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ABSTRACT

In the last 20 or so years, the influence of endophytes and,

quite recently, epiphytes of plants upon the compounds

found in those plants, which were usually assumed to be phy-

tochemicals produced by the plant for a variety of reasons,

often as a defense against predators, is becoming more evi-

dent, in particular in the case of antitumor agents originally

isolated from plant sources, though antibiotic agents might

also be found, particularly from epiphytes. In this review, we

started with the first report in 1993 of a taxol-producing en-

dophyte and then expanded the compounds discussed to in-

clude camptothecin, the vinca alkaloids, podophyllotoxin, and

homoharringtonine from endophytic microbes and then the

realization that maytansine is not a plant secondary metabo-

lite at all, and that even such a well-studied plant such as Ara-

bidopsis thaliana has a vast repertoire of potential bioactive

agents in its leaf epiphytic bacteria. We have taken data from

a variety of sources, including a reasonable history of these

discoveries that were not given in recent papers by us, nor in

other papers covering this topic. The sources included the

Scopus database, but we also performed other searches using

bibliographic tools, thus, the majority of the papers refer-

enced are the originals, though we note some very recent pa-

pers that have built on previous results. We concluded with a

discussion of the more modern techniques that can be uti-

lized to “persuade” endophytes and epiphytes to switch on

silent biosynthetic pathways and how current analytical tech-

niques may aid in evaluating such programs. We also com-

ment at times on some findings, particularly in the case of

homoharringtonine, where there are repetitious data reports

differing by a few years claiming the same endophyte as the

producer.

Plant Endophytes and Epiphytes: Burgeoning Sources of
Known and “Unknown” Cytotoxic and Antibiotic Agents?

# Note: Both authors sequentially retired from the position of Chief of the

NCIʼs Natural Products Branch in 2015 and 2004, respectively. They are

currently honorary NIH Special Volunteers associated with the Natural

Products Branch.
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Introduction
Although the presence of endophytic and epiphytic microbes in/
on plants has been known for many years, with the review by Tan
and Zou [3] ascribing the first formal recognition of endophytes to
work conducted on the plant “darnel” in Germany in 1904 by
Freeman and Marshall [4], the systematic investigation of the
properties of these microbes has been relatively recent, with one
such report being from Petrini and Petrini published in 1985 deal-
ing with Xylarious fungi as endophytic microbes [5]. Investigation
Newman DJ, Cragg GM. Plant Endophytes and… Planta Med 2020; 86: 891–905 |© 2020. Thie
of these organisms as potential sources of novel bioactive agents
continued at a relatively low rate until the report by Stierle et al. in
1993 on the isolation of an endophytic fungus from the tree Taxus
brevifolia that produced low levels of taxol (▶ Fig. 1) on initial fer-
mentation [6]. We are using the chemical name taxol, given to the
891me. All rights reserved.



ABBREVIATIONS

BGC biogenetic gene cluster; the cluster of genes that

provide the necessary biochemistry to produce

the metabolite

ITS rRNA gene internal transcribed spacer region (see

Nilsson et al. [1])

MIBiG minimum information about a biosynthetic gene

cluster (see Kautsar et al. [2])

NCI National Cancer Institute; the largest Institute in

the US Governmentʼs National Institutes of Health

US FDA United States Food and Drug Administration

▶ Fig. 1 Bioactive compounds andderivatives from “plant sources” I.
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compound by the discoverers, though some papers referenced
may use the generic name of the drug paclitaxel instead. Since
we are dealing with the chemistry and microbiology of the com-
pound, the chemical name fits best.

On subsequent fermentation, the level of production of taxol
by this fungus, which was subsequently named Taxomyces andrea-
nae, was very low, though later work published in 1995 utilizing
endophytes collected from many yews (genus Taxus) growing in
the NW of the USA led to studies that proved the production of
taxol (▶ Fig. 1) plus other not then identified taxane-like mole-
cules. However, production of taxol was confirmed by many ana-
lytical techniques including specific monoclonal antibodies [7].

Since these initial discoveries, the topic of microbial involve-
ment in the “production of medicinal agents in/by plants” has
led to a large number of publications, and hopefully by the end
of the review, cases will have been made that in some instances,
the producer is in fact microbial, while in others, they may be in-
volved in a bipartite relationship, and in others, the “jury is still
out”!
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Definitions of Endophyte and/or Epiphyte
The definition of endophyte that we are using is as described by
Stierle et al., viz., “bacteria and fungi that colonize intercellular
and/or intracellular plant tissue and apoplastic compartments”
[6]. Epiphytes, in contrast, are microbes that can be isolated from
the surface(s) of leaves, roots, etc., without disturbing or cutting
the surface(s). Conventionally, endophytes are isolated by aseptic
cultivation of internal plant tissues, usually by simply “plating”
such aseptically removed tissues from underneath surface steri-
lized materials on suitable growth media. Epiphytes are obtained
by simply placing the unsterilized surface of a leaf, or other plant
surface tissue, on suitable media. We have deliberately included
both nominal sources since at times, it may be difficult to ascer-
tain from a publication whether or not the original microbe was
“associated with the roots/rhizosphere” or was isolated from in-
ternal root tissue(s), or from a leaf surface, etc. Therefore, we
may well discuss data from these “nominal sources” together,
though where there are no discrepancies, we will use the source
(s) listed in the publications that are referenced.

We will also present a discussion on epiphytic microbes, which
can include microbes in the rhizosphere of plants that may involve
892 Newman DJ, Cragg GM. Pla
both endophytic and epiphytic organisms. In the case of maytan-
sine (▶ Fig. 1), microbial production is definitive from the detailed
evidence that will be given. Such an “epiphytic production” may
well be contributing in at least two ways: (1) producing microbial
metabolites originally thought to be from the plant and/or (2) pro-
ducing “elicitors in the widest sense of the term”, i.e., chemical
agents that can modify the production of compounds produced
by endophytes or even other epiphytes. Direct influence on other
epiphytes is still conjecture, but similar effects are well known in
microbe/microbe interactions, with some examples being men-
tioned at the end of the review

In the sections below, we will take selected examples, includ-
ing later work with taxol-producing microbes, demonstrating that
endophytic, and at times epiphytic microbes isolated from well-
known “medicinal plants”, have the ability to produce, in some
cases, low to reasonable levels of the same agent as those first
found by classical methods from the plant.
Differences between “Phytochemical
Isolation” and Bioactivity-Driven Isolation

In order to show the differences and how as techniques have im-
proved, similarities have occurred, we will give three examples of
each type so that readers can see how they differ in the thinking
behind each process.
nt Endophytes and… Planta Med 2020; 86: 891–905 | © 2020. Thieme. All rights reserved.
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Phytochemical isolation

As a relatively modern example of phytochemical analyses/mini-
mal isolation, Cai et al., in a 2011 paper [8], simply described
how after making extracts of the dried powdered plant material
using a variety of organic and aqueous solvents, they then used
what an analytical chemist would call “spot tests” to determine
what chemical classes were present, and simply reported these
findings. An extension of this process was used by Kumar and
Simon [9] in a paper published in 2016, where using extracts pre-
pared in a similar manner to Cai et al. [8] they looked for the pres-
ence of wide classes of chemical compounds. They then checked
these crude extracts for in vitro antibiotic activity against Esche-
richia coli and Pseudomonas aeruginosa, but even after finding pos-
itive results, the extracts were not further identified chemically,
simply activities were reported.

