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Nominal Organization of the Lecture

Due to the main emphasis of the Farnsworth lectures being directed towards the ”Plant Kingdom”

I will discuss that area in some depth.

Then I will follow with some examples (old and new), of bioactive compounds isolated from marine 

invertebrates, that are definitively produced by commensal microbes though frequently these are

“as yet uncultivated”.



Growth Conditions / Compounds

From the very earliest days of TCM, the conditions of plant growth can and do alter the levels/types of 

biological activity (read secondary metabolites found on isolation), thus one SHOULD/MUST take these 

climatic and geographic differences into account when comparing isolated secondary metabolites whether 

from plants, endophytes/endophytes or the “whole gemisch”.

However, how many times is this done before publication ?



Plant – Microbe Axis I

In the case of higher plants, frequently metabolites are reported at one location but not from another 

even though the genus / species are identical.

Over the last (perhaps) 30+ years, there have been a number of reports in the literature that have 

invoked endophytic microbes as being involved in the production of plant-sourced 2o metabolites of 

interest as AT agents.

The first was the report on taxol® production by Taxomyces by Stierle and Strobel.  

This was followed over the years by reports on the vincas, podophyllotoxin and camptothecin. 

All were very low-level producers and were often considered to be artifacts.  
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Plant – Microbe Axis II
In Phytochemical Reviews in 2012, Kaul et al, listed > 90 bioactive compounds that had been isolated

from endophytes of medicinal plants. 

I have deliberately only shown the three well known ones as a “sampler” of what is / are present.

Taxol
Camptothecin
plus precursors

Podophyllotoxin



Idealized Flow Diagram for Investigating Endophytes

Tiwari and Bae, Microorganisms, 2022, 10, 360



Sources of Error

Sagita et al, Front, Bioeng. Biotech, 2021, 9, 64906



Environmental Factors with Plants/Endophytic Bacteria

Wu et al, Front. Plant. Sci., 2021, 12, 646146



Important Drugs from Endophytic Fungi

Galindo-Solis and Fernandez, Microorg., 2022, 10, 339



Compounds Isolated from Endophytic Fungi 2011-2021

This article reports 220 new compounds with 

rare or novel structures or skeleton

structures from endophytic fungi from 

82 journal articles between 2011 and 2021 

and briefly describes the sources of endophytic

fungi, chemical structures, and biological 

activities of these compounds.

Wen et al, J. Fungi, 2022, 8, 205



Yields of Compounds Isolated from Endophytic Fungi 2011-2021

Wen et al, J. Fungi, 2022, 8, 205



Taxol post Stierle / Strobel



Complementation of Taxol Fermentations
Figure 3 Surface sterilized P. gracilior leaves
restored the Taxol productivity of A. terreus. 7th
fungal subculture was grown on MID medium, 
incubated for 10 days, then amended with surface 
sterilized leaves of P. gracilior at 0.5, 1, 3 and 
5% (w/v), incubated for 20 days.

Taxol was extracted and quantified by HPLC (A). 

The activities of Taxol biosynthesis rate-limiting 
enzymes, TDS, DBAT and BAPT (C) were 
assessed.

El-Sayed et al, Sci. Rept. 2019, 9, 11534 



Fungal Endophytes that have Taxol Production Potential

El-Sayed_et al App Microbiol, Biotech, 2020, 104, 6991-7003



Some Relevant Comments on Fungal Taxol I

The reported revival of Taxol
production as well as the stimulatory / 
inductive effect of host plant 
components on Taxol production by 
some endophytic fungi point towards a 
need-based Taxol production scenario. 

The production of Taxol by endophytic
fungi might thus represent a means to 
thwart attack by invading fungi to 
keep plants healthy for an unhindered 
access to their apoplastic space Soliman and Raizada, working with 

Paraconiothyrium sp. isolated from T. 
x media, recently obtained results in 
agreement with such a hypothesis . 
The fungus showed higher Taxol
production upon treatment with the 
host bark extracts and more 
importantly, when co-cultured with one 
or more endophytic fungi not capable 
of taxane production but isolated from 
the same host plant bark. 

Kusari et al, Trends Biotech, 2014



Fungal Endophytes that have Taxol Production Potential



Taxol Microbe Axis

Soliman & Raizada, Front. Micro 2013

A taxol-producing endophytic microbe that 
has been fully sequenced.



