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ABSTRACT

Taxol (common name: paclitaxel) is an extremely important
component of drugs for the treatment of various cancers.
Thirty years after the discovery of its effectiveness, a metabol-
ic precursor of Taxol (10-deacetylbaccatin Ill) is still primarily
extracted from needles of European yew trees. In order to
meet the considerable demand, hopes were pinned on the
possibilities of biotechnological production from the very be-
ginning. In 1993, as if by chance, Taxol was supposedly discov-
ered in fungi that grow endobiotically in yew trees. This find-
ing aroused hopes of biotechnological use to produce fungal
Taxol in large quantities in fermenters. It never came to that.
Instead, a confusing flood of publications emerged that
claimed to have detected Taxol in more and more eukaryotic
and even prokaryotic species. However, researchers never re-
produced these rather puzzling results, and they could cer-
tainly not be applied on an industrial scale. This paper will
show that some of the misguided approaches were apparent-
ly based on a seemingly careless handling of sparse evidence
and on at least questionable publications. Apparently, the de-
sired gold rush of commercial exploitation was seductive. Sci-
entific skepticism as an indispensable core of good scientific
practice was often neglected, and the peer review process
has not exerted its corrective effect. Self-critical reflection
and more healthy skepticism could help to reduce the risk of
such aberrations in drug development. This article uses this
case study as a striking example to show what can be learned
from the Taxol case in terms of research ethics and the avoid-
ance of questionable research practices.

Introduction

Taxol (common name: paclitaxel) is still among the most impor-
tant drugs in cancer therapy today [1-3]. On the one hand, the
detection and application of the active ingredient is one of the
great success stories of natural product research [4]. On the other
hand, however, some chapters of that story are an example of
how science can be misled by a mixture of repeated negligence,
a lack of (self-)criticism, presumably a lack of interdisciplinary ex-
change, a focus on potential commercial applications, and a prev-
alent research mentality, which was neither sufficiently open-
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ended nor sensitive to possible sources of error. In particular, the
strong hope of obtaining Taxol biotechnologically from fungi has
repeatedly failed to fulfil the requirements of good scientific prac-
tice [5].

# Parts of this article were published earlier in German in the journal “La-
borjournal” LJ-Verlag GmbH & Co. KG Freiburg. Garditz KF, Czesnick H.
Taxol aus Pilzen - pharmazeutische Goldmine oder wissenschaftliche
Ente? Laborjournal: 12-15. This current article contains additional and
expanded research findings.
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» Fig. 1 Taxol (chiral centers marked).

The History of Taxol as a Drug

In the early 1970 s, Taxol was identified in the bark of the Pacific
yew (Taxus brevifolia Nutt., Taxaceae), and its sterically complex
structure was elucidated [6]. Taxol binds to tubulin and disrupts
the formation of the spindle apparatus, making it a mitosis inhib-
itor, which is why it is used as an effective pharmacological agent
against cell growth in various cancers, in particular, ovarian and
breast cancer [1-4,7-11]. The mechanism of action was deci-
sively clarified in 1979 by a research team led by Susan Band Hor-
witz [12]. In 1977, the first report on the in vivo proof of principle
was published, based on animal models [13]. In 1983, the first
clinical trials were carried out on humans, which yielded positive
results with regard to ovarian cancer in 1988 [14]. Taxol, as a
drug, was authorized by the Food and Drug Administration (FDA)
in the USAin 1992 [15]. It was clear that the yield from the bark of
the Pacific yew, in which the compound is accumulated, was too
low to meet the global demand for Taxol. Taxus brevifolia, which
grows extremely slowly, would have been decimated in just a few
years [8,16,17]. The supply problem arose right from the start,
and approaches were made very early on [18-21] to find possible
solutions by obtaining Taxol from cell cultures [18,22]. When Tax-
ol was authorized, as an immediate legal response, the US Pacific
Yew Act 1992 [23] placed the tree under strict rules of sustainable
management [24].

A total synthesis of Taxol is extremely difficult due to its steric
complexity (with 11 chiral centers, » Fig. 1). Although the com-
pound has been successfully synthesized several times since
1994 using different synthesis routes [25-30], it is not possible
to produce it on an industrial scale in the laboratory. Eugene H.
Cordes, who for many years headed a research department at
Merck and later at Sterling Winthrop Pharmaceuticals, took a
more practical view and remarked laconically [31]: “There are
now seven published syntheses of taxol in the chemical literature.
All are triumphs of chemical wit and ingenuity, and none is re-
motely useful for commercial scale manufacture of taxol”. Today,
Taxol is mainly obtained from the needles of the European yew

» Fig. 2 Baccatin lIl.

