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Abstract

v

The 1990s brought an abundance of reports on
paclitaxel-producing endophytes, initially her-
alded as a discovery having tremendous implica-
tions for cancer therapy. As the vision of large-
scale fermentation tanks producing vast quanti-
ties of relatively inexpensive paclitaxel and novel
taxanes has faded and has been replaced by con-
troversial silence, we carried out an in-depth in-
vestigation of Taxomyces andreanae - the very
first presumed endophytic synthesizer of the di-
terpenoid. On one hand, metabolic profiling by
means of chromatographic, spectroscopic and im-
munoenzymatic techniques predominant in liter-
ature was taken up. On the other, the experimen-
tal procedure was brought to an alternative, pre-

viously unattempted level aiming at revealing
the genetic background of paclitaxel biosynthesis
in the endophyte. The profound PCR-based
screening for taxadiene synthase (txs) — a gene
unique to the formation of the primary taxane-
skeleton, as well as phenylpropanoyl transferase
(bapt) encoding for the catalyst of the final acyla-
tion of the core structure rendering the ultimate
efficacy of the drug, confirmed the molecular
blueprint for paclitaxel biosynthesis to be an in-
herent genetic trait of the endophyte. However,
as the thorough metabolic analysis of Taxomyces
andreanae commercial isolate brought no confir-
mation of endophytic paclitaxel production even
after considerable up-scaling endeavors, we pos-
tulate that proclaiming the strain “a fungus fac
tory for Taxol” might have been premature.

Introduction

v

Since its discovery in the 1960s, through structure
elucidation completed in 1971 and FDA approval
in 1992, paclitaxel - a highly functionalized diter-
penoid, has evolved to become a blockbuster drug
with commercial sales of well over US $3 billion in
2004 [1]. Since it was primarily obtained from the
inner bark of Taxus brevifolia, a relatively rare and
slow-growing tree, the supply of this potent anti-
neoplastic agent was soon to become the issue of
scarcity. Even early estimations indicated that the
demand for paclitaxel might exceed 300 kg per
year, which would amount to 750000 yew trees
[2]. The supply crisis, as well as the ecological im-
plications resulting in the plant-endangered sta-
tus, prompted the search for paclitaxel-producing
microorganisms among the endophytic fungi of
Taxus. This approach yielded the discovery of Tax-
omyces andreanae reported in 1993 [3].

Initially dubbed “a hot commodity” [4], the fun-
gus was to become an inexhaustible supplier of
the valuable diterpene. After nearly two decades,

however, no conclusive follow-up data on the en-
dophytic metabolite profile or the genetic back-
ground of the paclitaxel biosynthetic pathway
are available.

While the original study [3] relied solely on meta-
bolic means to confirm the endophytic taxane
production, applying chromatographic, spectro-
scopic and immunoenzymatic detection methods
shortly after removing the fungal symbiont from
its plant host, our research concerned a commer-
cially available, pure Taxomyces andreanae strain
(CBS 27992) and was brought to an alternative,
more advanced level. Namely, in parallel to utiliz-
ing the aforementioned techniques to confirm
taxane presence in fungal cultures, we also ad-
dressed the question of the molecular blueprint
for paclitaxel production being an inherent genet-
ic trait of the endophyte.

The presumed route leading to paclitaxel in plan-
ta, encompassing genes encoding for the consecu-
tive biosynthetic enzymes, has been extensively
investigated and well documented by Croteau
and coworkers [5]. The paclitaxel pathway in
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Taxus is considered to require 19 enzymatic steps from the ubiq-
uitous diterpenoid precursor geranylgeranyl diphosphate (GGPP)
which is subsequently cyclized to taxa-4(5),11(12)-diene. Fol-
lowing stages involve a series of cytochrome P450-mediated oxy-
genations, an array of acylations, oxetane ring formation and sev-
eral steps of side chain assembly, resulting ultimately in the syn-
thesis of paclitaxel (© Fig. 1).

