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The first antibiotic, salvarsan, was deployed in 1910. In just over

100 years antibiotics have drastically changed modern

medicine and extended the average human lifespan by

23 years. The discovery of penicillin in 1928 started the golden

age of natural product antibiotic discovery that peaked in the

mid-1950s. Since then, a gradual decline in antibiotic discovery

and development and the evolution of drug resistance in many

human pathogens has led to the current antimicrobial

resistance crisis. Here we give an overview of the history of

antibiotic discovery, the major classes of antibiotics and where

they come from. We argue that the future of antibiotic discovery

looks bright as new technologies such as genome mining and

editing are deployed to discover new natural products with

diverse bioactivities. We also report on the current state of

antibiotic development, with 45 drugs currently going through

the clinical trials pipeline, including several new classes with

novel modes of action that are in phase 3 clinical trials. Overall,

there are promising signs for antibiotic discovery, but changes

in financial models are required to translate scientific advances

into clinically approved antibiotics.
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The development of antibiotics
The introduction of antibiotics into clinical use was

arguably the greatest medical breakthrough of the 20th

century (Figure 1) [1]. In addition to treating infectious

diseases, antibiotics made many modern medical proce-

dures possible, including cancer treatment, organ trans-

plants and open-heart surgery. However, misuse of these

valuable compounds has resulted in the rapid rise of

antimicrobial resistance (AMR) with some infections
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now effectively untreatable [2]. The dangers of a post-

antibiotic era has prompted policymakers to acknowledge

this threat to human health and promise additional grant

funding, which is gradually driving a resurgence of inter-

est in antibiotic discovery and development [3]. The UK

Government-commissioned O’Neill report predicted that

without urgent action 10 million people a year will die

from drug resistant infections by 2050 [4]. One of the key

recommendations is to stimulate early stage drug discov-

ery [4]. Given the relative lack of success in bringing

effective synthetic antibiotics to the clinic [5], the best

hope for developing a new generation of anti-infective

drugs is to discover new microbial natural products (NPs)

because these compounds are unrivalled in their chemical

diversity and effectiveness as antibiotics [1]. Filamentous

actinomycetes make 64% of the known NP antibiotic

classes with the remainder made by other bacteria and

fungi (Figure 2 and Table 1). Here we give a brief

overview of the history of NP antibiotics and our pro-

spects for discovering, developing and safeguarding a new

generation of antibiotics.

A brief history of antibiotics
The use of antibiotic-producing microbes to prevent

disease stretches back millennia, with traditional poul-

tices of mouldy bread being used to treat open wounds in

Serbia, China, Greece and Egypt more than 2000 years

ago. The Eber’s papyrus from 1550 BC is the oldest

preserved medical document and includes mouldy bread

and medicinal soil amongst its list of remedies [6]. An

Anglo-Saxon recipe from 1000 years ago was also recently

shown to kill MRSA (methicillin-resistant Staphylococcus
aureus) [7�]. However, the development of anti-infective

drugs and the underlying concept of chemotherapy is

widely accredited to Paul Ehrlich, who developed the

synthetic arsenic-based pro-drugs salvarsan (salvation

arsenic) and neo-salvarsan circa 100 years ago to treat

Treponema pallidum, the causative agent of syphilis [8]

(Figure 1). This represented one of the first systematic

screens for drug discovery using a library of synthetic

compounds and was inspired by Ehrlich’s work on dyes

that specifically stained bacterial cells. Salvarsan was

superseded by the sulfonamide prodrug Prontosil, discov-

ered by Gerhard Domagk [9], a bacteriologist at Bayer

who used the drug to save his daughter’s arm from

amputation. Domagk and colleagues were effectively

continuing the work of Paul Ehrlich because the sulfa

drugs were inspired by dyes that were used to selectively

stain bacterial cells. Sulfonamides were the first truly

effective, broad spectrum antimicrobials in clinical use

and are still in use today, but they were largely super-

seded by the discovery of penicillin, observed on a
www.sciencedirect.com
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Timeline showing the decade new classes of antibiotic reached the clinic. The antibiotics are coloured per their source: green = actinomycetes,

blue = other bacteria, purple = fungi and orange = synthetic. At the bottom of the timeline are key dates relating to antibiotic discovery and

antimicrobial resistance, including the first reports of drug resistant strains methicillin-resistant S. aureus (MRSA), vancomycin-resistant

enterococci (VRE), vancomycin-resistant S. aureus (VRSA) and plasmid-borne colistin resistance in Enterobacteriaceae.
contaminated Petri dish by Alexander Fleming in

1928 [10]. Penicillin was later purified by Norman Heat-

ley, Howard Florey, Ernst Chain and colleagues at

Oxford, who were instrumental in the development of

penicillin as a drug [11] (Figure 1). Dorothy Hodgkin

solved the beta-lactam structure of penicillin in 1945 [12].

resolving the famous debate between Robert Robinson,

who favoured a thiazolidine-oxazolone structure, and

several other notable chemists including Chain, Abra-

hams and Woodward, who believed it to be a beta-lactam

[13]. This was an important breakthrough because it

enabled the development of semi-synthetic derivatives

to bypass penicillin resistance.