(Taxus baccata L., Taxaceae), a renewable resource, by extraction
and semi-synthetic processing of the precursors baccatin IlI
(» Fig. 2) and (in the main) 10-deacetylbaccatin Ill (> Fig. 3) [7,
32] or from cell cultures created from meristematic cells of the
yew cambium [7-9]. In principle, it seems that there are no longer
any fundamental problems in meeting the demand for this proven
anti-cancer drug, although this is sometimes assessed differently
[33-35]. Reliable data that would allow the assessment of the
coverage of demand are not available.

Highly Conserved Taxol Synthesis in a
Colorful Bouquet of Different Species?

However, 30 years ago, when the quantitative production of Taxol
was still a major challenge, a pharmaceutical gold rush began that
sometimes failed to withstand the mechanisms of critical self-con-
trol of responsible research. In 1993, a team of researchers
claimed to have discovered an endophytic fungus (baptized Taxo-
myces andreanae, family still unassigned) in the bark of the Pacific
yew, which was reported to produce Taxol itself [36,37]. As a pre-
caution, a patent was applied for immediately. The leading journal
Science ran the headline: “Surprise! A Fungus Factory For Taxol?”
[38]. However, the detection was rather indirect via immunoassay
and mass spectrometry, not, for example, by means of NMR spec-
tra on preparatively isolated material. As a result of the publica-
tion, an almost unmanageable number of articles appeared over
the following 30 years, in which not only was the alleged discovery
uncritically adopted, but new organisms constantly emerged that
allegedly produce Taxol, including various fungi and even various
prokaryotes. The hunt for other species producing Taxol began in
the mid-1990s [39,40].

An early review article from 2010 already listed an impressive
29 endophytic fungal species that are said to be able to produce
Taxol [41]. For example, it was claimed that Taxol was detected in
endophytic fungi of the species Pestalotiopsis versicolor Speg. and
Pestalotiopsis neglecta Thiim. (Sporocadaceae) from the Japanese
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» Fig. 3 10-Deacetylbaccatin IIl.

yew Taxus cuspidata Sieb. & Zucc. (Taxaceae) [42]. Another team
of researchers claims to have isolated the human pathogenic
mold Aspergillus fumigatus Fresen. (Aspergillaceae) from samples
of yew bark from the Indian state of Himachal Pradesh in the Hi-
malayas, which was also reported to produce Taxol [43]. The ar-
ticle does not even specify the yew species from which the sam-
ples were collected. The host species generally remains unidenti-
fied as Taxus sp. This apparently did not prevent the article from
being accepted for publication. New alleged discoveries of Taxol
in fungi kept coming up [29,44-48]. Various research groups as-
sert that Taxol is produced, for example, by another mold, Asper-
gillus niger Tiegh (Aspergillaceae) [44], by the basidiomycete
Grammothele lineata Berk. & M.A.Curtis (Polyporaceae) isolated
from jute mallow, Corchorus olitorius L. (Malvaceae) [49], or from
the ascomycete Alternaria brassicicola Schwein. (Pleosporaceae)
isolated from the plant Terminalia arjuna Wight & Arn. (Combreta-
ceae) [50]. One of the most remarkable original articles is a pub-
lication that claims to have used NMR spectra to detect Taxol in
the fungus Pestalotiopsis hainanensis A.R. Liu, T. Xu & L.D. Guo
(Sporocadaceae) that was found in the dermatitic scurf of the
giant panda Ailuropoda melanoleuca David (Ursidae) [51]. Anyone
who finds Taxol in the scurf of panda bears, of all things, must
have been looking for it precisely there. It is not completely clear
how the research team came up with this rather innovative but al-
so puzzling lead. While the research team was reasoning their
finding with previous isolations of allegedly Taxol-producing Pes-
talotiopsis sp., it remains a mystery how the panda bear’s skin did
react to presumed fungal Taxol.