Taxadiene synthase (TXS, EC 4.2.3.17) is considered to be an en-
zyme catalyzing the commited step of paclitaxel biosynthesis [6],
i.e., the slow bioconversion of the parent olefin (GGPP) to taxa-
diene, whereas phenylpropanoyl transferase (BAPT, EC 2.3.1.-)
provides for the final attachment of the side chain - a structural
requirement for anticancer efficacy [7]. For this reason, the in-
depth study of txs and bapt as target genes, bearing clear implica-
tions for paclitaxel biosynthetic pathway elucidation in Taxomy-
ces andreanae, was taken up. It was further anticipated that de-
termining the intraspecific homology by alignment studies might
shed some light on the widely debated hypothesis of horizontal
gene transfer [8,9], thus explaining the distant distribution of
the secondary metabolites in question between taxonomically
unrelated species.

Materials and Methods

v

Chemicals

Paclitaxel (2 95%, HPLC) and baccatin III (> 95%, HPLC) reference
compounds as well as benzoic acid, thiamine, biotin and pyridox-
al were purchased from Sigma-Aldrich. Glucose, fructose, su-
crose, peptone and yeast extract were supplied by Duchefa. All
other chemicals and organic solvents, including the deuterated
methanol and chloroform, were obtained from Merck.

Plant and fungal material

Taxus baccata L. was purchased at a local market in Groningen
and authenticated at the Botanical Garden “De Kruidhof”, Buiten-
post, the Netherlands. A voucher specimen (Gro-ASOK-01) is de-
posited in our department.

Taxomyces andreanae (CBS 27992) was obtained from Centraal-
bureau voor Schimmelcultures (CBS), Institute of the Royal Neth-
erlands Academy of Arts and Sciences, Utrecht, the Netherlands.

Fungal cultivation

Initial cultivation was performed in Sabouraud-Dextrose me-
dium (peptone 10 g/L, glucose 20 g/L, pH 5.6). A slightly modified
S7 medium [3] comprising: glucose 1 g/L, fructose 3 g/L, sucrose
6 g/L, peptone 1 g/L, sodium acetate 1 g/L, yeast extract 250 mg|/L,
thiamine 1mg/L, biotin 1mg/L, pyridoxal 1mg/L, Ca(NOs);
6.5 mg/L, phenylalanine 5 mg/L, MgSO,4 3.6 mg/L, CuSO4 1 mg/L,
ZnSO4 2.5mg/L, MnCl, 5mg/L, FeCl3 2mg/L, benzoic acid
100 mg/L, 1 M KH,PO, buffer (pH 6.8) 1 mL/L was the experimen-
tal medium.

Growth incubation was conducted at room temperature with
moderate rotation speed (100 rpm) under a day/night regime
(16/8 h; 1200 lux). 1, 5 and 10L cultivations were attempted.
Subculturing was performed by medium refreshment of a one-
week-old fungal suspension in a 1:100 ratio.

Extract preparation

Crude and purified extracts of dried Taxus baccata needles were
prepared as described previously [10]. After Biichner-filtration,
the fungal mycelium was macerated and extracted with CH,Cl;:
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Fig. 1 A simplified outline of paclitaxel biosynthesis indicating steps cru-
cial for our investigation.

MeOH (1:1), while the filtrate was extracted with CH,Cl,. The
solvent was removed from the organic extracts by rotary evapo-
ration under reduced pressure at ~40°C [11].

TLC

TLC analysis was conducted on silica gel plates Merck Fysq
(5%x10cm) with CH»Cly:ACN (7:3, v/v) as the solvent system.
Taxane detection was carried out by UV light absorption
(254 nm) and spraying with vanillin/H,SO4 [11].

