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Societal Impact Statement
Plants and fungi have provided, or inspired, key pharmaceuticals for global health 
challenges, including cancer, heart disease, dementia, and malaria, and are valued as 
traditional medicines worldwide. Global demand for medicinal plants and fungi has 
threatened certain species, contributing to biodiversity loss and depletion of natural 
resources that are important for the health of humanity. We consider the evolving 
role of plants and fungi in global healthcare as new challenges to human health and 
to biodiversity arise. We present current and emerging scientific approaches, to un-
cover and preserve nature-based health solutions for the future, through harmoniza-
tion with biodiversity conservation strategies.
Summary
Non-communicable diseases, including cardiovascular disease, cancer, and diabetes, are 
the main causes of deaths globally, and communicable diseases such as malaria and tu-
berculosis affect billions of people. Plants and fungi have provided key pharmaceuticals 
in our armory against these global health challenges, while in some regions of the world, 
they continue to have a central role in healthcare systems as traditional medicines. 
Consequently, global demand for plants and fungi in healthcare has threatened certain 
medicinal species, and is a driving factor in biodiversity loss. Yet the future of therapeu-
tics from nature is evolving. Scientific advances are enabling the untapped potential of 
the world's plants and fungi to be explored for their medicinal value, and to reveal other 
roles they may have for improving health and well-being; this demonstrates the value 
of natural capital as an incentive for biodiversity conservation. Emerging technologies 
also offer new hope for safeguarding essential medicines for the future, by revealing 
more sustainable solutions for sourcing key natural products. This review discusses 
recent developments and future approaches for the discovery of natural products as 
medicines, for health and well-being, and strategies to harmonize the therapeutic use of 
biodiversity with its proactive conservation through nature-based solutions.

K E Y W O R D S

biosynthetic pathways, drug discovery, herbal medicine, medicinal plants, pharmaceutical, 
phylogenetics, threatened species, well-being

1  | INTRODUC TION

Non-communicable diseases, including heart disease, stroke, cancer, 
diabetes, and chronic lung disease, are responsible for almost 70% 
of deaths globally (World Health Organization [WHO], 2016). In ad-
dition, deaths due to dementias have more than doubled between 
2000 and 2016, making it the 5th leading cause of deaths world-
wide in 2016 (WHO, 2019a). There are global programmes that aim 
to address these and other health challenges such as the WHO’s 
Sustainable Development Goals (SDGs). SDG 3, to ensure healthy 
lives and promote well-being for all at all ages, aligns with the WHO's 
13th General Programme of Work to achieve universal health cover-
age (UHC), address health emergencies, and promote healthier pop-
ulations (WHO, 2019b). Despite some progress for SDG3 targets for 
particular communicable diseases, including global declines in HIV 
and tuberculosis (TB) incidence, TB is still a leading cause of ill health 

and death. Drug-resistant TB remains a threat, and progress in malaria 
control appears to have slowed (WHO, 2018a). TB and other poten-
tially life-threatening bacterial infections occur against a backdrop of 
emerging antibiotic resistance (Woolhouse et al., 2016), which is an es-
calating threat to global health and food security. For these, and other 
diseases, drugs derived from plants and fungi are fundamental in our 
armory against global health challenges (Dauncey & Howes, 2020).

Plants and fungi have provided, or inspired, many pharmaceuticals 
(commonly referred to as drugs; Notes S1 and Table S1) in the WHO's 
Model List of Essential Medicines, including therapeutics for infec-
tions (e.g. artemether, penicillins), cancer (e.g. vincristine, etoposide), 
pain (e.g. aspirin, morphine), heart disease (e.g. digoxin, warfarin), 
and immunomodulation (e.g. ciclosporin) (WHO, 2019c). However, at 
least half of the world's population lacks full coverage of essential 
health services (WHO, 2020a) and traditional medicines, primarily 
prepared from plants, remain important for healthcare. Indeed, of the 
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estimated 350,000 vascular plant species known to science (WCVP, 
2020), 7% (c. 26,000) have documented medicinal use (MPNS, 2020). 
Today, plants and fungi are embedded in global healthcare systems 
as sources of pharmaceuticals (Newman & Cragg, 2020a) or as tra-
ditional/complementary medicines, and are often associated with 
cultural and social significance (WHO, 2019d). It is therefore unsur-
prising that global demand for natural product medicines threatens 
the survival of certain species and is a driver of biodiversity loss.

Furthermore, many medicinal species are used by people in the 
region of origin, who have been their primary custodians and often 
hold unparalleled local knowledge. Scientists, governments, and 
other stakeholders must establish functional and equitable agree-
ments to ensure that with respect to therapeutics from nature, there 
is compliance with the Nagoya Protocol and associated Access and 
Benefit Sharing legislation and consideration of the value and origins 
of any specimens collected (Pérez-Escobar et al., 2020).

It is not the intention of this review to discuss the efficacy and 
safety of natural products as medicines, or their impact on public 
health. Rather, we consider how the interactions between people, 
plants, and fungi have revealed new understanding of the role and 
preservation of natural resources for medicines, health, and well-be-
ing. We also discuss recent advances in natural product medicines 
discovery, and the role of plants and fungi in human health and 
well-being, particularly in the context of strategies to harmonize 
the therapeutic use of biodiversity with its proactive conservation 
through nature-based solutions.

2  | THE E VOLUTION AND CURRENT 
STATUS OF THER APEUTIC S FROM NATURE

2.1 | Global health challenges

Plants and fungi are the source of some of our most important 
drugs, including those so chemically complex (e.g. the anticancer 
drugs vincristine and vinblastine from the Madagascar periwinkle 
[Catharanthus roseus (L.) G.Don] (Howes, 2018)) that they may never 
have been discovered without natural product research. It has been 
suggested that prospecting nature to find new drugs is unneces-
sary because the number of different biological functions would 
not equate to the millions of chemically distinct natural molecules, 
and because ligands for specific molecular targets are likely to be 
found in many different species (Tulp & Bohlin, 2002). However, the 
remarkable chemical diversity of plants and fungi, and their impres-
sive capability to synthesize highly complex novel compounds with 
'drug-likeness' properties (Harvey, Edrada-Ebel, & Quinn, 2015; Jia, 
Li, Hao, & Yang, 2020; Koehn & Carter, 2005), provide substantial 
evidence that new drugs may still be discovered amongst the esti-
mated 350,000 known vascular plant species, and estimated 2.2–3.8 
million fungal species, many of which remain chemically unexplored 
(Dauncey & Howes, 2020; Harvey et al., 2015; 2017; Hawksworth 
& Lücking, 2017). Indeed, there has been some criticism from in-
dustry and academia of the focus on high-throughput screening of 

synthetic compounds for drug discovery, whilst natural products are 
regarded as yielding higher 'hit rates' (Amirkia & Heinrich, 2015).

Of 185 small molecule drugs approved for cancer (1981–2019), 65% 
were natural product derived or inspired (Newman & Cragg, 2020a). 
Recent advances in cancer therapeutics include the antileukaemia drug 
omacetaxine (homoharringtonine), originally from Cephalotaxus spp. 
(Cragg & Pezzuto, 2016; Howes, 2018), and ingenol mebutate, a top-
ically-applied medicine for actinic keratosis, originally from milkweed 
(Euphorbia peplus L.) sap (Berman, 2012; Dauncey & Howes,  2020; 
Newman & Cragg,  2020a; Ogbourne & Parsons,  2014). These and 
other plant-derived drugs remain important in cancer therapeutics 
today (Howes, 2018). Yet the benefits to humanity of natural product 
derived drugs have not been without impact on biodiversity (Box 1).

Chronic obstructive pulmonary disease (COPD) is a leading cause 
of death globally (WHO, 2016); smoking and air pollution are contrib-
uting factors (WHO, 2020b). Pharmaceuticals derived from plant alka-
loids are used to support smoking cessation, including nicotine originally 
from tobacco (Nicotiana tabacum L.) and varenicline, designed from the 
laburnum (Laburnum anagyroides Medik.) alkaloid, cytisine (Dauncey & 
Howes, 2020; Niaura, Jones, & Kirkpatrick, 2006). The Solanaceae al-
kaloid atropine was the basis for antimuscarinic drugs (e.g. tiotropium) 
for COPD (Moulton & Fryer, 2011). A 'green infrastructure' (urban veg-
etation) is predicted to improve urban air quality (Hewitt, Ashworth, & 
MacKenzie, 2020), with potential impact on human health, however, for-
ests and certain plantations (e.g. oil palm [Elaeis guineensis Jacq.]) are the 
largest global emitters of biogenic volatile organic compounds (bVOCs), 
including monoterpenes and their precursor isoprenes, which can influ-
ence ground-level ozone formation. More research is needed to under-
stand the complex interactions among bVOCs, ecosystems, and climatic 
factors, and the long-term effects on human health and well-being.

Two drugs specifically developed for dementia symptoms are 
derived from plant alkaloids: galantamine, originally discovered in 
snowdrop (Galanthus woronowii Losinsk.) bulbs, and rivastigmine, 
developed from physostigmine, an alkaloid from calabar beans 
(Physostigma venenosum Balf.) (Howes & Perry,  2011). Since 2002, 
every drug developed for Alzheimer's disease, the most common 
form of dementia, has failed in clinical trials (Crow, 2018), and those 
showing promise are unlikely to be sufficiently cost-effective for 
widespread clinical implementation in the foreseeable future. Despite 
some promising natural product drug candidates (Howes,  2013; 
Williams, Sorribas, & Howes, 2011), the urgent need remains to dis-
cover new strategies to prevent or delay dementia, including greater 
consideration of therapeutic and nutraceutical interventions. Certain 
plant oils may alleviate behavioral and psychological symptoms 
of dementia (e.g. agitation) and may also influence cognition, and 
benefit quality-of-life (Abuhamdah et al., 2008; Burns et  al., 2011; 
Elliott et al., 2007; Huang et al., 2008; Okello & Howes, 2018; Press-
Sandler, Freud, Volkov, Peleg, & Press, 2016). Emerging data suggest 
that particular dietary components or nutraceuticals may reduce 
or prevent cognitive decline (Howes, Perry, Vásquez-Londoño, & 
Perry, 2020), emphasizing the necessity for future research on how 
plants and fungi as medicines, nutraceuticals, or dietary components 
may benefit humanity by promoting healthy aging.
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For diabetes, recent advances include the development of sodi-
um-dependent glucose transporter (SGLT)-1/2 inhibitor drugs (e.g. so-
tagliflozin approved in the EU in 2019), based on the dihydrochalcone 
phloretin 2 -́O-glucoside (Newman & Cragg, 2020a), which occurs in 
plants such as apples (Malus domestica (Suckow) Borkh.) (Simmonds & 
Howes, 2016). Other current strategies for prevention or management 
of diabetes and cardiovascular disease are underpinned by healthy 
diets (WHO, 2020c) to help prevent obesity and reduce disease risk 
(WHO, 2017, 2018b). Dietary approaches to address malnutrition, 
obesity and other health challenges must be aligned with strategies 
for food security (Ulian et al., 2020), and with research to understand 
the impact of climate change on the nutritional and medicinal value of 
plants and fungi, and the potential consequences for long-term human 
health (Borrell et al., 2020). The benefits of plants to human health 

may be even more extensive than simply providing medicines and a 
healthy diet; recent evidence links green spaces to positive effects on 
human health, including obesity reduction, improved mental health, 
mood and other indicators of well-being (Buck, 2016; Burton, 2014; 
Whear et al., 2014). With respect to public health, trees, and urban 
nature may promote health and social well-being by removing air pol-
lution, reducing stress, encouraging physical activity, and promoting 
social ties and community (Turner-Skoff & Cavender, 2019).

Tuberculosis (TB), caused by Mycobacterium tuberculosis, is a 
major concern to human health and was subject to 1,253 patents 
between 1976 and 2010 (Oldham, Hall, & Forero, 2013). Some plant 
constituents (e.g. sophoradiol) are active against drug-resistant 
strains of M. tuberculosis and show additive effects with anti-TB 
pharmaceuticals (Lu et  al.,  2020). A promising area of research is 

BOX 1 Drug discovery from Taxus spp.

Paclitaxel, originally from Pacific yew (Taxus brevifolia Nutt.) bark, was developed as an anticancer drug in the 1970s; thousands of 
trees were needed to obtain sufficient quantities for clinical use (Cragg & Pezzuto, 2016; Oberlies & Kroll, 2020). This contributed to 
a decline of around 30% in the populations within the last three generations, and the species is now Near Threatened (Thomas, 2013). 
Similarly, Asian yews T. chinensis (Pilg.) Rehder and T. mairei (Lemée & H.Lév.) S.Y.Hu have undergone significant population reduc-
tions as a result of their exploitation following paclitaxel discovery and are now Endangered and Vulnerable respectively (Thomas, 
Li, & Christian, 2020; Yang, Christian, & Li, 2013). In northwest India and western Nepal, exploitation led to a decline of up to 90% of 
Taxus populations, notably T. contorta Griff., which is also now Endangered (Thomas, 2011).
Knowledge embedded in taxonomy and chemistry enabled a more sustainable solution – precursor chemicals in the leaves and twigs 
of the common yew (T. baccata L.) were discovered, and could be used not only for semi-synthesis of paclitaxel, but also for the 
analogues docetaxel and cabazitaxel (Cragg & Pezzuto, 2016; Howes, 2018). Today, international policies (Williams et al., 2020) aim 
to protect biodiversity from such exploitation, but may also discourage research to discover new medicines that benefit humanity. 
Paclitaxel can be produced by plant cell cultures (Expósito et al., 2009) and in the future, paclitaxel yield could be further improved by 
synthetic biology applications. Although efforts to improve paclitaxel yields by heterologously expressing the biosynthetic pathway 
(Li et al., 2019) in other organisms are currently incomplete (all of the required genes are currently undetermined), such discoveries 
could provide new insights, strategies, and techniques to understand how paclitaxel is produced, paving the way to provide more 
sustainable sources of natural product medicines.

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Taxus baccata L.

Photo credit: Dr Aljos Farjon
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the use of plants to produce vaccine antigens for TB; the secretory 
antigenic target (ESAT-6) in M. tuberculosis has been expressed in 
Brassica cretica Lam. via Agrobacterium-mediated transformation, in-
ducing an immune response in vivo (Saba et al., 2020). This suggests 
that plants could be used as sources of low-cost agriculturally pro-
duced vaccines, while fungal leads for TB also show promise.

