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Abstract

The continued emergence of antimicrobial resistance across a spectrum of infec-
tious pathogens presents a clear and urgent threat to human health across the
globe. This trend has been further complicated by a decline in the discovery of
novel chemical classes for anti-infective development. Natural products — pri-
marily microbial in origin — have historically served as a key resource for anti-
infective drug discovery efforts. On the other hand, natural products from the
plant kingdom have served as a source of traditional medicine for millennia, and
yet they remain relatively unexplored. The aim of this chapter is to provide an
overview of plant natural products and discuss their potential as a resource for
ongoing and future drug discovery efforts to fill the anti-infective pipeline and
combat antimicrobial-resistant infections.
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1 Introduction

Antimicrobial resistance (AMR) has become a major point of concern in healthcare
across the globe. In a recent report on AMR, it was estimated that it presently causes
700,000 fatalities annually and is projected to cause 10 million annually by the year
2050 (O’Neill 2016). The rate of discovery for new anti-infectives has slowed tre-
mendously since the golden era of antibiotic discovery, and we have especially
faced a drought in the discovery of new antibiotic classes since the 1980s (Silver
2011). Over the past two decades, all of the “new” drugs approved and brought to
market were either initially discovered in the 1980s or prior or are “re-do” com-
pounds — representing structural modifications of existing antibiotic core scaffolds.
As aresult, these antibiotics have also succumbed to common mechanisms of resis-
tance — both intrinsic and acquired. Innovation in anti-infective drug discovery is
recognized as one of the most important pieces in the strategy to addressing the
burgeoning difficulties of infection control moving forward (van der Meer et al.
2014). The natural products contained in medicinal plants are very well-positioned
to meet this need for innovation. This is due not only to the intrinsic chemical prop-
erties of plant natural products but also to their largely untapped diversity, the tar-
geted approach of ethnobotany through which this diversity can be explored, and
new technologies that further enable ethnobotanical drug discovery.

2 Traditional Medicine and the Ethnobotanical Approach
to Drug Discovery

Of the estimated 390,900 species of plants on Earth, at least 28,187 species — or
7% — have been documented in the literature as having a medicinal use (Willis
2017). While there is no precise tally of how many of these species have been inves-
tigated in a comprehensive manner for their full pharmacological potential, based
on knowledge of the current literature one can estimate that this number is in the
low hundreds, if that. The prioritization of medicinal species for drug discovery
efforts is a key component of the ethnobotanical approach to drug discovery (Cox
and Balick 1994). The field of ethnobotany — or the study of how people relate to
and use plants — has also been referred to as the science of survival (Prance 2007).
This is because it is the study of how people use plants as a source of food, tools,
shelter, musical instruments, toys, medicine, and more.

Wherever people have inhabited the planet, a form of indigenous medicine
has thrived. In some cases, traditional systems of medicine — referred to as such in
contrast to Western medicine — continue to serve as the primary modality of health-
care for people, and plants are a key ingredient to their pharmacopoeias. Indeed, a
2002 World Health Organization report estimated that in some parts of the world,
up to 80% of the population uses traditional medicine to meet their medical needs
(WHO 2002). These forms of medicine may be based in shamanism, with healers
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trained via individual apprenticeships, while others ascribe to a more structured
form of knowledge transmission through schools, such as in Ayurveda, Traditional
Chinese Medicine, Tibetan medicine, and more. In all cases, knowledge of the
natural world — particularly knowledge of plants — is key to the process of becom-
ing a healer or traditional medicine practitioner.

2.1 Plant Secondary Metabolites

Why do plants play such a key role in traditional medicine? Plants manufacture a
vast array of bioactive secondary metabolites — or natural products — for the pur-
poses of enhancing their own chances of survival, and sometimes these metabolites
are active against targets of interest to human medicine. Secondary metabolites are
differentiated from primary metabolites in that they are not required for primary
metabolic processes (e.g., photosynthesis and growth) but rather serve specialized
roles as tools of communication with other organisms in the environment. For
example, some secondary metabolites are responsible for plant colors, scents and
flavors. Plants use other secondary metabolites to attract pollinators and seed dis-
persers; to protect themselves from microbial pathogens, predatory insects, and
overzealous herbivores; and to compete with other species for resources essential to
their survival such as access to light, water, and nutrients. The production of second-
ary metabolites is regulated by plants in response to environmental cues.

This chemical perspective can be applied to any practice of traditional medicine.
A plant preparation that demonstrates therapeutic activity against a given indication
contains at least one chemical at a high enough dose to pharmacologically perturb
the disease state. Often, it is a combination of chemicals that work additively or
synergistically to exert a pharmacological effect, whether that be inhibition of
angiogenesis in a tumor or inhibition of an efflux pump in multidrug-resistant bac-
teria. This is the foundation of the ethnobotanical approach to drug discovery — the
end goal of which is the identification and study of these chemicals that contribute
to the therapeutic effects of a medicinal plant preparation.

2.2 The Ethnobotanical Approach to Drug Discovery

Ethnobotanical drug discovery begins with a targeted approach to selecting plants for
study: traditional knowledge is consulted to identify plants with a history of use
against an indication of interest (Cox and Balick 1994). This initial step confines the
study to plants that have already been shown to carry the therapeutic potential of
interest with relevance to the disease state being targeted within traditional systems
of medicine. Thus, only plants with a very high likelihood of containing chemicals of
interest are included in the study. There are a number of databases that can be con-
sulted to identify medicinal plants of interest, including NAPRALERT, Dr. Duke’s
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Phytochemical and Ethnobotanical Database, and the Native American Ethnobotanical
Database (Duke 1992-2016; Farnsworth 2018; Moerman 2018). In other cases, eth-
nobotanists working with a drug discovery team may also undertake primary research
in collaboration with communities that have a recent history of medicinal plant use
or currently use them. This approach of looking to nature for medically relevant
chemistry is also known as bioprospecting. It often requires expertise across a num-
ber of disciplines, such as anthropology, botany, chemistry, ecology, linguistics,
medicine, molecular biology, microbiology, and pharmacology. A multidisciplinary
team-based strategy is thus often the most effective strategy.

2.2.1 Ethical Bioprospecting

Bioprospecting and the ethnobotanical approach to drug discovery requires imple-
mentation of rigorous standards of ethics in the project design and implementa-
tion. The International Society of Ethnobiology has designed guidelines for
ethical research, and this has been adopted by a number of academic societies in
this field, including the Society of Ethnobiology and Society for Economic
Botany, with the expectation that their members adhere to the Code (ISE 2006).
The Code focuses on 17 principles that embody the concept and implementation
of traditional resource rights; these include principles of prior rights and respon-
sibilities, self-determination, traditional guardianship, active participation, full
disclosure, educated prior informed consent, confidentiality, respect, active pro-
tection, precaution, reciprocity, mutual benefit and equitable sharing, supporting
indigenous research, the dynamic interactive cycle, remedial action, acknowledg-
ment and due credit, and diligence. Similar to the Code of Ethics for these orga-
nizations, guidelines for bioprospecting research in genetically rich source
countries have also been a topic of attention among the membership of the
American Society of Pharmacognosy (Cragg et al. 1997).

Both the guidelines share common principles outlined in further detail in the
United Nations Convention on Biological Diversity (CBD) and the Nagoya
Protocol (UN 2011). The CBD is a multilateral treaty widely considered the key
document regarding sustainable development. It was signed by many countries in
the international community in 1992 and has three aims: (1) the conservation of
biological diversity, (2) the sustainable use of its components, and (3) the fair and
equitable sharing of benefits arising from genetic resources. The CBD asserted
provider countries, their people, and representatives as stakeholders to be included
in negotiations for plant-based drug discovery programs, providing a framework
for the regulation and defining bioprospecting. The CBD treaty left many open
questions as well, especially with respect to access and benefit sharing. To bring
clarity to this issue, the Nagoya Protocol, a supplementary agreement to the CBD,
was adopted in 2010. Importantly, it outlines mechanisms for equitable access and
benefit sharing with genetic resource source countries (UN 2011). Legally bind-
ing, it serves to further clarify the issues of access and benefit sharing by setting
out obligations for its contracting parties to take measures in relation to them.
There are a number of case studies and useful resources for reference on this topic
available on the CBD website (UN 2018).
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2.2.2 Collection of Medicinal Plants

Following their identification either by literature or database searches, or through pri-
mary field research, the next step in the drug discovery process is to access the plant
material. In the majority of cases these materials are not commercially available and
must be wild-crafted, or found and harvested from wild populations. Such endeavors
require expertise in botanical taxonomy and an understanding of which ecosystems the
plants may be found in. Furthermore, the optimal collection time for plant identifica-
tion — when it is in a reproductive state with fruits or flowers — must also be considered.
The World Health Organization’s Guidelines on Good Agricultural and Collection
Practices (GACP) for Medicinal Plants covers a number of crucial protocols for collect-
ing from wild populations, such as avoiding areas contaminated by environmental pol-
lutants like road or agricultural field runoff and avoiding collection of CITES-protected
species or species that are otherwise listed as threatened or endangered (WHO 2003).