MPLC

The Biichi MPLC system comprised the following units: G-615
pump manager, two -605 pump modules, C-660 fraction collec-
tor, -630 UV monitor and a PC computer. A Biichi G-690 series
borosilicate glass column (230 x 15 mm), packed with reversed
phase silica gel RP1g was applied to perform the separation.
Water (solvent A) and methanol (solvent B) were the mobile
phase. The solvent flow was set at 10 mL/min and the UV detec-
tion wavelength at 220 nm. Dry fungal extracts were dissolved in
2 mL of methanol and injected to the system. The fractions were
collected by signal or by volume (max. 15 mL/tube). The analysis
was commenced at 20% B, followed by linear gradient with an
endpoint at 40 min, 100% B and finalized by 15 min of isocratic
100% B elution. The separation procedure was monitored by TLC.

HPLC

The HPLC system comprised an LC-10AT pump, a SCL-10Avp con-
troller, a FCV-10AL low-pressure gradient mixer and an SPD-
M10A diode array detector (Shimadzu CLASS-VP), operated with
CLASS-VP software version 6.12SP4. Low-pressure gradient chro-
matography was performed using an Eclipse XDB C;g column
(250x4.6 mm with 5pm packing). The injection volume was
50 pL and the flow rate was set at 1.5 mL/min at room tempera-
ture. The mobile phase system consisted of A: H,0:ACN
(80:15.44, w/w) with 10mL 0.1 M phosphoric acid/L, and B:
H,0:ACN (20:62.56, w/w) with 10 mL 0.1 M phosphoric acid/L.
The separation was commenced at 45% solvent B for 5 min, fol-
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lowed by a linear gradient with given time endpoints: 24 min,
100% B; 26 min, 100% B; 28 min, 45% B; 30 min, 45% B (adopted
from Ballero et al. [12]). The detection limit for paclitaxel as refer-
ence was established as the amount of analyte that provides a sig-
nal-to-noise ratio of 3, and amounted to 400 ng/mL.

HPLC-MS

A Perkin-Elmer SCIEX API-3000 apparatus with atmospheric
pressure electrospray ionization and triple-quadrupole mass
spectrometer operating in the positive mode was used for the
HPLC-MS analysis. The instrument was equipped with a Perkin-
Elmer series 200 HPLC micro-gradient pump and an autosampler.
The mass spectrometer was interfaced to an Alltima Cyg column
(150 x 2.1 mm, 5 pum particle size). The mobile phase comprised:
100% H,0 (solvent A) and 100% ACN (solvent B) both containing
0.1% formic acid. The separation was commenced at 45% solvent
B for 1 min, followed by a linear gradient with given time end-
points: 20 min, 80% B; 22 min, 80% B; 24 min, 45% B; 25 min,
45% B. The injection volume was 30 L and the flow rate 1 mL/
min at room temperature. The positive ion mode was employed
and spectra were obtained with a spray voltage of 5.2 kV. The
source temperature was 450°C. The scan rate was 2 sec/scan, a
full ion scan was applied in the range of 100-1100 amu with a
step size of 1 amu and 10 V entrance potential. Nitrogen was used
both as the nebulizer and curtain gas at a pressure of 0.7 Torr and
a flow rate of 13 mL/min. Data processing was performed using
the Analyst version 1.4 software (MDS Sciex).

NMR

TH- (500 MHz) and '3C- (125.69 MHz) one- and two-dimensional
NMR spectra were recorded on a Varian INOVA-500 spectrome-
ter.

Immunodetection

CIEIA - a competitive inhibition enzyme immunoassay system
for the quantitative detection of taxanes in biological matrices
sensitive to paclitaxel at a concentration of 0.5 ng/mL [13] was
performed using a commercially available kit (Hawaii Biotech,
Inc.).

DNA isolation

Efficient extraction of plant and fungal DNA was accomplished
using DNeasy® Plant Mini Kit (Qiagen, Inc.) according to the man-
ufacturer’s protocol. Plasmid DNA purifications were performed
using QIAprep® Spin Miniprep Kit (Qiagen, Inc.). PCR products
were purified with QIAquick® PCR Purification Kit & QIAquick®
Gel Extraction Kit (Qiagen, Inc.).