2.2 | Fungi as sources of pharmaceuticals

Since the serendipitous discovery of penicillin from Penicillium rubens 
Biourge, fungi have provided humans with important bioactive com-
pounds, including the immunosuppressant ciclosporin, that allowed 
successful organ transplantation and the antihypercholesterolaemic 

statins (Hyde et  al.,  2019); and inspired drugs for Parkinson's dis-
ease (e.g. bromocriptine) (Dauncey & Howes, 2020), and for mul-
tiple sclerosis, such as fingolimod and its analogues (Newman & 
Cragg,  2020a). Since the twentieth century, prospecting fungal 
biodiversity has mostly been restricted to easy-to-grow soil moulds 
in high-throughput screens, which are not adapted to mimic the 
diverse conditions that trigger bioactive compound production 
(Keller, 2019). Genome analyses have identified an outstanding num-
ber of uncharacterized biosynthetic pathways in fungi (Kjærbølling 
et  al.,  2018; Nielsen et  al.,  2017), a largely untapped resource for 
drug discovery. Prospection of fungal biodiversity offers key advan-
tages over plants: collecting fungi is not detrimental to ecosystems 
as only a minuscule portion of mycelium is sampled. It even facilitates 
preserving biodiversity because sampled fungal strains, if cultured in 

BOX 2 Medicinal Species in Latin America

In Latin America there is high plant biodiversity, such as in the Amazon rainforest, the Andean Mountains, and the Central American 
tropical and subtropical forests (Galvez-Ranilla, Kwon, Apostolidis, & Shetty, 2010). The use of medicinal plants generally increases 
with the species richness of the local flora (De la Torre, Cerón, Balslev, & Borchsenius, 2012), yet it is estimated that fewer than 
25,000 plant species have been scientifically evaluated (Calixto, 2005). There are numerous threats to the long tradition of plant and 
fungal uses as medicines, foods, and in healing rituals (Bussmann & Sharon, 2006; Figure 1; Table S2); in 2019, the world witnessed 
destruction to the Amazon basin by fires (Borunda, 2020). Facing this situation, Latin American medicinal plant research needs to 
ensure impact in demonstrating the richness and potential of this natural resource to scientific and social sectors, whilst providing 
additional incentives to protect biodiversity.

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Conservation status of (A) plants in Latin America and (B) medicinal plants in Latin America currently assessed according to global 
IUCN Red List Categories and Criteria.

Medicinal use is recorded for 509 of the 13,289 Latin American species assessed for their global conservation status (IUCN, 2020), 
although those species assessed may not be a representative sample, e.g. more than one in ten those species assessed are cacti, 
a family for which all known species have been assessed. Of medicinal flora of this region, 14% are Extinct/Extinct in the Wild/
Threatened with Extinction, whereas 38% of the assessed Southern American flora are Extinct/Extinct in the Wild/Threatened with 
Extinction (see Figure above), which is consistent with the global pattern. Of the 280 fungi species currently assessed (IUCN, 2020), 
38 occur in Latin America, yet none of these are recorded as medicinal.
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laboratory conditions, can be conserved in biobanks in compliance 
with the Nagoya protocol and national legislation (Vu et al., 2019; 
Williams et al., 2020; CBD, 2020). Current prospection particularly 
focuses on endophytic (Newman & Cragg, 2020b) and sensu stricto 
marine fungi (Overy, Rämä, Oosterhuis, Walker, & Pang, 2019), but 
many other unexplored ecological niches deserve more interest, for 
example fungi associated with insects and arthropods.

Almost all clinically successful fungal-derived drugs possess 
some antimicrobial activity. Obvious examples include antibiotics 
(e.g. penicillins, cephalosporins); less obvious examples include ci-
closporin and lovastatin, which are potent antifungals, although 
their medical applications are in non-antimicrobial therapeutic 
areas (Qiao, Kontoyiannis, Wan, Li, & Liu, 2007; Yang et al., 2018). 
Many other fungal-derived drugs have antimicrobial and additional 
bioactivities (Malani,  2019; Prince et  al.,  2013; Yam et  al.,  2018). 
Research in this field offers hope for the escalating urgency to dis-
cover new antibiotics to address emerging antimicrobial drug re-
sistance. Indeed, the worryingly limited number of anti-TB agents 
has provided strong impetus for drug discovery, with fungi emerg-
ing as valuable sources of lead compounds; e.g. UT-800, which is 
derived from pleuromutilin, obtained from Pleurotus mutilus (Fr.) 
P.Kumm (Lemieux et al., 2018). Fungi yield many other compounds 
of interest for other diseases including diabetes, cancer, and cer-
tain viral infections (Hyde et al., 2019). Considering the urgency to 
address current and emerging health challenges such as the 2020 
global coronavirus (COVID-19) pandemic, and the long time-scale 
needed to discover and develop new medicines, bioactive fungal 
(and indeed plant) compounds should be investigated as potential 
pharmaceuticals as part of longer term research strategies to pro-
vide a wider repertoire of genuine therapeutic options when health 
emergencies arise.

2.3 | Status of traditional and 
complementary medicines

Global use of herbal medicines – including herbal pharmaceuticals, 
dietary supplements, and functional foods – is booming. Expanding 
at a rate of about 6% per year, global sales may reach USD 130 billion 
by 2023; the largest component, herbal pharmaceuticals, generated 
about USD 51 billion of sales in 2017 (Marketwatch, 2019). Numerous 
factors drive growth, including the rising prevalence of chronic dis-
eases, and the search for therapies where conventional ones are lack-
ing. In Europe, including the UK, the status of herbal medicines with 
a 'well-established use' was harmonized by EU Directive 2004/24/
EC, such that herbal medicinal products must have a long tradition of 
medicinal use (at least 30 years, including 15 years in the European 
Union), and must meet required standards for safety and quality; for 
the latter, products must comply with European or other relevant 
pharmacopoeia monographs, but there is no requirement for efficacy 
(European Parliament & Council of the European Union, 2004). Also 
in 2004, the United States Food and Drug Administration launched 
a 'botanicals' pipeline for drugs, which can include plant and fungal 

materials; to date, only two botanical drugs have been approved by 
this route: sinecatechins and crofelemer, from tea (Camellia sinensis 
(L.) Kuntze) and dragon's blood (Croton lechleri Müll.Arg.) respectively 
(FDA, 2016). In some regions of the world, plants and certain fungi 
are used as traditional medicines, but are often not formally regulated 
by legislation, yet the WHO aims to strengthen the role such medi-
cines play in keeping populations healthy (WHO, 2013). These forms 
of traditional medicines usually contain mixtures of compounds, and 
are thus distinguished from pharmaceutical drugs containing a single 
active ingredient (Notes S1).

Historically, herbal medicines have played a central role in the 
health systems of countries where healthcare often involves a high 
proportion of out-of-pocket expenditure and recourse to private 
markets, including for medicines. For millions living in rural areas, 
traditional healers are their main health providers and source of 
medicines. The ratio of traditional healers to population in Africa 
is 80 times that of ‘conventional’ medical doctors, while up to 4 
billion people worldwide rely on herbal medicines as a primary 
source of healthcare (Ekor,  2013; WHO, 2013). In China, herbal 
medicines represent about 40% of all healthcare services delivered 
(Ekor, 2013).

For a long time, the WHO paid little attention to herbal med-
icines. Recent global efforts to promote UHC in the face of rising 
healthcare costs and squeezed budgets, have prompted reassess-
ment. Recognizing that ‘conventional’ pharmaceuticals are unaf-
fordable and inaccessible in many places while herbal medicines are 
readily available, affordable, and culturally acceptable, has led the 
WHO toward integrating Traditional and Complementary Medicine 
(T&CM) into healthcare systems (WHO, 2013, 2019d). There is par-
ticular interest in the prevention and management of lifestyle-re-
lated chronic diseases, and in meeting the health needs of ageing 
populations. The WHO took steps to address challenges linked to 
the quality, efficacy, safety, and standardization of herbal medicines 
(see section 4.2), (WHO, 2013), pledging ‘To support Member States 
in providing safe, qualified, and effective T&CM services and their 
appropriate integration into health systems for achieving UHC and 
the SDGs (Ghebreyesus, 2019). By 2018, 64% of all WHO Member 
States had implemented national regulations on herbal medicines, 
and 34 included traditional or herbal medicines in their National 
Essential Medicines Lists (medicines that satisfy the priority health-
care needs of the population) (WHO, 2019d). To illustrate these 
challenges, the main combination therapies for malaria are based 
on artemisinin (from Artemisia annua L.) or its derivatives to improve 
patient adherence and avoid acquired drug resistance; however, 
because there is a danger that uncontrolled use of artemisinin will 
encourage malaria-drug resistance, the WHO ruled not to support 
non-pharmaceutical forms (i.e. plant material) of A. annua for malaria 
(WHO, 2012).

The increasing coexistence of traditional and conventional 
‘scientific’ approaches to medicine in healthcare systems is not 
yet mirrored in research and development efforts. Challenges in-
clude finding new ways to pool and rationally collate all available 
knowledge about the use and science of medicinal plants and fungi, 
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separating genuine efficacy from hearsay, and enabling the identifi-
cation of potential new medicines. The global demand for naturally 
derived medicines also presents existential threats to some species.

3  | THRE ATENED MEDICINAL PL ANTS 
AND FUNGI

Only six medicinal fungi are assessed on the global International 
Union for Conservation of Nature (IUCN) Red List of Threatened 
Species; of these, one is threatened: eburiko (Fomitopsis officinalis 
(Batsch) Bondartsev & Singer), now possibly extinct in Spain, while 
the Chinese caterpillar fungus (Ophiocordyceps sinensis (Berk.) G.H. 

Sung, J.M. Sung, Hywel-Jones & Spatafora), a traditional Chinese 
medicine, is Vulnerable (IUCN,  2020). This highlights the impor-
tance of fungal biobanks and the need for their more systematic 
use to preserve fungal biodiversity. Many more medicinal plants 
have been assessed, reflecting the more extensive medicinal use 
of plants globally and the significant challenges in assessing fungi 
(Nic Lughadha et al., 2020). Of the 25,906 plant species with docu-
mented medicinal use (MPNS, 2020), all species that are not hybrids 
were analysed (WCVP, 2020), leaving 25,791 species remaining for 
analysis. Of these, 5,411 (21%) are represented by assessments on 
the IUCN Red List (IUCN, 2020). Of those assessed, 723 (13%) are 
categorized as threatened. Coverage of medicinal plants by IUCN 
Red List assessments is significantly higher than for plants with no 

BOX 3 Medicinal Species in South Africa

South Africa ranks amongst the top countries worldwide in terms of frequency of medicinal plant use, with approximately 27 mil-
lion individuals relying on traditional healthcare (Chen et al., 2016). A major concern is the overharvesting and unsustainable use of 
wild medicinal plants, resulting in biodiversity loss; e.g. Encephalartos woodii Sander is extinct in the wild (Mander, 1998; Van Wyk, 
Oudshoorn, & Gericke, 2013; Williams, Victor, & Crouch, 2013). The variation seen in numbers of species traded as medicinal plants 
between 1998 (700) and 2013 (350) may be due to reduced availability of plant species (Van Wyk & Prinsloo, 2018). Trade of bulbs, 
bark, and roots is particularly destructive, especially since plants are not replaced (Mander, 1998; Van Wyk et al., 2013); approxi-
mately 86% of harvested plant parts result in death of the plant (Mander, Ntuli, Diederichs, & Mavundla, 2007). Several South African 
medicinal plants are traded at traditional markets, and many are listed on the South African Red Data List as species of concern 
(Table S3).
South African government regulations and acts aim to control the overharvesting and biopiracy of indigenous biological resources. 
Examples include the National Environmental Management: Biodiversity Act 10 (2004), the National Biodiversity Strategy and Action 
Plan, and the National Biodiversity Framework, which all comply with the Convention on Biological Diversity. The National Environmental 
Management: Protected Areas Act 57 (2003) permits access to indigenous biological resources, if harvested sustainably. While there 
is a Traditional Health Practitioners Act 22 (2007), complementary/alternative medicines are not sufficiently regulated, which per-
haps allows for overharvesting and exploitation of these resources (Street, Stirk, & Van Staden, 2008; van Wyk & Prinsloo, 2018). 

Encephalartos woodii Sander

Photo credit: Royal Botanic Gardens, Kew
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reported medicinal use (Z = 54.3, p < .001). Therefore, the odds of 
a species being assessed for the IUCN Red List more than doubles 
if that species is reported to be medicinal (2.44×, 95% CI = [2.36, 
2.52]). This increased coverage of medicinal plants can be due in 
part to targeted efforts to assess medicinal plants and taxonomic 
groups sometimes considered to be rich in medicinal plants (e.g. 
Cactaceae) for the IUCN Red List (e.g. Allen et al., 2014; Goettsch 
et al., 2015).

On average, extinction risk to medicinal plants is lower than 
for plants with no reported medicinal use (Z = −40.4, p <  .001). 
The odds of a species on the IUCN Red List being assessed as 
threatened are five times lower if the species is medicinal (0.187×, 
95% CI = [0.172, 0.202]). When considering all digitally available 
global assessments using data from ThreatSearch (BGCI, 2020), 
and not only those published on the global IUCN Red List, the 
total rises to 10,673 medicinal species assessed (42%), but the 
overall patterns are broadly similar to those seen on the IUCN 
Red List (Notes S2).

Conservation risks associated with exploitation of certain me-
dicinal species are well-documented (Figure  1), so the relatively 
low mean extinction risk to medicinal plants may seem surprising 
to the general reader. However, this low mean extinction risk is 
consistent with observations over two decades that ‘weedy’ and/
or introduced species are over-represented in traditional medic-
inal floras, and that availability is a key factor in explaining this 
(Stepp & Moerman, 2001; Hart et al., 2017). Low mean extinction 
risk for medicinal plants is also consistent with the fact that weeds 
are over-represented among plants that are the sources of mod-
ern drugs (Stepp, 2004), and a more recent report notes that the 
likelihood of development of an alkaloid into a medicinal product 

is considerably influenced by the abundance of the source species 
(Amirkia & Heinrich,  2014). This latter finding also supports the 
view that access and supply constraints represent a key obstacle 
to the development of natural products by the pharmaceutical in-
dustry (Harvey, 2008).

Availability as a key factor in determining which plants are rec-
ognized to be useful as medicines goes beyond the consideration 
of weedy or introduced plants and is supported by our finding that, 
overall, medicinal plants tend to have larger native ranges than spe-
cies not reported as medicinal (W = 1.13 × 109, p < .001) (Notes S2). 
Since native range size is the strongest predictor of extinction risk 
in plants (Darrah, Bland, Bachman, Clubbe, & Trias-Blasi, 2017; Nic 
Lughadha et al., 2018), the relatively low mean extinction risk of me-
dicinal plants is less surprising. Another factor, less easily quantified, is 
great human interest in medicinal plants (Petrovska, 2012), especially 
where plants are relied upon for primary healthcare (Barata et al., 
2016). Heightened interest often results in exploitation, but it may 
also motivate sustainable management of these natural resources 
(Ghorbani, Langenberger, Liu, Wehner, & Sauerborn, 2012; Senkoro, 
Shackleton, Voeks, & Ribeiro, 2019; Terer, Muasya, Dahdouh-Guebas, 
Ndiritu, & Triest, 2012).

