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Abstract

With the anticipated population growth in the coming decades, the changing regulatory environment, and the continued
emergence of resistance to commercial pesticides, there is a constant need to discover new lead chemistries with novel modes
of action. We have established a portfolio of approaches to accelerate lead generation. One of these approaches capitalizes on
the rich bioactivity of natural products (NPs), highlighted by the numerous examples of NP-based crop protection compounds.
Within Corteva Agriscience and the affiliated preceding companies, NPs have been a fruitful approach, for nearly three decades,
to identifying and bringing to the market crop protection products inspired by or originating from NPs, . Included in these
NP-based crop protection products are the spinosyns family of insecticides, and those from more recent areas of NP-based

fungicidal chemistry, as highlighted in this perspective.
© 2019 Society of Chemical Industry
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1 INTRODUCTION

Natural products (NPs) have a long history as a source of active
ingredients and inspiration for a wide range of pharmaceuti-
cals and crop protection compounds. Over the past 35years
NPs, in some form, have accounted for 30-35% of all new FDA
approved drugs.'? Likewise, NPs have played a central role in
the development of new active ingredients for crop protection
for more than six decades.>~® Recent sales figures (2016) for the
different types (insecticides, fungicides, and herbicides) of crop
protection compounds show that NPs have impacted crop protec-
tion discovery in each area to varying degrees — a rather modest
impact on herbicides, a far larger impact on fungicides, and the
most impact on insecticides (Fig. 1). However, and importantly for
crop protection compounds, NPs can account for more than 60%
of the known modes of action (MoAs).” In the case of insecticides,
more than 70% of current global sales are based on products that
were NPs/NP-derived or could have been (NP synthetic equiva-
lents [NPSE])® (Fig. 1). Thus, the potential for NPs to impact crop
protection discovery remains high.

Despite the past impact and the future potential of NPs to
influence discovery of crop protection compounds, NP-based dis-
covery remains challenging. NP discovery in the pharmaceutical
industry declined during the late 1980s and early 1990s,%° coin-
ciding with the rise of combinatorial libraries and high-throughput
screening.® At the time, NP libraries were viewed as being not very
compatible with high-throughput screening.>'® These aspects
were coupled with an increasing dissatisfaction with the NP dis-
covery process that tended to require a great deal of time and
effort for what was seen at the time as a decreasing benefit.’
Another influence on the shift away from NP discovery on the part
of the pharmaceutical industry was the introduction and adoption
of the biodiversity treaty, or the Convention on Biological Diver-
sity (CBD), which came into force on December 29, 1993."" Our
company and most others support the premise of the CBD and

incorporate the principles of access, benefit sharing and biodiver-
sity conservation via international collaborations. Unfortunately,
compliance with the CBD is complex'" and could become a barrier
to countries being able to benefit from their natural resources.’?
NP-based discovery can be a low-yield venture; very few molecules
that have true product potential are discovered. This aspect, cou-
pled with the increasingly high costs of bringing a new crop pro-
tection product to market'>'% can make NP-based discovery very
challenging. Investment in any crop protection chemistry or NPs
is undertaken only when the molecule has demonstrated robust
activity in model or field situations, and instances where there
are high up-front fees or long-term obligations concerning biore-
sources can further limit interest in and evaluation of NPs. Opti-
mally, countries would place a low entry cost on bioresources, with
a clear legal definition of benefit sharing for the rare successes.

One substantial issue was and remains the challenge in finding
new NPs. As observed in a recent analysis of NPs discovered over
the past 45years,'> more NPs are being discovered on a yearly
basis; however, uncovering a really novel NP is proportionally on
the decline. Potential implications from the Pye et al. study'® are: (i)
many NPs have been identified but were not explored in depth for
biological utility or new opportunities, and (ii) if new novel NPs are
to be discovered, different sources and approaches to NP discovery
are required.
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Figure 1.Impact of natural products (NPs), semi-synthetics, NP-inspired products or areas of chemistry that have NP models, but were discovered by other

means (NP synthetic equivalents [NPSE]) on 2016 end-user sales.”
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Figure 2. Average number of articles concerning natural products (NPs)
per year by crop protection companies involved in the discovery of new
agrochemicals. Data were compiled from 50 companies in the USA, Europe
and Japan that are, or were, active in agrochemical discovery during the
past 30-40 years.