PCR

Temperature gradient PCR reactions were conducted with 2 al-
ternative enzymes: Taq DNA Polymerase (5U/uL) (Fermentas
GmbH) and Phusion™ DNA Polymerase (2 U/uL) (Finnzyme QY),
in the Eppendorf Mastercycler gradient thermocycler. Thermal
conditions: Taq: 95 °C for 3 min (initial denaturation), 30 x [95°C
for 30 sec (denaturation), 40 sec (annealing) in temperature gra-
dient, 72 °C (extension) for the period of time dependent on the
length of the amplified gene fragment and enzyme efficiency],
72 °C for 5 min (final extension). Phusion™: 98 °C for 1 min (initial
denaturation), 30 or 35 x [98 °C for 10 sec (denaturation), 20 sec
(annealing) in temperature gradient, 72 °C (extension) for the pe-
riod of time dependent on the length of the amplified gene frag-
ment and enzyme efficiency], 72 °C for 10 min (final extension).

Original Papers RIEIPE]

Primers: taxadiene synthase gene specific primer set for the am-
plification of txs sequence encoding the full-length protein [14]:
» txs_fwd (5'-atggctcagctctcatttaatg-3')

> txs_rev (5'-tgccaatacaataataagtc-3')

Alternative specific forward starter for the amplification of a
truncated txs sequence encoding the mature enzymatic entity
(without the plastid targeting signal peptide):

» txs_fwd_noPTS (5'-atgagcagtagcactggcactagca-3')

Specific primer set for the amplification of highly conserved core
DNA fragment of txs [15]:

» ctxs_fwd (5'-caaacccatgtcgaattgagaag-3')

» ctxs_rev (5'-caagtttgcatacactctggaatct-3')

Degenerate PCR primers:

» LHQ fwd (5'-ytrcaycargargarytraargarytr-3')

» LHQ rev (5'-yarytcyttyarytcytcytgrtgyar-3')

» DDXXD_fwd (5'-gtnathgaygayacntaygaygaytay-3')
» DDXXD_rev (5'-rtartcrtcrtangtrtcrtcdatnac-3')

» DDXXDspec_rev (5'-aaagatgtcagccatatcatcaaaaag-3')

Phenylpropanoyl transferase gene [16]:
» bapt_fwd (5'-cctctctccgcecattgacaa-3')
» bapt_rev (5'-tcgccatctctgcecatactt-3')

The primers were purchased from Invitrogen™/Illumina® labora-
tory and Operon Biotechnologies.

Molecular cloning and sequence analysis

Taq and A-tailed Phusion amplification products were ligated into
pGEM®-T and pGEM®-T Easy Vector Systems (Promega Corpora-
tion), whereas cloning experiments on the blunt-ended PCR
products synthesized with Phusion polymerase were conducted
by means of Zero Blunt® TOPO® PCR Cloning Kit (Invitrogen).
The obtained plasmid vectors were transformed into NovaBlue
Singles™ chemically competent E. coli cells (Novagen, Inc.), or
XL1-blue competent E. coli strain (Stratagene). Endonuclease di-
gestions of DNA inserts were performed using restriction en-
zymes from New England BioLabs, Inc. Sequence analysis was
performed by ServiceXS B.V.and Macrogen Ltd.

Results and Discussion

v

In order to gain the first insight into the presence of taxane com-
pounds in the extracts of Taxomyces andreanae prepared from 1-,
5- and 10-L cultures, thin layer chromatography was employed.
As R¢ values of analyzed mixtures’ components corresponded to
the one of paclitaxel reference (0.30-0.34) yielding the same in-
tense blue color reaction with the vanillin-sulphuric acid spray as
the authentic compound, the initial indication of endophytic pa-
clitaxel production seemed to have been provided for the organic
extracts of fungal culture medium filtrates. High-performance
liquid chromatography was applied subsequently. The chromato-
grams of culture broth filtrate extracts revealed a peak eluting
around the retention time of 10.96 min corresponding, more or
less, to that of the reference compound (10.91 min).