Research to enhance survival prospects of medicinal species 
is frequent in regions where primary healthcare relies on plants 
(Boxes 2–4). Plant conservation literature often focuses on plants 
known only from a single country (national endemics), and on 
species assessed as threatened. Medicinal plant conservation lit-
erature de-emphasizes plant endemism, often focusing on main-
taining populations of medicinal plants within national borders, 
even if they thrive better elsewhere, with an emphasis on main-
taining genetic diversity that is not explicitly captured by current 

F I G U R E  1   Threat spectrum showing 
relative importance of different threats 
reported for medicinal plant species that 
have global assessments on the IUCN Red 
List of Threatened Species (IUCN, 2020)
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extinction risk classifications (Rivers, Brummit, Nic Lughadha, & 
Meagher,  2014). Such steps may enhance the continued supply 
of valuable medicinal compounds, and may reduce biodiversity 
loss since species not considered Threatened or Near Threatened 
facing a high risk of extinction in the wild under global IUCN Red 
List criteria may nonetheless be of conservation concern, and 
attract research and timely conservation intervention. Indeed, 
one in five of the Chinese medicinal plants considered highest 
priority for conservation are not assessed to be threatened fol-
lowing IUCN Red List criteria (Huang, Zhang, & Qin, 2020; Notes 
S3; Figure S1).

4  | FUTURE DIREC TIONS TO HARNESS 
DISCOVERY, WELL-BEING AND 
CONSERVATION

4.1 | Predicting medicinal species

A fundamental, but often overlooked, obstacle complicates the use and 
conservation of medicinal plants: there are too many names applied to 
these plants and many of these names are ambiguous, employed in-
consistently through time and across different geographies (Dauncey, 
Irving, Allkin, & Robinson, 2016). The complexity and inconsistency in 

BOX 4 Medicinal Species in Ethiopia

Traditional plant remedies are important sources of therapeutics for nearly 80% of Ethiopians (Abebe & Ayehu, 1993), whilst about 
95% of traditional medicine preparations in Ethiopia are plant-derived (Demissew & Dagne, 2001; Lulekal, 2018). In Ethiopia, 1,093 
medicinal plants are documented, accounting for 18% of the country's flora, and about 3% of the medicinal plants are endemic 
(Esubalew, Belete, Lulekal, Gabriel, & Engidawork & E., Asres, E., 2017; Lulekal, 2018; Lulekal, Asfaw, Kelbessa, & Van Damme, 2012; 
Yineger, Kelbessa, Bekele, & Lulekal, 2008). Herbs (37%) represent the dominant form of Ethiopian medicinal plants, followed by 
shrubs (35%), trees (22%), and climbers (4%) (Lulekal, 2018).
About 80% of Ethiopian medicinal plants are harvested from the wild (29% for their root), with serious conservation implications 
(Lulekal, 2018). Medicinal plant harvest was reported as 56,000 tonnes per annum (Mander, Emana, Asfaw, & Busa, 2006). The most 
commonly sold Ethiopian medicinal plants include Hagenia abyssinica (Bruce) J.F.Gmel., Embelia schimperi Vatke, Ximenia americana L., 
Jatropha curcas L. and Tamarindus indica L. (Lulekal, 2018; Mander et al., 2006). There is comparatively poor documentation of Ethiopian 
medicinal fungi. Those described in the few Ethiopian ethnomycological documents include Termitomyces microcarpus (Berk. & Broome) 
R.Heim, T. clypeatus R.Heim and Laetiporus sulphureus (Bull.) Murrill (Woldegiorgis et al., 2015). Despite their value for healthcare and 
the economy, Ethiopian medicinal plants and fungi are subject to loss due to anthropogenic and environmental factors (Lulekal, 2018; 
Lulekal et al., 2012; Stévart et al., 2019). Future strategies to conserve this biodiversity could include promoting documentation 
of medicinal species and associated indigenous knowledge, in situ and ex situ conservation, and promotion of scientific research. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Tamarindus indica L.

Photo credit: Dr Gwilym P. Lewis
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the use of these names bedevils regulation, research, and attempts to 
count or analyse trends statistically (Allkin et al., 2017). Harmonization 
of medicinal plant (Allkin et al., 2017; MPNS, 2020) and fungal termi-
nologies will be fundamental to track past research, and to predict 
which plants and fungi will be important medicinally.

Large phylogenetic projects [e.g. Plant and Fungal Trees of Life 
(RBG Kew, 2020)] will enhance the ability to predict which plants 
and fungi potentially share chemical pathways, and thus have sim-
ilar medicinal properties. Rapid growth in available genetic data 
enables the development of an increasingly detailed picture of the 

BOX 5 Plant-based malaria therapeutics

Identification of new plant-based malaria therapeutics may be facilitated by phylogenetic approaches. These identify ‘hot zones’, 
such as Cinchoneae (Rubiaceae) and Rauvolfioideae (Apocynaceae), based on existing knowledge, thus focusing on potential active 
compounds. Some of these genera in the antimalarial ‘hot zones’, do not occur in malaria regions [e.g. Skytanthus (Apocynaceae)] 
(Flora do Brasil, 2020), so are not known by local people as potential malaria remedies (De Albuquerque et al., 2004; Silva et al., 2011). 
This makes it difficult to predict the impact of species loss on medicines, and therefore, health. As a result, many species will likely 
be lost before we know their potential medicinal value (Zhu et al., 2011).
The number of plants that have medicinal uses is under-estimated, due to the lack of ethnobotanical publications for some regions 
(Souza & Hawkins, 2017). Over 60 species used for malaria in Latin America are not cited at all in the published scientific literature, 
their use being documented only on herbarium specimen labels (William Milliken, unpublished data). Of the species used for malaria 
in Latin America, 32% are assessed on the IUCN Red List and 48% on ThreatSearch; of these, 6% and 7%, respectively, are threat-
ened, principally due to agriculture and logging.
Protecting locally threatened medicinal plants and fungi in areas where they are used may be more important than focusing on glob-
ally threatened species. This means considering plant habitats and their protection, rather than individual species. The Important 
Plant Areas criteria developed at Kew has incorporated culturally important species into site-based conservation prioritization 
(Darbyshire et  al.,  2017). Similarly, in malaria therapeutics, better collaboration between modern and traditional systems is also 
required (Willcox, 2011).
Meanwhile, for malaria prophylaxis, the saponin QS-21 from the soap bark tree (Quillaja saponaria Molina) is being developed as a 
vaccine adjuvant (Didierlaurent et al., 2017).

Cinchona pubescens Vahl bark

Photo credit: Laura Green/Royal Botanic Gardens, Kew
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phylogenetic distribution of medicinal species. Far from being ran-
domly distributed across the plant tree of life, genera containing 
traditionally used medicinal species show clustered patterns, which 
are also evident in the species from which clinically approved drugs 
are derived (Ernst et al., 2016; Pellicer et al., 2018; Saslis-Lagoudakis 
et al., 2012; Zhu et al., 2011). The phylogenetic clustering of species 
with medicinal uses has been explored in South American palms in 
which species with medicinal uses as a whole do not show phylo-
genetic clustering, while five of the seven different subcategories 
investigated show strong phylogenetic clustering (Cámara-Leret 
et al., 2017). Furthermore, community phylogenetic approaches to 
disentangle the potential drivers of similarity between different eth-
nofloras show that related plants from widely separated regions are 
often used for medicinal conditions in the same therapeutic areas 
(Saslis-Lagoudakis et al., 2012). These results, and the concentration 
of bioactive compounds within the clades highlighted, represent 
strong evidence to independently reveal medicinally useful spe-
cies, and thus for the potential of ethnobotanical datasets to inform 
bioprospecting.

Phylogenetic approaches at species and infraspecific levels also 
offer great potential for identifying the most appropriate sources 
for specific therapeutic molecules (Box 5). Bioprospecting in a phy-
logenetic context can also help identify appropriate alternatives to 
medicinal species under pressure from exploitation, but the fact 
that species known for their medicinal use tend to have large native 
ranges should be considered to avoid transferring pressures from 
them to more range-restricted species that may be intrinsically 
more susceptible to extinction. For example, the cytotoxic and an-
ti-tumor activities of Paris forrestii (Takht.) H.Li have led to it being 
a suggested substitute for its larger-ranged but over-exploited con-
gener P. polyphylla var. yunnanensis (Franch.) Hand.-Mazz. in tradi-
tional Chinese medicine (Wang et al., 2018). Although categorized 
as Least Concern on the global IUCN Red List (Chadburn, 2017), P. 
forrestii is assessed as Endangered within China (MEP & CAS, 2013; 
Qin et al., 2017). Nonetheless, its cultivation on a large scale is a 
factor that deems it an appropriate substitute (Wang et al., 2018). 
Phylogenetic analysis at the level of individuals and subpopulations 
within a single species may help pinpoint the factors determining 
chemical diversity within species, and thus accelerate discovery of 
medicines. In Cinchona calisaya Wedd., the most productive source 
of the antimalarial quinine, chemical diversity between individ-
uals has been demonstrated to be primarily driven by phylogeny 
(Maldonado et al., 2017).

4.2 | Future approaches for natural products 
as therapeutics

Advances in high-throughput screening, combinatorial chemistry, 
and molecular biology, and shifts in therapeutic strategies under-
pinned by the development of biological agents, combined with 
necessary legislation to protect biodiversity, have together con-
tributed to a decline in natural product drug discovery in recent 

decades (Harvey et  al.,  2015; Howes,  2018). Today, the role of 
plants and fungi in the development of medicines extends beyond 
revealing new active small molecules; their role in medicine is 
evolving. Drug repurposing is one approach, where drugs licensed 
for one therapeutic application are evaluated for their potential 
usefulness for others; for example, aspirin, originally based on 
salicylates from willow bark (Salix spp.) (Oketch-Rabah, Marles, 
Jordan, & Low Dog, 2019) is an analgesic, anti-inflammatory, anti-
pyretic, and anti-platelet drug, but it is now of interest for use 
in cancer therapeutics (Antoszczak, Markowska, Markowska, & 
Huczyński, 2020).

Naturally derived compounds used in pharmaceutical manufac-
ture include shikimic acid, sourced from star anise (Illicium verum 
Hook.f.), a precursor for semi-synthesis of the anti-influenza drug, 
oseltamivir (Patra et  al.,  2020). Future manufacturing of medicines 
could harness other plant and fungal molecules as precursors for drug 
synthesis to complement other therapeutic strategies for current 
and emerging global health challenges, such as the 2020 coronavi-
rus (COVID-19) pandemic. Furthermore, in 2003, traditional herbal 
medicines were used to help manage and contain severe acute re-
spiratory syndrome (SARS; another coronavirus) in China (Tilburt & 
Kaptchuk, 2008), although more studies are needed to further eval-
uate their observed effects, due to methodological issues with the 
clinical trials in which Chinese herbal medicines were evaluated for 
efficacy in SARS (Leung, 2007; Liu, Manheimer, Shi, & Gluud, 2004). 
In this context, the role of traditional medicines in global health chal-
lenges merits greater scrutiny, including their chemistry, pharmacol-
ogy, authentication, safety, and efficacy, with the latter evaluated in 
controlled clinical trials, to the level of standards comparable to those 
for pharmaceutical drugs.

The 'waste' or untapped potential of plants and fungi currently 
used in non-medical industries, could also yield rewards through 
provision of other molecules for medicines manufacture, and thus 
could contribute to SDG12 for sustainable management and efficient 
use of natural resources. A notable example is sisal (Agave sisalana 
Perrine): its leaves are a source of fiber used in the textile industry, 
yet the remaining waste is a source of steroidal compounds (e.g. 
hecogenin) which provides the starting material for producing around 
5% of global steroids for the pharmaceutical industry (Dauncey & 
Howes, 2020), making use of this natural resource more efficient.

5  | ADVANCES IN RESE ARCH 
TECHNOLOGY: HARMONIZ ATION FOR 
HUMANIT Y AND BIODIVERSIT Y

5.1 | Discovering molecules from nature

Limitations in analytical chemistry and computing technologies 
required for dereplication of complex plant and fungal extracts 
(to eliminate compounds previously studied) have been barri-
ers for drug discovery. Recent advances are resulting in striking 
changes. Community-wide contributions to data annotation (Wang 
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et  al.,  2016) enable rapid identification and discovery of natural 
products. Dereplication through molecular networking has emerged 
as such a means for rapid compound identification in complex mix-
tures through visualization of tandem mass spectra (MS/MS) data; 
the largest repository and data analysis tool for this approach is 
the Global Natural Products Social Molecular Networking (GNPS) 
(Quinn et al., 2017; Wang et al., 2016). Advances in mass spectrome-
try (MS) imaging, such as matrix assisted laser desorption ionization 
(MALDI-MS), desorption electrospray ionization (DESI-MSI), and 
laser ablation electrospray ionization (LAESI-MS) have expanded 
capabilities for in situ analyses of samples (Jarmusch & Cooks, 2014). 
Furthermore, applications of a droplet probe coupled to ultraper-
formance liquid chromatography-photodiode array-high resolution 
tandem mass spectrometry (UPLC-PDA-HRMS/MS) has enabled 
chromatographic separation of micro-extracts derived from her-
barium specimens without damaging them (Kao, Henkin, Soejarto, 
Kinghorn, & Oberlies, 2018).

Advances in nuclear magnetic resonance (NMR) spectroscopy 
include the Metabolomics and Dereplication by Two-dimensional 
Experiments (MADByTE) tool, which leverages heteronuclear sin-
gle quantum coherence (HSQC) spectroscopy and total correlated 
spectroscopy (TOCSY) data to construct spin systems of a com-
pound, and uses these features to generate association networks 
for analyses (Egan & Linington, 2019). In addition to applications of 
these new analytical techniques in drug discovery initiatives, explo-
ration of plant metabolite diversity has also proven useful to phy-
logenetic and evolutionary studies within genera and across larger 
groups of angiosperms (Ernst et al., 2019; Henz Ryen & Backlund, 
2019). Beyond advances in mass spectrometry and nuclear mag-
netic resonance, emerging technologies that unite the strengths of 
X-ray crystallography with electron microscopy are enabling crystal 
structures of tiny quantities of certain natural products in mixtures 
to be determined. A recent application of electron cryo-microscopy 
and microcrystal electron diffraction demonstrated the utility of 
this technique in structural determination of heterogeneous mix-
tures of natural products (Jones et al., 2018). Leveraging this and 
other advancing chemical technologies offers great potential to ob-
tain rapid analytical data from small (<1 mg) samples.

Never before have plant and fungal natural products been 
more accessible for scientific study. Government funded science 
agencies are availing their resources to scientific partners for in-
vestigation; e.g., the USA's National Cancer Institute (NCI) Program 
for Natural Product Discovery Prefractionated Library includes 
over 150,000 fractions of natural products available to scien-
tists (Thornburg et al., 2018). This library integrates biodiversity 
breadth and chemical diversity, with the full collection covered by 
existing ethical bioprospecting agreements. Combined with bet-
ter access to taxonomically diverse collections of plants and fungi 
(Paton et al., 2020), large chemical repositories of natural products, 
and robust ethical guidance for cultural data and plant genetic re-
sources, these recent advances in analytical chemistry could sup-
port finding new chemical blueprints for drug development across 
many fields of medicine.