In a very recent report in 2019, however, Cao et al. [10] dem-
onstrated that by use of current metabolomics strategies, it was
possible to link mass spectral identification of extracts to particu-
lar metabolites. This was not bioactivity-driven isolation but ana-
lytical techniques were used to begin to characterize potentially
active agents in a medicinal plant.

Bioactivity-driven isolation

The first two of the three examples below demonstrate that fol-
lowing the bioactivity of fractionated extracts made using a varie-
ty of chromatographic techniques led to identification of novel
agents, or to prior known agents with a different pharmacological
activity. The first example had potential as a lead to a novel anti-
tumor treatment, and the second, a potential treatment for cystic
fibrosis.

In the first, Fuller et al. demonstrated the use of the NCI-60 cell
line screen to isolate an unusual halogenated monoterpene from
a red alga collected in the Philippines that exhibited an interesting
NCI-60 cell line pattern [11]. The second example by Chen et al.
demonstrated the isolation of known molecules with a previously
unknown potential as inhibitors of the cystic fibrosis transmem-
brane conductance regulator, when an assay using that target
was used to follow biological activity of the fractions [12].

The third example in bioactivity-driven systems is somewhat
different due to the very rapid advances in mass spectrometry, ul-
trahigh-performance liquid chromatography, and coupled com-
puterization. In 2018, Nothias et al. published a paper in the Jour-
nal of Natural Products [13] that combined bioactivity-driven iso-
lation with computerized molecular networking to identify previ-
ously unknown compounds in bioactive fractions. Their short de-
scription (quoted from their abstract) is as follows: “the concept of
bioactivemolecular networking to find candidate activemolecules
directly from fractionated bioactive extracts. By employing tan-
dem mass spectrometry, it is possible to accelerate the dereplica-
tion of molecules using molecular networking prior to subsequent
isolation of the compounds, and it is also possible to expose po-
tentially bioactive molecules using bioactivity score prediction.”.

Summary of the differences

From these examples, it can be seen that in the case of phyto-
chemical isolation, samples that range from fractionated extracts
through to purified compounds are simply tested against what-
Newman DJ, Cragg GM. Plant Endophytes and… Planta Med 2020; 86: 891–905 |© 2020. Thie
ever screens are available in the investigatorʼs and/or a collabora-
torʼs laboratory. Use of this system accounts for the very large
number of compounds/extracts from plant sources reported to
have antioxidant activities, since that assay is a very simple in vitro
assay, but bears little or no relationship to an active drug lead.

In contrast, in the case of bioactivity-guided fractionation/
identification, although the starting point is similar, the only com-
pounds that are finally purified and identified are those that show
a well-defined activity in a validated in vitro screen prior to further
assays using suitable in vivo screening processes.

We should also point out that the principle of bioactivity-driv-
en isolation was a well-known process dating from the early 1950s
in the pharmaceutical industryʼs search for antibiotics, with simi-
lar processes but using microbes instead of cell lines/enzyme tar-
gets, and following up with rodent infection models in animals
with functioning immune systems. Active agents would then en-
ter the normal predevelopment pipeline for noncancer drugs.

A caveat

Even using bioactivity-driven systems, the same compound may
well give a positive response in a variety of defined screens, and
this discovery has led to the definitions of the PAINS [14] and IMPS
listings of compounds [15]. Both of these papers are well worth
reading by any scientist interested in bioactive natural products,
irrespective of the target.
Initial Studies with Taxol
The presence of the base diterpenoid structure (a taxane) was
known to be in many plants from phytochemical analyses, but it
was not until extracts from the initial NCI funded plant collection
programs, which included Taxus samples from the Olympic Penin-
sula in the North West of the USA (early 1960s), were tested
against murine cell lines, purified, and then followed by in vivo as-
says initially using murine tumors in mice that bioactivity was con-
firmed. Thus, this work was definitely bioactivity driven, with later
data demonstrating bioactivity against human tumor cell lines in
“immune-suppressed mice”. In subsequent work, both plant and
marine invertebrate extracts produced by academic laboratories
were tested by NCI contractors by following activity against hu-
man tumor cell lines in “immune-suppressed mice” studies. These
led to “systematic collections and bioactive isolation programs”
searching for antitumor active agents from such sources. Ulti-
mately, the collections and extractions were made by NCI con-
tract collectors and assayed in contract laboratories using the
NCI 60 cell line assay. Later, these extracts/fractions were made
available to qualified investigators worldwide. We will not provide
further details as these programs are very well documented in the
NCI websites.

“Endophytes/epiphytes” and taxol production

As mentioned above, initial reports from the Strobel laboratory in
1993 [6] and subsequent work from that group [7] demonstrated
that taxol could be found in a variety of endophytes, including
some endophytes that were isolated from plants not reported to
contain taxol [16]. This later work suggested that the presence of
this compound in an endophyte may not be due to carryover from
893me. All rights reserved.
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the hostʼs plant tissue. Over the years, since the initial report in
1993, well over 200 endophytic fungi belonging to over 40 genera
and several orders, mostly Ascomycota and Deuteromycota, have
been reported to produce taxol, and taxol-producing fungi have
been isolated from plants of taxonomically diverse, non-Taxus
species that do not contain taxol or intermediates when extracts
were analyzed.

We should point out at this stage, that in 2013, a report from a
German group on their reinvestigation of the nominal producing
culture from Stierle et al. [6] stated that they could not find any
taxol-related genes [17]. However, a careful reading of that report
showed that this group had not sequenced the original Stierle iso-
late, but a strain held in a European collection that could not be
traced back to the original Stierle culture, thus, this data is sus-
pect.

Although formally published in print in 2016, the review by
Chen et al. [18] was first available on the web in mid-2014 and
contains an excellent summary with references of the then re-
ported endophytic fungi that produced taxol on fermentation.
The tables in this review, though not reproduced here for both
copyright and spatial reasons, are well worth reading by inter-
ested scientists. It also includes a substantial number of other cy-
totoxic agents from various chemical classes produced by fermen-
tation of endophytic fungi, including camptothecin derivatives
and podophyllotoxin (▶ Fig. 1). These compounds with other ex-
amples will be discussed later in the review. Other publications
also contain listings of reported bioactive natural products pro-
duced by endophytes/epiphytes and these will be noted as rele-
vant.

There are several genetic and (a)biotic parameters that may af-
fect the concentration of taxanes, including geographical and
ecological diversity, plant age, and the types of plant tissues these
molecules accumulate in. For example, a correlation was found
between the amount of taxol in different Taxus plants and tissues
and the number of endophytic fungal species, perhaps demon-
strating host-endophyte interplay [19,20]. The metabolic profile
of Taxus plants also varied by location, suggesting the ecosystem
might have an effect on this plant-endophyte relationship.
Somjaipeng et al. [21] also reported different yields of taxol when
pH or elicitors, such as serine and salicylic acid, were varied during
fermentation.