Unlike the pharmaceutical industry, interest in NPs on the part of
crop protection companies did not decline in the same way. One
measure of interest in NPs as a source for new crop protection com-
pounds is the average number of publications per year concerning
NPs by crop protection companies involved in discovery of new
herbicides, fungicides, and insecticides. Interestingly, and in some
contrast to the pharmaceutical industry, the crop protection (agro-
chemical) industry has had an interest in NPs for some time, espe-
cially beginning in the 1990s (Fig. 2), just as interest on the part of
the pharmaceutical industry was declining. However, the data in
Fig. 2 may also be an underrepresentation of industry interest and
research efforts as publishing in industry is not emphasized to the
same extentas it is for academics. The interest in NPs on the part of
industry is also supported by the results of a survey conducted in
the early 1990s among 20 crop protection companies that details
a robust interest in NPs as sources of starting points for products
or leads for new agrochemicals.’®

As discussed in previous and more recent reviews, there are
a number of discovery approaches utilized by crop protection

research organizations, of which NP-based discovery is only
one.'’22 Moreover, the challenges involved in discovery of a new
crop protection product are significant, including a continual
increase in the time required to bring a molecule to market,
on average, 10-12years, as well as the cost of discovery and
development of a new agrochemical product, last estimated at
286 million US$.'%23 Therefore, it is critical that agrochemical
companies look for ways to increase the probability of success
and to accelerate the building of a product (Fig. 3). One tactic that
Corteva Agriscience (CAS) has employed is the exploitation of
NPs. As noted above, NPs have been, or could have been, involved
in the determination of a high proportion of the known MoAs of
crop protection compounds. Thus, NP-based discovery programs
continue to have the potential to lead to new crop protection
compounds with new, unexploited MoAs, a highly prized attribute
in the crop protection marketplace. However, in spite of the
long-standing interest in NPs on the part of the crop protection
industry, NP-based discovery remains a challenging source of
inspiration and products for new crop protection compounds.
Although a majority (65%) of the companies surveyed in 1993
had some success with NPs as a discovery tool, many of these
same companies had abandoned in-house NP discovery, with
a higher proportion using external collaborations.'® Today, far
fewer companies have in-house-based NP discovery programs
that involve isolation and characterization of NPs. Several factors
contributed to the move away from NP-based discovery. First, as
noted above, is the fundamental challenge and the difficulties of
finding truly new NPs. Second, few NPs have the physicochemical
properties suitable for direct use as crop protection products, and
some degree of semi-synthesis, to address translation and/or sta-
bility limitations, as well as to improve efficacy, may be required.
Most commonly, NPs have best served as inspiration for syn-
thetic mimics. However, morphing complex NPs into synthetically
accessible chemistry can take longer than other lead generation
approaches.?®

Within CAS (formerly Dow AgroSciences, DAS), NP-based dis-
covery has been a long-standing lead generation approach,?'%
emerging from the NP research at Eli Lilly (Elanco) that carried
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Figure 3. Lead generation using a portfolio of approaches.

