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Abstract

Antibiotic resistance is considered a major pubgalth issue. Policies recommended by the
World Health Organization include research on natib#&tics. No new class was discovered
since daptomycin and linezolid in the 1980s ang opktimization or combination of already
known compounds has been recently commercializatibidtics are natural products of soil-
living organismsActinobacteria and fungi are the source of about two thirds ef th
antimicrobial agents currently used in human meeicthey were mainly discovered during
the golden age of antibiotic discovery. This erelided after the 1970s due to the difficulty
of cultivating fastidious bacterial species und@dadratory conditions. Various strategies such
as rational drug design have not led to date taibeovery of new antimicrobial agents.
However, new promising approaches, e.g. genomengnimi CRISPR Cas9 are now being
developed. The recent rebirth of culture methodsfcomplex samples has, as a matter of
fact, permitted the discovery of teixobactin fromeaw species isolated from the soil.
Recently, many Biosynthetic Gene Clusters weretified from Human-associated
microbiota, especially from the gut and oral cavitg an example, the antimicrobial
lugdunine was recently discovered in the oral gavihe repertoire of human gut microbiota
has recently substantially increased, with theadiscy of hundreds of new species. The
exploration of the repertoire of prokaryotes assed with human beings using genome
mining or newer culture approaches could be pramistrategies for discovering new classes

of antibiotics.
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1. Introduction

Antibiotic resistance is considered a major pubkalth concern by several
international organizations and by local agencles3]. As a matter of fact, the Centers for
Disease Control and Prevention claim 23,000 dezdhhk year in the US related to antibiotic
resistance and some studies predict millions oftdeia the coming decades [4-6]. The
United Nations then created a group in order tadioate the fight against antibiotic
resistance [7]. Interestingly, the global mortatiéyated to infectious diseases is decreasing
every year, from 10,7 million deaths in 2005 to @y@ion in 2015 [8]. In addition, it was
recently shown that the current mortality due tblaotic resistance seems far from these
predictions [9]. One of the approaches used owep#st decade to treat Multi-Drug Resistant
(MDR) and Extremely-Drug Resistant (XDR) bacteriaswo break the vicious circle of Beta-
lactams, enlarging the panel of antimicrobial ag@ammonly tested. It has been
demonstrated that “old” antibiotics (i.e. forgott@molecules) had remarkable efficacy against
such isolates. For instance, minocycline, sulfadmand clofazimine are active against XDR
tuberculosis strains, as for fosfomycin, colistmdaninocycline against multi-drug resistant

Gram-negative isolates [10,11].

According to the World Health Organization, antiroigial resistance control policies
include the rational use of antibiotics, in park&won farms, the increase of surveillance, and
the research and development for new tools andaulge [12]. Indeed, despite the rising
number of available moleculeBiQure 1), the last new class of antibiotic discovered is
daptomycin (1986), which was only approved in 2093he Food and Drug Administration
(FDA) [13-15]. This fact confirms that antimicrobagents found on the market in the last 30
years are associations or improvements of existialgcules. Examples are given of new
antibiotics recently marketed that belong to aeadly known class, such as oxazolidinones

(tedizolide), lipoglycopeptides (dalbavancin), ephalosporins (ceftaroline, ceftobiprole).
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Combination of improved molecules of an alreadywknalass is another example of recently
commercialized new antibiotics, as for exampleateffane plus tazobactam, or ceftazidime
plus avibactam. The research and developmentaiblyt new class of antibiotic appear as a
major issue. Herein, we propose to recall the hysbb antibiotic discovery, their structural
nature, and the methods that were used for thewodery. Finally, we review the potential

new approaches for the discovery of new classestifiotics.

2. Thehistory of antibiotics

2.1. Antibiotic resistanceisin fact very ancient

Most of the antibiotics currently used in human roe@ are natural secretions of
environmental bacteria or fungi. Indeed, the méjaf antibiotics currently used are derived
from Sreptomyces isolated from soil samples [16]. In their natugalironment,
microorganisms have to fight against each othesrbgucing antimicrobial substances, and
have to develop resistance mechanisms to othen@nbbials [17]. Secondly, the species
naturally producing antibacterials also have rasist genes to these antibacterials in order to
avoid self-toxicity, within a biosynthetic antibiotoperon [18]. D’Costa et al. demonstrated
the presence of antibacterial resistance geneas @amaronment in which there was no innate
antibiotic. They first proposed the existence tfeservoir of resistance determinants that can
be mobilized into the microbial community” [19]. aed D. Wright proposed the term
“resistome” to design the collection of all theibidtic resistance genes and their precursors

in bacteria [20].