A review essay, referring to other references (most of them in
turn review essays), mentions a strikingly colorful spectrum of
taxonomically quite different plant species: Polylepis neglecta M.
Kessler (Rosaceae), Gingko biloba L. (sole species of the Ordo Gink-
goales), Citrus medica L. (Rutaceae), Tarenna asiatica (L.) Kuntze ex
K.Schum. and Maguireothamnus speciosus Steyerm. (both Rubia-
ceae), Hibiscus rosasinensis L. (Malvaceae), and Taxodium distichum
(L.) Rich. (Cupressaceae) [8]. The production of Taxol has alleg-
edly been verified, to give another example, in the common hazel
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Corylus avellana L. (Betulaceae) [52,53] and is even said to be ad-
ditionally stimulated and significantly increased in a hazel cell cul-
ture solution by fungi of the species Camarosporomyces flavigenus
(Constant. & Aa) Crous (Coniothyriaceae) [54]. Of course, it is not
impossible that different dicotyledons are capable of synthesizing
the same complex biomolecule. However, this seems to require at
least some explanation and would have provoked critical ques-
tions from a plant-physiological, ecological, and evolutionary-bio-
logical perspectives. The genetic make-up to produce a sterically
complex biomolecule such as Taxol is obviously not conserved in
evolutionary biology — despite all the suspected findings, it is still
a very rare natural substance. But then it seems, at least prima fa-
cie, rather implausible that the same synthesis pathway (or at least
the identical product) would occur by chance in species that are
extremely distant in terms of evolutionary biology (such as eu-
karyotes from the disparate kingdoms of fungi and of plants and
prokaryotic bacteria), especially since no common ecological
function is recognizable. The synthesis of Taxol requires at least
19 enzyme-catalyzed reactions [8] that lead to a very specific
and sterically demanding ring system. The amount of energy re-
quired for this alone would be highly improbable in terms of evo-
lutionary biology if it could not fulfill an ecological function. In the
case of yews, this may plausibly be the defense against herbivores
or infections by eukaryotic microorganisms. But this is not equally
plausible for other species, especially as they occupy completely
different ecological niches. It is even more implausible why other
organisms should extremely selectively produce Taxol, while there
is a whole spectrum of consistently toxic alkaloids with a taxine-
based structure.

Admittedly, there are still considerable uncertainties about the
evolution of metabolic pathways [55]. Some even argue that nat-
ural substances of secondary metabolism only very rarely develop
specific biological activity at all and that the evolutionary advan-
tage lies in the abundance of different metabolites at low costs
that increase the chance of situation-specific effectiveness [56,
57]. Even if this approach, differing from more traditional ecolog-
ical models of evolution, is being followed, this does not explain
why an extremely specific, evolutionarily non-conserved, and
metabolically demanding natural product such as Taxol should
appear in very remote species. In any case, based on the available
literature, a necessary discussion about the evolutionary-biologi-
cal plausibility and the ecological classification of Taxol in fungi ul-
timately did not take place. It seems that for the first 20 years at
least, in a frenzy of commercial exploitation, most published con-
tributions focused on possible sources of a valuable pharmaceuti-
cal substance, but fundamental questions of biology were ne-
glected. Sometimes even the titles of the essays seemed puffery,
like: “Paving the way for a new source of this anti-cancer drug”
[52]. Accordingly, the economic potential is repeatedly and osten-
tatiously pointed out [21,44,48,49,51,54,58-61].

Even more puzzling is the reputed discovery of Taxol in prokar-
yotes. Recently, for example, it has been claimed that bacteria
synthesizing Taxol have been discovered in marine macroalgae
and that the synthesis pathway has been identified [58]. Consider-
ing the effort required to prove the individual enzymatically cata-
lyzed steps of Taxol biosynthesis, which was presumably achieved
in December 2023 [34], the detection of Taxol in bacteria at least
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raises questions. Another group of researchers claims to have pro-
duced the precursor of the Taxol taxadiene and taxadien-5a-ol,
which is oxidized via P450 cytochrome oxidoreductases, in manip-
ulated Escherichia coli with a phenomenal yield of 1 gram per liter
- according to the authors’ estimates, an increase in production
by a factor of 15000 [59]. The methodological approach here is
not entirely transparent. This may have had commercial motives,
because at the end of the paper, there is a statement that a patent
had already been applied for before publication. If the results had
been reproducible, one would have expected a biotechnological
revolution and follow-up research focusing on how the large
quantities of taxadiene could have been further processed into
Taxol. However, neither happened, and, in any case, there are no
publications documenting the expected academic and industrial
research following the supposed discovery.