Taxol production by endogenous fungi
from Taxus media

In 2011, Soliman et al. reported on the isolation and characteriza-
tion of a fungal endophyte from Taxus media [22], indicating that
there could be at least two different biosynthetic routes to “fungal
taxol” as a result of initial genomic studies on the isolated endo-
phyte Paraconiothyrium SSM001. In 2013, Soliman continued with
two excellent reports implying that interactions between other
microbes in the plant with Paraconiothyrium SSM001 could lead
to increased production of taxol, where bark extracts added to
the fermentation gave a 30-fold increase in fungal taxol levels
[23]. Table 1 (in [23]) in that particular report shows the various
levels achieved with different supplemented media. The other pa-
per in 2013 [24] demonstrated modulation of transcription of
plant genes related to taxol plant production, when levels of the
894 Newman DJ, Cragg GM. Pla
fungus were altered by treatment with external fungicides. Then
in 2015, Soliman et al. [25] presented significant evidence that
this endophyte produces taxol that is held externally in lipid bod-
ies in cracks in the protective bark layer where the plant branches
during growth. Such cracks permit the entry of lignicolous fungi,
and the endophytic taxol is an in situ protective measure against
attacking fungi. They followed this initial observation by demon-
strating that a byproduct of lignin degradation that is volatile
(methyl chloride), and is produced by attacking lignicolous fungi,
induces the production of taxol by this endophyte. A later paper in
2018 introduced evidence that this particular endophyte would
lose a significant amount of taxol biosynthetic capability, together
with production of a green pigment if exposed to light before fer-
mentation [26]. Thus, metabolites produced by these endophytes
appear to affect and, perhaps also in some cases, effect the chem-
ical defense of the plant host against pathogens, insects, and her-
bivores.

Non-taxaceae sources of taxol
Podocarpus gracilior endophytes

The first plant reported that “produced taxol” but was not from
the Taxaceae family was Podocarpus gracilior or the African Fern
Pine, which was reported in 1999 by Stahlhut et al. [27]. What
was also of interest is that this plant was purchased from a com-
mercial nursery in California, not obtained from a wild collection
program.

In 2018, El-Sayed et al. [28] reported that three endophytes
identified as Aspergillus terreus, recovered from cork, leaves, and
twigs of P. graciliors, produced taxol. Interestingly, when growing
fungal cultures were treated with surface sterilized leaves, taxol
production increased by 2- to 3-fold. One possibility is a physical
interaction of the fungi with other (dead?) microbes on the leaf
surface. Following on from this discovery, in 2019, the group pub-
lished a second paper [29] in which they identified three proteins
that were exponentially suppressed during subculturing. On the
subsequent addition of sterilized leaves of the tree, as mentioned
in the preceding paper, production of taxol resumed. The three
proteins were annotated as “ribosome biogenesis proteins YTM
and microtubule-assembly proteins that belonged to the WD40
superfamily”. The authors are now looking for suitable promotors
that may control the production of these proteins. Interestingly,
they also observed a loss of melanin production as taxol pro-
duction decreased, which might also point to a reduction of ace-
tyl-CoA levels.

Taxol from endophytic Aspergillus fumigatus
and Altenaria tenuissima

Another Egyptian group published two recent papers on taxol
production from endophytes. These were isolated from a collec-
tion of Egyptian-sourced plants that were not part of the Family
Taxaceae. In 2017, Ismaiel et al. [30] reported that Aspergillus fu-
migatus strain TXD105 isolated from the bark of Taxodium disti-
chum, and Alternaria tenuissima strain TER995 isolated from the
bark of Terminalia arjuna, produced taxol on fermentation. The
identities of both fungal strains were confirmed genetically using
ITS and deposited in GenBank. Fermentation parameters were in-
vestigated and yields for taxol were in the range of 300 µg · L−1 for
nt Endophytes and… Planta Med 2020; 86: 891–905 | © 2020. Thieme. All rights reserved.
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TXD105 versus 125 µg · L−1 for TER995. These fall towards the
higher end of figures for comparable endophytes, which are well
described in the paperʼs conclusions. Interestingly, one of the au-
thors is associated with the Egyptian Nuclear Research Center in
Cairo, and the following year, El-Sayed et al. published the results
of a series of very well-documented fermentation studies looking
at media composition, UV, and nuclear irradiation on the levels of
taxol production [31]. In those fermentation studies, they were
able to increase the levels by 16 and 20%, respectively, for
TXD105 and TER995. This study is perhaps the best-designed fer-
mentation program so far published on the production of taxol
from endophytic microbes and augurs well for future studies.

Taxol production by endophytic Penicillium
aurantiogriseum NRRL 62431

In 2014, Yang et al. [32] reported on the total genomic analysis of
an endophytic Penicillium aurantigriseum isolated from freshly har-
vested hazelnuts collected in Oregon, USA. These were from the
tree Corylus avellane, which had previously been reported as con-
taining taxol in leaf extracts [33]. A complete genomic analysis
was performed and showed differences in the genes involved in
taxol biosynthesis when compared “head to head” with the corre-
sponding genes in Taxus baccata. Recent horizonal gene transfer is
therefore improbable but one cannot rule out a common ancestor
that then evolved separately.

Taxol from non-endophytic Aspergillus flavipes

In 2019, El-Sayed et al. reported their studies [34] on the pro-
duction of taxol in saprophytic and endophytic fungi from differ-
ent sources, testing 50 fungi for production of taxol. Using Asper-
gillus flavipes, ATCC 24487, which was first described in 1911 in
France [35], they demonstrated the production of taxol with a
fivefold amplification by the addition of the synthetic antifungal
agent fluconazole. Interestingly, treatment with low levels of this
agent restored taxol production that was tailing off after the 10th
subculture. Though this fungus was not isolated directly from the
narrow taxane-producing taxonomic group composed mainly of
plants of the genus Taxus, the researchers speculated that taxane
BGCs may well have evolved to protect plants from fungal patho-
gens and/or taking up “free fungal taxol” as a protective agent.
This paper also contains an excellent table of reported fungal pro-
ducers of taxol, with endophytes isolated from plants ranging
from Taxus species to “Spanish Moss” or Tillandsia usneoides and
even including Phoma betae isolated from Ginkgo biloba, which in-
terestingly had the highest yield on fermentation, almost compa-
rable to that found on the fluconazole amplification of A. flavipes.
As mentioned earlier with different papers, reproduction of the
table of fungal taxol producers is not feasible but the paper is
one available in scientific libraries.

Attempts to bioengineer microbial taxol
production systems

Efforts to engineer the biosynthesis of the genes within taxol-pro-
ducing endophytes or by use of other heterologous hosts, such as
E. coli and Saccharomyces cerevisiae, have provided some insights
on how to produce more taxol. For example, the overexpression
of the Taxus taxadiene synthase under the control of a specific
Newman DJ, Cragg GM. Plant Endophytes and… Planta Med 2020; 86: 891–905 |© 2020. Thie
fungal promoter increased taxol production in Ozonium sp. EFY-
21 5-fold [20]. In another example, stable strains of Nodulisporum
sylviforme obtained via mutagenesis were used to produce proto-
plasts with increased taxol yields by up to 64% [36]. The engineer-
ing of E. coli and S. cerevisiae to produce the taxol intermediate
taxadiene has led to its increased production to approximately
1 g · L−1 [37] and 72.8mg ·L−1 [38], respectively. By some clever
bioengineering, the Stephanopolus group at MIT produced a
stable co-culture of S. cerevisiae and E. coli that yielded up to
33mg· L−1 of oxygenated taxanes, including some that had never
been obtained by fermenting microbes, using a simple carbon
source [39].