Antibiosis between microbes was described well before the

discovery of penicillin, including by Louis Pasteur, who

proposed that microbes could secrete material to kill other
www.sciencedirect.com 
bacteria [14]. The production of diffusible and heat-stable

compounds by bacteria was being reported by the turn of

the 20th century [15], and their utility in combatting infec-

tious diseases had been explored. Arguably the first clinical

use of an antibiotic was reported in the 1890s, where

Emmerich and Löw used an extract of Pseudomonas aeru-
ginosa (then known as Bacillus pycyaneus) to treat hundreds

of patients and this extract, called pyocyanase, was used

until the 1910s [16]. Pyocyanase was active towards multi-

ple pathogens and incorrectly believed to be an enzyme.

Instead, the active components of pyocyanase was likely to

be a mixture of pyocyanin, a quorum sensing phenazine,

and 2-alkyl-4-hydroxy-quinolones [17].

The discoveries of penicillin, tyrocidine and numerous

reports of the production of antimicrobial compounds by

microorganisms, led Selman Waksman to start a
Current Opinion in Microbiology 2019, 51:72–80



74 Antimicrobials

Figure 2
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Most clinically relevant classes of antibiotic are derived from natural products.
systematic study of microbes as producers of antimicro-

bial compounds in the late 1930s. Waksman defined an

antibiotic as ‘a compound made by a microbe to destroy other
microbes’ and was instrumental in identifying soil-

dwelling filamentous Actinomycetales (‘actinomycetes’)

as prolific producers of antimicrobial compounds [18].

Waksman discovered numerous antibiotics made by soil-

dwelling actinomycetes, including neomycin and strepto-

mycin, the first agent active against tuberculosis [18].

Waksman’s pioneering work identified the genus Strepto-
myces as prolific producers of (natural products) NPs, or

secondary metabolites, which are compounds not required

for the normal growth, development, or reproduction of an

organism in the laboratory. Many streptomycete NPs are

active against bacteria, fungi, viruses, nematodes and

insects and they have also been developed as anti-cancer

and immunosuppressant drugs [19].

Waksman’s work initiated the Golden Age of antibiotic

discovery from the 1940s to the 1960s. Most of these

antibiotics are still in clinical use but their effectiveness

has been eroded by the rise of AMR (Figure 1) [1]. In fact,

the rapid and relatively easy discovery of multiple classes

(and variations therein) of NP antibiotics during a rela-

tively short period led to the excessive use of these drugs.

This, coupled with a faltering antibiotic discovery pipe-

line from the 1970s onwards, has led to the current

situation with few new antibiotics in the clinical trials

pipeline [1]. Hence, most antibiotics in clinical trials

today are derivatives of known classes of NP or synthetic

antibiotics rather than new classes of antibiotic

(Table S1). Notably, this hiatus in antibiotic discovery

aligns with a decline in the discovery of new NP families

and the persistent rediscovery of known compounds in

screening campaigns using microbial, and predominantly
Current Opinion in Microbiology 2019, 51:72–80 
actinomycete, fermentation extracts [1]. This, in part, led

to a belief that all the ‘low-hanging fruit’ had been

harvested and resulted in most of major pharmaceutical

and agrochemical companies shutting down their NP

discovery departments.

The divestment in NP research was accompanied by an

investment in numerous high-throughput screening

(HTS) programmes that aimed to discover new synthetic

antibiotics, but these have proved unsuccessful. For

example, 70 HTS campaigns were conducted by Glax-

oSmithKline (GSK) over seven years using a collection of

approximately 500 000 compounds, but this yielded very

few leads, and no candidates for development [20]. Simi-

larly, 65 HTS campaigns by AstraZeneca provided a few

leads but none that were active against multi-drug resis-

tant Gram-negative bacteria [21]. In recent years how-

ever, the discovery of new antibiotic-producing strains in

under-explored environments combined with new tools

for genome mining has reinvigorated the NP discovery

field, for example [22,23��,24].