While both baccatin III and paclitaxel were successfully detected
in the purified extract of Taxus baccata needles, providing for a
positive control of taxane presence verification by means of
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Fig.2 3-Amino-2-hydroxy-4-phenylbutanoic acid - Val-Phe.

HPLC-MS, no such reaffirmation concerning endophytic taxane
production was obtained.

As current chromatographic methods for the determination of
taxanes in biological matrices are considered to be relatively in-
sensitive, an immunoenzymatic system (CIEIA), with the reactiv-
ity towards paclitaxel at concentrations 800 times lower than
those detectable by HPLC, was employed. The average taxane
concentration values in crude and purified extracts of Taxus bac-
cata needles amounted to 270 ng/mL and 20 pg/mL, respectively,
which constitutes 0.05% of dry weight and corresponds to taxane
concentration in Taxus needles as previously reported [10]. De-
spite numerous trials, results obtained for the samples of fungal
origin remained inconsistent and led to the conclusion that the
diterpenoids of interest were absent from the endophytic ex-
tracts.

Medium-pressure liquid chromatography was applied as a pre-
parative method for the isolation of individual natural products
from the complex fungal extracts, with a major effort put on the
identification of the intriguing paclitaxel-mimicking constituent.
The separation procedure was monitored by TLC and reaction
with vanillin/H,SO,4 spraying reagent. The signal representing
the compound in question was registered at a retention time of
14.10 min while 6 consecutive fractions of the eluate showed in-
tense blue staining on the silica gel plates. The pure fungal metab-
olite was further subjected to HPLC analysis and eluted at
5.66 min. While present in the original chromatograms of endo-
phytic extracts, this peak did not correspond to the one of pacli-
taxel registered at 10.91 min.

The endophytic compound (1) obtained was an amorphous white
solid (7 mg). The TLC and HPLC pure metabolite was subjected to
mass spectrometry as well as 'H- and 3C 1D/2D NMR. The spec-
tral data were in good agreement with an unusual tripeptide 3-
amino-2-hydroxy-4-phenylbutanoic acid - Val-Phe (© Fig. 2). Ac-
cording to LC-MS/MS the molecular mass was determined at
441.53 (calcd. for Cy4Hs31N30s5). The fragmentation pattern
showed three major fragments at m/z (%)=257.2 (100), 239.2
(23), 216.2 (20), and 198.2 (48). The assignment of proton reso-
nances gave the following correlation: PBA (3-amino-2-hydroxy-
4-phenylbutanoic acid) 2 (3.83 ppm, d, 10 Hz), PBA3 (3.5 ppm, dd,
10Hz, 8 Hz), PBA4 (2.72 and 2.85 ppm, dd, 8 Hz); PBA2'-6' (7.25-
7.37 ppm, m), Val2" (6.42 ppm, d, 15Hz), Val3” (2.18 ppm, m),
Val5" (0.96 ppm, t, 19 Hz), Val6” (0.89 ppm, t, 19 Hz), Phe2"
(3.98 ppm, d, 21Hz), Phe3™ (3.16 ppm, dd, 3.32, dd, 21Hz),
Phe2*-6* (7.25-7.37 ppm, m). A 13C NMR showed 24 resonances
as documented in © Table 1.

The basic tool of research on the genomic level was the polymer-
ase chain reaction. The initial PCR trials were carried out using
specific primers designed after very highly conserved sequences
in the txs cDNAs from Taxus brevifolia and Taxus chinensis, as re-
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Table 1 "3C NMR data of compound 1.