First Doubts Arise

Perhaps there may have been doubts even then. If that was the
case, they were certainly not published. At least, serious doubts
about the plausibility of the fungal Taxol hypothesis arose when
a research team led by Stefan Jennewein demonstrated in 2013,
through genome mining, that the original fungi in question do
not have the genetic make-up to produce the key enzymes of Tax-
ol biosynthesis [60]. The article was based on the PhD thesis by
Uwe Heinig. However, this fundamental caesura did not break
the constant tidal wave of publications. The findings were either
not noticed or ignored as healthy skepticism failed to emerge. Al-
so, no published efforts to reproduce the original research results
could be observed. It is striking that the seminal publication by
Heinig, Scholz, and Jennewein was mostly — and even in broad re-
view articles - ignored [34,43,44,47,48,61-63], sometimes du-
tifully cited, but nevertheless ignored in substance [33,44,64]. In
some cases, the article is correctly summarized in one sentence,
but the negative findings have not prompted the researchers to
question their own assumptions or, at least, to discuss them in
more detail [8,45,48]. Recently, another review article was pub-
lished, which outlines the individual steps of a possible biosynthe-
sis pathway by summarizing previous findings [33] but without
addressing the question of whether such a synthesis even exists
in fungi.

Satisfactory answers have never been found to the obvious
question of how a sterically complex product of plant secondary
metabolism, in whose genesis from the terpene geranylgeranyl
pyrophosphate at least 19 enzymes are probably involved, can
“coincidentally” appear in extremely remote taxa from the realm
of fungi. Were answers even seriously sought? The hypothesis
that a horizontal gene transfer could have taken place [9,33,65]
is extremely unlikely, especially as the enzyme-coding genes in
Taxus brevifolia and Taxus baccata are not clustered [5]. There are
only extremely rare cases in which plants produce microbial natu-
ral substances, like maytansinoids [66-68]. Here, however, we are
talking about a transfer in the opposite direction. Even the hy-
pothesis that the common hazel may have acquired the ability to
produce Taxol from endophytic fungi [9] brings the discussion
back to the initial question of whether such fungi exist at all,
which is doubtful. Again, from an evolutionary point of view, the

very energy-intensive synthesis of a sterically demanding natural
product would be more plausible if organisms gain an advantage
from it. For yews, this could be as a defense against herbivores or
pests (such as parasitic fungi). But what ecological advantage
could endophytic fungi derive from the complex biosynthesis of
Taxol? As a highly potent cytotoxin, Taxol acts as a mitosis inhib-
itor on the eukaryotic cells of fungi themselves. Yews appear to
store Taxol, which is also cytotoxic for them, in “hydrophobic bod-
ies” [69,70]. If the fungi had unknown mechanisms of detoxifica-
tion [48], for example by chemically deactivating or excreting Tax-
ol, why should they first synthesize the active substance them-
selves at great metabolic expense? It is possible that the endo-
phytic fungi in the yew - depending on their own life cycle and
the stage of the plant tissue surrounding them - are in a Taxol-
containing environment anyway, which has not yet been clarified.
In this case, however, they could also save the energy to synthe-
size their own anti-mitosis agent. One article investigates the ex-
tent to which a different protein sequence in the B-tubulin of en-
dobiotic fungi could lead to a relative insensitivity to the mitosis
inhibitor Taxol [62]. This may explain how fungi survive in a toxic
environment of yew trees, but it would not be proof that they can
produce Taxol themselves. Evolutionary-biological convergence,
which has occasionally been discussed [33,48,65] as equivalent
to the independent development of gibberellins in plants and fun-
gi, is also highly unlikely in view of the extremely demanding and
highly specific synthesis pathway. Moreover, the fungi have a se-
lective advantage in producing gibberellins themselves, which is
at least not obvious in the production of Taxol in a Taxol-contain-
ing environment. The one-sided focus on potential medical appli-
cations might have distracted the research focus from such fun-
damental biological questions.