Although these efforts may in due course reduce the require-
ments for specialized environments and compartments for opti-
mal taxane production, the biosynthetic pathway has several
metabolic bottlenecks and, what is often forgotten, provisions
for increased production of early biosynthetic intermediates. In
spite of these drawbacks, researchers remain hopeful, because
taxol production may still be optimized using metabolic engineer-
ing and other strategies, including modification of regulatory ele-
ments, and better understanding the epigenetics and crosstalk
between the plant host and endophyte(s), as microbial systems
are not single entities but live in a world full of competition for re-
sources.
Camptothecin(e)
The isolation and initial biological properties and structure of the
quinoline alkaloid camptothecin (▶ Fig. 1) were first reported
from the stem bark of the Chinese plant Camptotheca acuminata
Decaisne (Nyssaceae) by Wall et al. in 1966 [40]. This compound
acts as a potent antitumor agent via stabilization of the transient
covalent complex between DNA and the enzyme DNA topoisom-
erase I, which prevents DNA and RNA synthesis. Camptothecin
also inhibits the replication of human immunodeficiency virus
(HIV) [41,42], but, to the best of our knowledge, was never used
clinically for this purpose.

Camptothecin itself was too toxic for drug use due to the cleav-
age of its lactone by plasma esterases and poor water solubility
[43,44]. Further studies on the structure-activity relationships of
the parent molecule led to the discovery of naturally occurring
analogues, such as 9-methoxy-camptothecin and 10-hydroxy-
camptothecin, and, subsequently, to the clinically used drugs
topotecan, irinotecan, and belotecan (▶ Fig. 1). For early details
through late 2003 on topoisomerase I agents, including campto-
thecin, the review by Cragg and Newman published in 2004 can
be consulted [45], with an updated version by the same authors
published in 2015 as part of a chapter in “The Practice of Medici-
nal Chemistry” [46]. In addition to the modifications of campto-
thecin mentioned above that have become drugs in their own
right, in late December 2019, a chemically modified camptothe-
cin linked to a monoclonal antibody as an antibody drug conju-
gate was approved under the name of traztuzumab deruxtecan
(Enhertu®) by the US FDA, but the structure is not given due to
its overall complexity.

Although there are current available plant sources such as
C. acuminata and Nothapodytes nimmoniana, the maximum yields
895me. All rights reserved.
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are on the order of 0.3% dry weight [47]. Major problems with the
natural source(s) can be summed up in the following phrases:
grow in restricted areas; have prolonged juvenile phases; and re-
quire years of cultivation for commercial yields of camptothecin.
As a result, these and other medicinal plants have been overhar-
vested for the pharmaceutical industry [48]. As a result, if there
is a viable microbial source for the large-scale fermentation of
camptothecin and analogues, it could be both beneficial not only
for commercial purposes, but also for the environment.

Endophytic production of camptothecin(s)

As was seen in the discussion on taxol production, it is common
when fermenting “producing endophyte-related cultures” for the
yields to decrease on continuous subculture. This is also the case
with reports on camptothecin producing cultures. Such a loss may
be due to the lack of stimuli from the host. An excellent example
of such an effect was shown in data from fermentations of cul-
tures that produced flavonolignans, published by the Oberlies
group in 2014 [49]. In this case, sterile filtrates of washes from
leaves of the host plant restored full production following subcul-
turing. Another potential reason is inhibition of the producing
organism by the product itself as a protective measure, and this
mechanism was recently reported in a fungus that produced
camptothecin [50].

There have been a number of reports of different endophytes
isolated from plants that have the ability to produce low levels of
camptothecin such as other plants of the genera Nothapodytes
and also from Miquelia dentate (lcacinaceae) [51]. In the case of
Nothapodytes foetida, the yield from this plant is very low, though
the endophytes, Neurospora crassa and Entrophospora infrequens,
from N. nimmoniana are able to produce camptothecin [52].

In 2009, Kusari and coworkers isolated an endophytic fungus,
Fusarium solani, from the inner bark of the C. acuminata plant
and detected the presence of camptothecin and some previously
reported analogues [53]. Since other strains of this particular fun-
gus isolated from different locations did not produce these sec-
ondary metabolites, it is possible that the BGCs involved in pro-
ducing these compounds may have come from the host via hori-
zontal gene transfer or, alternatively, the gene clusters involved
needed some “activator(s)” or removal of some “inhibitor(s)” not
“provided” under the growth conditions used. The production of
camptothecin and 9-methoxy-camptothecin decreased after each
subculture, but, interestingly, 10-hydroxy-camptothecin was not
seen until the 4th subculture and did not appear to decrease until
the experiment ceased at the 7th subculture.

In 2012, Kusari et al. extensively discussed the origins of sec-
ondary metabolites in endophytes, with the greater than 100 cita-
tions to this paper being worth revisiting in the future [54]. Later
studies on C. acuminata and F. solani by Kusari and coworkers sup-
port the balanced antagonism hypothesis, whereby the endo-
phyte becomes self-resistant to ensure its protection against the
camptothecin produced by both the plant and endophyte [50].
The key plant enzyme strictosidine synthase [55] was later deter-
mined to be a gate keeper to the biosynthesis of camptothecin in
endophytic F. solani; thus, one may well consider a plant-endo-
phyte signaling mechanism being used by plants as a second line
of defense against a wide variety of insects [56].
896 Newman DJ, Cragg GM. Pla
Supplementation studies with camptothecin-
producing endophytes

Though the following papers are not in strict chronological order,
they show the effect of modified fermentation parameters. As
mentioned earlier with the work on supplemented production of
flavolignans, a variety of relatively recent publications have dem-
onstrated that the levels of camptothecin in endophytic cultures
can be modified by suitable techniques. Some of these, though
not referenced as such, date back more than 30 plus years where
techniques in the fermentation industry that were never formally
published due to their being very well-known were “rediscovered
and published as being novel” by academics after 2005.

In the introduction to their paper in 2015, Pu et al. gave a short
history of reports of endophytic microbes that could produce
camptothecin on isolated culture [57], but in almost all cases,
the yields decreased with subculture. However, they had reported
2 years earlier that one of their isolates, Trichoderma atrovide
LY357, did show increased yields when elicitors/adsorbent resins
were added to the culture broth [58]. In their 2015 paper refer-
enced above, the group reported on the isolation and subsequent
fermentation of the endophytic bacterium Paenibacillus polymyxa
LY214 from the camptothecin-producing plant C. acuminata. They
confirmed taxonomy of this bacterium using standard 16S rDNA
data for the endophyte, demonstrating higher than 99% homol-
ogy with other P. polymyxa strains. Although substantial decreases
in camptothecin production were seen on subsequent subcultur-
ing, a 15- to 30-fold increase in the camptothecin yield was seen
using optimized fermentation conditions, use of potential biosyn-
thetic precursors (secologanin and tryptamine), and the addition
of XAD16 as an absorbent. These were used in combination and
applied to optimize production after the 7th and 8th subcultures.
Yields under these conditions were on the order of 12–23 µg · L−1.