Once the plants are identified in the wild, there are four types of samples that
require collection: herbarium voucher specimens, DNA specimens, bulk specimens,
and retention vouchers. Herbarium voucher specimens include vegetative and
reproductive parts of the plant (e.g., a segment of a flowering tree branch or a whole
small herb in fruit). Specimens are field pressed, or placed into a folded sheet of
newspaper that has been given a collection number, and then squeezed flat in a plant
press — a rectangular unit composed of two sets of wooden slats held together with
thick straps. Upon return to the field research base station, the plants are more care-
fully arranged and subjected to drying under low heat. Multiple copies of vouchers
for a single species are often collected in order to make deposits of the final pressed
and labeled specimen in the scientist’s home institution as well as at local institu-
tions in the country or region where the collections took place.

DNA specimens are collected by taking leaf samples (roughly 1 square inch
of leaf material) and storing them in labeled coin envelopes. All samples are
numbered according to the same collection identification scheme for linking
each of the samples (herbarium voucher, retention voucher, DNA, and bulk).
The DNA samples can then be stored in sealed plastic bags with desiccant until
they are taken to the lab for DNA extraction and characterization. This adds an
additional level of evidence toward species identification and may be of use to
other scientists engaged in various conservation efforts, such as in tracking the
trade of medicinal plant products.

Bulk specimens are made of different plant tissues, often guided by traditional
medical uses reported. For example, if the leaves of a plant are reported as being the
key ingredients in a traditional medicine for a disease of interest, then the leaves
should be the main focus of the bulk collection. Each plant tissue serves a different
purpose for the plant as a whole organism, and as a result, each tissue also exhibits
a different chemical profile than the others. In most cases, 40 g of dry material is
plenty for an initial study on the chemical makeup and potential biological activity
of each tissue. If the plant later becomes the subject of more in-depth studies aimed
at the isolation of multiple individual compounds, then many kilograms of material
may eventually be required, depending on the abundance, or percent yield, of the
active compound(s) in the plant tissue.
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In the field, bulk materials are typically collected and processed on the same day
to avoid sample loss due to decay or mold. This may involve rapid field collection
and later separation of plant tissues at the research base camp, where they are then
chopped up into smaller segments and dried either in a desiccating cabinet at low
heat or spread out in the shade in more arid countries, where they can dry without
the aid of a heat source or dehumidifying machine. Once dried, samples may be
packed up in vacuum-sealed bags with desiccant sachets for shipment back to the
lab. Retention vouchers of this chopped up and then ground material are also col-
lected upon return to the lab and stored in small plastic bags as a record of how the
semiprocessed and ground material appears.

2.2.3 Extraction of Medicinal Plants

Bulk plant materials are processed according to a wide variety of techniques that
have been developed for this purpose. Some examples include extraction in organic
solvents either by maceration at room temperature or under pressure, with sonica-
tion, under heat, or under both heat and pressure. Other methods include extraction
with water or by steam distillation for the extraction of essential oils. In some cases,
the materials may be extracted in plant or animal-based fats. All methods have their
own advantages and disadvantages with regard to extraction efficiency and the vari-
ety of compound classes that emerge from each technique. In any of these cases, the
first level of extraction produces a “crude extract,” which is composed of many dif-
ferent compounds — sometimes including hundreds to thousands of unique molecu-
lar entities. As such, any crude extract is in itself a chemical library, representing
multiple core scaffolds and many derivatives of each scaffold.

In order to identify bioactive compounds from the crude extract, the framework
of bioassay-guided fractionation is followed. Based on this strategy, chromato-
graphic techniques are employed, such as partitioning, column chromatography,
flash chromatography, and high-performance liquid chromatography (HPLC), in
order to produce fractions of the crude extract for testing in the biological model of
interest. The most bioactive fractions are selected for further fractionation, the frac-
tion characterized, and the cycle of chromatographic separation and biological test-
ing repeats until the most active fraction or single compound is identified (Fig. 1).

3 Characteristics of Plant Natural Products

With regard to anti-infective drug development, which until the 2010s focused heav-
ily on classical growth-inhibitory mechanisms of action, microbial natural products
as a resource were found to be extremely rewarding. Indeed, while 69% of all US
FDA-approved antibacterials were natural products or derivatives thereof, as of 2016,
97% of these were contributions from microbes while a mere 3% came from plants
(Patridge et al. 2016). During this time, however, plant natural products instead
enjoyed exploration for various other indications, leading to several indispensable
contributions to drug development. Some notable examples for cancer include vin-
cristine and vinblastine from the Madagascar periwinkle (Catharanthus roseus),
paclitaxel and derivatives thereof from yew (7axus) species, and camptothecin and
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derivatives thereof from Camptotheca acuminata (Cragg 1998; Moudi et al. 2013;
Thomas et al. 2004). Also of note are the antimalarial artemisinin, isolated from
sweet wormwood (Artemisia annua), and the Alzheimer’s drug galanthamine, iso-
lated from Galanthus nivalis (Heinrich 2010b; White et al. 2014).

It must be noted that the compounds contained in medicinal plants represent one
of several chemical frontiers in which anti-infective drug discovery is being under-
taken. Other very promising frontiers include marine natural products, microbial
natural products, and recently developed complex synthetic small molecule libraries
bearing the complexity of natural products (Gogineni et al. 2015; Rossiter et al.
2017). With that said, plant natural products remain largely underexplored (Kenny
et al. 2015). Only about 15% of higher plant species have been phytochemically
investigated, with only a tiny faction having been studied for anti-infective potential
(Cragg and Newman 2013).

3.1 Innovation in Plant Natural Product Research

There are many attributes of plant natural products that make them highly desirable
for drug discovery, particularly for anti-infectives. Among the chief chemical attri-
butes is that they have a high tendency to occupy regions of the biologically relevant
chemical space, which refers to all chemicals that are biologically active (Kellenberger
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etal. 2011; Quinn et al. 2008; Wetzel et al. 2011). Indeed, plant natural products have
already interacted with a number of proteins during their biosynthesis, and following
this, they often function to interact with yet other proteins found in organisms in the
ecosystem. Accordingly, their core scaffolds are privileged structures, occupying a
region of the chemical space predestined for protein interaction (Maier 2015).
Considering that plants have adapted the production of secondary metabolites to
interact with their biological surroundings, this in fact makes sense.

Because plant natural products (and natural products in general) are metabolite-
like and hence are substrates for biological transporters, they represent an exemp-
tion to Lipinski’s rule of five, as stated by Lipinksi (Gedeck et al. 2010; Harvey
et al. 2015; Koehn and Carter 2005; Lipinski et al. 1997). The observation that led
to this exemption was that only four categories of orally active drugs fell outside the
fold of Lipinksi’s rules (antibiotics, antifungals, vitamins, and cardiac glycosides),
and thus, these exemptions were summed up as “compound classes that are sub-
strates for biological transporters” (Lipinski et al. 1997). Plant natural products,
along with drug-likeness, also possess vast structural and chemical diversity in
excess of many synthetic small molecule libraries (Harvey et al. 2015; Shen 2015).
A large contributor to this diversity is the complexity of a large portion of plant
natural products. This complexity in itself is yet another advantage, as it has been
observed that infectious diseases remain one of the areas that often require chemi-
cally and structurally complex molecules (Morrison and Hergenrother 2014).
Finally, screening of plant natural products, as well as natural products in general,
has been found to be particularly relevant to therapeutic development against “non-
druggable” targets (Keseru and Makara 2009).

In addition to providing innovation by way of unique chemistries, plant natural
products also show promise with respect to novel mechanisms of action. This
includes their potential for the development of both new classes of growth-inhibitory
antibiotics and antivirulence drugs, and it is especially in these areas where plant
natural products demonstrate great potential. The latter classes of anti-infective,
antivirulence drugs have received the attention of research groups more recently, as
the approach has been recurrently cited in the literature as a promising anti-infective
method that could slow the development of AMR (Pieren and Tigges 2012; Wright
2016). In theory, and as supported preliminarily by a number of in vitro and in vivo
studies of multiple microbial pathogens, antivirulence drugs would attenuate patho-
genicity of the target microbe, relieving symptoms of infection and allowing for
host immunity to clear the pathogen (Johnson and Abramovitch 2017; Salam and
Quave 2018). In doing so, antivirulence drugs would exert less selective pressure for
the development of resistance than growth-inhibitory drugs, as the latter clears non-
resistant organisms, making way for resistant organisms to enrich the population. A
few recent review articles demonstrate the strong promise of plant natural products
in antivirulence drug discovery by covering the numerous such compounds
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discovered to date (Dickey et al. 2017; Silva et al. 2016). Many antivirulence drug
candidates are under investigation as both stand-alone treatments and adjuvants to
classical antimicrobials. In the latter case, antivirulence drugs are predicted and
have preliminarily been shown to potentiate antimicrobial efficacy.

3.2 Current Development of Anti-infectives

Epigallocatechin gallate, the most abundant catechin in tea, was found to inhibit
virulence in Streptococcus pneumoniae in a nonbactericidal manner by preventing
the oligomerization of pneumolysin and reducing the activity of sortase A, which
helps anchor to the cell wall surface proteins that contribute to virulence (Song et al.
2017). Derivatives of hamamelitannin, isolated from American witch hazel
(Hamamelis virginiana), are under investigation for enhancing vancomycin activity
in biofilm-associated MRSA infections (Brackman et al. 2016; Vermote et al. 2017a,
b). A derivative of 8-hydroxyquinoline, synthesized in roots of the diffuse knap-
weed (Centaurea diffusa), called INP1855 is being investigated for antivirulence
activity against Pseudomonas aeruginosa (Anantharajah et al. 2016). INP1855
inhibits the injectisome and flagellar type III secretion systems and, very interest-
ingly, was found in a synthetic small molecule library screen (Enquist et al. 2012).