Misguided Paths and Daring Hypotheses

The gold rush has sometimes even led to some very ambitious hy-
potheses: for example, one research team claimed that geneti-
cally manipulated Escherichia coli and Saccharomyces cerevisiae
(Saccharomycetaceae) could be brought together in a nutrient so-
lution, each of which had imperfect synthesis pathways and could
then complementarily produce an immediate precursor of Taxol
[63]. A “stable co-culture” in the bioreactor was established by
creating “a mutualistic relationship” or a “synthetic consortium”
between the highly different species “in which a metabolic inter-
mediate produced by E. coli was used and functionalized by
yeast”. That is more than impressive — but should this result really
be taken for granted considering the questions that arise with re-
spect to this induced “artificial symbiosis”? “Surprisingly, despite
the promising initial results of their publications, no other re-
search on the topic has been published” [9]. Really surprising? At
least from an outside point of view, it seems rather unlikely that
prokaryotic and eukaryotic species, each living in a completely dif-
ferent environment and under disparate ecological conditions,
would have incomplete but coincidentally complementary syn-
thesis pathways that would then produce a sterically complex
low-molecular-weight substance together in a nutrient solution.
That an organism should have developed enzymatic make-up in
the course of evolution that is completely useless because it only
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develops catalytic activity in a consortium with another organism
with which it does not share a common habitat seems almost im-
possible, especially since Taxol itself has a cytotoxic effect on eu-
karyotic yeasts (unlike bacteria). That the P450 cytochrome oxi-
doreductases mentioned in the paper - out of pure coincidence
- happen to complete an extremely challenging reaction chain
cannot be ruled out, of course, but does not appear conclusive
without further explanation. The authors of the article claim that
they have transferred parts of the genetic make-up of the synthe-
sis pathway to the two species in a modular design to optimize the
oxidation of the taxadiene scaffold by S. cerevisiae. Nevertheless, it
is assumed that the basic enzyme equipment is already present. E.
coli was allegedly genetically engineered to produce taxadiene in
excess. However, this in turn refers to an (isolated) experiment
carried out five years earlier by the same team [59]. The methods
of the genetic engineering remained vague, especially as the tax-
ane synthesis pathway had not yet been elucidated with sufficient
certainty at the time. Nevertheless, this work [63], whose findings
appear prima facie implausible and - despite the huge potential
benefits — have never been reproduced, was last cited in Decem-
ber 2023 [34].

Shattering the Hypothesis

The detection methods available in 1993 did not yet have the pre-
cision and sensitivity of today’s molecular biology and biochemis-
try toolbox. However, we should now know better — at the latest
since a meticulous and elaborate study of a research team lead by
Marc Stadler at the Helmholtz Center for Infection Research (in
collaboration with experts from the Czech Academy of Sciences
as part of the EU Mycobiomics project) was published in 2022
[71]. The underlying study combined methods of genome mining
with morphological studies, based on genome sequence data ob-
tained from the study of Heinig et al. [60] and type specimen that
had been deposited by Strobel et al. [37] in the Farlow Herbarium
at Harvard University. The study revealed that the fungus in ques-
tion is — as confirmed by another source [62] - a wood-destroying
basidiomycete, which makes the hypothesis of Taxol production
in other fungi from the Ascomycota division appear even less
plausible in terms of evolutionary biology [71]. The study con-
cluded that contamination through the primary extraction of
samples from bark or by Taxol residues in the fungi was the most
likely explanation for the presumed aberrations of the Taxol hy-
pothesis. Also, there is no shortage of refreshingly clear criticism
of the quality of the numerous questionable publications of the
previous decades. Unfortunately, such scientific ethos of con-
structive skepticism and a willingness to also publish (supposedly)
negative results are far too rare - in general and very much to the
detriment of science. In the few articles that have appeared since
then on Taxol biosynthesis, the contribution of the Stadler team is
usually overlooked [34,62,72] and has, at least so far, only been
recognized in one publication. The article was cited in passing in
a table on sequencing that had taken place, but the negative find-
ings have not yet been recognized or discussed [33].

In fact, an unhealthy ratio between a large number of review
articles and few original papers is noticeable in the breadth of
publications on Taxol. Additionally, only one-off publications
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whose results (at least officially) have never been reproduced
could be identified. Given the potential benefits of positive re-
sults, this is a conspicuous finding. Moreover, no group has suc-
ceeded in reliably detecting both the necessary DNA sequences
encoding the biosynthesis enzymes and the Taxol product in fungi
at the same time. The high number of publications in journals
from the back ranks is striking, too. Numerous publications reveal
gaps in the rationale or (perhaps also for reasons of cost) do not
utilize the possibilities offered by the methods of molecular biol-
ogy. Rather than focusing on scientific rigor, the main interest still
seems to be directed to the potential usability and the “financial
revenue”.