C 1

PBA1 1713
PBA2 77.2
PBA3 54.8
PBA4 39.9
PBAT’ 140.8
PBA2' 131.5
PBA3’ 127.8
PBA4' 126.3
PBA5’ 127.8
PBAG' 131.5
Val1” 168.3
Val2" 61.8
Val3" 30.1
Val4"' 20.0
Val5" 18.1
Val6" 19.7
Phel’"” 54.6
Phe2'" 38.2
Phe1* 134.9
Phe2* 127.9
Phe3* 128.4
Phe4* 127.4
Phe5* 128.4
Phe6* 127.8

* Values in ppm were recorded at 125.69 MHz (in CDCls)

ported in literature [14], and allowing the amplification of the
full-length Taxus baccata gene. As this original transcript encom-
passes a long N-terminal targeting sequence for localization to
and processing in the plastids, consecutive reactions were per-
formed using an alternative forward oligonucleotide for the am-
plification of a truncated txs sequence encoding the mature enzy-
matic entity.

Further investigation required designing suitable degenerate pri-
mer pairs providing for amplification of the target gene. The ulti-
mate design was preceded by an extensive study concerning the
nature of prenyltransferases as a group of enzymes encompass-
ing taxadiene synthase, e.g., [17-19], and completed by means
of the NCBI Conserved Domain Search for txs [20] revealing the
presence of highly conserved amino acid sequences characteris-
tic of terpene cyclases of plant as well as microbial origin [21].
Although the evolutionary relationship of plant and microbial
prenyltransferases is unclear, all of these enzymes contain the as-
partate-rich DDXXD motif involved in coordination of divalent
metal ions for substrate binding [22]. This region was, therefore,
an obvious choice for primer design basis. An alternative primer
set (LHQ) was constructed with reference to an up-stream highly
conserved amino acid sequence of unknown function, as identi-
fied by the NCBI Search tool.

All the aforementioned oligonucleotides were employed in vari-
ous combinations, in a wide range annealing temperature gra-
dient, with and without DMSO included in the reaction mixture,
and with two alternative DNA polymerases as reaction catalysts.
This extensive PCR-based screen yielded a number of potentially
interesting amplification products. These were either directly se-
quenced or, if applicable, further purified and employed as tem-
plates for nested PCR experiments.

Primary alignment studies at the nucleotide and amino acid lev-
els did not reveal any significant similarities between the se-
quences of the analyzed DNA fragments and those of txs, nor
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any other known gene of the prenyltransferase family, be it of
plant or microbial origin.

Final experimental steps addressing the genetic capacity of Taxo-
myces andreanae to synthesize the tricyclic taxane core were
prompted by a recent publication postulating successful PCR-
based screening for txs presence in several endophytic entities.
Thus, the genomic DNA of fungal origin served as a template yet
again, in hope for efficient annealing with the specific starters
proposed by Zhou et al. [15]. As no amplification products could
be observed while applying a standard quantity of 30 PCR cycles,
the cycle-number was increased to 35 finally yielding the desired
amplicon (© Fig. 3a). Further successful semi-degenerate/nested
(ctxs_fwd and DDXXD_rev and ctxs_fwd and DDXXDspec_rev)
chain reactions, sequencing and alignment studies followed, ulti-
mately confirming txs presence in the genome of Taxomyces an-
dreanae (97 % sequence similarity with txs of Taxus sp. within the
conserved region amplified). Interestingly, the desired sequence
could not be retrieved while utilizing the forward starter anneal-
ing to the plant txs fragment immediately following the plastid
targeting sequence (txs_fwd_noPTS) in combination with the
core reverse oligonucleotide (ctxs_rev), suggesting that the func-
tional fungal gene is further cropped on its N-terminus.

While crucial for the taxane biosynthetic pathway elucidation,
the detection of taxadiene synthase affords no definitive proof
for endophytic paclitaxel production. Thus, in order to gain one,
phenylpropanoyl transferase was selected as an alternative molec-
ular marker [16]. The core fragment of the gene diagnostic for
one of the very last steps of paclitaxel biosynthesis was success-
fully amplified (© Fig. 3b), cloned and sequenced, showing high
homology with its plant counterparts (96% sequence identity).
Bapt detection, in turn, allows speculating about the origins of
the B-phenylalanoyl-paclitaxel side chain. Namely, the fact that
phenylalanine constitutes one of the building blocks of the tri-
peptide identified in the course of our research deems it plausi-
ble that, what we initially considered to be merely a paclitaxel
counterfeit, is actually its crucial progenitor.

