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N
ature has served as humankind’s pharmacy for 

millennia. Indeed, self-medication with natural 

resources such as plants and fungi has not been 

restricted to human use alone, but has even been documented 

in various animals, ranging from insects to primates (1). 

Plants produce complex suites of compounds known as 

secondary metabolites, which are not necessary for their 

primary growth and function, but rather serve another role 

of enhancing likelihood of survival. Plants are sessile and thus 

highly dependent on the ability to produce and release these 

chemical signals into their environment for the purposes of 

communication and defence. Throughout ancient history, 

humans have learned to harness this chemical arsenal to serve 

their own needs. This is most apparent when considering 

human health and traditional forms of medicine.

Nature’s pharmacopoeia
A number of ancient medical texts from different cultures focus 

heavily on the use of plant ingredients for human health. Some 

examples include the Eber’s Papyrus, an ancient Egyptian scroll 

that dates back to 1500 BCE; Shen Nong Ben Cao, a Chinese 

medical text from 200 BCE; and Dioscorides’ De Materia 

Medica, which documents the Mediterranean pharmacopoeia 

from 50–70 CE. All include plant-based remedies for a 

broad number of ailments, many of which could have been 

attributed to infectious diseases. The tradition of using plants 

as medicine for the treatment and management of various 

infectious diseases continues even today, especially in the 

developing world. A 2002 WHO report noted that in Africa, up 

to 80% of the population uses traditional medicine (primarily 

plant-based) to meet their healthcare needs. Likewise, in 

China, traditional medicine accounts for around 40% of all 

healthcare delivered (2). The prevalence of plants in current 

healthcare practices should not come as a surprise, especially 

when one considers their predominance in ancient texts and in 

paleobotanical findings at archaeological sites. Many of these 

ancient medical practices persist in various forms of traditional 

medicine currently practised across the globe. 

Plants are capable of producing a vast array of structurally 

diverse compounds, each of which serves a specific role for the 

plant itself (e.g., defence against phytopathogens). Sometimes, 

these compounds are also active against human pathogens. 

There are four major groups of antimicrobial compounds 

made by plants: phenolics and polyphenols, terpenoids and 

essential oils, lectins and polypeptides, and alkaloids (Fig. 

1). In most cases, bioactive plant extracts contain complex 

mixtures of these groups, and their combined action can yield 

an enhanced effect (3). These compounds act on bacteria via 

a number of mechanisms, including inactivation of proteins, 

adhesins and enzymes, among other targets. More recent 

work has revealed that certain plant compounds can also 

block cell-to-cell signalling pathways and quench production 

of virulence factors (e.g., exotoxins) (4, 5) and disrupt or inhibit 

the formation of biofilms (6-9), which confer a protective 
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advantage to pathogens during an infection (Table 1). It is 

clear that we have only uncovered the tip of the iceberg in 

our understanding of the chemical diversity and bioactivity of 

plant natural products.  

Under the lens of Western medicine, natural products, 

defined as molecular entities produced by a living organism 

(including mammals, plants, fungi, bacteria, etc.), and their 

derivatives make up roughly one-third of all FDA-approved 

drugs. Before the golden era of antibiotics (1950), plant 

natural products represented more than one-fifth (22%) of 

all new molecular entities used in medicine. However, since 

then, there has been a decline in botanical compounds used 

in Western medicine (8.7%). Specific to antibacterial agents, 

natural products and their derivatives make up 69% of all FDA-

approved drugs. The majority of these come from microbes 

(97%), with plant products contributing just 3% to this group 

(Fig. 2) (10, 11).

Benefits and challenges of plants as a source of 
antimicrobials
The current percentage of approved antibacterial drugs from 

plants, however, does not accurately reflect the potential of 

plant natural products for future applications as antimicrobial 

therapies. In part, there are some inherent difficulties in 

the development of plant natural products as antimicrobial 

pharmaceuticals: 

J Plant extracts are incredibly chemically complex – much 

more so than fungi, for example, as a single extract 

preparation may contain hundreds of different chemical 

entities. The isolation of single compounds with the desired 

antimicrobial bioactivity can be time-consuming and 

requires a large amount of bulk plant material. 

J Rediscovery of the same compounds from different 

sources presents problems, and much attention must be 

paid to careful dereplication early in the discovery process 

in order to avoid time and effort spent chasing known 

molecular entities. 

