species o f the same name, T. brevifolia, indigenous to the north west of America. 

Farjon (1998) believes T. baccata 'Brevifolia' to be an alternative name for the species 

T. brevifolia, as opposed to a distinct variety. In terms o f its monomeric phenolic 

content, the leaves o f T. brevifolia have been shown to contain quercetin, kaempferol 

and isorhamnetin (Tachibana et a l ,  1994a) but the presence o f catechin has not been 

reported to date. This is more likely to be a function of the negligible interest in these 

compounds, in light of the discovery of the anti-cancer agent, paclitaxel, in the bark of 

the Pacific yew (Wani et al., 1971), rather than a definite absence.
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Taxonomically it appears that these compounds are of very little value. Catechin 

occurred in all species examined irrespective of gender or time of collection, which 

seemed to indicate that its presence in yew is universal and unlikely to show 

significant variation even in a more comprehensive study. Taxicatin on the other 

hand did show some gender variation but further work would need to be carried out to 

confirm or disprove this postulate. While quercetin and dihydroquercetin were not 

identified in the species and varieties examined, their presence cannot be completely 

ruled out. The TLC method used may not have been sufficiently sensitive for the 

effective separation and conclusive identification of compounds of such similar 

polarity with virtually identical staining properties. Equally, the total available 

dihydroquercetin may have been preferentially utilised in the biosynthesis of catechin 

under the environmental conditions at the collection site.

Two of the nine samples were collected in July 1997 and the remaining seven were 

collected in February 1999. This indicated that season had no observable effect on 

the biosynthesis of monomeric phenols. Other environmental conditions such as soil- 

type, temperature and light, which have been shown to affect secondary metabolite 

biosynthesis in Taxus (Kelsey & Vance, 1992, Witherup et al., 1990, Hook et al., 

1999), may account for the preferential production o f catechin in this particular 

population.
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C H A P T E R  5

C O N C L U S I O N



Chapter 5 Conclusion

Taxonomic evaluation o f the genus Taxus indicated that each of the 33 species and 

varieties examined were similar in tenns of their macroscopic and microscopic leaf 

surface morphology despite considerable diversity in the overall macroscopic 

appearance of the trees themselves. None of the parameters investigated [needle 

length, width & area as well as stomatal pore length & stomatal number] proved to be 

o f any value in distinguishing between the different varieties or species of yew. From 

a chemotaxonomic viewpoint, neither paclitaxel content nor cuticular wax n-alkane 

profiles facilitated the conclusive identification o f the different species or varieties 

examined. In each case, possible external sources o f variation in secondary metabolite 

content such as climate, soil-type, season etc. were eliminated. Overall the results 

support the view of Elwes & Henry (1906) that the genus Taxus is monospecific, 

consisting of a large number o f varieties which exhibit enormous diversity in terms of 

their appearance but which are essentially taxonomically indistinguishable. It is 

noteworthy at this point that such confusion on the true identity o f each of the species 

renders much of the work in the area suspect and it may become necessary in the 

future to provide voucher specimens or some other evidence for assessment in the 

same way that papers themselves are reviewed before publication.

At a generic level both species of the allied genera, Cephalotaxus and Torreya, were 

significantly different from Taxus both chemotaxonomically and microscopically, 

indicating the possible value of these parameters in distinguishing between the genera 

o f the Taxaceae and other closely related families. However, this would need to be 

investigated more thoroughly to allow any definite claims to be made.

The correct identification of the species is essential in order to facilitate the accurate 

evaluation of individual species and varieties in terms of their paclitaxel content. A 

number o f other parameters which are known to influence paclitaxel content including 

harvesting and post-harvest protocols were taken into account and, as far as possible, 

the recommended harvesting, drying and handling protocols were adhered to. 

Nevertheless direct comparison of our data with other published works is difficult due 

to the high levels o f epigenetic variation associated with studies o f this type.
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Broadly speaking, intraspecific variation was extremely high. However, o f the 28 

varieties o f European yew evaluated, the Irish yew had a consistently high paclitaxel 

content irrespective of geographic location although the highest levels were recorded 

in Ireland, its natural habitat. Samples collected in France had lower paclitaxel yields 

than similar species and varieties collected in other countries. This may have been 

related to the extended drying times for these samples. T. x media [n=5] and T. 

canadensis [n=3] were the only other species where a significant number of varieties 

were evaluated. In both cases, intraspecific variation was considered significant and 

interestingly the highest paclitaxel content for T. canadensis was recorded in Canada, 

again, its native home. Variation in paclitaxel content among the 13 species examined 

was also considerable [8-169mg/kg] but in most instances interspecific variation was 

overshadowed by the high levels of variation within the individual species.