Scientific Negligence in Dealing
with a Flood of Publications

How to explain that? We carried out a structured interview with
Marc Stadler as leading mycology expert on the subject [5]. As
such, he was inevitably often asked by journals to provide expert
opinions in peer reviews. He reports that, as a peer review editor,
some articles have crossed his desk up to five times and were re-
peatedly rejected by him due to serious shortcomings (namely in
taxonomy and detection methods). His recommendation to re-
submit the articles when an NMR spectrum for the detection of
Taxol was available was never followed. Instead, texts were passed
down the list, following the declining reputation and rank of the
journals, and ultimately appeared in peripheral, sometimes dubi-
ous journals, regardless of their (lack of) quality. Such studies are
then cited in the thicket of review articles, neither critically re-
viewed nor scrutinized, until they become mentally canonized. If
everyone writes it, it must be true. Really? The hypothesis that,
despite the large number of publications, the supposed evidence
of Taxol could be nothing more than a wild pile of artefacts [65],
which is not initially obvious, is actually quite plausible. After all, it
is not the number of publications that should count, but the sci-
entific quality of their findings and the robustness of their state-
ments. A superficial evaluation of material in reviews also contrib-
utes to the effect that possible misconceptions are perpetuated.
For example, the panda bear, in whose dermatitic scurf allegedly
Taxol-producing fungi grow [51], becomes a “plant host” in an-
other article [33]. Opportunities for a critical plausibility check
are thus unnecessarily lost.

In the structured interview [5], Stadler explained in agreement
with Heinig et al. [60] that the quantities of Taxol measured in
samples that were not taken directly from yew trees (and could
therefore not be contaminated with plant Taxol residues) were
consistently so negligible that reliable detection would not be
possible even with sensitive methods. According to Stadler, the
published investigations were therefore never taken seriously by
the pharmaceutical industry as promising approaches worth in-
vesting research money and time in, simply because none of the
findings could be reproduced. Unfortunately, such corrections are
not published by scientists from laboratories in industrial research
departments. If a possible application had been discovered, this
would obviously have led to an industrial implementation of the
method at a larger scale and to accessory patents, which, howev-
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er, never happened. One of the general shortcomings of a suc-
cess-oriented publication culture is that there are few formats in
which reports on failed projects or negative results can be pub-
lished appropriately.

Thirty years after the supposed discovery of Taxol-producing
fungi and a flood of publications, especially in the gold rush years,
still no one has obtained Taxol from a fungal or bacterial culture
with sufficient reliability. In the vast majority of cases of suppos-
edly spectacular discoveries, there have also not been follow-up
publications. If there was follow-up research or if there were even
reproduction studies, these were at least not published. To this
day, however, leading textbooks on pharmaceutical biology con-
tain a reference to fungi that also produced Taxol [1,7,73,74], al-
beit allegedly in insufficient yields. In this respect, the fundamen-
tal contribution from the Stadler team was also an attempt to in-
tervene in a debate that had long since become deadlocked or
even derailed, leading many scientists astray. And indeed, a lot of
money and time (that could have been invested in other promis-
ing studies) has already been burnt with countless studies that
may have been on an avoidable wrong track - at the latest after
the seminal intervention of Heinig et al. in 2013 [60].

Immense progress in genome research with regard to the sec-
ondary metabolism of fungi [75-77] was apparently ignored, or
as the Stadler team has put it: “The fact that some of these papers
were published rather recently (ignoring the evidence that has ac-
cumulated on the genetics of secondary metabolite biosynthesis)
causes us to question whether the reviewers and editors of the re-
spective journals have had the necessary level of expertise to rig-
orously assess the submissions” [71]. This is not very flattering,
but it is an apt criticism that addresses a fundamental problem of
scientific communication with refreshing clarity: citations are du-
tifully placed, but the flood of often inadequate papers is no lon-
ger read critically and with sufficient scrutiny. More reliable evi-
dence using NMR spectra is consistently lacking, and in one article
claiming the detection of Taxol by an NMR spectrum [78], corre-
sponding data are missing, which was rightly criticized [71]. In a
recent article, an NMR spectrum is shown. However, there is no
description of the method used to obtain a sample of sufficient
purity [79]. The raw material must have been prepared from a
sample, and the purification methods used would be crucial for
the reliability of the results. It is surprising that these are not pre-
sented.