We previously mentioned that one frontier besides plant natural products for anti-
infective exploration is the frontier of complex synthetic small molecules that mimic
the complexity of other natural products. To this extent, there are examples of such
antivirulence small molecules that resemble plant natural product pharmacophores. For
instance, Compound 22 is an isoquinolone mannoside, and virstatin is an isoquinoline,
and they have been found to target the pili of Escherichia coli and Acinetobacter bau-
mannii, respectively (Cushnie et al. 2014; Jarvis et al. 2016; Nait Chabane et al. 2014).
As for growth-inhibitory plant natural products, up until now most of those that have
been isolated from medicinal plants tend to exhibit weak potency and selectivity. An
exception to this are a set of acylphloroglucinols from St. Johns Wort species
(Hypericum spp.), which have demonstrated submicromolar MICs in clinical isolates
of methicillin-resistant Staphylococcus aureus (MRSA) (Rahman et al. 2018).

On the way to isolating bioactive single compounds from plant extracts, bioassay-
guided fractionation produces bioactive fractions. Our lab is currently studying
fractions of two plant extracts for the isolation of compounds that inhibit the Agr
system in S. aureus. The Agr system codes for the organism’s quorum sensing sys-
tem, which is its main mediator of virulence (Salam and Quave 2018). One enriched
fraction of a European Chestnut (Castanea sativa) extract, as well as an enriched
fraction of a Brazilian Peppertree (Schinus terebinthifolia) extract, demonstrated
high bioactivity against S. aureus in vitro and no detectable resistance after drug
passaging (Muhs et al. 2017; Quave et al. 2015). In a mouse skin infection model,
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co-administration of either fraction with MRSA impaired pathogenesis without
manifesting local or systemic toxicity. Of note, both plants were initially selected
for study in primary screens of Agr inhibition due to their reported traditional
medicinal uses for the treatment of topical infections.

4 Challenges in Studying Plant Natural Products

Medicinal plants are gaining renewed interest as sources of new therapeutics, although
this has come about only after several decades of scientists’ attention favoring combi-
natorial chemistry, synthetic small molecules libraries, and high-throughput screening
(HTS) (Atanasov et al. 2015; Harvey et al. 2015; Li and Vederas 2009). The diminished
attention to plant natural products had been a result of an embrace of the aforemen-
tioned resources as novel and promising, legal challenges, difficulty of chemical
manipulation, challenges in the compatibility of plant natural products with HTS, and
other inherent obstacles in ethnobotanical drug development.

4.1 Legal Challenges

Prior to the 1990s, there was little legal guidance as to plant access, sharing of ben-
efits, and patenting with local governments, and many developing countries have
been previously exploited. These issues created barriers to the access of genetic
resources — including plant materials — in biodiversity-rich countries and was one
major factor that discouraged pharmaceutical companies from plant natural product
drug discovery (David et al. 2015; Kingston 2011). Furthermore, the synthetic com-
pound libraries became more attractive because they did not include the many
access and intellectual property issues that accompanied work on plant natural
products (Butler 2004). Fortunately, many of these issues have been addressed by
the CBD and Nagoya Protocol, which we have previously discussed.

4.2 Chemical Manipulation

Chemical synthesis approaches and derivatization of plant natural products were
difficult challenges in lead optimization and resupply (Butler 2004). Total synthe-
sis of a natural product or semisynthesis from another natural product of similar
structure are extremely useful because they represent production options that may
be more economical and efficient than isolation from plant material. As for
derivatization, it is almost always performed on lead natural products in order to
perform structure-activity relationship (SAR) studies and to develop analogs with
enhanced pharmacological properties. And since 2014, it is a required step in
patenting a natural product after new guidelines were issued by the United States
Patent and Trademark Office that state that a patent claim must demonstrate a
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“marked difference” from a known natural law, material, or phenomenon
(Atanasov et al. 2015). In either case, the chemistry has often been difficult to
implement due to the innate complexity of plant natural products, particularly in
those with numerous oxygen-containing substituents and chiral centers. Whereas
classical medicinal chemistry is dominated by C—N bond formation, natural prod-
uct syntheses rely heavily on C—C bond forming reactions, often accompanied by
the formation of hydroxyl groups which contribute to the increased number of
asymmetric centers (Maier 2015). Other general characteristics contribute to the
chemical complexity of natural products, such as partial or complete saturation of
ring structures. Compared to plant natural products, synthetic small molecule
libraries tend to include compounds of lesser complexity which are easier to syn-
thesize or modify (Atanasov et al. 2015).

4.3 Compatibility with High-Throughput Screening

As mentioned above, a major obstacle for the inclusion of plant natural products in
drug discovery programs had been the compatibility of plant natural products — and
natural products in general — with HTS (Henrich and Beutler 2013; Koehn and
Carter 2005). Often, HTS is performed using plant extracts or fractions thereof
rather than single compounds as a component of a wide bioassay-guided fraction-
ation approach. Investigating such a large number of botanical compositions via
HTS presents many challenges such as sample preparation and assay design must
complement each other, extracts and fractions must be carefully handled so as to
minimize compound degradation and precipitation, and attention must be given to
the possibility of assay interference and nonspecific effects. In all of these respects,
plant natural products are more prone to failure than synthetic compounds. For
example, plant extracts can contribute to the optical density of wells, they have a
tendency to form precipitants, and they are likely to contain nuisance compounds
such as tannins that nonspecifically bind to proteins and saponins which can inter-
fere with cell-based assays via cell lysis (Barbehenn and Peter Constabel 2011;
Hostettmann and Marston 1995).

Plant extracts also have a tendency to contain fluorescent or fluorescence-
quenching compounds, interfering with the output of assays such as fluorescence
gene reporter assays, often employed in HTS (Gul and Gribbon 2010; Henrich
and Beutler 2013; Zou et al. 2002). Certain plant natural product classes such as
chlorophylls, polyphenols, flavonoids, and fatty acids have also demonstrated a
propensity to interfere with several HTS assays (Henrich and Beutler 2013).
False-positive results can also be obtained if inorganic molecules such as heavy
metals end up in the samples tested (Fernando et al. 2013; Hermann et al. 2013).
This can occur, for example, in extracts if plants were collected from busy road-
sides exposed to automobile exhaust, or it can occur in synthesized natural prod-
ucts if the synthesis utilized metals which then remained in the sample (Guan and
Peart 2006; Zhai et al. 2016).
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4.4 Deeper Challenges

As we will discuss in the next section, the vast majority of the challenges above
have been overcome. There are several other challenges native to ethnobotanical
drug discovery that present an intrinsic barrier to entry, a characteristic shared
with all other drug discovery approaches. All tasks related to plant collection can-
not be automated and must include the expertise of botanists for unambiguous
identification, documentation, and herbarium preservation. Collecting sufficient
amounts of plant material for isolation, especially if the plant was obtained abroad,
can prove difficult when the need for more plant material increases substantially
following lead identification, advanced preclinical testing, and especially with
demonstration of clinical efficacy. Care must be taken to source plant material in
a sustainable way in order to avoid situations similar to the classical “taxol supply
crisis” (Cragg et al. 1993). Loss of biodiversity and loss of traditional ethnobo-
tanical knowledge (TEK) also lead to accessibility issues where (1) isolation of a
natural product of interest is no longer possible due to the endangered status of the
plant of origin, and (2) this drug discovery approach loses its inherent advantage
of being a targeted approach when the knowledge guiding this advantage ceases
to exist. Unlike many other challenges in ethnobotanical drug discovery, these
two appear to be growing worse over time, as climate change prevention efforts
and ethnobotanical surveys have yet to gain sufficient momentum. It is because of
these collection and resupply challenges, as well as the aforementioned accessi-
bility issues, that microbial natural product drug discovery has often been pre-
ferred by pharmaceutical companies (Butler 2004).