The effect of geographic location on the paclitaxel content of Taxus species and 

varieties was also examined. The evidence suggested that trees growing in their 

natural habitats produced more paclitaxel than trees growing at locations far removed 

from their original homes. The high paclitaxel levels recorded for trees growing in 

Ireland and the UK suggested that the cool maritime climate prevalent in these 

countries favours paclitaxel production in yew.

A large experiment to determine the optimum time o f year to harvest for paclitaxel 

was also set-up using the Irish yew growing in Ireland. The results indicated that 

paclitaxel levels are at their highest in late winter/early spring, approximately one 

month prior to extension growth, which begins in Ireland in May/June and continues 

until August. German samples also exhibited similar patterns of seasonal variation 

but in France paclitaxel levels were lowest in April. Overall, seasonal variation in 

paclitaxel content was considerable and should be taken into account when harvesting 

for paclitaxel. However, the seasonal variation o f other taxanes, most notably 10- 

DAB III, is often completely different to the seasonal variation of paclitaxel (Hook et 

a i,  1999). This then begs the question, which taxane do you harvest for?

In conclusion, only one variety was identified whose paclitaxel content was 

considerably higher than the others. T. baccata 'Brevifolia', an individual tree
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growing at Bedgebury National Pinetum, UK had the highest paclitaxel content 

recorded during the course of this work [253mg/kg] but taxonomic evaluation showed 

that the identity o f this tree was questionable. However, as the results o f a parallel 

study to determine the heritability of paclitaxel content from parent to progeny were 

positive, it remains possible that individuals such as this one could be selected and 

propagated, under clearly defined and controlled growing conditions, for the long

term commercial production of paclitaxel.

Experiments, set-up to manipulate the chemical and physical environment of Taxus 

rooted cuttings, indicated that conditions o f growth have an important effect on both 

biomass and paclitaxel production. The growth retardant, CCC, had no significant 

effect on either growth or paclitaxel content when applied as a foliar spray either with 

or without fertiliser. Calcium nitrate application, on the other hand, resulted in a 

statistically highly significant enhancement o f paclitaxel yield with no observable 

effect on growth compared to the control. In contrast, Taxus cuttings grown under 

nonnal light conditions produced 25% more biomass than those grown in the shade 

without significantly effecting paclitaxel content. These findings have potential 

commercial implications in Taxus plantations where these trees are being grown 

specifically for their paclitaxel content. A field trial initiated as part of this work also 

indicated that T. baccata Tastigiata' grew well on a calcium-rich soil, irrespective of 

other unfavourable conditions.

Plant cell culture was the first of two in vitro methods investigated as potential 

alternative sources o f paclitaxel. Attempts to initiate callus production using sterile 

apical buds of T. baccata Tastigiata' were largely unsuccessful. With the help of 

Coillte Research Laboratories, 26 cell lines were successfully developed from the 

embryos o f mature seeds from the Irish yew. Examination of the kinetics o f both 

growth and paclitaxel production of cell line no. 19 were investigated over a 36-day 

period. Unfortunately the main metabolite produced by this T. baccata Tastigiata' 

embryogenic culture was not paclitaxel. However, maximum levels o f the unknown 

taxane compound, expressed as paclitaxel equivalents, were recorded on day 30 o f the 

growth cycle [ 132mg/kg] coinciding with the highest levels o f biomass production 

and the optimum growth rate. The tentatively suggested identity of the unknown was 

7-ep/-10-deacetyltaxol. A second experiment, to evaluate the effect o f changes in
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culture medium composition, indicated that there was no absolute requirement for 

high levels of L-glutamine [2mg/L v. 450mg/L] for either growth or taxane secondary 

metabolite production in cell suspension cultures of T. baccata 'Fastigiata'.

Attempts to produce 'hairy' root cultures by genetic transformation with various strains 

o f Agrobacterium rhizogenes were not successful. High levels o f microbial 

contamination hampered the initiation of 'hairy' root cultures. The potential o f these 

systems as alternative sources of paclitaxel is enormous. They not only grow more 

rapidly than callus or suspension cultures but have a high capacity for plant secondary 

metabolite production and are inherently more genetically stable. A second possible 

use for this methodology is in the rooting o f Taxus cuttings, which are known to have 

a poor rooting capacity. Unfortunately, despite a degree o f success in this area all 

relevant experiments had to be abandoned due to circumstances beyond our control.

Finally, during the course of this research, TLC analyses o f the Taxus samples 

consistently highlighted the presence of two polar compounds. These compounds 

were successfully isolated from the needles o f the Irish yew [7". baccata 'Fastigiata']. 

A combination of ['H]-NMR, ['^C]-NMR and mass spectroscopy allowed the 

conclusive identification and structural elucidation of these compounds, taxicatin and 

catechin. This is the first reported isolation o f these compounds from the Irish yew 

although they have been identified in other Taxus species.
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