Furthermore, in two recent papers, Venugopalan and
Srivastava reported a 10.6-fold increase in the production of
camptothecin when ethanolic extracts of the plant Catharanthus
roseus were added to a suspension culture of F. solani [59,60]. A
possible explanation could be that the C. roseus extract might
have contained strictosidine, a known rate-limiting step in camp-
tothecin biosynthesis. Concomitantly, in 2015, Govindwarʼs group
reported the application of computerized fermentation tech-
niques to the problem of camptothecin production in a complex
medium. By using the fungal endophyte Fusarium oxysporum
Kolhapurensis, isolated from Nothapodytes nimmonia Mabb.
Grahm, a known producing plant [61], levels in the optimized me-
dium ranged from 283mg· L−1 and decreased to 33 µg · L−1 by the
8th subculture. It is possible that the initial concentration might
be the highest yet reported, however, information as to the
provenance of the culture used was lacking, so the absolute effect
of supplementation cannot be determined.

Very interestingly, in 2016, the same basic group [62] reported
that using a mixed culture of two endophytic fungi (Colletotricum
fruicola SUK1 and Corynespora cassiicola SUK2), which were iso-
lated from the same plant specimen as in their 2015 paper
(above), when fermented under complex media conditions, and
knowing that each could produce camptothecin independently,
demonstrated a yield of approximately 146mg· L−1. If the mixed
cultures were used, then maximal yields appeared at 7 days, com-
nt Endophytes and… Planta Med 2020; 86: 891–905 | © 2020. Thieme. All rights reserved.



▶ Fig. 2 Bioactive compounds from “plant sources” II.
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pared to 15 and 20 days for the individual microbes under the
same conditions. What “signaling agents” could have been gener-
ated, be they biosynthetic intermediates or promotors/inhibitors,
is not known or reported to date, but “talk between organisms” is
now well documented and investigators tend to “forget” that
microbes do not exist alone, they are parts of consortia.

It would be interesting to be able to perform a thorough fer-
mentation program utilizing the reported camptothecin pro-
ducers, but what is definitely of interest is that Bhalkar et al. [61,
62] used fungal spores to begin their fermentations, so there was
no potential for carryover from the plant source in those experi-
ments.
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Is a Plasmid Involved?
In 2017, Indian researchers reported that a plasmid appeared to
be involved in the production of camptothecin by endophytic bac-
teria isolated from the plant Pyrenacantha volubilis Hook. Unusu-
ally, these were all Bacillus species, not fungi. Using acriflavine to
“cure” the microbe of the plasmid, the “cured Bacillus” no longer
produced camptothecin [63], but subsequent transformation
with the plasmid restored production. As of the end of 2019, no
further work has been reported on this discovery.

Vinca alkaloids

The vinca alkaloids, vinblastine and vincristine (▶ Fig. 2), were first
reported in the 1960s from classical phytochemical searches us-
ing the leaves of the Madagascar periwinkle C. roseus due to earlier
reports that the plant had antidiabetic properties, which turned
out to be incorrect [64]. These compounds were later found to
have potent activity against leukemia and Hodgkinʼs lymphoma,
as well as some activity against selected solid tumors. The mech-
anism(s) of action of these dimeric monoterpene indole alkaloids
Newman DJ, Cragg GM. Plant Endophytes and… Planta Med 2020; 86: 891–905 |© 2020. Thie
included inhibition of cancer cell proliferation by preventing the
dimerization of microtubules, blocking mitosis, and causing apo-
ptosis. The only current source of these FDA-approved drugs is
from C. roseus leaves, in which they are present in very low yields.
To meet the worldwide demand of approximately 3 kg, 300 tons
of dried leaves are required, and the high prices of these drugs re-
flect the difficulty in accessing these compounds [64].

In attempting to increase yields, growing C. roseus cell suspen-
sion cultures were supplemented with phytohormones, hairy
roots, and transgenic tissue in attempts to increase the concen-
tration of at least the monomers of these dimeric alkaloids and/
or the vinca alkaloids themselves. However, none of these at-
tempts were viable commercially. De novo synthetic schemes for
these structures are both low yielding and complex, which effec-
tively eliminated total synthesis as a viable option for the commer-
cial production of these compounds [64]. Some semisyntheses
were developed that used extractable precursors from C. roseus,
but again, commercial viability was debatable. Due to the increas-
ing demand for these drug entities, researchers were prompted to
search for more viable options [64].

Early reports on the production of vincristine by endophytic
F. oxysporum were published in 2000 in the Chinese journal Zhong-
caoyao by Zhang et al. [65] and referenced by Gunatilaka in 2006
[66]. A later study by the same group was published in the same
journal in 2004 [67]. Two years before the 2000 report mentioned
above, in 1998, the same group reported the isolation of vinblas-
tine from an endophytic Alternaria sp. strain 97CG1 [68]. In 2013,
Kumar and co-workers reported the production of both vinblas-
tine and vincristine from an endophytic F. oxysporum with levels
of 76 µg · L−1 for vinblastine and 67 µg · L−1 for vincristine [69].
Quoting from their paper, these figures are comparable to those
obtained from plant-based extraction techniques. The same year,
that group also reported bioconversion of vinblastine into the less
897me. All rights reserved.
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abundant vincristine by incubating vinblastine with the same en-
dophytic Fusarium species [70]. This latter result does raise a ques-
tion as to what the actual maximal levels were of either alkaloid
produced in their fermentation experiments quoted above.

In contrast to the levels found by Kumar et al., in 2016, Palem
et al. [71] reported the production of vinblastine and vincristine
by another endophytic fungus, Talaromyces radicus, also isolated
from C. roseus. In their experiments, levels of 70 µg · L−1 and
670 µg · L−1, respectively, were achieved. The latter figure is a
highly significant improvement in the production of vincristine
when compared to the 67 µg · L−1 of vincristine reported by Kumar
et al. referenced above. Palem et al. also demonstrated that the
yields could vary by a factor of close to 100 depending upon the
media used, and it should also be pointed out that they chose
their endophyte by genomically searching for the presence of
the gene encoding, the first critical step in the biosynthesis of ter-
penoid indole alkaloids, a reaction catalyzed by tryptophan decar-
boxylase, which is encoded by a single gene in C. roseus. Thus,
they made a very careful selection from the 22 endophytes iso-
lated rather than simply fermenting in a small number of media
and looking for any vinca alkaloids produced.

To close this emphasis on vinca alkaloid production by endo-
phytes, a very recent paper by Anjum and Chandra [72] showed
that the endophytic bacterium Microbacterium sp., isolated from
C. roseus, produced vindoline (▶ Fig. 2) and, using modern fer-
mentation techniques, yields of ~ 80 µg · L−1 of this intermediate
could be obtained relatively easily.