The complexity of medicinal plant extracts also presents challenges. The
chemical composition of plant material can vary, especially between different
collection times, presenting challenges for chemical assessment. A bioactive
agent may be present at such low concentrations that it is not detected. An assay
may also fail to detect it if it is unstable in mixture or separated by fractionation
from a synergist (Wagner and Ulrich-Merzenich 2009). If detected, often only
small quantities of the bioactive agent are present, and with that, structurally
related molecules are usually present as well and must be distinguished.
Considerable time is often required to structurally characterize natural products
to determine whether the molecule is already known. Due to these challenges and
those described above, a prevailing sentiment in the field is that plant natural
product drug discovery requires tremendous effort, hits are theoretically easy to
miss, and the probability of duplication is high (Li and Vederas 2009). In the
2000s and into the 2010s, along with plant natural products, microbial and marine
natural product research have seen a decline (Beutler 2009; David et al. 2015;
Ortholand and Ganesan 2004). With many large- and medium-sized pharmaceu-
tical companies having terminated their natural products programs, academic
universities and start-up companies have been left to move forward the bulk of
the research and development in this space.
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5 Re-emergence of Plant Natural Products for Drug
Discovery

Pharmaceutical companies had for the past three decades largely avoided the diffi-
culties of natural product-based drug discovery, turning instead toward combinato-
rial and synthetic small molecule libraries for the discovery of new anti-infective
drug leads via HTS (Beutler 2009; David et al. 2015). The results of these decades
of drug discovery, however, did not meet expectations (Scannell et al. 2012). The
hype for combinatorial chemistry and synthetic libraries was that drug leads would
be delivered quickly and in vast amounts for any therapeutic area of interest, as
compared to previous drug discovery methods (Butler 2004). In fact, as evidenced
by a declining number of new drugs reaching the market, the hype was not realized
(David et al. 2015; Kingston 2011; Scannell et al. 2012). Indeed, while 45 new
drugs were approved by the US Food and Drug Administration (FDA) in 1990, less
than half that amount, 21, were approved in 2010 (David et al. 2015; Kingston
2011). An important contributor to this low turnout is the narrow region of chemical
space occupied by these libraries. At present, the decrease in drug approvals is in
part revitalizing interest in natural product drug discovery, notwithstanding its com-
plexity (Heinrich 2010a). A recent analysis of PubMed publication trends in this
research area reflects a rapid increase in plant natural product research (Atanasov
et al. 2015). This renewed interest coincides with specific major scientific and tech-
nological advances, which have addressed many of the challenges of ethnobotanical
drug discovery: improved understanding of disease pathogenesis, improved natural
product medicinal chemistry, increased compatibility of natural products with HTS,
and advances in phytochemical analysis.

5.1 Advances in Medicinal Chemistry for Natural Products

Over the past 20 years, the field of synthetic chemistry has seen tremendous prog-
ress in the ability to synthesize and modify natural products (Szychowski et al.
2014). Modern synthetic methods have opened doors to transformations that had
traditionally been difficult due to their selectivity and high yield. These synthetic
methods can be divided into two categories based on what they aim to create: (1)
large numbers of complex and diverse small molecules for building libraries or (2)
small quantities of derivatives of a given natural product (Morrison and Hergenrother
2014). Successful strategies for the former include diversity-oriented synthesis (Cui
etal. 2011; Schreiber 2000), diverted total synthesis (Szpilman and Carreira 2010),
function-oriented synthesis (Wender et al. 2008), biology-oriented synthesis (Wetzel
et al. 2011), complexity to diversity (Ciardiello et al. 2017), and biosynthesis-
inspired synthesis (Baskar et al. 2011).
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As for producing derivatives in a more controlled fashion, such methods can be
divided into two further categories: the use of a single reactive group to alter struc-
ture or the use of multiple reactive groups (Maier 2015). Traditional methods that
target a single reactive group generate multiple products in one reaction, making
separation difficult and yields low (Appendino et al. 2001). In the mid-2000s,
reagent control allowed for the selective synthesis of product (de la Torre et al.
2003, 2005), and in the 2010s, the process was systemized to yield more predictable
product (Balthaser et al. 2011; Hutt et al. 2013; Ignatenko et al. 2013; Ignatenko and
Tochtrop 2013). As for methods that use multiple reactive groups, recent work has
formalized the process of multiple structural transformations to produce several
highly complex derivatives (Huigens et al. 2013). Thanks to such synthetic meth-
ods, there are chemistries we can access now that may very well aid in the develop-
ment of new therapeutics (Szychowski et al. 2014).

5.2 Improvements in HTS Compatibility with Natural Products

For HTS, particularly in campaigns that involve natural products, one must pay
attention to many sample details, including maintenance of integrity, potential to
interfere with assay readouts, and nonspecific and off-target effects. As discussed in
the prior section, these were among the most challenging aspects of incorporating
natural products into HTS campaigns. Now, most of these potential problems can be
addressed by careful experimental design and management. Extracts have been and
should continue to be screened in HTS due to the sheer biodiversity they contain,
which is much less accessible in the form of isolated single compounds due to the
difficulty of isolations at that scale (Henrich and Beutler 2013). The problems of
low concentrations of bioactive compounds and high concentrations of nuisance
compounds in extracts have been addressed by the trend of prefractionation (Harvey
et al. 2015; Henrich and Beutler 2013). Prefractionation aims to split an extract into
a small number of fractions of reduced complexity, concentrating nuisance com-
pounds (such as highly hydrophilic or hydrophobic compounds) into some frac-
tions, while other metabolites, more likely to be pharmacologically active, become
enriched in others (Harvey et al. 2015). Additionally, these fractions are more ame-
nable to chromatographic analysis than their parent extracts, facilitating bioassay-
guided fractionation.

HTS assays can be categorized as either biochemical or cell-based. In both types,
false activities can be identified by utilizing parallel, nonspecific, or off-target
assays so as to examine effects such as the actual detection enzymes, reagents, and
cell survival (Henrich and Beutler 2013). In biochemical assays, assay interference
has been shown to be reduced by protocol modifications such as more stringent
washes for certain assays, testing multiple doses, carefully selecting detection
reagents, and addition of agents to reduce aggregation or nonspecific binding. In the
last 15 years, such adjustments have led to the identification of modulators of a
number of enzymatic targets via natural products HTS. Cell-based assays can be
categorized as targeted (assays examining reporter strains, enzymatic activities, etc)
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or phenotypic (assays examining growth, differentiation, etc). In these assays, there
is a strong need for eliminating nonspecifically cytotoxic compounds. The presence
of such compounds can be effectively assessed by running a cytotoxicity assay in
parallel with the reporter assay (Ruocco et al. 2007; Woldemichael et al. 2006).
Following cytotoxicity assays, sample libraries as well as cell lines can be cataloged
with acquired data to record the cytotoxities exerted and experienced, respectively,
aiding in identifying potentially problematic samples (Schulze et al. 2013).
Additionally, secondary orthogonal screens, perhaps examining multiple doses, can
help identify true active samples.

Indeed, the above advances make HTS of natural products more accessible than
ever before. To boost access even further, the National Cancer Institute (NCI) has
launched the NCI Program for Natural Product Discovery (NPNPD) in 2018
(Thornburg et al. 2018). Under this program, the NCI will create a prefractionated
library using over 125,000 natural product extracts from the NCI’s Natural Product
Repository. This library will consist of over 1,000,000 fractions and will be made
available free of charge in 384-well plates for screening by researchers against any
disease. Importantly, NCI's Natural Product Repository is made up of extracts
acquired through NCI Letters of Collection agreements with participating countries
or their representatives, ensuring mechanisms for equitable access and benefit shar-
ing in line with the spirit of the CBD and the Nagoya Protocol (UN 2011).

5.3 Emergence of Metabolomics and Ethnophytotechnology

Metabolomics and ethnophytotechnology represent two fields that stand to become
strong enablers of ethnobotanical drug discovery thanks to recent technological
advances. Metabolomics in its most general sense is the analysis of all metabolites
in a biological sample. Advancements in chromatography and spectroscopy over the
past decade have allowed for the acquisition of high-quality data, particularly when
coupled in the form of with ultra-performance liquid chromatography-high-
resolution mass spectrometry (UPLC-HRMS) (Breton and Reynolds 2013;
Rathahao-Paris et al. 2015; Seger et al. 2013). As for ethnophytotechnology, it refers
to “the use of plant biotechnology to improve or enhance the inherent economic or
culturally valuable traits of plants as described and influenced by ethnobotany” (de
la Parra and Quave 2017). The field allows for the improved production, manipula-
tion, and scientific understanding of natural products through advancements in tech-
nologies such as bioreactors and metabolic engineering.

In a metabolomics analysis of a plant extract, MS data provides a set of molecular
features, which include molecular ions, adducts, and in-source fragments, among
other data points (Allard et al. 2017). Molecular formulae can be deduced from an
analysis of these data. MS fragmentation (MS/MS) data can then be used to link
metabolites based on spectra or structure via an MS organization tool, and other infor-
mation can be mapped to this organized data, including bioactivities, taxonomy, and
gene sequences. This data set, now a molecular network, can be annotated against
existing MS/MS databases, whether built experimentally or in silico, in order to



292 A. M. Salam and C. L. Quave

identify metabolites contained in the extract (Allard et al. 2016; Klein-Junior et al.
2017). Such a metabolomics analysis performed on fractions of a bioassay-guided
fractionation campaign can inform researchers on a number of issues of interest, such
as whether there are common pharmacophores among potentially bioactive com-
pounds or whether certain compounds may act synergistically (Ngo et al. 2013). Such
analyses can also be used in dereplication, the process by which already-known com-
pounds in a natural product composition are identified to avoid duplication (Wolfender
et al. 2015). Effectively, metabolomics transforms traditional bioassay-guided frac-
tionation into a rapid identification process of valuable plant natural products.