Why do microorganisms make antibiotics?
Of all the antibiotics discovered between 1945 and 1978,

55% came from the genus Streptomyces (Figure 1) [25].

Several theories have been proposed to explain why soil

microbes make so many bioactive NPs. The most likely

explanation is that they have multiple functions, acting as

chemical weapons to kill competitors in the soil either as

protection (defensive) or predation (offensive), as signal-

ling molecules to close relatives or to mediate interactions

with eukaryotic hosts such as insects and plants [26–28].

This is consistent with evidence that Streptomyces species

and other filamentous actinomycetes evolved circa

440 million years ago, around the same time that plants
www.sciencedirect.com
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Table 1

All classes of clinically used antibiotics and their source

Classa Discovery

reportedb
Introduced

clinically

Example (and producing organism) Molecular target

Antibiotics from

actinomycetes

Aminoglycosides 1944 1946 Kanamycin A (Streptomyces

kanamyceticus)

Protein synthesis: 30S ribosomal

subunit

Tetracyclines 1948 1948 Tetracycline (Streptomyces aureofaciens) Protein synthesis: 30S ribosomal

subunit

Amphenicols 1947 1949 Chloramphenicol (Streptomyces

venezuelae)

Protein synthesis: 50S ribosomal

subunit

Macrolides 1952 1952 Erythromycin (Saccharopolyspora

erythraea)

Protein synthesis: 50S ribosomal

subunit

Tuberactinomycins 1951 1953 Viomycin (Streptomyces puniceus) Protein synthesis: 30S and 50S

ribosomal subunits (binds to the

intersubunit bridge B2a)

Glycopeptides 1954 1958 Vancomycin (Amycolatopsis orientalis) Cell wall synthesis: D-Ala-D-Ala termini

of lipid II

Lincosamides

1962 1963

Clindamycin
Protein synthesis: 50S ribosomal

subunit
Semi-synthetic derivative of lincomycin

(Streptomyces lincolnensis)

Ansamycins

1959 1963

Rifamycin SV
Nucleic acid synthesis: RNA

polymerase
Semi-synthetic derivative of rifamycin

(Amycolatopsis rifamycinica)

Cycloserines 1955 1964 Seromycin (Streptomyces orchidaceus) Cell wall synthesis: inhibition of alanine

racemase and D-alanine-D-alanine

ligase

Streptogramins 1953 1965 Pristinamycin (Streptomyces

pristinaespiralis)

Protein synthesis: 50S ribosomal

subunit

Phosphonates 1969 1971 Fosfomycin (Streptomyces fradiae) Cell wall synthesis: MurA (UDP-GlcNAc-

3-enolpyruvyltransferase) inhibition

Carbapenems

1976 1985

Meropenem
Cell wall synthesis: penicillin-binding

proteins
Synthetic molecule based on thienamycin

(Streptomyces cattleya)

Lipopeptides 1987 2003 Daptomycin (Streptomyces roseosporus) Cell wall: cell membrane disruption.

Lipiarmycins 1975 2011 Fidaxomicin (Dactylosporangium

aurantiacum subsp. hamdenesis)

Nucleic acid synthesis: RNA

polymerase

Antibiotics from other bacteria

Polypeptides 1939 1941 Gramicidin A (Bacillus brevis) Cell wall: forms ion channels that

increase the permeability of the

bacterial cell membrane

Bacitracin 1945 1948 Bacitracin A (Bacillus subtilis) Cell wall synthesis: inhibition of

dephosphorylation of C55-isoprenyl

pyrophosphate

Polymyxins 1950 1959 Colistin (Paenibacillus polymyxa) Cell wall: cell membrane disruption

Mupirocin 1971 1985 Mupirocin (Pseudomonas fluorescens) Protein synthesis: isoleucyl t-RNA

synthetase

Monobactams

1981 1986

Aztreonam
Cell wall synthesis: penicillin-binding

proteins
Synthetic molecule based on SQ 26,180

(Chromobacterium violaceum)

Antibiotics from fungi

Penicillins

1929 1943

Amoxicillin
Cell wall synthesis: penicillin-binding

proteins
Semi-synthetic derivative of penicillin

(Penicillium chrysogenum)

Fusidic acid 1958 1962 Fusidic acid (Fusidium coccineum) Protein synthesis: elongation factor G

Enniatinsc 1953 1963 Fusafungine (Fusarium lateritium) Cell wall: cell membrane disruption

Cephalosporins

1948 1964

Cefacetrile
Cell wall synthesis: penicillin-binding

proteins
Semi-synthetic derivative of cephalosporin

C (Acremonium chrysogenum)