over to the joint venture in crop protection between Dow Chem-
ical and Elanco (DowElanco) in 1989. In the 1940s, Eli Lilly and
Company was one of the key companies involved in the produc-
tion of the antibiotic penicillin, followed in the 1950s and 1960s
by the discovery and successful marketing of the microbial-based
antibiotics erythromycin,?>2° vancomycin,?” cephalosporin,?® and
tyosin.?? Continued interest in NP-based lead generation within
DowElanco/DAS/Corteva Agriscience has been fueled, in part, by
the discovery and successful development of spinosad, a naturally
occurring mixture of the highly insecticidal macrolide spinosyns
A and D, NPs produced by a soil microbe.?* Continued interest in
NP-based insecticides stimulated the development of a second
spinosyn-based, semi-synthetic insecticide, spinetoram.3° Along
the way, the discovery a new family (21-butenyl) of spinosyns?'
and the genetic engineering of the spinosyn biosynthetic path-
way to produce new spinosyn derivatives®? have also helped
maintain interest in NPs. More recently, the NP-based discovery
program at Corteva has continued to deliver new crop protec-
tion compounds, including the new fungicides fenpicoxamid3334
and florylpicoxamid’ and the new insecticidal synthetic spinosyn
mimics.3>3¢ As noted above, a key advantage of an NP-based
discovery program is the enhanced probability of finding crop
protection compounds that possess new MoAs. This outcome is
exemplified by both the spinosyns and new fungicidal chemistry,
and it has further served to maintain interest in NP-based lead
generation within CAS. The following perspective will discuss our
approach to NP discovery, including an overview of our strain col-
lection, as well as providing highlights of typical NP discovery
projects at our company, and will conclude with a look to the
future and the options for accelerating NP discovery with new
approaches.

2 LEAD GENERATION APPROACHES

As noted above, lead generation in crop protection discov-
ery can involve a wide range of activities. Within CAS, these
activities are grouped into three broad arenas:? competitor
inspired activities, bioactive hypotheses, and NP discovery
(Fig. 3). Competitor-inspired lead generation is a somewhat
self-explanatory approach focused on gleaning insights from

Iterative process

patents and scientific literature, and is a widely practiced and
successful approach to delivering commercial products. Having
said that, this approach is implemented slightly differently at CAS,
in that the objective is to identify starting points from which to
exploit and deliver novel pesticidal motifs and scaffolds rather
than to identify gaps in intellectual property and obtain rights
to derivative analogs. The second approach to lead generation
is bioactive hypotheses; the notion that biological activity leads
to biological pesticide activity is the core to this approach. Sci-
entists identified privileged scaffolds, motifs, functional groups,
and compounds that have demonstrated a biological response
within any system, cell, or whole organism. This supports the
notion that incorporation of such scaffolds, motifs, or functional
groups in developing new compounds could result in a higher
probability of eliciting a biological response. The stronger this
evidence and correlation between the cores (e.g. scaffolds) and
the biological response are, the greater the chances of observing
biological activity in novel compounds. Moreover, this approach
relies on ensuring that desirable physical properties are built into
compounds at an early stage, to increase translation from in vitro
cell-based assays to in vivo whole planta and insect assays.>” The
third lead generation approach centers around NPs. NP-based
discovery has been and remains one of the three key pillars for
lead generation in our company, influenced, in part, by NP-based
products such as the spinosyns (spinosad, spinetoram) which
generate more than 400 million US$/year in end-user sales
(2014-2016).5738 For nearly three decades, the NP-discovery
program at DowElanco/Dow AgroSciences/Corteva Agriscience,
has had a basic interest in the identification and isolation of new,
novel NPs. Biodiverse inputs have been examined to maximize the
opportunity of discovering novel active molecules.

3 NATURAL PRODUCT COLLECTION

Conventional biology has assumed that biodiversity is distributed
unevenly, with an abundance of observable species in tropical
and marine environments and in natural, as opposed to urban,
landscapes. To sample diversity for NP discovery, approximately
90% of the inputs to the DAS NP program over the past 30 years
were the result of collaborations with more than 50 private,
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Figure 5. Traditional bioactivity- and structure-based approaches to natural product (NP) discovery.

academic and governmental entities.3=#* This third-party sourc-
ing enabled sampling of biodiversity from a wide range of
geographic, environmental and taxonomic sources. Third-party
sources for DAS NP discovery over the past 25 years included
more than 850 000 NP extracts and more than 2500 pure NPs. The
vast majority of those entities were screened prior to 2013. Since
then, our per capita screening numbers are now lower as we have
moved to a more targeted approach for NP inputs.