Host-endophyte interactions to increase vinca
alkaloid plant levels

One could consider this section to be the reverse of the others in
this overall review, as it demonstrates the “effect of endophytes
upon production of metabolites by the whole plant”, since these
experiments demonstrated evidence that host-endophyte inter-
actions(s) can induce the production of vinca alkaloids. In a series
of very well-designed experiments, Pandey et al. [73] inoculated
endophyte-free, low vinca alkaloid-producing C. roseus genotype
(cv. Prabal) seedlings with two endophytes, Curvularia sp.
CATDLF5 and Choanephora infundibulifera CATDLF6. Using genetic
marking, these treatments resulted in the increased expression of
monoterpene indole alkaloid genes, which included the transcrip-
tional activator “octadecanoid-responsive Catharanthus AP2-do-
main protein and vacuolar class III peroxidase”, known to be in-
volved in the dimerization of vindoline and catharanthine
(▶ Fig. 2) to produce vinblastine and vincristine [73]. In addition,
the leaves of the seedlings inoculated with CATDLF5 and CATDLF6
had a 4-fold and 2-fold increase in the production of vindoline, re-
spectively. These endophytes also promoted plant growth as well
as increased the rates of photosynthesis and transpiration, result-
ing in an overall increase of biomass and key metabolites. Thus,
understanding the relationship between a host and its endophyte
may provide deeper insights into how to improve the production
of vinca alkaloids.

Podophyllotoxin

Podophyllum peltatum Linnaeus and Podophyllum emodi Wallich
have had a history of use in folk medicine for over two centuries
898 Newman DJ, Cragg GM. Pla
for the treatment of warts and “perhaps what might have been a
form of skin cancer”. The isolation of the most abundant active
principle, podophyllotoxin (▶ Fig. 1), in the 1880s was first re-
ported by Podwyssotzki [74], though it was not until 1932 that
the base structure was reported by Borsche and Niemann [75].
Podophyllotoxin was reported to have antitumor, antiviral, insec-
ticidal, and anti-inflammatory activities, and based on these activ-
ities, two of the many semisynthetic derivatives, etoposide (VM
26) and teniposide (VP 16–213) (▶ Fig. 2), were approved by the
FDA for the treatment of lymphomas and bronchial and testicular
cancers [46,76].

Compared to recovery from the plant, the chemical synthesis
of podophyllotoxins is not economic and although this compound
has been reported from several plant genera, for example, Sinopo-
dophyllum, Podophyllum, Juniperus, Linum, Thuja, Nepata, Teuricum,
Hyptis, Jeffersonia, Dysoma, and Diphylleia, a number of these po-
tential sources are endangered for anthropogenic reasons [77,
78]. As a result, podophyllotoxin is in high demand, especially
since it is the main precursor in the synthesis of the approved
drugs etoposide and teniposide [76].

In 2003, a Chinese group led by Yang [79] reported on the
production of podophyllotoxin following fermentation of 92 en-
dophytic fungi isolated from Sinopodophyllum hexandrum, Diphyl-
leia sinensis, and Dysosma veitchii. Of these 92 strains, 6 could pro-
duce podophyllotoxin under the conditions used. In 2006, two
groups published work with endophytic fungi that upon fermen-
tation produced podophyllotoxin. Puri et al. demonstrated that
the fungal endophyte Trametes hirsute, isolated from the rhizome
of a Podophyllum hexandrum species, produced podophyllotoxin
[77]. The same year Eyberger et al. reported that two strains of
the endophyte Phialocephala fortinii that they isolated from P. pel-
tatum L also produced podophyllotoxin on subsequent fermenta-
tion [80]. Then, in 2008, Kour et al. reported that the endophyte F.
oxysporum isolated from Juniperus recurva produced podophyllo-
toxin when fermented [81].

Over the following years, a number of groups have continued
to report that endophytic fungi from plants that contain/produce
podophyllotoxin, when isolated and fermented outside of the
plant, will produce relatively low levels of podophyllotoxin. In
2009, the Spiteller group working with an Aspergillus fumigatus
endophyte isolated from another species of Juniperus (Juniperus
communis L. Horstmann) reported production of the derivative
deoxypodophyllotoxin (▶ Fig. 2) on fermentation [82]. In 2012,
Nadeem et al. reported that P. hexandrum roots contained a Fusa-
rium solani endophyte, subsequently named F. solani P1, that pro-
duced podophyllotoxin on fermentation [83]. This publication was
followed in 2016 by a report from Liang et al. on a podophyllotox-
in-producing isolate of A. tenuissima obtained from Sinopodophyl-
lum emodi (Wall) [84]. So, in the years from 2003 to 2016, a fair
number of different fungal endophytes from a variety of plant
sources have demonstrated their ability to produce small quanti-
ties of podophyllotoxin and/or derivatives.

As found with the other plant-derived compounds discussed
earlier, these fermentations yielded low levels in the range from
0.5 µg · L−1 to 189 µg · L−1. However, concentrations of podophyllo-
toxin could sometimes increase between subculturings, suggest-
ing the metabolite is not present due to carryover from the plant
nt Endophytes and… Planta Med 2020; 86: 891–905 | © 2020. Thieme. All rights reserved.
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[85]. In addition, secoisolariciresinol dehydrogenase (SD) genes in
the proposed podophyllotoxin biosynthetic pathway have been
found in both P. peltatum and the endophyte Phialocephala podo-
phylli (strain PPE7), with the genes characterized in vitro, the first
time that the SD gene was characterized in the fungal kingdom
[85]. Optimization of production of podophyllotoxin requires
more studies on the heterologous expression of genes in this bio-
synthetic pathway, and the effects of fermentation conditions will
hopefully provide insight into metabolic bottlenecks and chemical
signals, leading to improved endophytic production of podophyl-
lotoxin [85].

Homoharringtonine

Early in the second decade of the 20th Century, Chinese research-
ers reported that the plant Cephalotaxus fortunei Hook-F con-
tained alkaloid fractions with cytotoxic properties [86,87]. Many
years later, in 1970, Perdue et al. at the USDA facility at Peoria,
Illinois, reported the isolation of a novel anticancer alkaloid, ho-
moharringtonine (▶ Fig. 2), together with some related ester de-
rivatives found in extracts of the rare Eastern Asian evergreen tree
Cephalotaxus harringtonia (Knight ex J. Forbes) K. Koch (Cephalo-
taxaceae) [88]. Later that same year its structure was published
by Powell et al. from the same USDA group [89].

Subsequent studies demonstrated that the mechanism of ac-
tion of homoharringtonine was by inhibiting protein synthesis at
the ribosome level within the G1 and G2 phases of the cell cycle
[90]. The initial clinical compound was developed in the Peopleʼs
Republic of China (PRC) as a racemic mixture of homoharringto-
nine and harringtonine to treat acute and some resistant myeloid
leukemias. The single compound homoharringtonine then en-
tered clinical trials in the USA, leading to the approval of omace-
taxine mepeosuccinate (generic name) by the US FDA in 2012 as
an antileukemic agent [87]. Whaun and Brown had earlier re-
ported antiparasitic activity of esters of the compound against
two chloroquine-resistant Plasmodium falciparum malarial strains
[91], though this was well before its approval as an antitumor
agent in the USA.