Pleuromutilins

1951 2007

Retapamulin
Protein synthesis: 50S ribosomal

subunit
Semi-synthetic derivative of pleuromutilin

(Pleurotus mutilus)

Synthetic antibiotics

Arsphenaminesd 1907 1910 Salvarsan Not known

www.sciencedirect.com Current Opinion in Microbiology 2019, 51:72–80
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Table 1 (Continued )

Classa Discovery

reportedb
Introduced

clinically

Example (and producing organism) Molecular target

Sulfonamides 1932 1936 Mafenide Folate synthesis: inhibition of

dihydropteroate synthetase

Salicylatese 1902 1943 4-Aminosalicylic acid Folate synthesis: prodrug that inhibits

dihydrofolate reductase

Sulfones 1908 1945 Dapsone Folate synthesis: inhibition of

dihydropteroate synthetase

Pyridinamides 1952 1952 Isoniazid Cell wall: prodrug that inhibits the

synthesis of mycolic acids

Nitrofurans 1945 1953 Nitrofurantoin DNA synthesis: DNA damage

Azolesf 1959 1960 Metronidazole DNA synthesis: DNA damage

(Fluoro)quinolones 1962 1962 Ciprofloxacin DNA synthesis: inhibition of DNA

gyrase, and topoisomerase IV

Diaminopyrimidines 1950 1962 Trimethroprim Folate synthesis: inhibition of

dihydrofolate reductase

Ethambutol 1962 1962 Ethambutol Cell wall: arabinosyl transferase

inhibition

Thioamides 1956 1965 Ethionamide Cell wall: prodrug that inhibits the

synthesis of mycolic acids

Phenazinesf 1954 1969 Clofazimine DNA synthesis: binds to guanine bases

Oxazolidinones 1987 2000 Linezolid Protein synthesis: 50S ribosomal

subunit

Diarylquinolines 2004 2012 Bedaquiline ATP synthesis: proton pump inhibition

a Classes are defined by origin, structure and/or mechanism of action, which distinguishes between bacitracin, colistin and daptomycin, for example.
b Year reported refers to first report in literature.
c The European Medicines Agency recommended the withdrawal of fusafungine from the market in February 2016.
d Salvarsan is no longer in clinical use.
e Salicylic acids are found in nature, but this was not the source of this class of antibiotic.
f Compound synthesis was inspired by natural antibiotic classes.
first colonized land [25,29]. The filamentous growth of

these bacteria would have provided an advantage in

colonizing plant roots and we speculate that many of

their NPs may have evolved or been co-opted to mediate

these interactions [30].

One of the more surprising discoveries to arise from

microbial genome sequencing is that many bacteria and

fungi encode many more NP pathways than they actually

make in the laboratory [31�]. In general, at least three

quarters of their potential NP capability is not switched

on in vitro and this discovery has triggered huge efforts to

develop tools and techniques to activate their “cryptic”

biosynthetic gene clusters (BGCs) in the hope of discov-

ering novel chemical scaffolds with useful bioactivities

[32,33��,34,35,36��]. Many studies have demonstrated

that when activated or expressed heterologously, silent

BGCs encode functional NP biosynthetic pathways [34].

This suggests that production of these compounds is

triggered by environmental cues or by host organisms.

Many invertebrates, including insects and marine

sponges, form defensive and mutually beneficial symbio-

ses (defensive mutualisms) with antibiotic-producing

bacteria and it seems likely that most if not all land plants

do the same [26,37–39]. Studying these bacteria in the

context of their host using advanced techniques, such as

stable isotope probing (SIP) and imaging mass spectrom-

etry (IMS), may be one way to identify the thousands of
Current Opinion in Microbiology 2019, 51:72–80 
novel compounds encoded by silent BGCs and to identify

the NPs that are most important to their hosts [40].

Prospects for natural product antibiotic
discovery
In the Golden Age of antibiotic discovery, new antibiotic

classes were being discovered on an almost yearly basis by

isolation of likely antibiotic-producing organisms from

soil samples. However, a finite number of NP classes

from easy-to-cultivate bacteria meant that compound

rediscovery soon became a problem (Figure 1). More

recently, the NP discovery field has been reinvigorated

by the discovery of new antibiotic-producing strains in

under-explored environments, combined with new tools

for genome mining and heterologous pathway expression.

Under-explored environments and ecological niches

It is now clear that only a tiny fraction of the soils on earth

have been sampled for antibiotic producers. Sampling

more widely is likely to yield numerous new strains and

BGCs, even from this traditional sampling environment.