The remainder of the DAS NP discovery effort (c 10%) was ded-
icated to the evaluation of microbes (bacteria, actinomycetes,
and fungi) from the DAS culture collection (Fig. 4). This culture
collection comprises approximately 44000 strains, isolated pri-
marily from domestic soil samples by DAS, Lilly and Mycogen
scientists over the course of more than 30years. Approximately
10000 cultures were purchased from third parties. One third of
the organisms were obtained with a focus on discovery of novel
insect resistance traits, and the remainder were obtained for NP
discovery. The collection is largely taxonomically uncharacterized,
as it was assembled in a high through-put fashion under the
assumption that diversity of source led to diversity of bioactivity.
Recent efforts to characterize the collection using 16S sequencing
have revealed a wide taxonomic diversity as detailed in Fig. 4. The
collection comprises three groups of organisms: 14 400 bacteria
(traits focus), 10 000 fungi (NP focus) and 19 800 actinomycetes (NP
focus). The bacterial collection includes 6800 Bacillus thuringien-
sis (Bt) isolates and 7600 non-Bt bacteria isolates (Fig. 4). A major
proportion of the non-Bt bacteria isolates are non-filamentous
actinomycete genera such as Micrococcus and Curtobacteria. The
10000 fungi isolates are primarily unidentified soil fungi, although

a significant number of plant, pathogenic and entomopathogenic,
fungi are included. The 19800 actinomycete isolates are mostly
filamentous genera including approximately 50% Streptomyces
and 50% rare actinomycetes such as Micromonospora, Saccha-
ropolyspora and Actinoplanes (Fig. 4). Recent investigations into
microbial genomics have indicated that microbes, particularly acti-
nomycetes and fungi, have a large number of cryptic biosyn-
thetic pathways that are not expressed under normal laboratory
conditions.*® As aresult, cultures in the DAS culture collection have
a significant potential value for further NP discovery. The actino-
mycete collection will be our primary focus for the next few years,
for further investigation using metabolo-genomics.

4 STRATEGIES TO IDENTIFY NATURAL
PRODUCTS

Two strategies are typically used to identify interesting NPs within
a broth or extract; (i) bioactivity-based tactic or (ii) structure-based
tactic (Fig.5). The bioactivity-based tactic involves evaluation
of the crude extract/broth in a bioassay such as an in vitro
fungitoxicity assay. Crude extracts/broths that demonstrate bio-
logical activity are then fractionated and evaluated again in appro-
priate bioassays. Fractions that confirm bioactivity are purified
and the identities of any isolated compounds are structurally
elucidated via NMR and MS. The structure-based tactic begins
with analytical assessment for unique structural/physical property
attributes in the crude extract/broth. The crude mixture is then
fractionated, based on novelty, as compared to the historic DAS
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Figure 6. Current approach to natural product (NP) discovery at Corteva Agriscience.

NP collection, according to the analytical evaluation. The frac-
tions are re-assessed for unique structural features, subsequently
purified, and tested for bioactivity.*® At CAS, the focus on a
bioactivity-based tactic has proven fruitful, albeit lengthy, in iden-
tifying agrochemically relevant NPs of interest.?31404247 The spe-
cific workflow and screening cascade utilized currently is illus-
trated in Fig. 6. Bioactivity-based NP discovery at DAS has resulted
in the discovery of more than 50 compounds that were classi-
fied as hits, and seven compounds with more interesting fea-
tures, including higher levels of biological activity, that were clas-
sified as actives. It should be noted that CAS has internal effi-
cacy thresholds, which NP hits must meet, that are similar to hits
and actives from the other lead generation approaches discussed
above. These molecules were derived from 1665 extracts that had
activity sufficient to be scaled for further testing. A total of 704
extracts were fractionated for isolation, resulting in the more than
50 hits that had not been discovered previously at DAS. Targeted
screening of 2500 pure NPs, obtained from venders or collab-
orators, resulted in more than 100 hits and four actives. These
molecules were selected a priorifor unique chemistry or bioactivity
and, thus, had a higher initial hit rate.