J Making arrangements for access to plant specimens can 

sometimes be difficult, especially in an international 

setting. Regulations concerning plant collection permits 

and export/import permits differ depending on where 

the research is being conducted. Furthermore, as per the 

regulations and guidance set forth by the United Nations 

Convention on Biological Diversity and the Nagoya 

Protocol, negotiation of equitable access and benefit 

sharing agreements is required for such research (12).

J Many plant-based therapies work via synergistic pathways. 

Synergism among compounds in a complex mixture 

presents unique difficulties as the scientific technology to 

study multiple compounds acting in unison on potentially 

multiple biological targets has not yet been fully developed. 

On the other hand, it could be argued that the synergistic 

activity of certain plant extracts may present a unique 

opportunity in the face of growing antibiotic resistance. It 

raises the question of whether more chemically complex 

formulations can outlast monotherapies by making it more 

difficult for microbes to evolve resistance to a multi-sided 

attack. 

A good example of the concept of synergy comes from 

Figure 1: Major groups of antimicrobial natural products from plants (3) 
with select examples: (1) caffeic acid, (2) catechol, (3) eugenol, (4) quinone, 
(5) hypericin, (6) flavone, (7) catechin, (8) chrysin, (9) pentagalloylglucose, 
(10) procyanidin, (11) coumarin, (12) warfarin, (13) 7-hydroxycoumarin, 
(14) artemisinin, (15) menthol, (16) capsaicin, (17) berberine and (18) 
harmane

Figure 2: FDA-approved antibacterial natural products by biological 
source (10)
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Qinghao is a therapy known to have been in use for millennia, 

as evidenced by specific recommendations found concerning 

its preparation and use in an ancient text from the Jin dynasty: 

The Handbook of Prescriptions for Emergency Treatments by Ge 

Hong (283–343 CE) (13). This begs the question: how is it 

that a traditional preparation in use for millennia did not yield 

resistance, yet isolation of a single compound for monotherapy 

resulted in widespread resistance in a short period of time? 

While there are factors such as the widespread use of the 

drug via global distribution to consider, the topic of synergy 

must also be explored. Interestingly, a few recent studies have 

demonstrated that not only do chemically complex extracts 

of A. annua exhibit anti-plasmodial activity that is 6 to 18-fold 

greater than what was expected based on artemisinin content 

alone, but whole plant therapy was effective at overcoming 

artemisinin resistance in an animal model (15-17). Collectively, 

these studies support the concept that synergistic action of 

multiple natural products in this species are more effective and 

can overcome resistance noted in monotherapy models. Could 

this same concept hold true for the development of novel 

antibacterial formulations designed to overcome resistance 

acquisition in the future?

Ethnobotany, traditional medicine and the treatment 
of infectious disease
No matter the form of traditional medicine, one central tenet of 

thought holds true: the importance of balance, or homeostasis. 

Emphasis is placed on restoring balance by tipping the scale of 

favour back in the direction of the host, or patient. This is often 

achieved through a combination of biochemical (e.g., natural 

ingredients) and spiritual or psychological interventions. Such 

the traditional Chinese medicinal plant Qinghao (Artemisia 

annua L, Asteraceae). This species is the source of the 

antimalarial compound artemisinin, the discovery of which 

recently resulted in the 2015 Nobel Prize in Physiology or 

Medicine to Chinese scientist, Youyou Tu (13). Unfortunately, 

the widespread emergence of resistance to artemisinin 

monotherapy has become increasingly problematic (14). 

Table 1: Select examples of plant extracts or isolated compounds that impact pathogenesis and virulence targets in bacteria

Botanical Name

Castanea sativa Mill. 
(Fagaceae)

Hydrastis canadensis L
(Ranunculaceae)

Psidium guajava L
(Myrtaceae)

Quercus cerris L 
(Fagaceae)

Rubus ulmifolius Schott. 
(Rosaceae)

Sclerocarya birrea 
(A. Rich.) Hochst. 
(Anacardiaceae)

Use(s) in traditional 
medicine

Topical wash for skin 
inflammations

Topical wash for skin 
inflammations

Therapy for dysentery, 
diarrhea, wounds, ulcers 
and dental diseases

Treatment of diarrhoea, 
leucorrhea and other 
illnesses

Topical treatment for 
skin abscesses and hair 
loss

Oral therapy for 
dysentery, diarrhoea 
and other infections

Targeted pathogen(s)