In addition, sampling under-explored environments that

were inaccessible or unknown during the Golden Age is

yielding new chemical structures [20,37,38]. These

include the marine environment, where the marine acti-

nomycete genus Salinospora has proven to be a source of

multiple structurally novel NPs [41] such as salinospor-

amide A (Marizomib), which has anticancer activity and is
www.sciencedirect.com
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currently in Phase III clinical trials for the treatment of

glioblastoma [42].

Mutualistic co-evolved bacteria might also be an excel-

lent source of new NPs and studying these niches has the

added advantage of uncovering interesting underlying

biology and the opportunity to understand what these

molecules actually do in nature [43��,44��]. Bacterial

symbionts of marine invertebrates such as sponges are

a rich source of novel NPs. For example, Candidatus
Entotheonella species are uncultivated symbionts of

the marine sponge Theonella swinhoei [45] and were shown

to produce almost all the bioactive polyketides and mod-

ified peptides isolated from a chemotype of T. swinhoei.

Sequencing of the human microbiome has also revealed

many NP BGCs across Actinobacteria and other bacterial

phyla, and the antibiotic lactocillin was identified from a

human vaginal isolate [46]. Another antibacterial com-

pound, lugdunin, was isolated from the commensal nasal

bacterium Staphylococcus lugdunensis which prohibits col-

onization by S. aureus and is active in animal models, with

a high barrier to the development of resistance [47].

Difficult to cultivate bacteria

Genomic data suggesting the presence of novel BGCs in

Clostridium bacteria prompted Hertweck and colleagues

to investigate the antibiotic-producing potential of this

genus, as no NPs had been characterised from clostridia.

Clostridium cellulolyticum grown under standard laboratory

conditions yielded no NPs, so fermentation was repeated

with added aqueous soil extracts, as the bacterium had

been isolated from decayed grass compost. This triggered

the production of closthioamide, a new class of polythioa-

mide antibiotic [48]. In another elegant example, the

antibiotic humimycin was discovered by synthesising a

putative peptide NP that was bioinformatically predicted

from the genome of the actinomycete Rhodococcus equi, an

opportunist human pathogen [23��].

Other novel approaches have included the isolation of

hard to culture bacteria from soil using diffusion cham-

bers that allow for the growth of the pure bacterium in a

complex natural environment [49]. This was miniaturised

into an isolation chip (iChip) and used to culture

10 000 soil isolates that were otherwise intractable to

laboratory fermentation. Extracts generated from these

were then screened for antimicrobial activity and one

resulted in the identification of the antibacterial peptide

teixobactin that is produced by Eleftheria terrae [50].

These discoveries and recent metagenomics studies

[51] highlight the continued relevance of traditional soil

environments for antibiotic discovery.

The development of improved sampling methodologies for

under-explored environments and difficult to cultivate bac-

teria, combined with new genetic tools and technologies to
www.sciencedirect.com 
activate interesting BGCs, is likely to lead to the discovery of

thousands of new bioactive compounds over the next

20 years. It is highly probable that some fraction of these

will form the basis of new anti-infectives for clinical medi-

cine, although this will require improved financial models to

incentivise the development of new antibiotics.

Prospects for clinical development

As of December 2018, there are 45 new antibiotic candidates

in clinical trials for the US market (Table S1) [52]. Of these,

28 belong to known NP classes while 17 are synthetic and

comprise 12 classes, of which seven are new. The NP classes

include 13 based on beta-lactams, which was the first class of

NP antibiotic to be discovered back in 1928 (Figure 1). Five

of these are variant beta-lactams, two are hybrids (to a

glycopeptide and a siderophore) and seven are combinations

with beta-lactamase inhibitors (Table S1). There are five

new tetracyclines, a class which was first described in

1945 and introduced into the clinic in 1948, an aminoglyco-

side (1943), a distamycin (1962), a fusidane (1945), a macro-

lide (1952), a pleuromutilin (1950) and two polymyxins

(1947). The fusidane (fusidic acid) is a fungal NP which is

in Phase III trials in the United States, but it has already been

used clinically elsewhere in the world. There are two new

synthetic classes in Phase III clinical trials: ridinilazole,

which specifically blocks cell division in Clostridium difficile
through a mechanism that has not been revealed; and

murepavedin, which has a novel mechanism of action,

inhibiting LptD to block lipopolysaccharide transport to

the outer membrane [53]. Murepavidin is effective against

drug resistant P. aeruginosa, one of the hardest pathogens to

treat, particularly in patients with cystic fibrosis. It is also

encouraging that four of the nine compounds in Phase II

clinical trials represent novel classes, but this is still a modest

number for the therapeutic area and is insufficient to combat

multidrug-resistant Gram-negative pathogens given the his-

torically high attrition rate for compounds making it through

clinical trials to clinical utility. AntibioticDB is an open

access database that records candidate antibiotics, including

antibiotics under pre-clinical development, those in clinical

trials and discontinued drugs [54].