Fungal Endophytes that have Taxol Production Potential

Soliman et al, Curr. Biol., 
2015, 25, 2570-2576



Fungal Endophytes that have Taxol Production Potential

Soliman et al, Appl. Microbiol, Biotech. 2017, 101, 7523-7533



Fungal Endophytes that have Taxol Production Potential

Soliman & Raizada, Front. Micro., 2018, 9, 353



Some Relevant Comments on Fungal Taxol II

Based on gene clustering in the producing fungi, it appears probable that the intact fungal pathway

evolved initially in a particular way and  was transmitted to other fungi and then to select plants in the 

genus Taxus, doing so on a geographically diverse basis.

Therefore, the extant view of plant origin first, fungal origin second, may well need to be reversed, at

least in this instance. 

It will be interesting to observe the evolutionary relationships between the genomic data for the

paclitaxel clusters from the different endophytes derived from diverse global locations.

Daly & Cordell. JNP. 2021, 84, 871-897



Some Relevant Comments on Fungal Taxol III

Some major “points re taxol” from Daly & Cordell (2021)

➢ initial yields of 1 from an individual endophyte can be significantly increased, particularly through

media modification. 

➢ One example is the increase in yield of 1 from Fusarium mairei from 20 to 225.2 μg/mL through

modifications in nitrogen sources and using Plackett−Burman design.

➢ Endophytes producing paclitaxel (1) in culture have been isolated from 30 genera of plants in 26 plant

families. 

➢ Table 1 in the paper has over 100 identified fungal endophytes that produce taxol at some level.

Daly & Cordell. JNP. 2021, 84, 871-897



Taxadiene synthase from Bacteria; Link to Cometabolism?

▪ An interesting hypothesis as to why Taxadiene Synthase,the rate limiting step in taxol production 

appears to be “MIA” in some fungal isolates is shown in the next slide.

▪ Bacillus koreensis & Stenotrophomonas maltophilia isolated from plants with fungi that produce taxol.

▪ Could there be “cometabolism and/or linked metabolism between bacterial production of TDS and

subsequent link to the fungal metabolism?

▪ Such links are known for other production of complex natural products where you have fungal/bacterial 

interplay in the production of Rhizoxin.

El-Sayed et al., Sci. Pharm., 2021, 89, 48 



Taxadiene synthase from Bacteria

Figure 1. Screening for TDS production from different bacteria isolates.

The TLC chromatogram of residual GGPP (A) and the putative TDS activity (B) is shown. 
PCR amplification of tds from the selected bacterial producers using the active-site 
conservative primers TDS1 (C) and TDS2 (D) is shown.

El-Sayed et al., Sci. Pharm., 2021, 89, 48 



Camptothecin (Mainly Current Data)



Precursors & Camptothecin Yields

Venugopalan et al, Biores. Tech., 2016, 206, 104-111



Loss of Camptothecin Yields on Subculture

RSM = Response Surface Methodology

Bhalkar et al, RSC Adv., 2015, 5, 62828



Mixed Endophyte Cultures & CPT Levels

In any plant “system” endophytes are not “alone” they are part of a consortium 

that communicate constantly.  In a nice elegant experiment, Bhalkar et al 

reported in 2016, the effect of co-culturing two endophytes from the N. 

nimmoniana plant that produces camptothecin. Coculture of C. fructicola & C.

cassiicola gave the following levels of CPT.

Bhalkar et al, Fung. Biol., 2016, 120, 873-883



Camptothecin from mixed Fungal Cultures

Bhalkar et al, Fung. Biol., 2016, 120, 873-883 



Stability / Yield CPT

Figure 2. Stability analysis on camptothecin yield 

(average yield ± SEM) from the two high yielding 

Endophytic strains 

A. burnsii NCIM1409 [blue]

A. alstroemeriae NCIM1408 [red]).

Mohinudeen et al, Sci. Rept., 2021, 11, 1478



Increasing Microbial Yield Camptothecin (2021)

Ruan et al, Food Chem. Tox., 2021, 151, 112113



Camptothecin & Plasmid Presence

Soujanya et al, Phytomed., 2017, 36, 160-167

Ampicillin resistance implied presence of a plasmid.