This possibly hasty approach is a general shortcoming of a sci-
entific community driven by citation metrics [80], but it is partic-
ularly evident in the case of Taxol. Soberly viewed, despite a
mountain of publications claiming otherwise, reliable evidence is
currently more likely to speak against the synthesis of Taxol by
fungi [81].

Biosynthesis of Taxol Elucidated?

Nevertheless, there has been real progress in Taxol research. Pre-
viously, it was assumed that a targeted increase in yield through
genetic engineering would first require the synthesis pathway of
Taxol to be clarified [82]. There have been repeated attempts to
elucidate this pathway [82-84], but until recently, there were still
gaps in the explanation. Additionally, the bio-regulation of Taxol

synthesis has proven to be at least as complex [85]. A pertinent
study coordinated by the Max Planck Institute of Molecular Plant
Physiology in Potsdam-Golm recently attracted attention. The in-
terdisciplinary research team claims to have reproduced the com-
plete synthesis pathway of Taxol in plants [34]. The individual re-
actions of the enzymatically catalyzed synthesis were reproduced
step by step using vectors to transfer cDNA encoding enzymes
from Taxus baccata into tobacco plants (Nicotiana benthamiana
Domin, Solanaceae) via agroinfiltration. N. benthamiana has long
been established as a model plant for transient protein expression
by infiltration with agrobacteria. If the pathway of Taxol biosyn-
thesis — as comprehensibly described in the thorough study - is
now fully reconstructed, this will provide a basis for further re-
search. In particular, the synthesis pathway could be made phar-
maceutically applicable by means of genetic engineering methods
using transgenic plants/cell cultures, a perspective also men-
tioned by the authors.

Conclusion: Good Scientific Practice and the
Temptations of a Gold Rush in Drug Research

We have neither the expertise nor the aim to assess the accuracy
of research results and methods with regard to the question of
whether there are fungi that have a biosynthetic pathway for Tax-
ol. We are only concerned how some parts of the scientific dis-
course in the long Taxol story derailed. We have tried to illustrate
this using the most important publications as examples. In this
specific case, critical enquiries were apparently avoided for a long
time, and well-founded negative findings were deliberately
ignored instead of being addressed directly, straightforwardly,
and constructively. Some critical observations, with regard to the
specific 'grammar’ of the Taxol discourse, will therefore be added.
We want to combine our critical analysis with some suggestions
as to how scientific integrity and standards of good scientific prac-
tice in the field of drug research can be improved.

In the case of Taxol, the mass of misleading references contin-
ued to swell from year to year. Review articles cite other review
articles e.g. [8,41,44,45,52,72], which summarize a supposed
state of research in an adjusted form but ultimately only collect
publications without critically questioning the sometimes incom-
pletely substantiated or at least surprising results of the original
works. Occasionally, cautious assumptions in the original contri-
bution are cited as unequivocally positive evidence. The more ci-
tations are accumulated, the more secure and reliable a state of
research appears, even though an assumption is often based on
a single publication that was built on sand and never reproduced.

Precision of citations

The primary epistemic function of the citation is to make the ge-
nealogy of an idea comprehensible and critically verifiable. Precise
citation practice is therefore required. Uncertainties and open
questions should be made transparent. Research methods should
be carefully reviewed (and first they should be described in suffi-
cient detail to enable research reproducibility). It is inadequate to
merely reproduce supposed research results that are summarized
in the abstract of an article if the article has not even been read
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and the methodological train of thought has not been under-
stood. Where only a state of research summarized elsewhere is
being referenced, it should be made semantically clear that only
external sources were used, and their scientific reliability was not
or could not be checked. This can, of course, be legitimate, espe-
cially if evaluating a cited paper exceeds the author’s own exper-
tise. However, it should then be expressed clearly that the author
does not wish to refute or confirm the referenced research results.
Otherwise, there is a risk of canonizing mere assumptions or ten-
tative interpretations into a published consensus, which is decep-
tive and potentially misleading.