Unfortunately, most of the large pharmaceutical compa-

nies have left the field of NP discovery, and this work is

now chiefly undertaken by academic labs and small to

medium-sized companies. Only two of the 45 drugs cur-

rently in development belong to big pharmaceutical

companies: the synthetic gepotacidin inhibits topoisom-

erase II through a mechanism distinct from that of

quinolones and is being developed by GSK to treat

gonorrhoea (phase 2) while Merck have a beta-lactam/

lactamase combination in phase III clinical trials. The

most notable NP antibiotic success in recent years was the

introduction of Cubicin (daptomycin) onto the market by

Cubist in 2003, and sales of this drug are now more than

$1 billion a year. Cubicin is used by injection to treat

vancomycin-resistant S. aureus (VRSA) and was
Current Opinion in Microbiology 2019, 51:72–80
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discovered from Streptomyces roseosporus in 1987. In 2011,

Cubist also purchased Optimer Pharmaceuticals, who

secured clinical approval for Dificid (fidaxomicin, pro-

duced by the rare actinomycete Dactylosporangium aur-
anticus subsp. hamdenesis). This is the newest NP class to

be introduced into the clinic, despite being discovered in

1975, before daptomycin [55]. Merck purchased Cubist

in 2015 for $9.5B but have since closed the discovery arm

of Cubist, which was heavily involved in NP discovery.

In 2014 Sanofi and Fraunhofer announced the creation of a

NP Centre of Excellence with the goal of identifying novel

compounds to accelerate the discovery and development of

new antibiotics. In 2016 Sanofi further announced a partner-

ship with Warp Drive Bio to collaborate on the development

of novel oncology therapies and antibiotics by using next

generation sequencing and genome mining (on a massive

scale) to identify new NPs but this ended in 2017. In

2018 Warp Drive Bio was effectively merged with Revolu-

tion Medicines, which is now focussed on oncology rather

than anti-infectives, although Warp Drive Bio’s genome

mining platform has recently been acquired by Ginkgo

Bioworks. Roche have several strategic alliances, such as

with Spero, which currently has two antibiotics in phase

1 and another in phase III clinical trials (Table S1). Several

companies, including Genetech, are working on antibody-

antibiotic conjugates (AACs) [56]. Of the larger to mid-sized

companies, Basilea is amajor activeplayerand focuseson the

development of innovative antibiotics, antifungals and

oncology drugs. In addition, there are innovative small to

midsized companies in the antibacterial and antifungal

discovery space including Tetraphase Pharma, which cur-

rentlyhas twoantibiotics in phaseIclinical trials andrecently

had two more approved for use (Table S1). There is a heavy

NP influence on all these companies, which appear to be

using semisynthetic or total synthesis approaches within

very specific areas of chemical space around known NPs

such as polyenes, macrolides and tetracyclines.

Beyond the scientific difficulties associated with antibi-

otic discovery and development, there are a plethora of

regulatory, economic, business and societal issues that

must be addressed in order to protect and maximise the

potential of our existing and future arsenal of clinical

agents, while at the same time promoting the investment

and culture changes required to invigorate antibiotics

R&D to meet the challenges raised by AMR [57,58].

These have been analysed and recommendations made in

several key reports including those by O’Neill and the

Pew Trust [4,52]. Mossialos and colleagues comprehen-

sively reviewed 47 incentive strategies for the develop-

ment of new antibiotics and concluded that a framework

of multiple incentives and policies is required [59].

Summary and outlook

The rise in bacterial infections that are resistant to almost

all known antibiotics is alarming, yet it is only in the last
Current Opinion in Microbiology 2019, 51:72–80 
few years that governments have begun to tackle this

problem seriously. This global wake-up call has stimu-

lated a debate about how best to combat AMR and

prompted the UK government to appoint an economist,

Lord Jim O’Neill, to lead a strategic review [4]. The

appointment of an economist highlighted the complexi-

ties of bringing to market a drug that, if functionally

successful, will be dosed for only a short time. Combined

with historically low prices, and the likelihood that any

new antibiotic with a unique mode of action will most

probably be restricted as a treatment of last resort, the

economics of antibiotic R&D is a major disincentive to

investment. To address these problems innovative solu-

tions are required that provide a reimbursement model

that delinks revenue from drug sales.