Treatment with acriflavine removed all plasmid/Cpt yield.

Addition of plasmid to “cured” microbe produced Cpt.



Current Information on Camptothecin Sources

Kaur et al, S. A. J. Botany, 2020,134, 135-145



Podophyllotoxin and Homoharringtonine



Podophyllotoxin & Kaempferol from Mucor fragilis; an endophyte of 
Sinopodophyllum hexandrum

Huang et al, Pharm Biol, 2014

NMR match as well



“Homoharringtonine” may well be another?

Optimization of Homoharringtonine Fermentation 
Conditions for Alternaria tenuissima CH1307, an 
Endophytical Fungus of Cephalotaxus mannii Hook.f.

Y. LIU, S .LIU, Y. LI, C. LI - Journal of Tropical 
Organisms,  2012, 3:236-242

Homoharringtonine (HHRT) was produced from 
Alternaria tenuissima CH1307, an endophytical
fungus of Cephalotaxus mannii Hook. f through 
fermentation.

Searching Google Scholar revealed this paper from 2012

Homoharringtonine was approved by the FDA in October 2012, almost 40 years

after its first isolation/identification. Powell et al, Tetrahedron Lett., 1970, 
11, 815-818

http://en.cnki.com.cn/Article_en/CJFDTOTAL-HNNX201203011.htm


Maytansine



Maytansine & Root Microbes

(i) a known bacterial species (in this case A. pretiosum ssp.
auranticum) taken through a SSCP procedure followed by
sequencing can be recovered by this technique.
(ii) a bacterium with a V3 region identical to that of A. pretiosum
ssp. auranticum is present in the rhizosphere of P. verrucosa.

Wings et al, Phytochem., 2013, 91, 158-164



Maytansine & Root Microbes

Figure 1. Structural formula and HRMS2 fragmentation of maytansine.
(A) Structure of maytansine. 

(B) HRMS2 fragmentation of authentic maytansine standard. 

(C) Representative HRMS2 fragmentation of maytansine produced by    
root endophytic bacterial community

Kusari et al, J. Nat. Prod., 2014, 77, 2577-2584  



Vinca alkaloids



Isolation of Endophytes from C. roseus Leaves

Palem et al, PlosOne, 2015, 10, e0144476

Zhu et al, Front. Med., 2014, 8, 285-293



Fungi from C. roseus and their Bioactivities

Palem et al, PlosOne, 2015, 10, e0144476



Vinca Alkaloids

Formation of tryptamine by TDC 
(tryptophan decarboxylase) is one
of two key enzymes, the other being 
anthranilate synthase

Zhu et al, Front. Med., 2014, 8, 285-293



Vinca Alkaloids from Endophytes

Palem et al, PlosOne, 2015, 10, e0144476



Neem

Kharwar et al, Planta Med., 2020, 86, 906-940



Potential Methods to Improve Microbial Yields



Potential Methods To Overcome Low Yield in 
Epi / Endophyte Fermentations

Bertrand et al, Biotech Adv 2014



Silybin (Milk Thistle) add back “plant components”

Aspergillus iizukae

El-Elimat et al, JNP, 2014



Activation of Silent Genes

Strategies for the activation of silent 

biosynthetic gene clusters in native hosts 

and examples of natural products discovered 

through these methods. (BGC biosynthetic 

gene cluster).

Sherlach and Hertweck, Nat. Comm. 2021,12, 3864



Artificial Intelligence as a Discovery Tool

Figure 1. Artificial intelligence (AI)-guided discovery of anticancer lead compounds from plants and 
associated microorganisms

Li et al, Trends Cancer, 2022, 8, 65-80



Marine Endophytic Microbial Sources



Following the Marine Path !

Until roughly 1960, current dogma held that if you wanted to modify a nucleoside you could modify the 

base as much as you wished, but the sugars had to be either Deoxyribose or Ribose to maintain biological 

activity.

However, the marine sponge community did not get the MEMO!!

Cryptotheya crypta
now Tectitheya crypta
Bahamas

Bergmann at Yale in the  very early 1950s isolated two molecules, spongothymidine

and spongouridine. They contained arabinose not ribose or deoxyribose.