Interdisciplinarity

Presumably, with regard to Taxol, a too narrow and fragmented
disciplinary focus has led pharmaceutical research astray. It was
primarily biochemists who endeavored to isolate and detect Tax-
ol. Biological expertise - namely from botany, mycology, evolu-
tionary biology, and ecology - was rarely involved. Qualified con-
trol considerations of biological plausibility were made only ex-
ceptionally. In this respect, the Taxol discourse is in disarray, re-
gardless of whether there are Taxol-producing fungi or not [5].
The purpose of a highly toxic substance produced in an energy-
consuming process in a species is at least not plausible on its
own, especially as, in the case of Taxol, organisms have to protect
themselves against the extremely toxic effect of the spindle toxin.
Thus, the “evolutionary advantage of Taxol biosynthesis in yew
trees remains a mystery” [60]. It must be conceded that the eco-
logical function of products of the secondary metabolism of
plants and fungi is indeed very often unknown [86, 87]. However,
the knowledge problem is probably also partly a consequence of a
dysfunctional distribution of resources. Drug research, which is
application-oriented and thus promises potential economic gains,
can mobilize funds more easily than, for example, basic ecological
research that investigates the function of a secondary metabolite,
which is typically a highly specific result from a long-term evolu-
tionary process [88,89]. A more comprehensive perspective can
help to prevent premature conclusions and provoke skeptical
questions. As this case shows, even extremely specialized scien-
tific research in the life sciences requires a healthy degree of inter-
disciplinarity.

Publication of negative results

The strategies of journals to accept manuscripts for publication al-
so require a self-critical review. With regard to Taxol, unspectacu-
lar negative results, which might not have ended the gold rush but
would have slowed it down, were apparently not as attractive to
journals as positive findings. While apparent successes landed in
the highest ranked journals, the authors of the most important
and groundbreaking contributions, which threw sand in the gears
of the overambitious publication machine, had to be satisfied with
specialized journals, with a visibility that is essentially limited to
highly specialized professional communities. The positive and visi-
ble but, in the Taxol case, also singular exception of the high-rank-
ing journal Fungal Diversity confirms the rule [60,81]. This bias at
the expense of honest skeptical research has fatal medium-term
consequences for the progress of scientific knowledge. Science is
reliable because it has to stand up to constant critical scrutiny, and
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it can potentially be falsified. Scientific knowledge acquires its
epistemic rigor through the fact that it is always provisional. It is
part of an evolutionary process [90]. This also includes construc-
tive errors and their refutation. In the words of Ernst Mach, the
legendary physicist and theorist of science: “The clearly recog-
nized error as a corrective is just as conducive to knowledge as
positive knowledge” [91]. High-ranking journals should honor this
fact and publish seemingly unspectacular work that pours cold
water on supposed successes as an equal research achievement -
because those results contribute to putting research back on
track.

Avoidance of result-oriented bias

Finally, the tension between the strictly scientific, objectifying
pursuit of knowledge on the one hand and, with regard to drug
research, desirable medication on the other also produces an epis-
temic conflict of interest [92,93] that must be addressed. The
case of Taxol from fungi is an example of the dysfunctional nature
of a scientific system that rewards quantity over quality and con-
tinues to pile up more and more publications (and patents) at a
frenetic pace but fails to fulfil the function of science, which is to
provide reliable knowledge about the world. This is the breeding
ground in which bad science can thrive. If carelessness in dealing
with knowledge is being normalized, an environment is created in
which superficial science eventually gives birth to scientific mis-
conduct [5]. Pharmacological and pharmaceutical research always
has an inherent scientific-ethical dimension. This goes beyond the
general integrity of the scientific process that must be observed in
every scientific discipline. Pharmaceuticals serve to protect health
and life. Pharmaceutical research is expensive, and funds are
scarce. Premature assumptions that are uncritically adopted and
sedimented as reliable knowledge tempt others to go astray. This
costs time and a lot of money, which in the end is no longer avail-
able for other research that might have produced an effective
medication or a fundamental insight. The publication of research
results is therefore always accompanied by a responsibility to pro-
vide reliable findings on which other players in the research pro-
cess can build. Reciprocally, special care is required when dealing
with publications. Constructive skepticism and the willingness to
critically question received assumptions are indispensable. Partic-
ularly where research is potentially commercially profitable, crit-
ical monitoring by the scientific community is needed to avoid
one-sided distortions of perception in a pharmaceutical gold rush,
which, at worst, can drift off into a hunt for a phantom.
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