5.2 | Advances in the biosynthetic pathways of 
medicinal molecules

The elucidation of biosynthetic pathways, combined with engi-
neered fungal/plant/bacterial cell factories, offer new strategies to 
produce bioactive compounds while preserving biodiversity. Linking 
biosynthetic genes to bioactive molecules is now possible, due to 
an increasing number of available genomes and transcriptomes, and 
the use of heterologous hosts (e.g. Aspergillus oryzae (Ahlb.) Cohn 
and yeast: Saccharomyces cerevisiae Meyen ex E.C. Hansen) (Harvey 
et al., 2018; Skellam, 2019). Such a strategy is commonly used in fun-
damental research and is promising for large-scale industrial produc-
tion (Hyde et al., 2019; Steiniger et al., 2017).

Genomic and biotechnological advances make fungal fermenta-
tion-based processes ideal to produce bioactive compounds from fungi 
and plants (Pyne, Narcross, & Martin, 2019). Yeast cell factories enable 
production of medicinally valuable plant alkaloids (Galanie et al., 2015; 
Srinivasan & Smolke, 2019), steroids (Rieck et al., 2019), and coumarins 
(Zhao et al., 2019). A successful example of this approach is the het-
erologous expression of the precursor artemisinic acid in yeast, with 
yields appropriate for industrial-scale production; it can be converted 
to the antimalarial artemisinin using a chemical source of singlet oxy-
gen (Paddon et al., 2013). Similarly in yeast, biosynthesis of the opium 
alkaloid cough suppressant noscapine was reconstructed using over 
30 genes from plants, bacteria, mammals and fungi (Li et al., 2018). 
Combining biosynthetic genes from different pathways in the same 
fungal host has also successfully produced new compounds with dif-
ferent or enhanced activities (Srinivasan & Smolke,  2019; Steiniger 
et al., 2017). Global demand for the herbal medicine rhodiola (Rhodiola 
rosea L.) and its compound salidroside, has resulted in this species 
and some varieties being threatened (BGCI, 2020). Elucidation of the 
salidroside biosynthetic pathway enabled its heterologous production 
in yeast and tobacco plants, offering future sustainable salidroside 
production (Torrens-Spence, Pluskal, Li, Carballo, & Weng,  2018). 
These examples illustrate the power of synthetic approaches to recon-
struct biosynthetic pathways of bioactive compounds, with potential 
to reduce exploitation of natural resources. While engineered yeast 
has been used to produce bioactive compounds, the use of filamen-
tous fungi such as Aspergillus species may be more promising as these 
fungi are already good secondary metabolite producers and they can 
accommodate genes from different organisms in order to produce 
compounds of interest (Frandsen et al., 2018). Mosses are also being 
developed as ‘cell factories’ for the production of plant compounds, 
with the obvious advantage of being more closely related to vascular 
plants (Reski, Parsons, & Decker, 2015).

Plant biosynthetic pathways for specialized metabolites are 
usually long and highly branched; their regulation is controlled by 
multiple regulatory elements, which are often poorly understood. 
Recent elucidation of the vinblastine pathway (Caputi et al., 2018; 
Qu et  al.,  2018; Tatsis et  al.,  2017) resulted in a paradigm shift in 
understanding specialized metabolism. Based on this example, 
the metabolic pathways of other indole alkaloids have been elu-
cidated, including ibogaine (Farrow et  al.,  2018, 2019) from iboga 
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(Tabernanthe iboga Baill.), which has been studied for its effects on 
drug addiction (Dauncey & Howes,  2020), and the antiarrhythmic 
ajmaline (Dang et al., 2018; Dang, Franke, Tatsis, & O'Connor, 2017) 
from snakeroot (Rauvolfia serpentina (L.) Benth. ex Kurz). These stud-
ies lay new foundations for future developments in synthetic biology 
applications, especially to uncover metabolic pathways for medici-
nallScy important indole alkaloids such as the antimalarial quinine.

Himalayan mayapple (Podophyllum hexandrum Royle) contains 
higher levels of podophyllotoxin than the American mayapple (P. pel-
tatum L.) so is the preferred source of this lignan for semi-synthesis of 
anticancer drugs (e.g. etoposide) (Howes, 2018). However, trade in P. 
hexandrum is restricted (CITES, 2019) because wild populations are 
under threat. Elucidation of the genes responsible for podophyllotoxin 
biosynthesis and reconstitution of the metabolic pathway in Nicotiana 
benthamiana Domin. opens new horizons for sustainable production 
in plants (Lau & Sattely, 2015; Schultz et al., 2019) or fungi. Production 
of bioactive compounds in engineered fungal strains is very appealing 
for sustainability and safety. The use of engineered food-grade fungi 
(e.g. Aspergillus oryzae) addresses the issue of wild-type fungi produc-
ing hazardous mycotoxins during fermentation (Marič et  al.,  2019). 
Producing new bioactive compounds in fungal ‘cell factories’ still re-
quires significant efforts to become more widespread and economi-
cally viable. One key challenge is to develop tools to allow accurate 
prediction of biosynthetic pathways and enzyme specificities. A more 
cost-effective approach could also be to integrate this knowledge into 
semi-synthesis strategies that combine precursors produced by fer-
mentation with chemical modifications (Sandargo et al., 2019).

6  | CONCLUSION

The future of therapeutics from nature is evolving as new challenges 
to human health and to biodiversity arise. Scientific evaluation of 
plants and fungi for their medicinal or other uses can demonstrate 
their value, providing additional incentives to protect global nat-
ural capital. In 2019, 1,955 and 1,886 new species of plants and 
fungi, respectively, were reported (Cheek, 2020); some may yield 
compounds useful to humanity (Cheek et al., 2018). Despite these 
discoveries, and the success of natural product drug discovery to 
provide essential pharmaceuticals, the full potential of the world's 
biodiversity remains heavily underexplored in the search for new 
medicines, and in the formation of strategies for our health and 
well-being. Advances in science and technology provide future op-
portunities to discover new molecules from nature, a plethora of 
metabolic pathways for their synthesis, and more sustainable ways 
to source them, underpinning potential solutions for global health 
challenges. These strategies, using biodiversity for inspiration, pro-
vide hope for increasing yields and safeguarding supplies of valu-
able medicines in the future.

ACKNOWLEDG MENTS
The authors and trustees of the Royal Botanic Gardens, Kew and 
the Kew Foundation thank the Sfumato Foundation for generously 

funding the State of the World's Plants and Fungi project. We ac-
knowledge from the Royal Botanic Gardens (RBG) Kew, Dr Aljos 
Farjon for the image of Taxus baccata, Dr Gwilym P. Lewis for the 
image of Tamarindus indica and Laura Green for the image of Cinchona 
pubescens. From RBG Kew, we also acknowledge Tim Wilkinson and 
Amanda Cooper for Figure  S1. We acknowledge use of necessary 
datasets from RBG Kew (Medicinal Plant Names Services, 2020) 
and ThreatSearch from Botanic Gardens Conservation International 
(BGCI, 2020).

AUTHOR CONTRIBUTIONS
M-J.R.H. planned the review content, carried out literature re-
search, wrote content included in all sections of the review, and ed-
ited the manuscript; E.N.L. also edited the manuscript. E.N.L., C.Q., 
J.C., E.T., D.T., E.L., A.F., L.P.L., M.-E.C., D.J.L., T.A.K.P., W.M., C.M., 
M.DeC., N.L., H.N.Q., C.V., B.A., M.R., and M.S.J.S. contributed writ-
ten content on different topics included in key sections for the re-
view. B.W. analysed data and developed Figures for the review. E.B. 
and B.A. checked and updated the plant names in the manuscript. 
A.B. and J.F. provided content for the Supporting Information and 
helped with formatting the References; C.L. also provided content 
for the Supporting Information. F.F. and C.W. provided expert com-
ments on the phylogenetics and policy sections of the manuscript 
respectively.

ORCID
Melanie-Jayne R. Howes   https://orcid.
org/0000-0003-1065-6209 
Cassandra L. Quave   https://orcid.org/0000-0001-9615-7886 

R E FE R E N C E S
Abebe, D., & Ayehu, A. (1993). Medicinal Plants and Enigmatic Health 

Practices of Northern Ethiopia, Addis Ababa, Ethiopia: B.S.P.E.
Abuhamdah, S., Huang, L., Elliott, M. S. J., Howes, M.-J.-R., Ballard, C., 

Holmes, C., … Chazot, P. L. (2008). Pharmacological profile of an es-
sential oil derived from Melissa officinalis with anti-agitation prop-
erties: Focus on ligand-gated channels. Journal of Pharmacy and 
Pharmacology, 60, 377–384.

Allen, D., Bilz, M., Leaman, D. J., Miller, R. M., Timoshyna, A., & Window, 
J. (2014). European Red List of Medicinal Plants. Luxembourg: 
Publications Office of the European Union.

Allkin, R., Patmore, K., Black, N., Booker, A., Canteiro, C., Dauncey, E., … 
Simmonds, M. (2017). Useful plants – Medicines: current resource 
and future potential. Chapter 4. In K. Willis (Ed.), State of the World’s 
Plants (pp. 22–29). Kew: Royal Botanic Gardens. https://state​ofthe​
world​splan​ts.org/

Amirkia, V., & Heinrich, M. (2014). Alkaloids as drug leads - A predictive 
structural and biodiversity-based analysis. Phytochemistry Letters, 10, 
xlviii–liii. https://doi.org/10.1016/j.phytol.2014.06.015

Amirkia, V., & Heinrich, M. (2015). Natural products and drug discov-
ery: A survey of stakeholders in industry and academia. Frontiers in 
Pharmacology, 6, 237. https://doi.org/10.3389/fphar.2015.00237

Antoszczak, M., Markowska, A., Markowska, J., & Huczyński, A. (2020). 
Old wine in new bottles: Drug repurposing in oncology. European 
Journal of Pharmacology, 866, 172784. https://doi.org/10.1016/j.
ejphar.2019.172784

Barata, A.M., Rocha, F., Lopes, V., & Carvalho, A.M. (2016). Conservation 
and sustainable uses of medicinal and aromatic plants genetic 

https://orcid.org/0000-0003-1065-6209
https://orcid.org/0000-0003-1065-6209
https://orcid.org/0000-0003-1065-6209
https://orcid.org/0000-0001-9615-7886
https://orcid.org/0000-0001-9615-7886
https://stateoftheworldsplants.org/
https://stateoftheworldsplants.org/
https://doi.org/10.1016/j.phytol.2014.06.015
https://doi.org/10.3389/fphar.2015.00237
https://doi.org/10.1016/j.ejphar.2019.172784
https://doi.org/10.1016/j.ejphar.2019.172784


476  |     HOWES et al.

resources on the worldwide for human welfare. Industrial Crops and 
Products, 88, 8–11. 

Berman, B. (2012). New developments in the treatment of actinic 
keratosis: Focus on ingenol mebutate gel. Clinical, Cosmetic and 
Investigational Dermatology., 20, 111–122. https://doi.org/10.2147/
CCID.S28905

BGCI. (2020). ThreatSearch online database. Richmond, UK: Botanic 
Gardens Conservation International. www.bgci.org/threat_search.
php

Borrell, J. S., Dodsworth, S., Forest, F., Pérez-Escobar, O. A., Lee, M. 
A., Mattana, E., … Pironon, S. (2020). The climatic challenge: Which 
plants will people use in the next century? Environmental and 
Experimental Botany, 170, 103872. https://doi.org/10.1016/j.envex​
pbot.2019.103872

Borunda, A. (2019). See how much of the Amazon is burning, how it com-
pares to other years. National Geographic. https://www.natio​nalge​
ograp​hic.com/envir​onmen​t/2019/08/amazo​n-fires​-cause​-defor​
estat​ion-graph​ic-map/

Buck, D. (2016). Gardens and Health, Implications for Policy and Practice. 
London: The King's Fund.

Burns, A., Perry, E., Holmes, C., Francis, P., Morris, J., Howes, M.-J.-R., 
et al. (2011). A double-blind placebo-controlled randomized trial of 
Melissa officinalis oil and donepezil for the treatment of agitation in 
Alzheimer’s disease. Dementia and Geriatric Cognitive Disorders, 31, 
158–164.

Burton, A. (2014). Gardens that take care of us. The Lancet Neurology, 13, 
447–448. https://doi.org/10.1016/S1474​-4422(14)70002​-X

Bussmann, R., & Sharon, D. (2006). Traditional medicinal plant use 
in Northern Peru: Tracking two thousand years of healing cul-
ture. Journal of Ethnobiology and Ethnomedicine, 2, 47. https://doi.
org/10.1186/1746-4269-2-47

Calixto, J. B. (2005). Twenty-five years of research on medicinal plants in 
Latin America: A personal view. Journal of Ethnopharmacology, 100, 
131–134. https://doi.org/10.1016/j.jep.2005.06.004

Cámara-Leret, R., Faurby, S., Macía, M. J., Balslev, H., Göldel, B., Svenning, 
J.-C., … Saslis-Lagoudakis, C. H. (2017). Fundamental species traits 
explain provisioning services of tropical American palms. Nature 
Plants, 3, 16220. https://doi.org/10.1038/nplan​ts.2016.220

Caputi, L., Franke, J., Farrow, S. C., Chung, K., Payne, R. M. E., Nguyen, 
T.-D., … O’Connor, S. E. (2018). Missing enzymes in the biosynthesis 
of the anticancer drug vinblastine in Madagascar periwinkle. Science, 
60, 1235–1239. https://doi.org/10.1126/scien​ce.aat4100

CBD. (2020). The Nagoya Protocol on Access and Benefit Sharing. 
Convention on Biological Diversity, Access and Benefit-sharing 
Clearinghouse platform. https://www.cbd.int/abs/

Chadburn, H. (2017). Paris forrestii. The IUCN Red List of Threatened 
Species. https://dx.doi.org/10.2305/IUCN.UK.2017-2.RLTS.T2248​
6517A​22486​938.en

Cheek, M., Nic Lughadha, E., Kirk, P., Lindon, H., Carretero, J., Looney, B., 
…, Niskanen, T. (2020). New scientific discoveries: Plants and fungi. 
Plants, People, Planet, https://doi.org/10.1002/ppp3.10148

Cheek, M., Magassouba, S., Howes, M.-J.-R., Doré, T., Doumbouya, 
S., Molmou, D., et al. (2018). Kindia (Pavetteae, Rubiaceae), a new 
cliff-dwelling genus with chemically profiled colleter exudate from 
Mt Gangan, Republic of Guinea. Peerj, 6, e4666.