While metabolomics facilitates the drug discovery process, ethnophytotechnology
facilitates the resupply of plant natural products of interest. A major focus is their
standardized and controllable production in vitro by way of bioreactors, where plant
cell and tissue cultures reproducibility generate high yields (O’Connor 2015). To help
increase yields further, TEK can be consulted to understand (1) timing and conditions
when a medicinal plant is traditionally collected and (2) characteristics of populations
of the medicinal plant that are traditionally favored for use (de la Parra and Quave
2017). Metabolomics can also be used to identify favorable timing and conditions by
monitoring gene function and biochemical status of a plant (Harvey et al. 2015). By
attempting different types of exogenous administration of hormonal elicitation or by
genetically modifying cells to better meet optimal plant RNA or protein levels, appre-
ciable improvements in yield can be achieved (Atanasov et al. 2015). Through meta-
bolic engineering, enzymes can be altered or introduced to produce metabolite
derivatives for SAR and lead optimization studies (Ochoa-Villarreal et al. 2016).
Agrobacterium-mediated gene transfer and CRISPR technologies are being studied to
this end (Chumakov et al. 2012; Loyola-Vargas and Avilez-Montalvo 2018). However,
production of plant natural products need not only occur in plant cells and tissues;
cultivable microbes including yeast have been successfully utilized (Galanie et al.
2015; Nakagawa et al. 2016). These technologies open up drug development opportu-
nities for rare, endemic, or endangered medicinal plants, whose populations are too
small for sustainable bulk collections (de la Parra and Quave 2017).

6 Conclusions

We have presented an overview of the current state of the ethnobotanical approach to
drug discovery and the emerging opportunities for the discovery of new anti-infectives
from medicinal plants. Although this pathway to discovery was once burdened by
numerous hurdles in the access and examination of plant natural products, today scien-
tists can benefit from the establishment of clear international platforms for ethical
access to materials as well as from advancements in fields such as medicinal chemistry,
high-throughput screening, metabolomics, and ethnophytotechnology. This progress is
of great importance as it has further enabled the pharmacological exploration of the
chemical space encompassed by medicinal plants. Indeed, the biological resource and
potential for anti-infective drug development are there, and now, it is more accessible
than ever before. We predict that with the spread of these technologies, plant natural
products will prove an important source for anti-infective drug development.



Medicinal Plants as a Reservoir of New Structures for Anti-infective Compounds 293

References

Allard, P. M., et al. (2016). Integration of molecular networking and in-silico MS/MS fragmen-
tation for natural products dereplication. Analytical Chemistry, 88, 3317-3323. https://doi.
org/10.1021/acs.analchem.5b04804.

Allard, P. M., Genta-Jouve, G., & Wolfender, J. L. (2017). Deep metabolome annotation in natural
products research: Towards a virtuous cycle in metabolite identification. Current Opinion in
Chemical Biology, 36, 40-49. https://doi.org/10.1016/j.cbpa.2016.12.022.

Anantharajah, A., et al. (2016). Inhibition of the injectisome and flagellar type III secretion sys-
tems by INP1855 impairs Pseudomonas aeruginosa pathogenicity and inflammasome activa-
tion. Journal of Infectious Diseases, 214, 1105—1116. https://doi.org/10.1093/infdis/jiw295.

Appendino, G., Tron, G. C., Jarevang, T., & Sterner, O. (2001). Unnatural natural products from
the transannular cyclization of lathyrane diterpenes. Organic Letters, 3, 1609-1612.

Atanasov, A. G., et al. (2015). Discovery and resupply of pharmacologically active plant-derived
natural products: A review. Biotechnology Advances, 33, 1582—1614. https://doi.org/10.1016/j.
biotechadv.2015.08.001.

Balthaser, B. R., Maloney, M. C., Beeler, A. B., Porco, J. A.,Jr., & Snyder, J. K. (2011). Remodelling
of the natural product fumagillol employing a reaction discovery approach. Nature Chemistry,
3, 969. https://doi.org/10.1038/nchem.1178.

Barbehenn, R. V., & Peter Constabel, C. (2011). Tannins in plant-herbivore interactions.
Phytochemistry, 72, 1551-1565. https://doi.org/10.1016/j.phytochem.2011.01.040.

Baskar, B., Dakas, P. Y., & Kumar, K. (2011). Natural product biosynthesis inspired concise and
stereoselective synthesis of benzopyrones and related scaffolds. Organic Letters, 13, 1988—
1991. https://doi.org/10.1021/01200389p.

Beutler, J. A. (2009). Natural products as a foundation for drug discovery. Current Protocols in
Pharmacology. Chapter 9:Unit 9.11. https://doi.org/10.1002/0471141755.ph0911s46.

Brackman, G., et al. (2016). Dressings loaded with cyclodextrin-hamamelitannin complexes
increase Staphylococcus aureus susceptibility toward antibiotics both in single as well
as in mixed biofilm communities. Macromolecular Bioscience, 16, 859-869. https://doi.
org/10.1002/mabi.201500437.

Breton, R. C., & Reynolds, W. F. (2013). Using NMR to identify and characterize natural products.
Natural Product Reports, 30, 501-524. https://doi.org/10.1039/c2np20104f.

Butler, M. S. (2004). The role of natural product chemistry in drug discovery. Journal of Natural
Products, 67, 2141-2153. https://doi.org/10.1021/np040106y.

Chumakov, M. 1., Moiseeva, E. M., & Microbiology. (2012). Technologies of Agrobacterium
plant transformation in planta. Journal of Applied Biochemistry, 48, 657-666. https://doi.
org/10.1134/s0003683812080017.

Ciardiello, J. J., Stewart, H. L., Sore, H. F., Galloway, W., & Spring, D. R. (2017). A novel
complexity-to-diversity strategy for the diversity-oriented synthesis of structurally diverse
and complex macrocycles from quinine. Bioorganic & Medicinal Chemistry, 25, 2825-2843.
https://doi.org/10.1016/j.bmc.2017.02.060.

Cox, P. A., & Balick, M. J. (1994). The ethnobotanical approach to drug discovery. Scientific
American, 270, 82-87.

Cragg, G. M. (1998). Paclitaxel (Taxol): A success story with valuable lessons for natural product
drug discovery and development. Medicinal Research Reviews, 18,315-331.

Cragg, G. M., & Newman, D. J. (2013). Natural products: A continuing source of novel
drug leads. Biochimica et Biophysica Acta, 1830, 3670-3695. https://doi.org/10.1016/].
bbagen.2013.02.008.

Cragg, G. M., Schepartz, S. A., Suftness, M., & Grever, M. R. (1993). The taxol supply crisis. New
NCI policies for handling the large-scale production of novel natural product anticancer and
anti-HIV agents. Journal of Natural Products, 56, 1657-1668.

Cragg, G. M., et al. (1997). Interactions with source countries. Guidelines for members of the
American Society of Pharmacognosy. Journal of Natural Products, 60, 654—655.


https://doi.org/10.1021/acs.analchem.5b04804
https://doi.org/10.1021/acs.analchem.5b04804
https://doi.org/10.1016/j.cbpa.2016.12.022
https://doi.org/10.1093/infdis/jiw295
https://doi.org/10.1016/j.biotechadv.2015.08.001
https://doi.org/10.1016/j.biotechadv.2015.08.001
https://doi.org/10.1038/nchem.1178
https://doi.org/10.1016/j.phytochem.2011.01.040
https://doi.org/10.1021/ol200389p
https://doi.org/10.1002/0471141755.ph0911s46
https://doi.org/10.1002/mabi.201500437
https://doi.org/10.1002/mabi.201500437
https://doi.org/10.1039/c2np20104f
https://doi.org/10.1021/np040106y
https://doi.org/10.1134/s0003683812080017
https://doi.org/10.1134/s0003683812080017
https://doi.org/10.1016/j.bmc.2017.02.060
https://doi.org/10.1016/j.bbagen.2013.02.008
https://doi.org/10.1016/j.bbagen.2013.02.008

294 A. M. Salam and C. L. Quave

Cui, J., Hao, J., Ulanovskaya, O. A., Dundas, J., Liang, J., & Kozmin, S. A. (2011). Creation and
manipulation of common functional groups en route to a skeletally diverse chemical library.
Proceedings of the National Academy of Sciences of the United States of America, 108, 6763—
6768. https://doi.org/10.1073/pnas. 1015253108 %.

Cushnie, T. P., Cushnie, B., & Lamb, A. J. (2014). Alkaloids: An overview of their antibacte-
rial, antibiotic-enhancing and antivirulence activities. International Journal of Antimicrobial
Agents, 44, 377-386. https://doi.org/10.1016/j.ijantimicag.2014.06.001.

David, B., Wolfender, J.-L., & Dias, D. A. (2015). The pharmaceutical industry and natural prod-
ucts: Historical status and new trends. Phytochemistry Reviews, 14, 299-315. https://doi.
org/10.1007/s11101-014-9367-z.

de la Parra, J., & Quave, C. L. (2017). Ethnophytotechnology: Harnessing the power of ethno-
botany with biotechnology. Trends in Biotechnology, 35, 802-806. https://doi.org/10.1016/].
tibtech.2017.07.003.

de la Torre, M. C., Garcia, 1., & Sierra, M. A. (2003). Photochemical access to tetra- and penta-
cyclic terpene-like products from R-(+)-sclareolide. The Journal of Organic Chemistry, 68,
6611-6618. https://doi.org/10.1021/j0034177y.

de la Torre, M. C., Garcia, 1., & Sierra, M. A. (2005). Diversity oriented synthesis of hispanane-
like terpene derivatives from (R)-(+)-sclareolide. Chemistry, 11, 3659-3667. https://doi.
org/10.1002/chem.200401220.