Staphylococcus aureus

Staphylococcus aureus

Pseudomonas aeruginosa

Staphylococcus aureus

Staphylococcus 
aureus; Streptococcus 
pneumoniae

Pseudomonas aeruginosa

Known activities

Inhibits quorum sensing; 
blocks toxin production

Inhibits quorum sensing; 
blocks toxin production

Inhibits biofilm 
formation and swarming 
motility

Inhibits biofilm 
formation

Inhibits biofilm 
formation

Inhibits biofilm 
formation and swarming 
motility

Known chemistry

Triterpenoids: Oleanene 
and ursene derivatives

Alkaloids and flavonoids 

Quercetin and quercetin 
-3-O-arabinoside

Quercetin

Ellagic acid glycosides

Extract standardized 
based on quercetin 
content

Ref.

(5)

(4)

(30)

(9)

(6, 8)

(7)

Figure 3: The ethnobotanical approach to drug discovery can yield rich 
datasets of use to scientists in the chemical and biological evaluation of 
botanical ingredients for new molecular entities
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aiming to isolate bioactive ingredients for identification and 

study. For example, the yield of artemisinin in the Qinghao 

anti-malarial treatment was much greater when prepared 

in the traditional manner (cold water maceration) rather 

than as a hot water extraction (13).   

J Ethnobotanical field research yields rich sets of biological 

data. It is standard practice to collect herbarium specimens 

for deposit in multiple institutions (of the host country and 

researchers’ institutions). These serve as key records of 

the identity of potentially bioactive ingredients, and can 

also be useful to other parallel studies on the biodiversity 

of a region, climate change studies, taxonomic studies and 

more.

J Historical ethnobotanical research on ancient medical 

texts or archaeological sites yields important clues for 

drug discovery efforts. For example, a recipe for a herbal 

remedy in Bald’s Leech Book (a 1,000 year-old Anglo-Saxon 

text) to treat eyelid infections was recently recreated 

and tested for antibacterial activity. Interestingly, the full 

formula was highly active against Staphylococcus aureus, 

while the individual ingredients were not (24). 

Are we asking the right questions?
Returning to the role of homeostasis in traditional medicine, 

we should also consider whether or not current approaches 

to antimicrobial discovery adequately address the concept of 

balance. By searching only for classic antibiotic action, we may 

be missing the bigger picture on how to achieve wellness. In the 

past decade, progressively more attention has shifted to the 

search for compounds that target pathogenesis and virulence 

as an alternative path for treatment (Table 1). Inhibitors of 

biofilms and toxins are of particular interest, and they could 

potentially tip the scales back to the patient’s favour when 

used adjunctively to antibiotic therapy. Two examples of 

this approach come from the evaluation of plants used in the 

traditional treatment of skin infections and inflammations in 

southern Italy:

J The Elmleaf blackberry (Rubus ulmifolius Schott., Rosaceae) 

is an integral part of the traditional Mediterranean 

pharmacopoeia. Widely recognized as a wild edible plant 

for its berries, it is also highly valued for treatment of 

purulent skin and soft tissue infections. It has a chemistry 

rich in phenolics, many of which are likely the source of 

its potent antioxidant and antimicrobial activity (25–27). 

Traditional medical use of the roots and leaves was 

documented in a field survey of south Italian medicinal 

species (28), validated in the labortory with initial studies 

on its anti-staphylococcal activity (22), and examined for 

its potent anti-biofilm properties and ability to improve 

antibiotic efficacy in the treatment of staphylococcal (6) 

interventions are still poorly understood by Western science, 

and more research is necessary to better gauge benefits, risks 

and the overall efficacy of this approach.

On the other hand, Western interventions for bacterial 

infections involve deployment of antibiotics with the intent 

to kill the infectious agent, and while treatment can be life-

saving for certain infections, it also comes at a cost to the 

patient. Collateral damage to other microflora living inside 

and on the surface of the body can lead to secondary disease 

events. For example, antibiotics can disrupt the gut microflora, 

leading to dysbiosis of the microbial community, and opening 

niches for other pathogens (e.g., C. difficile) to proliferate. 

Other unintended consequences include the risk of developing 

secondary inflammatory or autoimmune disorders (18). 