Chen, S.L., Yu, H., Luo, H.M., Wu, Q., Li, C.F., …, Steinmetz, A.(2016). 
Conservation and sustainable use of medicinal plants: Problems, 
progress, and prospects. Chinese Medicine, 11, 1–10. 

CITES. (2019) Convention on International Trade in Endangered Species 
of Wild Fauna and Flora. Appendices I, II and III. 26/11/2019.

Cragg, G. M., & Pezzuto, J. M. (2016). Natural products as a vital source 
for the discovery of cancer chemotherapeutic and chemopreventive 
agents. Medical Principles and Practice, 25(Suppl. 2), 41–59. https://
doi.org/10.1159/00044​3404

Crow, J. M. (2018). Understanding Alzheimer's. Chemistry World, Royal 
Society of Chemistry. 11/05/2018.

Dang, T. T., Franke, J., Carqueijeiro, I. S. T., Langley, C., Courdavault, V., & 
O’Conner, S. E. (2018). Sarpagan bridge enzyme has substrate-con-
trolled cyclization and aromatization modes. Nature Chemical Biology, 
14, 760–763. https://doi.org/10.1038/s4158​9-018-0078-4

Dang, T. T., Franke, J., Tatsis, E., & O'Connor, S. E. (2017). Dual cata-
lytic activity of a Cytochrome P450 controls bifurcation at a meta-
bolic branch point of alkaloid biosynthesis in Rauwolfia serpentina. 
Angewandte Chemie, 56, 9440–9444.

Darbyshire, I., Anderson, S., Asatryan, A., Byfield, A., Cheek, M., Clubbe, 
C., … Radford, E. A. (2017). Important Plant Areas: Revised selec-
tion criteria for a global approach to plant conservation. Biodiversity 
and Conservation, 26, 1767–1800. https://doi.org/10.1007/s1053​
1-017-1336-6

Darrah, S. E., Bland, L. M., Bachman, S. P., Clubbe, C. P., & Trias-Blasi, 
A. (2017). Using coarse-scale species distribution data to predict 
extinction risk in plants. Diversity and Distributions, 23, 435–447. 
https://doi.org/10.1111/ddi.12532

Dauncey, E. A., & Howes, M.-J.-R. (2020). Plants That Cure: Plants as a 
Source of Medicines, from Pharmaceuticals to Herbal Remedies. US: 
Princeton University Press and UK: Kew Publishing.

Dauncey, E., Irving, J., Allkin, R., & Robinson, N. (2016). Common mis-
takes when using plant names and how to avoid them. European 
Journal of Integrative Medicine, 8, 597–601. https://doi.org/10.1016/j.
eujim.2016.09.005

De Albuquerque, U. P., De Medeiros, P. M., De Almeida, A. L. S., Monteiro, 
J. M., Neto, E. M. D. F. L., de Melo, J. G., & Dos Santos, J. P. (2007). 
Medicinal plants of the caatinga (semi-arid) vegetation of NE Brazil: A 
quantitative approach. Journal of Ethnopharmacology, 114, 325–354. 
https://doi.org/10.1016/j.jep.2007.08.017

De la Torre, L., Cerón, C., Balslev, H., & Borchsenius, F. (2012). A biodi-
versity informatics approach to ethnobotany: Meta-analysis of plant 
use patterns in Ecuador. Ecology and Society, 17, 15.

Demissew, S., & Dagne, E. (2001). Basic and applied research in medic-
inal Plants. In M. Zewdu & A. Demissew (Eds.), Proceedings of the 
National Workshop on Biodiversity Conservation and Sustainable Use 
of Medicinal Plants in Ethiopia: 28/04-01/05 1998, (pp. 29–33). Addis 
Ababa, Ethiopia: Institute of Biodiversity Conservation and Research.

Didierlaurent, A. M., Laupéze, B., Di Pasquale, A., Hergli, N., Collignn, C., 
& Garçon, N. (2017). Adjuvant system AS01: Helping to overcome 
the challenges of modern vaccines. Expert Review of Vaccines, 16, 
55–63. https://doi.org/10.1080/14760​584.2016.1213632

Egan, J., & Linington, R. (2019) Reinforcing bioactivity directed dis-
covery using MADByTE (Metabolomics And Dereplication 
By Two-dimensional Experiments). https://doi.org/10.13140/​
RG.2.2.20517.45282

Ekor, M. (2013). The growing use of herbal medicines: Issues relating to 
adverse reactions and challenges in monitoring safety. Frontiers in 
Pharmacology, 4, 177.

Elliott, M. S. J., Abuhamdah, S., Howes, M.-J.-R., Lees, G., Ballard, C. G., 
Holmes, C., et al. (2007). The essential oils from Melissa officinalis L. 
and Lavandula angustifolia Mill. as potential treatment for agitation 
in people with severe dementia. International Journal of Essential Oil 
Therapeutics, 1, 143–152.

Ernst, M., Nothias, L.-F., van der Hooft, J. J. J., Silva, R. R., Saslis-
Lagoudakis, C. H., Grace, O. M., … Rønsted, N. (2019). Assessing 
specialized metabolite diversity in the cosmopolitan plant genus 
Euphorbia L. Frontiers in Plant Science, 10, 846. https://doi.
org/10.3389/fpls.2019.00846

Ernst, M., Saslis-Lagoudakis, C., Grace, O., Nilsson, N., Simonsen, H. T., 
Horn, J. W., & Rønsted, N. (2016). Evolutionary prediction of medic-
inal properties in the genus Euphorbia L. Scientific Reports, 6, 30531. 
https://doi.org/10.1038/srep3​0531

https://doi.org/10.2147/CCID.S28905
https://doi.org/10.2147/CCID.S28905
http://www.bgci.org/threat_search.php
http://www.bgci.org/threat_search.php
https://doi.org/10.1016/j.envexpbot.2019.103872
https://doi.org/10.1016/j.envexpbot.2019.103872
https://www.nationalgeographic.com/environment/2019/08/amazon-fires-cause-deforestation-graphic-map/
https://www.nationalgeographic.com/environment/2019/08/amazon-fires-cause-deforestation-graphic-map/
https://www.nationalgeographic.com/environment/2019/08/amazon-fires-cause-deforestation-graphic-map/
https://doi.org/10.1016/S1474-4422(14)70002-X
https://doi.org/10.1186/1746-4269-2-47
https://doi.org/10.1186/1746-4269-2-47
https://doi.org/10.1016/j.jep.2005.06.004
https://doi.org/10.1038/nplants.2016.220
https://doi.org/10.1126/science.aat4100
https://www.cbd.int/abs/
https://dx.doi.org/10.2305/IUCN.UK.2017-2.RLTS.T22486517A22486938.en
https://dx.doi.org/10.2305/IUCN.UK.2017-2.RLTS.T22486517A22486938.en
https://doi.org/10.1002/ppp3.10148
https://doi.org/10.1159/000443404
https://doi.org/10.1159/000443404
https://doi.org/10.1038/s41589-018-0078-4
https://doi.org/10.1007/s10531-017-1336-6
https://doi.org/10.1007/s10531-017-1336-6
https://doi.org/10.1111/ddi.12532
https://doi.org/10.1016/j.eujim.2016.09.005
https://doi.org/10.1016/j.eujim.2016.09.005
https://doi.org/10.1016/j.jep.2007.08.017
https://doi.org/10.1080/14760584.2016.1213632
https://doi.org/10.13140/RG.2.2.20517.45282
https://doi.org/10.13140/RG.2.2.20517.45282
https://doi.org/10.3389/fpls.2019.00846
https://doi.org/10.3389/fpls.2019.00846
https://doi.org/10.1038/srep30531


     |  477HOWES et al.

Esubalew, S. T., Belete, A., Lulekal, E., Gabriel, T., Engidawork, E., & Asres, 
E. (2017). Review of ethnobotanical and ethnopharmacological ev-
idences of some Ethiopian medicinal plants traditionally used for 
the treatment of cancer. Ethiopian Journal of Health Development, 31, 
161–187.

European Parliament and Council of the European Union. (2004). Official 
Journal of the European Union. L/136/85-90.

Expósito, O., Bonfill, M., Moyano, E., Onrubia, M., Mirjalili, M. H., Cusidó, 
R. M., & Palazón, J. (2009). Biotechnological production of taxol and 
related taxoids: Current state and prospects. Anti-Cancer Agents in 
Medicinal Chemistry, 9, 109–121.

Farrow, S. C., Kamileen, M. O., Caputi, L., Bussey, K., Mundy, J. E. A., 
McAtee, R. C., … O’Connor, S. E. (2019). Biosynthesis of an Anti-
Addiction Agent from the Iboga Plant. Journal of the American 
Chemical Society, 141, 12979–12983. https://doi.org/10.1021/
jacs.9b05999

Farrow, S. C., Kamileen, M. O., Meades, J., Ameyaw, B., Xiao, Y., & 
O’Connor, S. E. (2018). Cytochrome P450 and O-methyltransferase 
catalyze the final steps in the biosynthesis of the anti-addictive alka-
loid ibogaine from Tabernanthe Iboga. Journal of Biological Chemistry, 
293, 13821–13833.

Farrow, S.C., Kamileen, M.O., Caputi, L., Bussey, K., Mundy, J.E.A., 
McAtee, R.C., …, O’Connor, S.E. (2019). Biosynthesis of an anti-ad-
diction agent from the Iboga plant. Journal of the American Chemical 
Society, 141, 12979–12983. 

FDA: Food and Drug Administration. (2016). Botanical Drug Development 
Guidance for Industry. http://www.fda.gov/Drugs/​Guida​nceCo​mplia​
nceRe​gulat​oryIn​forma​tion/Guida​nces/defau​lt.htm

Flora do Brasil. (2020). Under construction. Jardim Botânico do Rio de 
Janeiro. http://flora​dobra​sil.jbrj.gov.br/

Frandsen, R. J. N., Khorsand-Jamal, P., Kongstad, K. T., Nafisi, M., 
Kannangara, R. M., Staerk, D., … Mortensen, U. H. (2018). 
Heterologous production of the widely used natural food colorant 
carminic acid in Aspergillus nidulans. Scientific Reports, 8, 12853. 
https://doi.org/10.1038/s4159​8-018-30816​-9

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/scien​ce.aac9373

Galvez-Ranilla, L., Kwon, Y., Apostolidis, E., & Shetty, K. (2010). Phenolic 
compounds, antioxidant activity and in vitro potential against key 
enzymes relevant for hyperglycemia and hypertension of commonly 
used medicinal plants, herbs and spices in Latin America. Bioresource 
Technology, 101, 4676–4689.

Ghebreyesus, T. A. (2019). WHO Global Report on Traditional and 
Complementary Medicine. Geneva: World Health Organisation. 
https://www.who.int/tradi​tiona​l-compl​ement​ary-integ​rativ​e-medic​
ine/WhoGl​obalR​eport​OnTra​ditio​nalAn​dComp​lemen​taryM​edici​
ne2019.pdf?ua=1

Ghorbani, A., Langenberger, G., Liu, J. X., Wehner, S., & Sauerborn, J. 
(2012). Diversity of medicinal and food plants as non-timber forest 
products in Naban River Watershed National Nature Reserve (China): 
Implications for livelihood improvement and biodiversity conserva-
tion. Economic Botany, 66, 178–191. https://doi.org/10.1007/s1223​
1-012-9188-1

Goettsch, B., Hilton-Taylor, C., Cruz-Piñón, G., Duffy, J. P., Frances, A., 
Hernández, H. M., … Gaston, K. J. (2015). High proportion of cactus 
species threatened with extinction. Nature Plants, 1, 15142. https://
doi.org/10.1038/nplan​ts.2015.142

Hart, G., Gaoue, O.G., De La Torre, L., Navarrete, H., Muriel, P., Macía, 
M.J., …, Duffy, D.C. (2017). Availability, diversification and versatility 
explain human selection of introduced plants in Ecuadorian tradi-
tional medicine. PLoS ONE, 12, e0184369.

Harvey, A. L. (2008). Natural products in drug discovery. Drug Discovery 
Today, 13, 894–901. https://doi.org/10.1016/j.drudis.2008.07.004

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

Harvey, C. J. B., Tang, M., Schlecht, U., Horecka, J., Fischer, C. R., Lin, H.-
C., … Hillenmeyer, M. E. (2018). HEx: A heterologous expression plat-
form for the discovery of fungal natural products. Science. Advances, 
4, eaar5459. https://doi.org/10.1126/sciadv.aar5459

Hawksworth, D.L., & Lücking, R. (2017). Fungal diversity revisited: 2.2 
to 3.8 million species. Microbiology Spectrum, 5(4), FUNK-0052-2016.

Henz Ryen, A., & Backlund, A. (2019). Charting Angiosperm chemistry: 
Evolutionary perspective on specialized metabolites reflected in 
chemical property space. Journal of Natural Products, 82, 798–812. 
https://doi.org/10.1021/acs.jnatp​rod.8b00767

Hewitt, C. N., Ashworth, K., & MacKenzie, A. R. (2020). Using green in-
frastructure to improve urban air quality. Ambio, 49, 62–73.

Howes, M.-J.- R. (2013). Alkaloids and drug discovery for neurodegen-
erative diseases. In K. G. Ramawat, & J.-M. Merillon (Eds.), Natural 
Products. Phytochemistry, Botany and Metabolism of Alkaloids, Phenolics 
and Terpenes (pp. 1331–1365). Berlin Heidelberg: Springer-Verlag.

Howes, M.-J.-R. (2018). The evolution of anticancer drug discovery from 
plants. The Lancet Oncology, 19, 293–294. https://doi.org/10.1016/
S1470​-2045(18)30136​-0

Howes, M.-J.-R., & Perry, E. (2011). The role of phytochemicals in the 
treatment and prevention of dementia. Drugs & Aging, 28, 439–468. 
https://doi.org/10.2165/11591​310-00000​0000-00000

Howes, M.-J.-R., Perry, N. S. L., Vásquez-Londoño, C., & Perry, E. K. 
(2020). Role of phytochemicals as nutraceuticals for cognitive func-
tions affected in ageing. British Journal of Pharmacology, 177, 1294–
1315. https://doi.org/10.1111/bph.14898

Huang, L., Abuhamdah, S., Howes, M.-J.-R., Elliot, M. S. J., Ballard, C., 
Holmes, C., et al. (2008). Pharmacological profile of essential oils 
derived from Lavandula angustifolia and Melissa officinalis with an-
ti-agitation properties: Focus on ligand-gated channels. Journal of 
Pharmacy and Pharmacology, 60, 1515–1522.

Huang, L.-Q., Zhang, B.-G., & Qin, H.-N. (2020). Chinese Medicinal Plant 
Red Data Book. Beijing, China: Beijing Science and Technology Press.