There have been a number of reports of homoharringtonine
production by endophytic fungi isolated from plants of the
Cephalotaxus genus. All have been reported by research groups
in the PRC beginning in 2010. As a result of the inability to access
the full publications, except in one case, a determination cannot
formally be made as to whether they are multiple reports of the
same series of experiments or are actually from different sources
[92–94]. Then, in 2016, a publication by Hu et al. claimed that this
was the first publication to show such a production, when working
with the fungus A. tenuissima CH1307, an endophyte of Cephalo-
taxus hainanensis [95]. Four years earlier in 2012, the same endo-
phyte/activity was published by another Chinese group [96], so
until the full papers related to the other three reports are available
outside of the PRC, the last one is the only one where significant
details can be found. Once one or more of these endophytes can
be confirmed as a producer of this metabolite, then additional
studies must be conducted to determine if or how the fermenta-
tion of these endophytes can be used for the industrial production
of homoharringtonine.
Newman DJ, Cragg GM. Plant Endophytes and… Planta Med 2020; 86: 891–905 |© 2020. Thie
“Epiphytic” Microbes in the Rhizosphere
and Phyllosphere of Plants

We consider that microbes in the rhizosphere (root tangles and
surrounding soil) are similar to epiphytes in being surface mi-
crobes rather than endophytes, microbes under the surface of
plants. There is no question that chemical signals can proceed in
both directions from free-living microbes/epiphytes and their
plant “hosts”, just as has been reported over the last few years be-
tween animal (including human) gut microbiomes and their cor-
responding central nervous systems [97]. Two review articles,
one in 2013 by Bulgarelli et al. in the Annual Reviews of Plant Biol-
ogy [98] and a more recent one in 2018 by Etalo et al. [99], give
generalized and specific examples of the effects of secondary me-
tabolites from rhizosphere bacteria on plant metabolism/immune
systems.

We will discuss two recent examples, where the involvement of
bacterial species has led to the realization that the plant-sourced
anti-tubulin agent maytansine is not a plant product, and also the
discovery of significant genetic biosynthetic clusters, reported re-
cently from Arabidopsis thaliana leaf epiphytes.

Maytansine

Maytansine (▶ Fig. 1) was originally thought to be a plant-derived
antitumor agent whose mechanism of action was inhibition of tu-
bulin, thus causing cells to arrest at the G2/M phase [100]. The
compound was first reported in 1972 from collections of the
Ethiopian trees Maytensus serrata (Hochst. Ex A. Rich) and Mayten-
sus ovatus in low yields, and then later from another plant source,
Putterlickia verrucosa [101]. What later became important was the
early recognition that the basic structure strongly resembled a
well-known series of bacterial metabolites, the ansamitocins,
and, in particular, ansamitocin P3 (▶ Fig. 2).

As can be seen from a comparison of the structures, ansamito-
cin P3 differs frommaytansine by having a different ester at the C3

position. The ansamitocins (other structures not shown) were first
reported from fermentation of the bacterium Actinosynnema pre-
tiosum, originally isolated from the Carex species of grassy plants
epiphyte [102]. In 2013, ansamitocin P3 was also demonstrated
to be a tubulin inhibitor and, like maytansine, also binding at the
vinca site on the tubulin dimer [103]. The significant similarities in
structures led to the question as to whether maytansine was a
plant product or produced via an association between a microbe
and its plant host. Since careful inspection showed that none of
the biosynthetic genes leading to the production of maytansine
could be found in the nominal plant host [104], a reasonable ex-
planation would be that the P3 precursor was produced by an en-
dophyte/epiphyte symbiont in the rhizosphere of the plant, and
then subsequently taken up by the plant and converted into may-
tansine via a simple transesterification. This seemed a plausible
hypothesis, as several ansamitocins were present in/produced by
eubacteria, higher plants, and mosses, contradicting a common
evolutionary theory that natural products are produced by taxo-
nomically related organisms.

Wings et al. subsequently grew axenic cell cultures of P. verru-
cosa and could neither amplify genes involved in maytansine bio-
899me. All rights reserved.
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synthesis nor culture any maytansine-producing eubacterium
outside of its natural habitat [105]. Using suitable molecular tech-
niques, they identified that the A. pretiosum ssp. auranticum eu-
bacterium present in the rhizosphere of the plant was involved in
maytansine biosynthesis. Using the whole plant system, the
A. pretiosum ssp. auranticum eubacterium had the identical 16S
rDNA sequence as that of the “parent” maytansine-producing
P. verrucosa plant [105]. Further genetic searching using other
non-maytansine-producing P. verrucosa plants showed that they
lacked this 16S rDNA sequence. The absence of maytansine in
plant cell cultures derived frommaytansine-producing P. verrucosa
plants, as well as greenhouse grown Maytenus sp. and Putterlickia
sp. plants and their corresponding cell cultures, is consistent with
the sequence data [104].

Microorganisms in the rhizosphere of plants in different envi-
ronments, as well as those in non-rhizosphere communities in the
surrounding soil, appear to differ [66], which is a possible explana-
tion as to why maytansine was found in mosses and higher plants.
However, ansamitocin-producing plants, meaning the complete
“organism including associated microbes”, may well contribute to
ansamitocin structural diversity via infection of the root system,
since only 2 known ansamitocins havebeen found fromeubacteria,
while there are 22 known in plants [105]. The example given later
under the “Epiphyte Discussion” of discovery of a compound first
described from a deep-water bacterium and then found in the
phyllosphere of A. thaliana might alter the thinking behind the
comment above on ansamitocin structural diversity in the future!

In 2014, the Spiteller group published the very significant find-
ing that the true source of maytansine was from a consortium of
bacteria (epiphytic, free-living, or endophytic) in the rhizosphere
of the maytansine-containing plants P. verrucosa and Putterlickia
retrospinosa, without any plant involvement other than being the
host. Currently, the exact organism(s) performing the reaction re-
main(s) to be identified [106]. This discovery is not the sole route
to maytansine, as in a recent 2016 paper reporting an in-depth in-
vestigation of the maytansine-producing Maytenus serrata plant
from Cameroon, the same group reported a strong relationship
between endogenous “as yet uncultivated microbes” and the
production of the desired metabolite, with the required chlorina-
tion step occurring in the rhizosphere microbes. However, the
biosynthetic starter unit 3-amino-5-hydroxybenzoic acid (AHBA)
in maytansine biosynthesis was unexpectedly found to be pro-
duced by both the microbes and the plant [107]. However, not
all M. serrata plants produced maytansine, or possessed the genes
to do so, since an M. serrata plant now collected in Ghana lacked
the AHBA synthase gene. Thus, the geographic area of the “nom-
inal producing plant” as well as the genus and species may have
different “effects” on the route(s) to maytansine. This involve-
ment of the Cameroonian plant was not the expected result based
on their earlier data, but the evidence is there.