Dickey, S. W., Cheung, G. Y. C., & Otto, M. (2017). Different drugs for bad bugs: Antivirulence
strategies in the age of antibiotic resistance. Nature Reviews. Drug Discovery, 16, 457. https://
doi.org/10.1038/nrd.2017.23.

Duke, J. (1992-2016). Dr. Duke’s phytochemical and ethnobotanical databases. U.S. Department
of Agriculture, Agricultural Research Service. http://phytochem.nal.usda.gov/ https://doi.
org/10.15482/USDA.ADC/1239279. Accessed 2 Sept 2018.

Enquist, P. A., Gylfe, A., Hagglund, U., Lindstrom, P., Norberg-Scherman, H., Sundin, C., &
Elofsson, M. (2012). Derivatives of 8-hydroxyquinoline — Antibacterial agents that target intra-
and extracellular Gram-negative pathogens. Bioorganic & Medicinal Chemistry Letters, 22,
3550-3553. https://doi.org/10.1016/j.bmcl.2012.03.096.

Farnsworth, N. (2018). Natural products alert. https://www.napralert.org/. Accessed 2 Sept 2018.

Fernando, D. R., Marshall, A. T., Forster, P. I., Hoebee, S. E., & Siegele, R. (2013). Multiple metal
accumulation within a manganese-specific genus. American Journal of Botany, 100, 690-700.
https://doi.org/10.3732/ajb.1200545.

Galanie, S., Thodey, K., Trenchard, I. J., Filsinger Interrante, M., & Smolke, C. D. (2015).
Complete biosynthesis of opioids in yeast. Science, 349, 1095-1100. https://doi.org/10.1126/
science.aac9373.

Gedeck, P., Kramer, C., & Ertl, P. (2010). Computational analysis of structure—Activity relation-
ships. In G. Lawton & D. R. Witty (Eds.), Progress in medicinal chemistry (Vol. 49, pp. 113—
160). San Diego: Elsevier. https://doi.org/10.1016/S0079-6468(10)49004-9.

Gogineni, V., Schinazi, R. F., & Hamann, M. T. (2015). Role of marine natural products in the
genesis of antiviral agents. Chemical Reviews, 115, 9655-9706. https://doi.org/10.1021/
cr4006318.

Guan, D. S., & Peart, M. R. (2006). Heavy metal concentrations in plants and soils at roadside loca-
tions and parks of urban Guangzhou. Journal of Environmental Sciences (China), 18, 495-502.

Gul, S., & Gribbon, P. (2010). Exemplification of the challenges associated with utilising fluo-
rescence intensity based assays in discovery. Expert Opinion on Drug Discovery, 5, 681-690.
https://doi.org/10.1517/17460441.2010.495748.

Harvey, A. L., Edrada-Ebel, R., & Quinn, R. J. (2015). The re-emergence of natural products for
drug discovery in the genomics era. Nature Reviews. Drug Discovery, 14, 111-129. https://doi.
org/10.1038/nrd4510.

Heinrich, M. (2010a). Ethnopharmacology in the 21st century — Grand challenges. Frontiers in
Pharmacology, 1, 8. https://doi.org/10.3389/fphar.2010.00008.

Heinrich, M. (2010b). Galanthamine from Galanthus and other Amaryllidaceae — Chemistry and
biology based on traditional use. The Alkaloids. Chemistry and Biology, 68, 157-165.


https://doi.org/10.1073/pnas.1015253108%
https://doi.org/10.1016/j.ijantimicag.2014.06.001
https://doi.org/10.1007/s11101-014-9367-z
https://doi.org/10.1007/s11101-014-9367-z
https://doi.org/10.1016/j.tibtech.2017.07.003
https://doi.org/10.1016/j.tibtech.2017.07.003
https://doi.org/10.1021/jo034177y
https://doi.org/10.1002/chem.200401220
https://doi.org/10.1002/chem.200401220
https://doi.org/10.1038/nrd.2017.23
https://doi.org/10.1038/nrd.2017.23
http://phytochem.nal.usda.gov/
https://doi.org/10.15482/USDA.ADC/1239279
https://doi.org/10.15482/USDA.ADC/1239279
https://doi.org/10.1016/j.bmcl.2012.03.096
https://www.napralert.org/
https://doi.org/10.3732/ajb.1200545
https://doi.org/10.1126/science.aac9373
https://doi.org/10.1126/science.aac9373
https://doi.org/10.1016/S0079-6468(10)49004-9
https://doi.org/10.1021/cr4006318
https://doi.org/10.1021/cr4006318
https://doi.org/10.1517/17460441.2010.495748
https://doi.org/10.1038/nrd4510
https://doi.org/10.1038/nrd4510
https://doi.org/10.3389/fphar.2010.00008

Medicinal Plants as a Reservoir of New Structures for Anti-infective Compounds 295

Henrich, C. J., & Beutler, J. A. (2013). Matching the power of high throughput screening to the
chemical diversity of natural products. Natural Product Reports, 30, 1284—1298. https://doi.
org/10.1039/¢3np70052f.

Hermann, J. C., et al. (2013). Metal impurities cause false positives in high-throughput screening
campaigns. ACS Medicinal Chemistry Letters, 4, 197-200. https://doi.org/10.1021/m13003296.

Hostettmann, K., & Marston, A. (1995). Saponins. Cambridge/New York: Cambridge University
Press.

Huigens, R. W., 3rd, Morrison, K. C., Hicklin, R. W., Flood, T. A., Jr., Richter, M. F, &
Hergenrother, P. J. (2013). A ring-distortion strategy to construct stereochemically complex
and structurally diverse compounds from natural products. Nature Chemistry, 5, 195-202.
https://doi.org/10.1038/nchem.1549.

Hutt, O. E., Doan, T. L., & Georg, G. I. (2013). Synthesis of skeletally diverse and stereochemi-
cally complex library templates derived from isosteviol and steviol. Organic Letters, 15, 1602—
1605. https://doi.org/10.1021/01400385w.

Ignatenko, V. A., & Tochtrop, G. P. (2013). Approach for expanding triterpenoid complexity via
divergent Norrish-Yang photocyclization. The Journal of Organic Chemistry, 78, 3821-3831.
https://doi.org/10.1021/j0400275p.

Ignatenko, V. A., Han, Y., & Tochtrop, G. P. (2013). Molecular library synthesis using complex
substrates: Expanding the framework of triterpenoids. The Journal of Organic Chemistry, 78,
410-418. https://doi.org/10.1021/j0302211f.

ISE. (2000). International society of ethnobiology code of ethics (with 2008 additions). http://
ethnobiology.net/code-of-ethics/

Jarvis, C., et al. (2016). Antivirulence isoquinolone mannosides: Optimization of the bia-
ryl aglycone for FimH lectin binding affinity and efficacy in the treatment of chronic UTIL.
ChemMedChem, 11, 367-373. https://doi.org/10.1002/cmdc.201600006.

Johnson, B. K., & Abramovitch, R. B. (2017). Small molecules that sabotage bacterial virulence.
Trends in Pharmacological Sciences, 38, 339-362. https://doi.org/10.1016/j.tips.2017.01.004.

Kellenberger, E., Hofmann, A., & Quinn, R. J. (2011). Similar interactions of natural products with
biosynthetic enzymes and therapeutic targets could explain why nature produces such a large
proportion of existing drugs. Natural Product Reports, 28, 1483—-1492. https://doi.org/10.1039/
¢1np00026h.

Kenny, C. R., Furey, A., & Lucey, B. (2015). A post-antibiotic era looms: Can plant natural product
research fill the void? British Journal of Biomedical Science, 72, 191-200.

Keseru, G. M., & Makara, G. M. (2009). The influence of lead discovery strategies on the proper-
ties of drug candidates. Nature Reviews. Drug Discovery, 8, 203-212. https://doi.org/10.1038/
nrd2796.

Kingston, D. G. (2011). Modern natural products drug discovery and its relevance to biodiversity
conservation. Journal of Natural Products, 74, 496-511. https://doi.org/10.1021/np100550t.

Klein-Junior, L. C., et al. (2017). Targeted isolation of monoterpene indole alkaloids from
Palicourea sessilis. Journal of Natural Products, 80, 3032-3037. https://doi.org/10.1021/acs.
jnatprod.7b00681.

Koehn, F. E., & Carter, G. T. (2005). The evolving role of natural products in drug discovery.
Nature Reviews. Drug Discovery, 4, 206-220. https://doi.org/10.1038/nrd1657.

Li, J. W., & Vederas, J. C. (2009). Drug discovery and natural products: End of an era or an endless
frontier? Science, 325, 161-165. https://doi.org/10.1126/science.1168243.

Lipinski, C. A., Lombardo, F., Dominy, B. W., & Feeney, P. J. (1997). Experimental and com-
putational approaches to estimate solubility and permeability in drug discovery and devel-
opment settings. Advanced Drug Delivery Reviews, 23, 3-25. https://doi.org/10.1016/
S0169-409X(96)00423-1.

Loyola-Vargas, V. M., & Avilez-Montalvo, R. N. (2018). Plant tissue culture: A battle horse in the
genome editing using CRISPR/Cas9. Methods in Molecular Biology, 1815, 131-148. https://
doi.org/10.1007/978-1-4939-8594-4_17.