Hyde, K. D., Xu, J., Rapior, S., Jeewon, R., Lumyong, S., Niego, A. G. T., 
… Stadler, M. (2019). The amazing potential of fungi: 50 ways we 
can exploit fungi industrially. Fungal Diversity, 97, 1–136. https://doi.
org/10.1007/s1322​5-019-00430​-9

IUCN. (2020). The IUCN Red List of Threatened Species. http://www.
iucnr​edlist.org [version 2019-3 accessed 10th December 2019 & 
17th February 2020; version 2020-2 accessed 24th August 2020].

Jarmusch, A. K., & Cooks, R. G. (2014). Emerging capabilities of mass 
spectrometry for natural products. Natural Product Reports, 31, 730–
738. https://doi.org/10.1039/C3NP7​0121B

Jia, C.-Y., Li, J.-Y., Hao, G.-F., & Yang, G.-F. (2020). A drug-likeness toolbox 
facilitates ADMET study in drug discovery. Drug Discovery Today, 25, 
248–258. https://doi.org/10.1016/j.drudis.2019.10.014

Jones, C. G., Martynowycz, M. W., Hattne, J., Fulton, T. J., Stoltz, B. M., 
Rodriguez, J. A., … Gonen, T. (2018). The CryoEM method MicroED as 
a powerful tool for small molecule structure determination. ACS Central 
Science, 4, 1587–1592. https://doi.org/10.1021/acsce​ntsci.8b00760

Kao, D., Henkin, J. M., Soejarto, D. D., Kinghorn, A. D., & Oberlies, N. 
H. (2018). Non-destructive chemical analysis of a Garcinia mangos-
tana L. (Mangosteen) herbarium voucher specimen. Phytochemistry 
Letters, 28, 124–129. https://doi.org/10.1016/j.phytol.2018.10.001

Keller, N. P. (2019). Fungal secondary metabolism: Regulation, func-
tion and drug discovery. Nature Reviews Microbiology, 17, 167–180. 
https://doi.org/10.1038/s4157​9-018-0121-1

Kjærbølling, I., Vesth, T. C., Frisvad, J. C., Nybo, J. L., Theobald, S., & Kuo, 
A. (2018). Linking secondary metabolites to gene clusters through 
genome sequencing of six diverse Aspergillus species. Proceedings of 

https://doi.org/10.1021/jacs.9b05999
https://doi.org/10.1021/jacs.9b05999
http://www.fda.gov/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/default.htm
http://www.fda.gov/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/default.htm
http://floradobrasil.jbrj.gov.br/
https://doi.org/10.1038/s41598-018-30816-9
https://doi.org/10.1126/science.aac9373
https://www.who.int/traditional-complementary-integrative-medicine/WhoGlobalReportOnTraditionalAndComplementaryMedicine2019.pdf?ua=1
https://www.who.int/traditional-complementary-integrative-medicine/WhoGlobalReportOnTraditionalAndComplementaryMedicine2019.pdf?ua=1
https://www.who.int/traditional-complementary-integrative-medicine/WhoGlobalReportOnTraditionalAndComplementaryMedicine2019.pdf?ua=1
https://doi.org/10.1007/s12231-012-9188-1
https://doi.org/10.1007/s12231-012-9188-1
https://doi.org/10.1038/nplants.2015.142
https://doi.org/10.1038/nplants.2015.142
https://doi.org/10.1016/j.drudis.2008.07.004
https://doi.org/10.1038/nrd4510
https://doi.org/10.1038/nrd4510
https://doi.org/10.1126/sciadv.aar5459
https://doi.org/10.1021/acs.jnatprod.8b00767
https://doi.org/10.1016/S1470-2045(18)30136-0
https://doi.org/10.1016/S1470-2045(18)30136-0
https://doi.org/10.2165/11591310-000000000-00000
https://doi.org/10.1111/bph.14898
https://doi.org/10.1007/s13225-019-00430-9
https://doi.org/10.1007/s13225-019-00430-9
http://www.iucnredlist.org
http://www.iucnredlist.org
https://doi.org/10.1039/C3NP70121B
https://doi.org/10.1016/j.drudis.2019.10.014
https://doi.org/10.1021/acscentsci.8b00760
https://doi.org/10.1016/j.phytol.2018.10.001
https://doi.org/10.1038/s41579-018-0121-1


478  |     HOWES et al.

the National Academy of Sciences of the United States of America, 115, 
E753–E761.

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

Lau, W., & Sattely, E. S. (2015). Six enzymes from mayapple that com-
plete the biosynthetic pathway to the etoposide aglycone. Science, 
349, 1224–1228. https://doi.org/10.1126/scien​ce.aac7202

Lemieux, M.R., Siricilla, S., Mitachi, K., Eslamimehr, S., Wang, Y., Yang, D., 
…, Kurosu, M. (2018). An antimycobacterial pleuromutilin analogue 
effective against dormant bacilli. Bioorganic and Medicinal Chemistry, 
26, 4787–4796.

Leung, P. C. (2007). The efficacy of Chinese medicine for SARS: A review 
of Chinese publications after the crisis. American Journal of Chinese 
Medicine, 35, 575–581. https://doi.org/10.1142/S0192​415X0​
7005077

Li, J., Mutanda, I., Wang, K., Yang, L., Wang, J., & Wang, Y. (2019). 
Chloroplastic metabolic engineering coupled with isoprenoid pool 
enhancement for committed taxanes biosynthesis in Nicotiana benth-
amiana. Nature Communications, 10, 4850. https://doi.org/10.1038/
s4146​7-019-12879​-y

Li, Y., Li, S., Thodey, K., Trenchard, I., Cravens, A., & Smolke, C. D. (2018). 
Complete biosynthesis of noscapine and halogenated alkaloids in 
yeast. Proceedings of the National Academy of Sciences of the United 
States of America, 115, E3922–E3931. https://doi.org/10.1073/
pnas.17214​69115

Liu, J., Manheimer, E., Shi, Y., & Gluud, C. (2004). Chinese herbal medi-
cine for severe acute respiratory syndrome: A systematic review and 
meta-analysis. Journal of Alternative and Complementary Medicine, 10, 
1041–1051. https://doi.org/10.1089/acm.2004.10.1041

Lu, N., Yang, Y., Liu, J., Li, J., Ouyang, B., Xia, J., & Du, Y. (2020). Sophoradiol 
inhibits the growth of drug resistant Mycobacterium tuberculosis in 
vitro and murine models of tuberculosis. Microbial Pathogenesis, 141, 
103971. https://doi.org/10.1016/j.micpa​th.2020.103971

Lughadha, E. N., Govaerts, R., Belyaeva, I., Black, N., Lindon, H., Allkin, 
R., … Nicolson, N. (2016). Counting counts: Revised estimates of 
numbers of accepted species of flowering plants, seed plants, vas-
cular plants and land plants with a review of other recent estimates. 
Phytotaxa, 272, 82–88. https://doi.org/10.11646/​phyto​taxa.272.1.5

Lulekal, E. (2018). Review on medicinal research in Ethiopia: Past 
Achievements and Future Prospects. Oral presentation, presented 
at the Inception Workshop on ‘Survey of Medicinal Plants and 
Traditional Medical Practice in Ethiopia', Ethiopian Public Health 
Institute, 09–10 February 2018, Addis Ababa, Ethiopia.

Lulekal, E., Asfaw, Z., Kelbessa, E., & Van Damme, P. (2013). Ethnomedicinal 
study of plants used for human ailments in Ankober District, North 
Shewa Zone, Amhara Region, Ethiopia. Journal of Ethnobiology and 
Ethnomedicine, 9, 63. https://doi.org/10.1186/1746-4269-9-63

Malani, P. N. (2019). Lefamulin - A new antibiotic for community-ac-
quired Pneumonia. JAMA, 322, 1671–1672. https://doi.org/10.1001/
jama.2019.16215

Maldonado, C., Barnes, C. J., Cornett, C., Holmfred, E., Hansen, S. H., 
Persson, C., … Rønsted, N. (2017). Phylogeny predicts the quan-
tity of antimalarial alkaloids within the iconic yellow Cinchona bark 
(Rubiaceae: Cinchona calisaya). Frontiers in Plant Science, 8, 391. 
https://doi.org/10.3389/fpls.2017.00391

Mander, M. (1998). Marketing of indigenous medicinal plants in South 
Africa: A case study in KwaZulu-Natal. Rome: Food and Agricultural 
Organization of the United Nations.

Mander, M., Emana, B., Asfaw, Z., & Busa, B. (2006). Marketing of Medicinal 
Plants in Ethiopia: A Survey of the Trade in Medicinal Plants. Research 
report for the Sustainable Use of Medicinal Plants Project, Institute of 
Biodiversity Conservation, Addis Ababa, Ethiopia.

Mander, M., Ntuli, L., Diederichs, N., & Mavundla, K. (2007). Economics 
of the traditional medicine trade in South Africa. In S. Harrison, R. 

Bhana, & A. Ntuli (Eds.), South African Health Review (pp. 189–196). 
Durban: Health Systems Trust.

Marič, A., Skočaj, M., Likar, M., Sepčić, K., Cigić, I. K., Grundner, M., & 
Gregori, A. (2019). Comparison of lovastatin, citrinin and pigment 
production of different Monascus purpureus strains grown on rice 
and millet. Journal of Food Science and Technology, 56, 3364–3373. 
https://doi.org/10.1007/s1319​7-019-03820​-8

MarketWatch. (2019). MarketWatch. https://www.Marke​tWatch.com/
press​-relea​se/herba​l-medic​ine-marke​t-resea​rch-repor​ts-2019-
globa​l-indus​try-size-share​-emerg​ing-trend​s-growt​h-boost​ed-by-de-
man​d-and-advan​ced-techn​ology​-till-2023-2019-10-02

MEP & CAS [Ministry of Environmental Protection of China (MEP) Gazette 
No.2013-54, together with the Chinese Academy of Science (CAS)]. 
(2013). Release of The Biodiversity Red List of China: Higher Plants. http://
www.mee.gov.cn/gkml/hbb/bgg/20130​9/t2013​0912_260061.htm

Moulton, B. C., & Fryer, A. D. (2011). Muscarinic receptor antagonists, 
from folklore to pharmacology: Finding drugs that actually work in 
asthma and COPD. British Journal Pharmacology, 163, 44–52. https://
doi.org/10.1111/j.1476-5381.2010.01190.x

MPNS Version 9. (2020). Medicinal Plant Names Services, the Royal 
Botanic Gardens, Kew. http://www.kew.org/mpns

Newman, D. J., & Cragg, G. M. (2020a). Natural products as sources of 
new drugs over the nearly four decades from 01/1981 to 09/2019. 
Journal of Natural Products, 83, 770–803. https://doi.org/10.1021/
acs.jnatp​rod.9b01285

Newman, D. J., & Cragg, G. M. (2020b). Plant endophytes and epiphytes: 
Burgeoning sources of known and "unknown" cytotoxic and antibi-
otic Agents? Planta Medica. https://doi.org/10.1055/a-1095-1111

Niaura, R., Jones, C., & Kirkpatrick, P. (2006). Varenicline. Nature Reviews 
Drug Discovery, 5, 537–538. https://doi.org/10.1038/nrd2088

Nic Lughadha, E., Bachman, S. P., Leão, T., Forest, F., Halley, J. M., Moat, 
J., … Walker, B. E. (2020). Extinction risk and threats to plants and 
fungi. Plants, People, Planet, https://doi.org/10.1002/ppp3.10146

Nic Lughadha, E., Walker, B. E., Canteiro, C., Chadburn, H., Davis, A. P., 
Hargreaves, S., et al. (2018). The use and misuse of herbarium speci-
mens in evaluating plant extinction risks. Philosophical Transactions of 
the Royal Society B: Biological Sciences, 374, 20170402.

Nielsen, J. C., Grijseels, S., Prigent, S., Ji, B., Dainat, J., Nielsen, K. F., … 
Nielsen, J. (2017). Global analysis of biosynthetic gene clusters re-
veals vast potential of secondary metabolite production in Penicillium 
species. Nature Microbiology, 2, 17044. https://doi.org/10.1038/
nmicr​obiol.2017.44

Oberlies, N. H., & Kroll, D. J. (2004). Camptothecin and taxol: Historic 
achievements in natural products research. Journal of Natural 
Products, 67, 129–135.

Ogbourne, S. M., & Parsons, P. G. (2014). The value of nature's natural 
product library for the discovery of New Chemical Entities: The 
discovery of ingenol mebutate. Fitoterapia, 98, 36–44. https://doi.
org/10.1016/j.fitote.2014.07.002

Okello, E. J., & Howes, M.-J.- R. (2018). Essential oils and aromas that 
affect mood and cognition. In P. N. Murphy (Ed.), The Routledge 
International Handbook of Psychobiology (pp. 195–208). UK: 
Routledge, Taylor & Francis Group.

Oketch-Rabah, H. A., Marles, R. J., Jordan, S. A., & Low Dog, T. (2019). 
United States Pharmacopeia safety review of willow bark. Planta 
Medica, 85, 1192–1202. https://doi.org/10.1055/a-1007-5206

Oldham, P., Hall, S., & Forero, O. (2013). Biological diversity in the pat-
ent system. PLoS One, 8, e78737. https://doi.org/10.1371/journ​
al.pone.0078737

Overy, D. P., Rämä, T., Oosterhuis, R., Walker, A. K., & Pang, K. L. (2019). 
The neglected marine fungi, Sensu stricto, and their isolation for 
natural products' discovery. Marine Drugs, 17, E42. https://doi.
org/10.3390/md170​10042

Paddon, C. J., Westfall, P. J., Pitera, D. J., Benjamin, K., Fisher, K., McPhee, 
D., … Newman, J. D. (2013). High-level semi-synthetic production of 

https://doi.org/10.1038/nrd1657
https://doi.org/10.1038/nrd1657
https://doi.org/10.1126/science.aac7202
https://doi.org/10.1142/S0192415X07005077
https://doi.org/10.1142/S0192415X07005077
https://doi.org/10.1038/s41467-019-12879-y
https://doi.org/10.1038/s41467-019-12879-y
https://doi.org/10.1073/pnas.1721469115
https://doi.org/10.1073/pnas.1721469115
https://doi.org/10.1089/acm.2004.10.1041
https://doi.org/10.1016/j.micpath.2020.103971
https://doi.org/10.11646/phytotaxa.272.1.5
https://doi.org/10.1186/1746-4269-9-63
https://doi.org/10.1001/jama.2019.16215
https://doi.org/10.1001/jama.2019.16215
https://doi.org/10.3389/fpls.2017.00391
https://doi.org/10.1007/s13197-019-03820-8
https://www.MarketWatch.com/press-release/herbal-medicine-market-research-reports-2019-global-industry-size-share-emerging-trends-growth-boosted-by-demand-and-advanced-technology-till-2023-2019-10-02
https://www.MarketWatch.com/press-release/herbal-medicine-market-research-reports-2019-global-industry-size-share-emerging-trends-growth-boosted-by-demand-and-advanced-technology-till-2023-2019-10-02
https://www.MarketWatch.com/press-release/herbal-medicine-market-research-reports-2019-global-industry-size-share-emerging-trends-growth-boosted-by-demand-and-advanced-technology-till-2023-2019-10-02
https://www.MarketWatch.com/press-release/herbal-medicine-market-research-reports-2019-global-industry-size-share-emerging-trends-growth-boosted-by-demand-and-advanced-technology-till-2023-2019-10-02
http://www.mee.gov.cn/gkml/hbb/bgg/201309/t20130912_260061.htm
http://www.mee.gov.cn/gkml/hbb/bgg/201309/t20130912_260061.htm
https://doi.org/10.1111/j.1476-5381.2010.01190.x
https://doi.org/10.1111/j.1476-5381.2010.01190.x
http://www.kew.org/mpns
https://doi.org/10.1021/acs.jnatprod.9b01285
https://doi.org/10.1021/acs.jnatprod.9b01285
https://doi.org/10.1055/a-1095-1111
https://doi.org/10.1038/nrd2088
https://doi.org/10.1002/ppp3.10146
https://doi.org/10.1038/nmicrobiol.2017.44
https://doi.org/10.1038/nmicrobiol.2017.44
https://doi.org/10.1016/j.fitote.2014.07.002
https://doi.org/10.1016/j.fitote.2014.07.002
https://doi.org/10.1055/a-1007-5206
https://doi.org/10.1371/journal.pone.0078737
https://doi.org/10.1371/journal.pone.0078737
https://doi.org/10.3390/md17010042
https://doi.org/10.3390/md17010042


     |  479HOWES et al.

the potent antimalarial artemisinin. Nature, 496, 528–532. https://
doi.org/10.1038/natur​e12051

Paton, A., Antonelli, A., Carine, M., Campostrini Forzza, R., Davies, 
N., Demissew, S., … Dickie, J. (2020). Plant and fungal collections: 
Current status, future perspectives. Plants, People, Planet, 2(5), 
499–514.