Research on the human microbiome and its role in human 

health and disease is a current topic of much research, and we 

still have much to learn.

When it comes to the search for new antimicrobials, and 

especially the scientific evaluation of traditional medicines, 

there is much that an ethnobotanical approach to drug 

discovery can offer (19). Ethnobotany, or the study of the 

interactions between plants and people, is a field that has also 

been described as “the science of survival” (20). Ethnobotanical 

research focuses on the people-nature interface, and covers 

the past, present and future uses of plants by people. This is 

highly relevant to medicine as much can be learned from both 

historical and current day uses of plants for the maintenance 

of human health. A diagram of the ethnobotanical approach 

to discovering new antimicrobial agents is depicted in Fig. 

3. There are several distinct advantages conferred by this 

approach over collecting species for study at random:

J Ethnobotany can be used as a lens to narrow the scope 

of study. Estimates indicate that there are more than 

400,000 plant species on Earth (21), and evaluation of 

all biological diversity on Earth is not feasible. One clear 

advantage of the ethnobotanical approach is that it can 

be used to pinpoint which species to focus discovery 

efforts on. Furthermore, studies have demonstrated that 

taking a targeted approach based on traditional medicinal 

uses (versus random collections of species) yields a 

higher success rate in identifying sources of antibacterial 

compounds (22, 23).

J Ethnobotanical field research yields rich sets of 

anthropological data. For example, data may include the 

identities of key ingredient(s) to a remedy, indications 

for use, restrictions for use (age, gender, etc.), harvest 

time, part(s) used, means of preparation (tea, macerate, 

tincture, etc.), mode of application (oral, topical, mucosal, 

etc.), storage instructions and duration of treatment. This 

data serves as source of essential information for chemists 
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virulence, pathogenesis and resistance mechanisms, it is also 

important to consider the potential role that botanical natural 

products may play on the host immune response. Indeed, host-

directed therapy is another area of growing research interest 

and has been largely unexplored in studies focused on the 

evaluation of anti-infective traditional medicines and plant 

natural products.

Conclusions and perspective
During a time of rapidly rising antibiotic resistance, new 

approaches are necessary to fill the antimicrobial drug 

development pipeline.   Moving forward, there are clearly 

several innovative strategies to pursue in the search for novel 

therapies. Plants remain a unique and underexploited source 

of bioactive compounds, and ethnobotanical research tools 

can be used to guide future research efforts and narrow down 

the search to the most likely source candidates. In addition to 

tests for classic bacteriostatic and bactericidal activity, it is also 

imperative to examine complex plant extracts and individual 

compounds for activity against alternative bacterial targets, 

such as virulence and pathogenesis, as well as host-directed 

targets. n
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and pneumococcal (8) biofilms. Importantly, the extract 

produced dose-dependent inhibition of biofilm formation 

that was conserved across all S. aureus clonal lineages, 

including clinically relevant methicillin-resistant (MRSA) 

isolates. When the standardized extract was used together 

with antibiotics from varying functional classes to treat 

an infected device (intravenous catheter), significant 

improvement in biofilm clearance was observed over 

treatment with antibiotic alone (6). Additional research 

on this extract is currently underway with the aim of 

developing products for infection prophylaxis (such as for 

medical device coatings) and for therapy (as an antibiotic 

adjuvant).

J European or Sweet Chestnut (Castanea sativa Mill., 

Fagaceae) can be found across the south Italian 

countryside. It is best known for its edible fruits, but local 

people also make washes for skin inflammations using teas 

of fresh leaves. Interestingly, while leaf extracts do not 

inhibit growth in MRSA isolates, they do block cell-to-cell 

communication via quorum sensing inhibition (29). As a 

consequence, MRSA cultures can grow in the presence of 

the extract, but cannot produce tissue-damaging exotoxins. 

Moreover, animal models of skin infection in which the 

extract is co-administered with a hypervirulent strain of 

MRSA demonstrate that it prevents tissue necrosis at 

the infection site (5). Additional research on the extract is 

currently underway, and therapeutic infection models are 

planned. The aim of these studies is to determine whether 

a virulence inhibitor can act as a stand-alone therapy or 

adjunctive treatment with antibiotics to achieve faster 

resolution and recovery from MRSA infection.

Beyond the drug discovery studies targeting bacterial pathogen 
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