5 CASESTUDIES

At CAS, there has been significant success with insecticidal NPs,
specifically the spinosyns spinosad?* and spinetoram,*® and most
recently, with the development of simplified synthetic mimics of
the spinosyns®>3 These success stories have been discussed in
several forums and truly provided the platform for NP research
efforts. As such, in this perspective, the cases studies will focus
on NP research efforts that were made possible by the legacy and
successes of the NP efforts with spinosyn.

One example, where this approach successfully led to a novel NP
of interest, is our previous efforts concerning mevalocidin (Fig. 7).
In the course of screening a large collection of fungal extracts from
Mycosynthetix, mevalocidin was discovered at DAS*? from static
cultures of two fungal isolates of Coniolariella spp. MSX92917
(DA092917) and MSX56446 (DA056446).4¢ Mevalocidin demon-
strated broad-spectrum post-emergence activity on grasses and
broadleaves.*> Symptoms of plants treated with mevalocidin
suggest a novel MoA and ambi-mobility in grass as well as in
broadleaf weeds. While the NP displays good post-emergent

activity in high-volume/high-rate applications, a synthetic inves-
tigation of mevalocidin demonstrated that the structure-activity
relationship is quite narrow, and significant enhancements of
potency have not been obtained to date. Mevalocidin is thought
to act via disruption of early steps in the mevalonate/isoprenoid
biosynthetic pathway in the cytoplasm (Fig. 7). Some preliminary
work with Arabidopsis suggests that activation and metabolism
(a protoxon) may play a role in the overall efficacy of mevalocidin
(unpublished data). Additionally, the fungal biosynthetic machin-
ery required for mevalocidin production has not been elucidated.
Further work is necessary to understand the biosynthesis, MoA,
and in planta fate in order to enhance the efficacy of mevalocidin
and/or mevalocidin analogs.

Recently, we described some of the biological characteristics of
fenpicoxamid (Fig. 8), a novel picolinamide fungicide discovered
in collaboration with Meiji Seika Pharma Co. Ltd., which is cur-
rently under development by CAS.3® Fenpicoxamid is a derivative
of the natural antifungal compound UK-2A, originally isolated from
actinomycete Streptomyces sp. 517-02 fermentation broth,*-52
extracts that demonstrated strong antifungal activity against a
broad spectrum of fungi in in vitro assays (Fig.6).>° The picoli-
namide class of chemistry acts by inhibiting mitochondrial respi-
ration via binding to the Qi ubiquinone site of the cytochrome bc,
complexand shows no target site-based cross-resistance with stro-
bilurins acting at the Qo target site.3*

For these reasons, UK-2A was considered an attractive candidate
for semi-synthetic modification, to optimize intrinsic antifungal
activity and other key attributes required for in planta pathogen
control. Synthesized in one step post fermentation from UK-2A,
fenpicoxamid provides exceptional control of Zymoseptoria trit-
ici (synonym, Mycosphaerella graminicola, wheat leaf blotch), the
pathogen of greatest concern for winter wheat production in
Europe.> With its novel biochemical MoA, fenpicoxamid is antic-
ipated to be an important addition to EU resistance management
programs for cereals.

UK-2A has other structural features amenable to semi-synthetic
modification which provide an opportunity for structure—activity
relationship (SAR) studies. The enabling synthetic strategy focuses
on three regions of UK-2A for study: alternative ‘head’ groups, C7
exocyclic esters, and C8 benzyl substituents (Fig. 9). More than 250
analogs were prepared and evaluated for control of Z tritici as
well as for synthetic feasibility.>#>® Typical synthetic routes to these
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analogs are illustrated in Fig. 10 and, although some structural
replacements resulted in analogs with comparable or even slightly
better in vitro potency relative to fenpicoxamid, the efficacy gains
were not sufficient for consideration of development.