Maier, M. E. (2015). Design and synthesis of analogues of natural products. Organic &
Biomolecular Chemistry, 13, 5302-5343. https://doi.org/10.1039/c50b00169b.


https://doi.org/10.1039/c3np70052f
https://doi.org/10.1039/c3np70052f
https://doi.org/10.1021/ml3003296
https://doi.org/10.1038/nchem.1549
https://doi.org/10.1021/ol400385w
https://doi.org/10.1021/jo400275p
https://doi.org/10.1021/jo302211f
http://ethnobiology.net/code-of-ethics/
http://ethnobiology.net/code-of-ethics/
https://doi.org/10.1002/cmdc.201600006
https://doi.org/10.1016/j.tips.2017.01.004
https://doi.org/10.1039/c1np00026h
https://doi.org/10.1039/c1np00026h
https://doi.org/10.1038/nrd2796
https://doi.org/10.1038/nrd2796
https://doi.org/10.1021/np100550t
https://doi.org/10.1021/acs.jnatprod.7b00681
https://doi.org/10.1021/acs.jnatprod.7b00681
https://doi.org/10.1038/nrd1657
https://doi.org/10.1126/science.1168243
https://doi.org/10.1016/S0169-409X(96)00423-1
https://doi.org/10.1016/S0169-409X(96)00423-1
https://doi.org/10.1007/978-1-4939-8594-4_7
https://doi.org/10.1007/978-1-4939-8594-4_7
https://doi.org/10.1039/c5ob00169b

296 A. M. Salam and C. L. Quave

Moerman, D. (2018). Native American ethnobotanical database. http://naeb.brit.org/. Accessed 2
Sept 2018.

Morrison, K. C., & Hergenrother, P. J. (2014). Natural products as starting points for the syn-
thesis of complex and diverse compounds. Natural Product Reports, 31, 6-14. https://doi.
org/10.1039/c3np70063a.

Moudi, M., Go, R., Yien, C. Y., & Nazre, M. (2013). Vinca alkaloids. International Journal of
Preventive Medicine, 4, 1231-1235.

Muhs, A., Lyles, J. T., Parlet, C. P., Nelson, K., Kavanaugh, J. S., Horswill, A. R., & Quave,
C. L. (2017). Virulence inhibitors from Brazilian peppertree block quorum sensing and abate
dermonecrosis in skin infection models. Scientific Reports, 7, 42275. https://doi.org/10.1038/
srep42275.

Nait Chabane, Y., et al. (2014). Virstatin inhibits biofilm formation and motility of Acinetobacter
baumannii. BMC Microbiology, 14, 62. https://doi.org/10.1186/1471-2180-14-62.

Nakagawa, A., et al. (2016). Total biosynthesis of opiates by stepwise fermentation using
engineered Escherichia coli. Nature Communications, 7, 10390. https://doi.org/10.1038/
ncomms10390.

Ngo, L. T., Okogun, J. I., & Folk, W. R. (2013). 21st century natural product research and drug
development and traditional medicines. Natural Product Reports, 30, 584-592. https://doi.
org/10.1039/C3NP20120A.

O’Connor, S. E. (2015). Engineering of secondary metabolism. Annual Review of Genetics, 49,
71-94. https://doi.org/10.1146/annurev-genet-120213-092053.

O’Neill, J. (2016). Tackling drug-resistant infections globally: Final report and recommendations
review on antimicrobial resistance. http://amr-review.org/sites/default/files/160518_Final %20
paper_with%20cover.pdf

Ochoa-Villarreal, M., Howat, S., Hong, S., Jang, M. O., Jin, Y. W,, Lee, E. K., & Loake, G. J.
(2016). Plant cell culture strategies for the production of natural products. BMB Reports, 49,
149-158.

Ortholand, J. Y., & Ganesan, A. (2004). Natural products and combinatorial chemistry: Back
to the future. Current Opinion in Chemical Biology, 8, 271-280. https://doi.org/10.1016/j.
cbpa.2004.04.011.

Patridge, E., Gareiss, P., Kinch, M. S., & Hoyer, D. (2016). An analysis of FDA-approved drugs:
Natural products and their derivatives. Drug Discovery Today, 21, 204-207. https://doi.
org/10.1016/j.drudis.2015.01.009.

Pieren, M., & Tigges, M. (2012). Adjuvant strategies for potentiation of antibiotics to over-
come antimicrobial resistance. Current Opinion in Pharmacology, 12, 551-555. https://doi.
org/10.1016/j.coph.2012.07.005.

Prance, G. (2007). Ethnobotany, the science of survival: A declaration from Kaua’i. Economic
Botany, 61, 1-2. https://doi.org/10.1007/BF02862367.

Quave, C. L., et al. (2015). Castanea sativa (European chestnut) leaf extracts rich in ursene and
oleanene derivatives block Staphylococcus aureus virulence and pathogenesis without detect-
able resistance. PLoS One, 10, e0136486. https://doi.org/10.1371/journal.pone.0136486.

Quinn, R. J., et al. (2008). Developing a drug-like natural product library. Journal of Natural
Products, 71, 464-468. https://doi.org/10.1021/np070526y.

Rahman, M. M., Shiu, W. K. P., Gibbons, S., & Malkinson, J. P. (2018). Total synthesis of acyl-
phloroglucinols and their antibacterial activities against clinical isolates of multi-drug resis-
tant (MDR) and methicillin-resistant strains of Staphylococcus aureus. European Journal of
Medicinal Chemistry, 155, 255-262. https://doi.org/10.1016/j.ejmech.2018.05.038.

Rathahao-Paris, E., Alves, S., Junot, C., & Tabet, J.-C. (2015). High resolution mass spectrometry
for structural identification of metabolites in metabolomics. Metabolomics, 12, 10. https://doi.
org/10.1007/s11306-015-0882-8.

Rossiter, S. E., Fletcher, M. H., & Wuest, W. M. (2017). Natural products as platforms to over-
come antibiotic resistance. Chemical Reviews, 117, 12415-12474. https://doi.org/10.1021/acs.
chemrev.7b00283.


http://naeb.brit.org/
https://doi.org/10.1039/c3np70063a
https://doi.org/10.1039/c3np70063a
https://doi.org/10.1038/srep42275
https://doi.org/10.1038/srep42275
https://doi.org/10.1186/1471-2180-14-62
https://doi.org/10.1038/ncomms10390
https://doi.org/10.1038/ncomms10390
https://doi.org/10.1039/C3NP20120A
https://doi.org/10.1039/C3NP20120A
https://doi.org/10.1146/annurev-genet-120213-092053
http://amr-review.org/sites/default/files/160518_Final paper_with cover.pdf
http://amr-review.org/sites/default/files/160518_Final paper_with cover.pdf
https://doi.org/10.1016/j.cbpa.2004.04.011
https://doi.org/10.1016/j.cbpa.2004.04.011
https://doi.org/10.1016/j.drudis.2015.01.009
https://doi.org/10.1016/j.drudis.2015.01.009
https://doi.org/10.1016/j.coph.2012.07.005
https://doi.org/10.1016/j.coph.2012.07.005
https://doi.org/10.1007/BF02862367
https://doi.org/10.1371/journal.pone.0136486
https://doi.org/10.1021/np070526y
https://doi.org/10.1016/j.ejmech.2018.05.038
https://doi.org/10.1007/s11306-015-0882-8
https://doi.org/10.1007/s11306-015-0882-8
https://doi.org/10.1021/acs.chemrev.7b00283
https://doi.org/10.1021/acs.chemrev.7b00283

Medicinal Plants as a Reservoir of New Structures for Anti-infective Compounds 297

Ruocco, K. M., Goncharova, E. 1., Young, M. R., Colburn, N. H., McMahon, J. B., & Henrich,
C. J. (2007). A high-throughput cell-based assay to identify specific inhibitors of tran-
scription factor AP-1. Journal of Biomolecular Screening, 12, 133-139. https://doi.
org/10.1177/1087057106296686.

Salam, A. M., & Quave, C. L. (2018). Targeting virulence in Staphylococcus aureus by chemical
inhibition of the accessory gene regulator system in vivo. mSphere, 3, €00500-17. https://doi.
org/10.1128/mSphere.00500-17.

Scannell, J. W., Blanckley, A., Boldon, H., & Warrington, B. (2012). Diagnosing the decline
in pharmaceutical R&D efficiency. Nature Reviews. Drug Discovery, 11, 191. https://doi.
org/10.1038/nrd3681.

Schreiber, S. L. (2000). Target-oriented and diversity-oriented organic synthesis in drug discovery.
Science, 287, 1964—1969.

Schulze, C. J., Bray, W. M., Woerhmann, M. H., Stuart, J., Lokey, R. S., & Linington, R. G.
(2013). “Function-first” lead discovery: Mode of action profiling of natural product libraries
using image-based screening. Chemistry & Biology, 20, 285-295. https://doi.org/10.1016/j.
chembiol.2012.12.007.

Seger, C., Sturm, S., & Stuppner, H. (2013). Mass spectrometry and NMR spectroscopy: Modern
high-end detectors for high resolution separation techniques — State of the art in natural product
HPLC-MS, HPLC-NMR, and CE-MS hyphenations. Natural Product Reports, 30, 970-987.
https://doi.org/10.1039/c3np70015a.

Shen, B. (2015). A new golden age of natural products drug discovery. Cell, 163, 1297-1300.
https://doi.org/10.1016/j.cell.2015.11.031.