To sum up, the absence of taxane metabolites from endophytic
extracts derived from 1-, 5- and 10-L cultures proves Taxomyces
andreanae incapable of independent (ex planta) paclitaxel pro-
duction under axenic culture conditions. Thus, while initially un-
able to detect the fungal taxadiene synthase, we primarily as-
cribed the biosynthesis of paclitaxel ab initio to be a genuine fea-
ture of the yew host rather than its microbial inhabitant in ques-
tion [23]. Interestingly, the presence of the N-terminal plastid
targeting sequence within taxadiene synthase transcript of plant
origin, further supported by ample evidence of the antineoplastic
diterpene production by sterile cell suspension cultures of Taxus
[24] and the successful isolation of paclitaxel biosynthetic genes
therefrom [5], seemed indeed to indicate that this gene was
plant-derived rather than a fungal product.

However, the ultimate success of our profound screen for the mi-
crobial taxadiene synthase, accompanied by the detection of bapt,
encoding for the enzyme affording the efficacious antineoplastic
natural product, provides crucial evidence for the molecular
blueprint of paclitaxel production being an inherent genetic trait
of Taxomyces andreanae. Consequently, the results thus obtained
seem to give a new insight to the controversial hypothesis of hor-
izontal gene transfer (HGT). One might assume that the biosyn-
thesis of paclitaxel has been repeatedly invented during evolu-
tion. However, the fact that approximately 20 genes are involved
in the formation of this highly functionalized and unique diterpe-
noid [5] makes it rather unlikely. Therefore, it seems possible that
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a) M T. baccata_G T. andreanae_G
1.0 kb
—_—
b) M T. baccata_G T. andreanae G
0.5 kb
e

Fig.3 PCR analysis for the presence of a taxadiene synthase (~ 1.0 kb) and
b phenylpropanoyl transferase (~ 0.5 kb) in Taxomyces andreanae. Taxus
baccata needles were a source of plant DNA samples, providing for a posi-
tive control of txs & bapt presence verification (M — GeneRuler™ 1 kb DNA
Ladder, Fermentas; G - annealing temperature gradient: 45-65°C).

a lateral transfer of genetic information shaped the evolutionary
trajectory of taxonomically unrelated, yet coexisting, species.
Moreover, postulating HGT to be a driving force in the evolution
of fungal gene clusters — a phenomenon now considered a hall-
mark characteristic of secondary metabolic biosynthetic path-
ways [9,25], raises an intriguing question as to whether the genes
responsible for paclitaxel formation in Taxomyces andreanae are
indeed grouped in a contiguous cluster. Therefore, although
deemed largely anecdotal thus far [8,9], the ultimate plausibility
of the horizontal gene transfer hypothesis should be revisited and
further investigated.

All in all, our results suggest that specific plant environment may
be required for the induction of paclitaxel biosynthetic genes in
the fungal symbiont. Identifying the regulatory mechanisms will
be of considerable future interest and will provide further insight
into the true nature of the fine-tuned equilibrium of plant-mi-
crobe interactions [23,26].

Regardless of the aforementioned fundamental speculations,
practical aspects should be decisively invoked. As the highly de-
sirable search for sustainable and economically feasible paclitaxel
sources has tempted various authors to draw premature conclu-
sions proclaiming endophytes to be true taxane bio-factories, e.g.,
[3,27,28], and reviewers still seem to dwell on the potential of
the microbial taxane synthesizers to revolutionize the pharma-
ceutical arena [29]. We contend that such reports should be
viewed as extraordinary claims that demand ultimate justifica-
tion, namely: unambiguous evidence for the molecular blueprint
underlying the postulated microbial paclitaxel biosynthesis, sug-
gesting a means for its activation and manipulation.
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