Patra, J. K., Das, G., Bose, S., Banerjee, S., Vishnuprasad, C. N., Del 
Pilar Rodriguez-Torres, M. D. P., & Shin, H. S. (2020). Star anise 
(Illicium verum): Chemical compounds, antiviral properties, and clin-
ical relevance. Phytotherapy Research, 34, 1248–1267. https://doi.
org/10.1002/ptr.6614

Pellicer, J., Saslis-Lagoudakis, C. H., Carrió, E., Ernst, M., Garnatje, T., 
Grace, O. M., … Rønsted, N. (2018). A phylogenetic road map to an-
timalarial Artemisia species. Journal of Ethnopharmacology, 225, 1–9. 
https://doi.org/10.1016/j.jep.2018.06.030

Pérez-Escobar, O., Richardson, J.E., Howes, M.-J.R., Lucas, E., Álvarez de 
Róman, N., Collemare, J., …, Antonelli, A. (2020). Untapped resources 
for medical research. Science, 369(6505), 781–782.

Petrovska, B. B. (2012). Historical review of medicinal 
plants’ usage. Pharmacognosy Reviews, 6, 1–5. https://doi.
org/10.4103/0973-7847.95849

Press-Sandler, O., Freud, T., Volkov, I., Peleg, R., & Press, Y. (2016). 
Aromatherapy for the treatment of patients with behavioural 
and psychological symptoms of dementia: A descriptive analysis 
of RCTs. Journal of Alternative and Complementary Medicine, 22, 
422–428.

Prince, W. T., Ivezic-Schoenfeld, Z., Lell, C., Tack, K. J., Novak, R., 
Obermayr, F., & Talbot, G. H. (2013). Phase II clinical study of BC-
3781, a pleuromutilin antibiotic, in treatment of patients with acute 
bacterial skin and skin structure infections. Antimicrobial Agents and 
Chemotherapy, 57, 2087–2094. https://doi.org/10.1128/AAC.02106​
-12

Pyne, M. E., Narcross, L., & Martin, V. J. J. (2019). Engineering plant sec-
ondary metabolism in microbial systems. Plant Physiology, 179, 844–
861. https://doi.org/10.1104/pp.18.01291

Qiao, J., Kontoyiannis, D. P., Wan, Z., Li, R., & Liu, W. (2007). Antifungal 
activity of statins against Aspergillus species. Medical Mycology, 45, 
589–593.

Qin, H.-N., Yang, Y., Dong, S.-Y., He, Q., Jia, Y., Zhao, L.-N., et al. (2017). 
Threatened species list of China’s higher plants. Biodiversity Science, 
25, 696–744.

Qu, Y., Easson, M. E. A. M., Simionescu, R., Hajicek, J., Thamm, A. M. K., 
Salim, V., & De Luca, V. (2018). Solution of the multistep pathway 
for assembly of corynanthean, strychnos, iboga, and aspidosperma 
monoterpenoid indole alkaloids from 19E-geissoschizine. Proceedings 
of the National Academy of Sciences of the United States of America, 
115, 3180–3185.

Quinn, R. A., Nothias, L. F., Vining, O., Meehan, M., Esquenazi, E., & 
Dorrestein, P. C. (2017). Molecular networking as a drug discov-
ery, drug metabolism, and precision medicine strategy. Trends in 
Pharmacological Science, 38, 143–154. https://doi.org/10.1016/j.
tips.2016.10.011

RBG (Royal Botanic Gardens) Kew. (2020). https://www.kew.org/scien​
ce/our-scien​ce/proje​cts/plant​-and-funga​l-trees​-of-life

Reski, R., Parsons, J., & Decker, E. L. (2015). Moss-made pharmaceuticals: 
From bench to bedside. Plant Biotechnology Journal, 13, 1191–1198. 
https://doi.org/10.1111/pbi.12401

Rieck, C., Geiger, D., Munkert, J., Messerschmidt, K., Petersen, J., 
Strasser, J., et al. (2019). Biosynthetic approach to combine the 
first steps of cardenolide formation in Saccharomyces cerevisiae. 
MicrobiologyOpen, 8, e925.

Rivers, M. C., Brummit, N. A., Nic Lughadha, E., & Meagher, T. R. (2014). 
Do species conservation assessments capture genetic diversity? 
Global Ecology and Conservation, 2, 81–87. https://doi.org/10.1016/j.
gecco.2014.08.005

Saba, K., Sameeullah, M., Asghar, A., Gottschamel, J., Latif, S., Lössl, A. 
G., et al. (2020). Expression of ESAT-6 antigen from Mycobacterium 
tuberculosis in broccoli: An edible plant. Biotechnology and Applied 
Biochemistry, 67, 148–157.

Sandargo, B., Chepkirui, C., Cheng, T., Chaverra-Muñoz, L., Thongbai, 
B., Stadler, M., & Hüttel, S. (2019). Biological and chemical diversity 
go hand in hand: Basidiomycota as source of new pharmaceuticals 
and agrochemicals. Biotechnology Advances, 37, 107344. https://doi.
org/10.1016/j.biote​chadv.2019.01.011

Saslis-Lagoudakis, C. H., Savolainen, V., Williamson, E. M., Forest, F., 
Wagstaff, S. J., Baral, S. R., … Hawkins, J. A. (2012). Phylogenies 
reveal predictive power of traditional medicine in bioprospecting. 
Proceedings of the National Academy of Sciences of the United States 
of America, 109, 15835–15840. https://doi.org/10.1073/pnas.12022​
42109

Schultz, B.J., Kim, S.Y., Lau, W., & Sattely, E.S. (2019). Total biosynthesis 
for milligram-scale production of etoposide intermediates in a plant 
chassis. Journal of the American Chemical Society, 141, 19231–19235. 

Senkoro, A. M., Shackleton, C. M., Voeks, R. A., & Ribeiro, A. I. (2019). 
Uses, knowledge, and management of the threatened pepper-bark 
tree (Warburgia salutaris) in Southern Mozambique. Economic Botany, 
73, 304–324. https://doi.org/10.1007/s1223​1-019-09468​-x

Silva, J. R. D. A., Ramos, A. D. S., Machado, M., Moura, D. F. D., Neto, Z., 
Canto-Cavalheiro, M. M., … Lopes, D. (2011). A review of antimalar-
ial plants used in traditional medicine in communities in Portuguese-
speaking countries: Brazil, Mozambique, Cape Verde, Guinea-Bissau, 
São Tomé and Príncipe and Angola. Memorias do Instituto Oswaldo Cruz, 
106, 142–158. https://doi.org/10.1590/S0074​-02762​01100​0900019

Simmonds, M. S. J., & Howes, M.-J.-R. (2016). Profile of compounds in 
different cultivars of apple (Malus x domestica). In M. S. J. Simmonds, 
& V. R. Preedy (Eds.), Nutritional Composition of Fruit Cultivars (pp. 
1–18). UK: Academic Press.

Skellam, E. (2019). Strategies for engineering natural product biosyn-
thesis in fungi. Trends in Biotechnology, 37, 416–427. https://doi.
org/10.1016/j.tibte​ch.2018.09.003

Souza, E. N. F., & Hawkins, J. A. (2017). Comparison of herbarium label 
data and published medicinal use: Herbaria as an underutilized 
source of ethnobotanical information. Economic Botany, 71, 1–12. 
https://doi.org/10.1007/s1223​1-017-9367-1

Srinivasan, P., & Smolke, C. D. (2019). Engineering a microbial biosyn-
thesis platform for de novo production of tropane alkaloids. Nature 
Communications, 10, 3634. https://doi.org/10.1038/s4146​7-019-
11588​-w

Steiniger, C., Hoffmann, S., Mainz, A., Kaiser, M., Voigt, K., Meyer, V., & 
Süssmuth, R. D. (2017). Harnessing fungal nonribosomal cyclodepsi-
peptide synthetases for mechanistic insights and tailored engineer-
ing. Chemical Science, 8, 7834–7843. https://doi.org/10.1039/C7SC0​
3093B

Stepp, J. R. (2004). The role of weeds as sources of pharmaceuti-
cals. Journal of Ethnopharmacology, 92, 163–166. https://doi.
org/10.1016/j.jep.2004.03.002

Stepp, J. R., & Moerman, D. E. (2001). The importance of weeds in ethno-
pharmacology. Journal of Ethnopharmacology, 75, 19–23. https://doi.
org/10.1016/S0378​-8741(00)00385​-8

Stévart, T., Dauby, G., Lowry, P. P., Blach-Overgaard, A., Droissart, V., 
Harris, D. J., … Couvreur, T. L. P. (2019). A third of the tropical African 
flora is potentially threatened with extinction. Science Advances, 
5(11), eaax9444. https://doi.org/10.1126/sciadv.aax9444

Street, R. A., Stirk, W. A., & Van Staden, J. (2008). South African tradi-
tional medicinal plant trade - challenges in regulating quality, safety 
and efficacy. Journal of Ethnopharmacology, 119, 705–710. https://
doi.org/10.1016/j.jep.2008.06.019

Tatsis, E. C., Carqueijeiro, I., Dugé de Bernonville, T., Franke, J., Dang, 
T.-T., Oudin, A., … O’Connor, S. E. (2017). A three enzyme sys-
tem to generate the Strychnos alkaloid scaffold from a central 

https://doi.org/10.1038/nature12051
https://doi.org/10.1038/nature12051
https://doi.org/10.1002/ptr.6614
https://doi.org/10.1002/ptr.6614
https://doi.org/10.1016/j.jep.2018.06.030
https://doi.org/10.4103/0973-7847.95849
https://doi.org/10.4103/0973-7847.95849
https://doi.org/10.1128/AAC.02106-12
https://doi.org/10.1128/AAC.02106-12
https://doi.org/10.1104/pp.18.01291
https://doi.org/10.1016/j.tips.2016.10.011
https://doi.org/10.1016/j.tips.2016.10.011
https://www.kew.org/science/our-science/projects/plant-and-fungal-trees-of-life
https://www.kew.org/science/our-science/projects/plant-and-fungal-trees-of-life
https://doi.org/10.1111/pbi.12401
https://doi.org/10.1016/j.gecco.2014.08.005
https://doi.org/10.1016/j.gecco.2014.08.005
https://doi.org/10.1016/j.biotechadv.2019.01.011
https://doi.org/10.1016/j.biotechadv.2019.01.011
https://doi.org/10.1073/pnas.1202242109
https://doi.org/10.1073/pnas.1202242109
https://doi.org/10.1007/s12231-019-09468-x
https://doi.org/10.1590/S0074-02762011000900019
https://doi.org/10.1016/j.tibtech.2018.09.003
https://doi.org/10.1016/j.tibtech.2018.09.003
https://doi.org/10.1007/s12231-017-9367-1
https://doi.org/10.1038/s41467-019-11588-w
https://doi.org/10.1038/s41467-019-11588-w
https://doi.org/10.1039/C7SC03093B
https://doi.org/10.1039/C7SC03093B
https://doi.org/10.1016/j.jep.2004.03.002
https://doi.org/10.1016/j.jep.2004.03.002
https://doi.org/10.1016/S0378-8741(00)00385-8
https://doi.org/10.1016/S0378-8741(00)00385-8
https://doi.org/10.1126/sciadv.aax9444
https://doi.org/10.1016/j.jep.2008.06.019
https://doi.org/10.1016/j.jep.2008.06.019


480  |     HOWES et al.

biosynthetic intermediate. Nature Communications, 8, 316. https://
doi.org/10.1038/s4146​7-017-00154​-x

Terer, T., Muasya, A. M., Dahdouh-Guebas, F., Ndiritu, G. G., & Triest, 
L. (2012). Integrating local ecological knowledge and management 
practices of an isolated semi-arid papyrus swamp (Loboi, Kenya) into a 
wider conservation framework. Journal of Environmental Management, 
93, 71–84. https://doi.org/10.1016/j.jenvm​an.2011.08.005

Thomas, P. (2011). Taxus contorta. The IUCN Red List of Threatened 
Species 2011: e.T39147A10170545. https://dx.doi.org/10.2305/
IUCN.UK.2011-2.RLTS.T3914​7A101​70545.en

Thomas, P. (2013). Taxus brevifolia. The IUCN Red List of Threatened 
Species 2013: e.T34041A2841142. https://dx.doi.org/10.2305/
IUCN.UK.2013-1.RLTS.T3404​1A284​1142.en

Thomas, P., Li, N., & Christian, T. (2013). Taxus chinensis. The IUCN Red 
List of Threatened Species 2013: e.T42548A2987120. https://dx.
doi.org/10.2305/IUCN.UK.2013-1.RLTS.T4254​8A298​7120.en

Thornburg, C. C., Britt, J. R., Evans, J. R., Akee, R. K., Whitt, J. A., Trinh, 
S. K., … O’Keefe, B. R. (2018). NCI Program for natural product dis-
covery: A publicly-accessible library of natural product fractions for 
high-throughput screening. ACS Chemical Biology, 13, 2484–2497. 
https://doi.org/10.1021/acsch​embio.8b00389

Tilburt, J. C., & Kaptchuk, T. J. (2008). Herbal medicine research and 
global health: An ethical analysis. Bulletin of the World Health 
Organization, 86, 594–599. https://doi.org/10.2471/BLT.07.042820

Torrens-Spence, M. P., Pluskal, T., Li, F.-S., Carballo, V., & Weng, J.-K. 
(2018). Complete pathway elucidation and heterologous reconstitu-
tion of Rhodiola salidroside biosynthesis. Molecular Plant, 11, 205–
217. https://doi.org/10.1016/j.molp.2017.12.007

Tulp, M., & Bohlin, L. (2002). Functional versus chemical diver-
sity: Is biodiversity important for drug discovery? Trends in 
Pharmacological Sciences, 23, 225–231. https://doi.org/10.1016/
S0165​-6147(02)02007​-2

Turner-Skoff, J. B., & Cavender, N. (2019). The benefits of trees for liv-
able and sustainable communities. Plants, People, Planet, 1, 323–335. 
https://doi.org/10.1002/ppp3.39

Ulian, T., Diazgranados, M., Pironon, S., Padulosi, S., Liu, U., Davies, L., 
Howes, M.-J.-R., et al. (2020). Unlocking plant resources to support 
food security and promote sustainable agriculture. Plants, People, 
Planet, 2(5), 421–445.