6 POTENTIAL FUTURE DIRECTIONS FOR NP
DISCOVERY

Despite successful efforts in the context of NPs, historic reliance
on sampling a broad range of NP extracts from geographically
diverse sources is no longer considered a viable path forward,
because of high levels of re-discoveries, an absence of novelty
in scaffolds that are readily accessible, and the aforementioned
difficulty in obtaining large number of samples as the result of the
CBD." Following extensive analysis (see also References 5 and 6),

(0}
—Q OH
—(  HN"
\ N e}
UK-2A

the current NP strategy has shifted to include other avenues such
as more targeted sources of NPs.

Recent advances in whole genome sequencing, metagenomics,
and synthetic biology, coupled with more sensitive mass and NMR
spectroscopy capabilities, have ushered in what has been coined
as the “New Golden Age”’ or ‘Renaissance’® of NP discovery.
Researchers have successfully demonstrated that genome-guided
NP discovery via direct capture of gene clusters from gDNA and
subsequent expression in heterologous hosts can lead to novel
NP scaffolds.>® But the full potential of this approach has not yet
been fulfilled because of the bioinformatic challenges in identi-
fying novel biosynthetic gene clusters (BGC) and in subsequently
predicting chemical structures.®® A more actionable approach is
the combination of genomic analyses and metabolomics data to
more accurately allow the linkage of BGC to known and unknown
NP families.5" The success of this approach is directly linked to
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the scale of generated data sets, as well as to a diverse strain col-
lection, as there is a strong connection between phylogeny and
NP BGCs. The data presented by Metcalf and co-workers®' shows
that two strains separated by a ribosomal protein distance of 0.5%
probably share almost all of their NP gene clusters, whereas strains
separated by 7% share almost none. While this approach is promis-
ing for the discovery of novel NP scaffolds, it is crucial to enabling
access to large quantities of these novel scaffolds for SAR explo-
ration and, ultimately, for large scale production. In cases where
traditional synthetic chemistry approaches may not be adequate
or economical, the use of synthetic biology could allow access to
NP analogs and synthetically useful intermediates. One remark-
ably successful example of the use of synthetic biology to create
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3. PyBOP, Hunig's base

a key precursor on a large scale is the production of artemisinic
acid, a precursor to artimisinin. The incorporation of the gene clus-
ter from Artemisia annua into a recombinant yeast host has yielded
artemesinic acid in a 25 g/L fermentation titre.5?

7 NATURAL PRODUCT DISCOVERY GAPS

Strengthening the ties between industry and academic insti-
tutions is a must, to fully tap into and take advantage of the
opportunities presented by NPs and to better explore the evolv-
ing technologies. Many academic groups have isolated novel NPs,
but they do not have the means to fully evaluate the compounds
for crop protection bioactivity/utility. This link between NPs
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and relevant crop protection assay systems is recognized by speak-
ers this conference on “Natural Products in Pest Management:
Innovative approaches for increasing their use” which took place
in Bellagio, Italy on 25-29 September 2018., by academic institu-
tions, and by potential industry partners such as CAS who aim to
increase the means and lower the barriers to testing these NPs.
Participating in a collaboration would be welcomed by CAS, as
it is line with our long history with NPs and our track record of
delivering innovative solutions based on NPs.

8 SUMMARY

NPs are sources of great chemical diversity, biological function
and novel modes of action. Both crop protection companies
and pharmaceutical companies are continuing and increasing
investment into NP research. Despite the challenges of NP-based
discovery, the advantages of identifying new modes of action
and new chemistry starting points makes this a worthy pur-
suit. Looking toward the future, the advent of genomics and its
application to NP-based discovery could accelerate the identifica-
tion and development of agrochemical solutions that are directly
based on, or inspired by, NPs.
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