However, Seymour Cohen did take note and showed that what is now known as Ara-C 

had been synthesized by Evans at Upjohn (reported in 1961), would kill tumor cells. 

Later an antiviral activity was reported as well. Now known to be produced by a 

Vibrio 

Ergo, T. crypta had not received the Memo!



Since Mother Nature Did Not Receive The  Current Dogma 
Memo !

Led to

Rest is history; all synthetic non-ribose/deoxy ribose nucleosides evolved from ST & SU



Diet as Defense

Many examples where the sources are

Now known to be from the diets

Cyanobacteria in these cases



“You are what you eat”

Dolabella auricularia
Dolastatins come from a Symploca species that they graze on



Mother Nature’s Peptide Combichem

Taori et al CBC 2009



Immunoconjugate-linked Auristatin PE Derivative

N-terminus linked to a Mab is now approved and many variants  
are in Phase I, II & III linked to different Mabs (over 30 in trials)

Many variations such as monomethylauristatin F (different C-terminus)

Vedotin



Marine Metabolites I

By way of introduction, in the Marine area, though the systematic investigation from a secondary 

metabolite aspect, only really occurred in the last 45 or so years, it became apparent early on that 

bioactive compounds, or close relatives that were known from terrestrial sources, were being reported.

Price et al, JA,  1981



Marine Metabolites II
Then in 1982, Frincke and Faulkner identified the renieramycins (saframycin-

like) from Eastern Pacific sponges of the Genus Reniera.

The saframycins had been reported  as antibiotics by Arai in 1977 from the

terrestrial microbe S. lavendulae, and as antitumor agents in 1980.

So might sponges and other invertebrates contain microbes that are the 

source? 



Early Evidence for Cryptic Microbial Production 

Paluan chemotype of 

Theonella swinhoei

Schmidt, Faulkner, Haygood et al., Mar. Biol. (2000) 136, 969

Reviewed in Bewley, Faulkner, Angew. Chem. Int Ed. (1998) 37, 2162 

“Entotheonella 

palauensis”

Courtesy of Joern Piel
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onnamide A

Several wells positive for onnamide genes

M. Wllson et al., Nature 2014

Localization of the Onnamide Genes by Single-Cell Analysis

Microtiter plate with single cells

Fluorescence-

activated cell 

sorting (FACS)

Courtesy of Joern Piel



2 µm

T. Mori

The Putative Onnamide Producer Is a Member of the 

Candidate Genus “Entotheonella”

Onnamide A

M. Wllson et al., Nature 2014Courtesy of Joern Piel



ET743 and Close Relatives!

Schofield et al, Env. Micro. 2015 63
EU Approved 2007; USA 2015



Biosynthetic Pathway of ET743 in Candidatus
E. frumentensis

Schofield et al, Env. Micro. 2015
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A Brazilian Connection I
(Paederus beetles that can “scuba dive!!”)

Plus

Mosey & Floreancig, NPR 2012
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Mycalamides and Similar Molecules

Mosey & Floreancig, NPR 2012
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SAR from Synthesis of Pederin “Look-a-likes” 

Mosey & Floreancig, NPR 2012
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Marine Microbial Involvement Proven ?

So the answer in the case of the marine environment was shown to be a “resounding YES” from the recent 

work of Joern Piel’s group, where 31 of the 32 then known bioactive compounds from T. swinhoei (yellow 

morph) were produced  by an as yet uncultured bacterium in the sponge.

If we now add to this “tour-de-force”, the paper from Sherman’s group above, then add the work 

from Hong Kong & Scripps Oceanographic on didemnin B from free-living microbes, then I think that it 

can be safely said that this is possibly the case for the majority of marine-nvertebrate-derived 

secondary metabolites.



Finally Even Fungi have Endophytes !

Hertwick from Jena (Nature 2005) 
reported (and proved) that Rhizoxin 
was produced by an endophytic 
Burkholderia.

Subsequently he has isolated and 
cloned the biosynthetic pathway.

Revised in 2012; now a tripartite 
system with mono-epoxy precursor 
being given second epoxy group by 
the fungus.

Lackner et al, AEM, 2009, 75(9), 2982-6

Bacterium

Fungus



Many Thanks for Your Attention
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