Epiphytes from the phyllosphere

In 2012, Vorholt, at the ETH in Zurich, published an excellent re-
view on the phyllosphere in Nature Reviews of Microbiology show-
ing in early figures, scanning electron micrographs of bacteria and
some fungi on the leaf of the plant A. thaliana [108]. An initial cal-
culation in her paper arrives at a figure of > 1025 bacteria alone
900 Newman DJ, Cragg GM. Pla
worldwide for the phyllosphereʼs contribution to bacterial diver-
sity, with > 106 microbes per cm2 of leaf surface. Then, in 2015,
Bai et al. published a report comparing the overlap of root and leaf
microbiota in the same plant, giving full details of their methods
of isolation and analyses. This was a combined effort on the part
of the ETH, the Max Planck Institute in Cologne, and the Institute
for Infection Research in Braunschweig [109].

In 2017, Vorholt and colleagues at the ETH published a provo-
cative article in Cell Host and Microbes [110] that contained the
following comment: “Taken together, recent data from cultiva-
tion-independent investigations indicate that microbial commu-
nities do not assemble randomly but establish consistently in a
similar pattern year after year. Thus, structuring principles must
exist that determine the architecture of various community con-
figurations; however, these are presently insufficiently de-
scribed”. These comments referred to the microbial communities
in their A. thaliana experimental plants but could apply to any oth-
er plant genus/species.

Though starting work before the 2017 paper referred to above,
in 2018, Piel and Vorholt, who are both at the Institute of Micro-
biology at the ETH, published a joint paper demonstrating the
biosynthetic potential of the bacterial collection previously re-
ported by Vorholt [111]. This collaboration took advantage of
the manifold skill sets that each of the principal authorsʼ groups
possessed. As above, a quotation from their article demonstrated
the potential from these initial investigations; viz “Genome min-
ing identified more than 1000 predicted natural product biosyn-
thetic gene clusters (BGCs), hundreds of which are unknown com-
pared to the MIBiG database of characterized BGCs. For functional
validation, we used a high throughput screening approach to
monitor over 50000 binary strain combinations. We observed
725 inhibitory interactions, with 26 strains contributing to the
majority of these”.

Using current advanced methodologies in order to establish
the chemical identities of some of the compounds produced by
the most “active” isolate, the BGC-rich Brevibacillus sp. Leaf182
yielded a number of bioactive structures. These included the
known streptocidin D, an unusual lysophospholipd named phos-
phobrevin, together with the previously reported marthiapeptide
(▶ Fig. 3). This latter compound was first reported from the deep-
sea bacterium Marinactinospora thermotolerans but without a full
identification of the relevant BGC [112]. The corresponding BGC
was then identified by the ETH group during their isolation of the
molecule, with the BGC clusters subsequently added to the MIBiG
database. Finally, following on from the bioactivity-driven isola-
tion system used for the three agents referred to above, subse-
quent use of a genomic mining process (described in detail in
the paper) identified the previously unknown cyclic polyketide
(▶ Fig. 3) that they named macrobrevin.

The work described above is only “scratching the surface” of
just this collection of plant-leaf associated bacteria, let alone the
other > 1025 bacteria referred to in the opening paragraph of this
section. To discover a secondary metabolite from the leaves of
A. thaliana, whose original identification/source was from a deep-
sea thermotolerant microbe, could mean that any commentary
on “sole sourcing/occurrence of bioactive metabolites” may well
need to be qualified.
nt Endophytes and… Planta Med 2020; 86: 891–905 | © 2020. Thieme. All rights reserved.



▶ Fig. 3 Bioactive agents from A. thaliana leaf epiphytes.
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Final comments on endophyte/epiphyte
compound production

Perhaps the major encumbrance to studies with these potential
sources is the lack of realization by a number of researchers that
microbes, irrespective of their nominal isolation source, do not ex-
ist in isolation. It is a legacy of the early searches for antibiotics
where a pure culture of a “producing organism” was the starting
point for increased production, and then followed early attempts
at genetic manipulation by treatment with mutagens, including
radiation from varied sources. Coupled to modifications in culture
and growth conditions, these worked, as can be seen from studies
of the increased yields of the base antibiotics such as penicillin
cephalosporin and tetracycline.

However, particularly in the roots of plants and within and on
the portions of a plant, microbes, irrespective of whether they are
prokaryotes or eukaryotes, as mentioned earlier, interact by
chemical signals. The lack of an understanding of the natural roles
of microbial secondary metabolites (signaling, defense, attack,
etc.) limited the search for natural products to readily accessible,
but usually limited environments. A multitude of symbiotic rela-
tionships remain to be exploited, and understanding the mecha-
nisms of action behind the chemical repertoire involved in sym-
biont-mediated defense could be key to understanding these in-
terspecies interactions. Such information may ultimately lead to
new ways of cultivating symbionts and producing more bioactive
compounds, perhaps overcoming the supply problem, which is
one of the main reasons why many bioactive natural products do
not enter the drug market [113].

We can start addressing the supply problem once larger-scale
productive fermentation of symbionts can be achieved. However,
interspecies interactions are dynamic and evolve over time, pro-
viding new sources for the endless production of new, diverse sec-
ondary metabolites, but also providing more problems that need
to be addressed.

Within the last 2 to 3 years, there have been a significant num-
ber of papers published on how one may exploit the types of in-
teractions discussed above, and, most importantly, describe new
methods of searching for microbes producing novel secondary
metabolites. The following examples do not formally address en-
dophytes and epiphytes but are indicative of the methods that
can be used to help define the methodologies for successful pro-
Newman DJ, Cragg GM. Plant Endophytes and… Planta Med 2020; 86: 891–905 |© 2020. Thie
duction of cytotoxic (and other agents) from microbes/hosts.
These include, but are not limited to, eliciting secondary metabo-
lism in actinomycetes [114–117], methodologies for identifying
the compounds produced [118–122], where they are localized
[123], analyses of fungal BGCs to published natural product struc-
tures [124,125], small-scale plate-based techniques for fungal co-
culture [126,127], on-demand production of secondary metabo-
lites [128], mixed culture of endophytes [129], metabolomics in
induced cultures [130–135], use of synthetic biological tech-
niques to further expand the chemical biodiversity discovered
[132], a 2016 review on a number of approaches used to study
the expression of cryptic BGCs by Zarins-Tutt et al. [136], and a
more recent follow-up by Scott and Piel [137].

Finally, on this particular topic, there have been three reports
in 2015 to 2016 on products from symbioses in plants, marine or-
ganisms, and other animals that should be read by everyone inter-
ested in this area. The first is a truly excellent compendium of ma-
terial from plant and marine invertebrate symbioses [138], the
second covers animal-microbe interactions, including the major
compounds from insect-microbe symbioses [139], whilst the
third discusses the “utility” of such materials as signaling mole-
cules [140]. Although there are later reports on some aspects cov-
ered by these three reports, they are not as comprehensive.
In Conclusion
Hopefully we have demonstrated in this review that the field of
natural product drug discovery is still an area of expanded re-
search, but it is no longer just the “playground for natural product
chemists and microbiologists”. It now requires the very close co-
operation of taxonomists, chemical ecologists, agronomists, bio-
engineers, biochemists, microbiologists, molecular biologists,
and chemists to understand how to exploit Natureʼs chemical
and biological diversity. By working together towards a common
goal, we will gain a deeper understanding of these symbioses/an-
tagonisms and use them in order to develop new drugs, but it
must be pointed out that such research is a long-term project.
901me. All rights reserved.
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