Silva, L. N., Zimmer, K. R., Macedo, A. J., & Trentin, D. S. (2016). Plant natural products target-
ing bacterial virulence factors. Chemical Reviews, 116, 9162-9236. https://doi.org/10.1021/
acs.chemrev.6b00184.

Silver, L. L. (2011). Challenges of antibacterial discovery. Clinical Microbiology Reviews, 24,
71-109. https://doi.org/10.1128/CMR.00030-10.

Song, M., Teng, Z., Li, M., Niu, X., Wang, J., & Deng, X. (2017). Epigallocatechin gallate inhib-
its Streptococcus pneumoniae virulence by simultaneously targeting pneumolysin and sor-
tase A. Journal of Cellular and Molecular Medicine, 21, 2586-2598. https://doi.org/10.1111/
jemm.13179.

Szpilman, A. M., & Carreira, E. M. (2010). Probing the biology of natural products: Molecular
editing by diverted total synthesis. Angewandte Chemie (International Ed. in English), 49,
9592-9628. https://doi.org/10.1002/anie.200904761.

Szychowski, J., Truchon, J. F., & Bennani, Y. L. (2014). Natural products in medicine:
Transformational outcome of synthetic chemistry. Journal of Medicinal Chemistry, 57, 9292—
9308. https://doi.org/10.1021/jm50094 1m.

Thomas, C.J., Rahier, N.J., & Hecht, S. M. (2004). Camptothecin: Current perspectives. Bioorganic
& Medicinal Chemistry, 12, 1585-1604. https://doi.org/10.1016/j.bmc.2003.11.036.

Thornburg, C. C., et al. (2018). NCI program for natural product discovery: A publicly-accessible
library of natural product fractions for high-throughput screening. ACS Chemical Biology,
13(9), 2484-2497. https://doi.org/10.1021/acschembio.8b00389.

UN. (2011). Nagoya protocol on access to genetic resources and the fair and equitable sharing of
benefits arising from their utilization to the convention on biological diversity. United Nations,
https://www.cbd.int/abs/doc/protocol/nagoya-protocol-en.pdf

UN. (2018). Convention on biological diversity. https://www.cbd.int/. Accessed 2 Sept 2018.

van der Meer, J. W., Fears, R., Davies, S. C., & ter Meulen, V. (2014). Antimicrobial innova-
tion: Combining commitment, creativity and coherence. Nature Reviews. Drug Discovery, 13,
709-710. https://doi.org/10.1038/nrd4448.

Vermote, A., Brackman, G., Risseeuw, M. D., Cappoen, D., Cos, P., Coenye, T., & Van Calenbergh,
S. (2017a). Novel potentiators for vancomycin in the treatment of biofilm-related MRSA infec-
tions via a mix and match approach. ACS Medicinal Chemistry Letters, 8, 38—42. https://doi.
org/10.1021/acsmedchemlett.6b00315.


https://doi.org/10.1177/1087057106296686
https://doi.org/10.1177/1087057106296686
https://doi.org/10.1128/mSphere.00500-17
https://doi.org/10.1128/mSphere.00500-17
https://doi.org/10.1038/nrd3681
https://doi.org/10.1038/nrd3681
https://doi.org/10.1016/j.chembiol.2012.12.007
https://doi.org/10.1016/j.chembiol.2012.12.007
https://doi.org/10.1039/c3np70015a
https://doi.org/10.1016/j.cell.2015.11.031
https://doi.org/10.1021/acs.chemrev.6b00184
https://doi.org/10.1021/acs.chemrev.6b00184
https://doi.org/10.1128/CMR.00030-10
https://doi.org/10.1111/jcmm.13179
https://doi.org/10.1111/jcmm.13179
https://doi.org/10.1002/anie.200904761
https://doi.org/10.1021/jm500941m
https://doi.org/10.1016/j.bmc.2003.11.036
https://doi.org/10.1021/acschembio.8b00389
https://www.cbd.int/abs/doc/protocol/nagoya-protocol-en.pdf
https://www.cbd.int/
https://doi.org/10.1038/nrd4448
https://doi.org/10.1021/acsmedchemlett.6b00315
https://doi.org/10.1021/acsmedchemlett.6b00315

298 A. M. Salam and C. L. Quave

Vermote, A., Brackman, G., Risseeuw, M. D. P., Coenye, T., & Van Calenbergh, S. (2017b). Novel
hamamelitannin analogues for the treatment of biofilm related MRSA infections-A scaffold
hopping approach. European Journal of Medicinal Chemistry, 127, 757-770. https://doi.
org/10.1016/j.ejmech.2016.10.056.

Wagner, H., & Ulrich-Merzenich, G. (2009). Synergy research: Approaching a new gen-
eration of phytopharmaceuticals. Phytomedicine, 16, 97-110. https://doi.org/10.1016/j.
phymed.2008.12.018.

Wender, P. A., Verma, V. A., Paxton, T. J., & Pillow, T. H. (2008). Function-oriented synthesis, step
economy, and drug design. Accounts of Chemical Research, 41,40-49. https://doi.org/10.1021/
ar700155p.

Wetzel, S., Bon, R. S., Kumar, K., & Waldmann, H. (2011). Biology-oriented synthesis.
Angewandte Chemie (International Ed. in English), 50, 10800-10826. https://doi.org/10.1002/
anie.201007004.

White, N. J., Pukrittayakamee, S., Hien, T. T., Faiz, M. A., Mokuolu, O. A., & Dondorp, A. M.
(2014). Malaria. Lancet, 383, 723-735. https://doi.org/10.1016/s0140-6736(13)60024-0.

WHO. (2002). WHO traditional medicine strategy 2002-2005. Geneva: WHO.

WHO. (2003). World Health Organization guidelines on good agricultural and collection prac-
tices (GACP) for medicinal plants. Geneva: WHO.

Willis, K. J. (Ed.). (2017). State of the world’s plants report. Kew/London: Royal Botanic Gardens.

Woldemichael, G. M., Vasselli, J. R., Gardella, R. S., McKee, T. C., Linehan, W. M., & McMahon,
J. B. (2006). Development of a cell-based reporter assay for screening of inhibitors of hypoxia-
inducible factor 2-induced gene expression. Journal of Biomolecular Screening, 11, 678—687.
https://doi.org/10.1177/1087057106289234.

Wolfender, J. L., Marti, G., Thomas, A., & Bertrand, S. (2015). Current approaches and challenges
for the metabolite profiling of complex natural extracts. Journal of Chromatography. A, 1382,
136-164. https://doi.org/10.1016/j.chroma.2014.10.091.

Wright, G. D. (2016). Antibiotic adjuvants: Rescuing antibiotics from resistance. Trends in
Microbiology, 24, 862-871. https://doi.org/10.1016/j.tim.2016.06.009.

Zhai, Y., et al. (2016). Traffic-related heavy metals uptake by wild plants grow along two main
highways in Hunan Province, China: Effects of soil factors, accumulation ability, and bio-
logical indication potential. Environmental Science and Pollution Research International, 23,
13368-13377. https://doi.org/10.1007/311356-016-6507-6.

Zou, L., Harkey, M. R., & Henderson, G. L. (2002). Effects of intrinsic fluorescence and quenching
on fluorescence-based screening of natural products. Phytomedicine, 9, 263-267. https://doi.
org/10.1078/0944-7113-00121.


https://doi.org/10.1016/j.ejmech.2016.10.056
https://doi.org/10.1016/j.ejmech.2016.10.056
https://doi.org/10.1016/j.phymed.2008.12.018
https://doi.org/10.1016/j.phymed.2008.12.018
https://doi.org/10.1021/ar700155p
https://doi.org/10.1021/ar700155p
https://doi.org/10.1002/anie.201007004
https://doi.org/10.1002/anie.201007004
https://doi.org/10.1016/s0140-6736(13)60024-0
https://doi.org/10.1177/1087057106289234
https://doi.org/10.1016/j.chroma.2014.10.091
https://doi.org/10.1016/j.tim.2016.06.009
https://doi.org/10.1007/s11356-016-6507-6
https://doi.org/10.1078/0944-7113-00121
https://doi.org/10.1078/0944-7113-00121

	Medicinal Plants as a Reservoir of New Structures for Anti-infective Compounds
	1	 Introduction
	2	 Traditional Medicine and the Ethnobotanical Approach to Drug Discovery
	2.1	 Plant Secondary Metabolites
	2.2	 The Ethnobotanical Approach to Drug Discovery
	2.2.1	 Ethical Bioprospecting
	2.2.2	 Collection of Medicinal Plants
	2.2.3	 Extraction of Medicinal Plants


	3	 Characteristics of Plant Natural Products
	3.1	 Innovation in Plant Natural Product Research
	3.2	 Current Development of Anti-infectives

	4	 Challenges in Studying Plant Natural Products
	4.1	 Legal Challenges
	4.2	 Chemical Manipulation
	4.3	 Compatibility with High-Throughput Screening
	4.4	 Deeper Challenges

	5	 Re-emergence of Plant Natural Products for Drug Discovery
	5.1	 Advances in Medicinal Chemistry for Natural Products
	5.2	 Improvements in HTS Compatibility with Natural Products
	5.3	 Emergence of Metabolomics and Ethnophytotechnology

	6	 Conclusions
	References