Van Wyk, A. S., & Prinsloo, G. (2018). Medicinal plant harvesting, sustain-
ability and cultivation in South Africa. Biological Conservation, 227, 
335–342. https://doi.org/10.1016/j.biocon.2018.09.018

Van Wyk, B. E., Oudshoorn, N., & Gericke, N. (2013). Medicinal Plants of 
South Africa. Pretoria: Briza Publications.

Vu, D., Groenewald, M., de Vries, M., Gehrmann, T., Stielow, B., Eberhardt, 
U., … Verkley, G. (2019). Large-scale generation and analysis of fila-
mentous fungal DNA barcodes boosts coverage for kingdom fungi 
and reveals thresholds for fungal species and higher taxon delimi-
tation. Studies in Mycology, 92, 135–154. https://doi.org/10.1016/j.
simyco.2018.05.001

Wang, M., Carver, J. J., Phelan, V. V., Sanchez, L. M., Garg, N., Peng, 
Y., … Bandeira, N. (2016). Sharing and community curation of mass 
spectrometry data with Global Natural Products Social Molecular 
Networking. Nature Biotechnology, 34, 828–837. https://doi.
org/10.1038/nbt.3597

Wang, Y.-H., Shi, M., Niu, H.-M., Yang, J., Xia, M.-Y., Luo, J.-F., … Li, H. 
(2018). Substituting one Paris for another? In vitro cytotoxic and in 
vivo antitumor activities of Paris forrestii, a substitute of Paris poly-
phylla var. yunnanensis. Journal of Ethnopharmacology, 218, 45–50. 
https://doi.org/10.1016/j.jep.2018.02.022

WCVP. (2020). World Checklist of Vascular Plants, version 2.0. Facilitated 
by the Royal Botanic Gardens, Kew. Published online, http://wcvp.
scien​ce.kew.org/

Whear, R., Coon, J. T., Bethel, A., Abbott, R., Stein, K., & Garside, R. 
(2014). What is the impact of using outdoor spaces such as gardens 

on the physical and mental well-being of those with dementia? A sys-
tematic review of quantitative and qualitative evidence. Journal of 
the American Medical Directors Association, 15, 697–705. https://doi.
org/10.1016/j.jamda.2014.05.013

WHO. World Health Organization. (2012). WHO Position Statement. 
Effectiveness of non-pharmaceutical forms of Artemisia annua L. 
against malaria. Retrieved from https://www.who.int/malar​ia/posit​
ion_state​ment_herbal_remedy_artem​isia_annua_l.pdf (accessed 
12th May 2020).

WHO. World Health Organization. (2013). WHO traditional medicine 
strategy: 2014–2023. Retrieved from https://apps.who.int/iris/
handl​e/10665/​92455 (accessed 15th March 2020).

WHO. World Health Organization. (2016). Retrieved from https://www.
who.int/gho/ncd/morta​lity_morbi​dity/ncd_total/​en/ (accessed 18th 
November 2019).

WHO. World Health Organization. (2017). Retrieved from https://www.
who.int/news-room/fact-sheet​s/detai​l/cardi​ovasc​ular-disea​ses-(c-
vds) (accessed 19th February 2020).

WHO. World Health Organization. (2018a). World Health Statistics. 
Retrieved from https://apps.who.int/iris/bitst​ream/handl​e/10665/​
27259​6/97892​41565​585-eng.pdf?ua=1 (accessed 18th November 
2019).

WHO. World Health Organization. (2018b). Retrieved from https://
www.who.int/news-room/fact-sheet​s/detai​l/diabetes (accessed 
19th February 2020).

WHO. World Health Organization (2019a). Retrieved from https://www.
who.int/news-room/fact-sheet​s/detai​l/dementia (accessed 10th 
February 2020).

WHO. World Health Organization (2019b). Retrieved from https://www.
who.int/about/​what-we-do/thirt​eenth​-gener​al-progr​amme-of-
work-2019–2023 (accessed 16th December 2019).

WHO. World Health Organization. (2019c). Model List of Essential 
Medicines. 21st List, 2019. Geneva: World Health Organization; 
Licence: CC BY-NC-SA 3.0 IGO.

WHO. World Health Organization. (2019d). WHO Global Report on 
Traditional and Complementary Medicine. Retrieved from https://
www.who.int/tradi​tiona​l-compl​ement​ary-integ​rativ​e-medic​ine/
WhoGl​obalR​eport​OnTra​ditio​nalAn​dComp​lemen​taryM​edici​ne2019.
pdf?ua=1 (accessed 15th March 2020).

WHO. World Health. (2020a). Retrieved from https://www.who.int/
healt​h-topic​s/unive​rsal-healt​h-cover​age#tab=tab_ (accessed 8th 
April 2020).

WHO. World Health Organization (2020b). Retrieved from https://www.
who.int/respi​rator​y/copd/en/ (accessed 8th April 2020).

WHO. World Health Organization (2020c). Retrieved from https://www.
who.int/en/news-room/fact-sheet​s/detai​l/obesi​ty-and-overw​eight 
(accessed 10th February 2020).

Willcox, M. (2011). Improved traditional phytomedicines in current use 
for the clinical treatment of malaria. Planta Medica, 77, 662–671. 
https://doi.org/10.1055/s-0030-1250548

Williams, C., Walsh, A., Vaglica, V., Sirakaya, A., da Silva, M., Dalle, G., … 
Cowell, C. (2020). Conservation Policy: Helping or hindering science 
to unlock properties of plants and fungi. Plants, People, Planet, 2(5), 
535–545.

Williams, P., Sorribas, A., & Howes, M.-J.-R. (2011). Natural products as a 
source of Alzheimer’s drug leads. Natural Product Reports, 28, 48–77. 
https://doi.org/10.1039/C0NP0​0027B

Williams, V. L., Victor, J. E., & Crouch, N. R. (2013). Red listed medicinal 
plants of South Africa: Status, trends, and assessment challenges. 
South African Journal of Botany, 86, 23–35. https://doi.org/10.1016/j.
sajb.2013.01.006

Woldegiorgis, A.Z., Abate, D., Haki, G.D., Ziegler, G.R., & Harvatine, 
K.J. (2015). Fatty acid profile of wild and cultivated edible mush-
rooms collected from Ethiopia. Journal of Nutrition & Food Sciences, 
5, 360.

https://doi.org/10.1038/s41467-017-00154-x
https://doi.org/10.1038/s41467-017-00154-x
https://doi.org/10.1016/j.jenvman.2011.08.005
https://dx.doi.org/10.2305/IUCN.UK.2011-2.RLTS.T39147A10170545.en
https://dx.doi.org/10.2305/IUCN.UK.2011-2.RLTS.T39147A10170545.en
https://dx.doi.org/10.2305/IUCN.UK.2013-1.RLTS.T34041A2841142.en
https://dx.doi.org/10.2305/IUCN.UK.2013-1.RLTS.T34041A2841142.en
https://dx.doi.org/10.2305/IUCN.UK.2013-1.RLTS.T42548A2987120.en
https://dx.doi.org/10.2305/IUCN.UK.2013-1.RLTS.T42548A2987120.en
https://doi.org/10.1021/acschembio.8b00389
https://doi.org/10.2471/BLT.07.042820
https://doi.org/10.1016/j.molp.2017.12.007
https://doi.org/10.1016/S0165-6147(02)02007-2
https://doi.org/10.1016/S0165-6147(02)02007-2
https://doi.org/10.1002/ppp3.39
https://doi.org/10.1016/j.biocon.2018.09.018
https://doi.org/10.1016/j.simyco.2018.05.001
https://doi.org/10.1016/j.simyco.2018.05.001
https://doi.org/10.1038/nbt.3597
https://doi.org/10.1038/nbt.3597
https://doi.org/10.1016/j.jep.2018.02.022
http://wcvp.science.kew.org/
http://wcvp.science.kew.org/
https://doi.org/10.1016/j.jamda.2014.05.013
https://doi.org/10.1016/j.jamda.2014.05.013
https://www.who.int/malaria/position_statement_herbal_remedy_artemisia_annua_l.pdf
https://www.who.int/malaria/position_statement_herbal_remedy_artemisia_annua_l.pdf
https://apps.who.int/iris/handle/10665/92455
https://apps.who.int/iris/handle/10665/92455
https://www.who.int/gho/ncd/mortality_morbidity/ncd_total/en/
https://www.who.int/gho/ncd/mortality_morbidity/ncd_total/en/
https://www.who.int/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds)
https://www.who.int/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds)
https://www.who.int/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds)
https://apps.who.int/iris/bitstream/handle/10665/272596/9789241565585-eng.pdf?ua=1
https://apps.who.int/iris/bitstream/handle/10665/272596/9789241565585-eng.pdf?ua=1
https://www.who.int/news-room/fact-sheets/detail/diabetes
https://www.who.int/news-room/fact-sheets/detail/diabetes
https://www.who.int/news-room/fact-sheets/detail/dementia
https://www.who.int/news-room/fact-sheets/detail/dementia
https://www.who.int/about/what-we-do/thirteenth-general-programme-of-work-2019–2023
https://www.who.int/about/what-we-do/thirteenth-general-programme-of-work-2019–2023
https://www.who.int/about/what-we-do/thirteenth-general-programme-of-work-2019–2023
https://www.who.int/traditional-complementary-integrative-medicine/WhoGlobalReportOnTraditionalAndComplementaryMedicine2019.pdf?ua=1
https://www.who.int/traditional-complementary-integrative-medicine/WhoGlobalReportOnTraditionalAndComplementaryMedicine2019.pdf?ua=1
https://www.who.int/traditional-complementary-integrative-medicine/WhoGlobalReportOnTraditionalAndComplementaryMedicine2019.pdf?ua=1
https://www.who.int/traditional-complementary-integrative-medicine/WhoGlobalReportOnTraditionalAndComplementaryMedicine2019.pdf?ua=1
https://www.who.int/health-topics/universal-health-coverage#tab=tab_
https://www.who.int/health-topics/universal-health-coverage#tab=tab_
https://www.who.int/respiratory/copd/en/
https://www.who.int/respiratory/copd/en/
https://www.who.int/en/news-room/fact-sheets/detail/obesity-and-overweight
https://www.who.int/en/news-room/fact-sheets/detail/obesity-and-overweight
https://doi.org/10.1055/s-0030-1250548
https://doi.org/10.1039/C0NP00027B
https://doi.org/10.1016/j.sajb.2013.01.006
https://doi.org/10.1016/j.sajb.2013.01.006


     |  481HOWES et al.

Woolhouse, M., Waugh, C., Perry, M. R., & Nair, H. (2016). Global dis-
ease burden due to antibiotic resistance – State of the evidence. 
Journal of Global Health, 6, 010306. https://doi.org/10.7189/
jogh.06.010306

Yam, C., Xu, X., Davies, M. A., Gimotty, P. A., Morrissette, J. J. D., Tetzlaff, 
M. T., … Gangadhar, T. C. (2018). A multicenter phase I study evalu-
ating dual PI3K and BRAF Inhibition with PX-866 and vemurafenib 
in patients with advanced BRAF V600-mutant solid tumors. Clinical 
Cancer Research, 24, 22–32. https://doi.org/10.1158/1078-0432.
CCR-17-1807

Yang, X., Feng, P., Yin, Y., Bushley, K., Spatafora, J. W., & Wang, C. (2018). 
Cyclosporine biosynthesis in Tolypocladium inflatum benefits fungal 
adaptation to the environment. MBio, 9, e01211–e1218.

Yang, Y., Christian, T., & Li, N. (2013). Taxus mairei. The IUCN Red List 
of Threatened Species 2013: e.T191659A1991533. https://dx.doi.
org/10.2305/IUCN.UK.2013-1.RLTS.T1916​59A19​91533.en

Yineger, H., Kelbessa, E., Bekele, T., & Lulekal, E. (2008). Plants used 
in traditional management of human ailments at Bale Mountains 
National Park, Southeastern Ethiopia. Journal of Medicinal Plants 
Research, 2, 132–153.

Zhao, Y., Jian, X., Wu, J., Huang, W., Huang, C., Luo, J., & Kong, L. (2019). 
Elucidation of the biosynthesis pathway and heterologous construc-
tion of a sustainable route for producing umbelliferone. Journal 

of Biological Engineering, 13, 44. https://doi.org/10.1186/s1303​
6-019-0174-3

Zhu, F., Qin, C., Tao, L., Liu, X., Shi, Z., Ma, X., … Chen, Y. (2011). 
Clustered patterns of species origins of nature-derived drugs 
and clues for future bioprospecting. Proceedings of the National 
Academy of Sciences, 108, 12943–12948. https://doi.org/10.1073/
pnas.11073​36108

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Howes M-JR, Quave CL, Collemare J, 
et al. Molecules from nature: Reconciling biodiversity 
conservation and global healthcare imperatives for sustainable 
use of medicinal plants and fungi. Plants, People, Planet. 
2020;2:463–481. https://doi.org/10.1002/ppp3.10138

https://doi.org/10.7189/jogh.06.010306
https://doi.org/10.7189/jogh.06.010306
https://doi.org/10.1158/1078-0432.CCR-17-1807
https://doi.org/10.1158/1078-0432.CCR-17-1807
https://dx.doi.org/10.2305/IUCN.UK.2013-1.RLTS.T191659A1991533.en
https://dx.doi.org/10.2305/IUCN.UK.2013-1.RLTS.T191659A1991533.en
https://doi.org/10.1186/s13036-019-0174-3
https://doi.org/10.1186/s13036-019-0174-3
https://doi.org/10.1073/pnas.1107336108
https://doi.org/10.1073/pnas.1107336108
https://doi.org/10.1002/ppp3.10138