Scientifically, the identification of new chemical matter

with the unique physicochemical characteristics required

for antibiotic discovery and development is a key chal-

lenge. NPs still represent the most likely source of new

materials given the advances described in this review.

Even the best-studied antibiotic producers, the strepto-

mycetes, have been vastly under-sampled in terms of

their capability, and there is confidence from the study of

organisms from underexploited environments, ecological

considerations, and genome sequencing that thousands of

NP antibiotics await discovery across the bacterial king-

dom. New tools and techniques such as CRISPR/Cas9-

mediated genome editing are available to exploit these

observations, although there is no universal strategy for

the expression of silent BGCs. Recent advances have led

to the discovery of many new molecular structures with

exceptional biological activities [34], and further

advances in this area will undoubtedly accelerate this

rate of discovery.

Thus, governments are starting to act and there is much to

be optimistic about, not least the fact that most of the NP

antibiotics that have been discovered come from a small

fraction of the microbes on Earth. With suitable global

action, this should lead to a renewed antibiotic pipeline to

combat AMR alongside other emergent technologies,

such as vaccines, antibody-antibiotic conjugates, probio-

tics, phage therapy and rapid diagnostics [60].
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16. Emmerich R, Löw O: Bakteriolytische Enzyme als Ursache der
erworbenen Immunität und die Heilung von
Infectionskrankheiten durch dieselben. Zeitschrift für Hygiene
und Infektionskrankheiten 1899, 31:1-65.

17. Hays EE, Wells IC, Katzman PA, Cain CK, Jacobs FA, Thayer SA,
Doisy EA, Gaby WL, Roberts EC, Muir RD et al.: Antibiotic
substances produced by Pseudomonas aeruginosa. J Biol
Chem 1945, 159:725.

18. Waksman SA, Schatz A, Reynolds DM: Production of antibiotic
substances by actinomycetes. Ann N Y Acad Sci 2010,
1213:112-124.

19. Newman DJ, Cragg GM: Natural products as sources of new
drugs from 1981 to 2014. J Nat Prod 2016, 79:629-661.
www.sciencedirect.com 
20. Payne DJ, Miller LF, Findlay D, Anderson J, Marks L: Time for a
change: addressing R&D and commercialization challenges
for antibacterials. Philos Trans R Soc Lond B Biol Sci 2015, 370.

21. Tommasi R, Brown DG, Walkup GK, Manchester JI, Miller AA:
ESKAPEing the labyrinth of antibacterial discovery. Nat Rev
Drug Discov 2015, 14:529-542.

22. Qin Z, Munnoch JT, Devine R, Holmes NA, Seipke RF,
Wilkinson KA, Wilkinson B, Hutchings MI: Formicamycins,
antibacterial polyketides produced by Streptomyces formicae
isolated from African Tetraponera plant-ants. Chem Sci 2017,
8:3218-3227.

23.
��

Chu J, Vila-Farres X, Inoyama D, Ternei M, Cohen LJ, Gordon EA,
Reddy BVB, Charlop-Powers Z, Zebroski HA, Gallardo-Macias R
et al.: Discovery of MRSA active antibiotics using primary
sequence from the human microbiome. Nat Chem Biol 2016,
12:1004-1006

This paper reports on a new technique to make synthetic natural products
after predicting their structures through sequence analysis. They used it
to discover the humimycins.

24. Luo Y, Huang H, Liang J, Wang M, Lu L, Shao Z, Cobb RE, Zhao H:
Activation and characterization of a cryptic polycyclic
tetramate macrolactam biosynthetic gene cluster. Nat
Commun 2013, 4:2894.

25. Embley TM: The molecular phylogeny and systematics of the
actinomycetes. Annu Rev Microbiol 1994, 48:257-289.

26. Seipke RF, Kaltenpoth M, Hutchings MI: Streptomyces as
symbionts: an emerging and widespread theme? FEMS
Microbiol Rev 2012, 36:862-876.

27. Klassen JL: Microbial secondary metabolites and their impacts
on insect symbioses. Curr Opin Insect Sci 2014, 4:15-22.

28. Traxler MF, Kolter R: Natural products in soil microbe
interactions and evolution. Nat Prod Rep 2015, 32:956-970.

29. Wellman CH, Osterloff PL, Mohiuddin U: Fragments of the
earliest land plants. Nature 2003, 425:282-285.

30. van der Meij A, Worsley SF, Hutchings MI, van Wezel GP:
Chemical ecology of antibiotic production by actinomycetes.
FEMS Microbiol Rev 2017, 41:392-416.

31.
�

Blin K, Shaw S, Steinke K, Villebro R, Ziemert N, Lee SY,
Medema M, Weber T: antiSMASH 5.0: updates to the secondary
metabolite genome mining pipeline. Nucl Acids Res 2019, 47:
W81-87

An update on the invaluable antiSMASH software which can predict
secondary metabolite gene clusters from genome sequences.

32. Bauman KD, Li J, Murata K, Mantovani SM, Dahesh S, Nizet V,
Luhavaya H, Moore BS: Refactoring the cryptic
streptophenazine biosynthetic gene cluster unites phenazine,
polyketide, and nonribosomal peptide biochemistry. Cell
Chem Biol 2019, 26:724-736.e7.

33.
��

Moon K, Xu F, Zhang C, Seyedsayamdost MR: Bioactivity-HiTES
unveils cryptic antibiotics encoded in actinomycete bacteria.
ACS Chem Biol 2019, 14:767-774

This paper reports on a new high throughput method for screening
elicitors of cryptic secondary metabolites and they use it to discover a
novel molecule.

34. Rutledge PJ, Challis GL: Discovery of microbial natural
products by activation of silent biosynthetic gene clusters. Nat
Rev Microbiol 2015, 13:509-523.

35. Zhang X, Hindra, Elliot MA: Unlocking the trove of metabolic
treasures: activating silent biosynthetic gene clusters in
bacteria and fungi. Curr Opin Microbiol 2019, 51:9-15.

36.
��

Gehrke EJ, Zhang X, Pimentel-Elardo SM, Johnson AR, Rees CA,
Jones SE, Hindra, Gehrke SS, Turvey S, Boursalie S et al.:
Silencing cryptic specialized metabolism in Streptomyces by
the nucleoid-associated protein Lsr2. eLife 2019, 8:W202

This paper reports that by deleting the nucleoid-associated protein gene
lsr2 it is possible to switch on cryptic BGCs in diverse Streptomyces
strains because Lsr2 binds preferentially to secondary metabolite BGCs.

37. Kaltenpoth M: Actinobacteria as mutualists: general healthcare
for insects? Trends Microbiol 2009, 17:529-535.
Current Opinion in Microbiology 2019, 51:72–80

https://doi.org/10.1016/j.mib.2019.10.008
https://doi.org/10.1016/j.mib.2019.10.008
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0005
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0005
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0010
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0010
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0010
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0015
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0015
https://amr-review.org
https://amr-review.org
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0025
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0025
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0025
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0030
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0030
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0035
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0035
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0035
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0040
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0040
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0040
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0045
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0045
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0050
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0050
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0050
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0055
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0055
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0055
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0060
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0060
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0065
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0065
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0065
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0070
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0070
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0075
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0075
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0080
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0080
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0080
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0080
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0085
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0085
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0085
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0085
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0090
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0090
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0090
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0095
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0095
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0100
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0100
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0100
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0105
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0105
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0105
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0110
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0110
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0110
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0110
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0110
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0115
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0115
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0115
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0115
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0115
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0120
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0120
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0120
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0120
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0125
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0125
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0130
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0130
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0130
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0135
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0135
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0140
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0140
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0145
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0145
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0150
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0150
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0150
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0155
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0155
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0155
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0155
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0160
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0160
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0160
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0160
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0160
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0165
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0165
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0165
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0170
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0170
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0170
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0175
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0175
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0175
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0180
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0180
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0180
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0180
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0185
http://refhub.elsevier.com/S1369-5274(19)30019-0/sbref0185


80 Antimicrobials
38. Palaniyandi SA, Yang SH, Zhang L, Suh J-W: Effects of
actinobacteria on plant disease suppression and growth
promotion. Appl Microbiol Biotechnol 2013, 97:9621-9636.

39. Viaene T, Langendries S, Beirinckx S, Maes M, Goormachtig S:
Streptomyces as a plant’s best friend? FEMS Microbiol Ecol
2016, 92:fiw119-11.

40. Hoefler BC, Stubbendieck RM, Josyula NK, Moisan SM,
Schulze EM, Straight PD: A link between linearmycin
biosynthesis and extracellular vesicle genesis connects
specialized metabolism and bacterial membrane physiology.
Cell Chem Biol 2017, 24:1238-1249.e7.

41. Ziemert N, Lechner A, Wietz M, Millán-Aguiñaga N, Chavarria KL,
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