Interestingly, multi-drug resistant bacterial spscas well as resistance genes to
antibiotics currently used were also found fromissnmental archaeological samples. The
OXA genes that encode beta-lactamases have bemhtdageveral million years [21].

D’Costaet al. have found resistance genegtactam, tetracyclines and glycopeptides from
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30,000 years old permafrost samples [22]. Kasletibh have found several resistance genes
in the genome of &aphylococcus hominisisolated from permafrost [23]. Of the 93 strains
cultured by Bhullaet al. from the 4 million-year-old Lechuguilla cave (N&dexico), 65%

of the species were resistantvitro to three or four antibiotics classes [24]. Alsssistance
genes t@-lactam and glycopeptides were also found in tB8®&-year-old gut microbiome of
the mummy Otzi [25]. Recently, 177 antibiotic réaige genes belonging to 23 families (that
represent all the mechanisms of resistance, i.@atmon, efflux and antibiotic inactivation)

were found in the antibiotic naive Mackay Glacigion [26].

Orthologous genes within mobile elements known fesmironmental bacteria were
also found in bacteria isolated from clinical ige&[19]. For instance, Marshatlal. found
orthologous genes of than HAX cassette from the environmental spe&egptomyces
toyocaensis andAmycolatopsis orientalis [27]. This cassette is responsible for the
glycopeptide resistance Bhterococcus faecium. Some experimental studies seem to show
that transfer of resistance genes from environnh@ntalucers in the soil to human
pathogenic species is possible [28]. The horizayeak transfer of entire clusters of
resistance genes from the resistome to clinicairsrunder selective pressure related to the

human use of antibiotics is actually suspected.[29]
2.2. Historic of the antibiotic discovery

Antibiotics were used for a long time before theeatt of modern medicine. The
effects of bread on which filamentous fungi grewtfee treatment of wounds and burns has
been known since ancient Egypt [30]. In the Midéiiges, healers in China and Greece used
musty textures to treat various ailments. In th® déntury, Sir John Scott Burden-Sanderson
noticed the absence of bacteria from a liquid ghoeuiture covered with mould. In 1871,

Joseph Lister discovered the inhibitory effect®etficillium glaucum on bacterial growth,
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allowing him to cure a nurse’s injury witenicillium glaucum extracts. At the same time,
Louis Pasteur noticed that some bacteria couldihbthers. He discovered with his
colleague Jules Francois Joubert in 1877, whildystig the growth oBacillus anthracis in
urine samples, that it was inhibited when co-calid with "common" aerobic bacteria. In
1889, Jean Paul Vuillemin defined the word “antdsd as any biological relationship in
which “one living organism kills another to ensiteeown existence”. Several antagonisms
between microorganisms, notably moulds, were phétisn the thesis works of Ernest
Duchesne in 1897. He discovered the inhibitiokstherichia coli by Penicillium glaucum
thirty years before Fleming. Despite several obstgons of antagonisms between
microorganisms, no antimicrobial molecule was pedif The first antimicrobial molecules
discovered were chemical compounds. In 1909, Paick discovered the arsphenamine, an
arsenic derivative active agairiseponema pallidum, the agent of syphilis. This antibiotic
was commercialized in 1911 under the name Salva3rsem Mapharséh In 1930, Gerhard
Domagk discovered the antibiotic effects of sulplaamide, a molecule synthetized 22 years
before by Paul Gelmo. This antibiotic was marketeder the name Protorisih 1935 and

was used by soldiers during World War 11 [32].

In 1928, Alexander Fleming accidentally discoveiretlis forgotten colonies of
Staphylococcus aureus that a fungus was inhibiting the growthS#éphylococcus. The
Penicillium notatum molecule has been purified and called peniciat the industrial
production of this antibiotic was performed onlyli®40 by Howard Florey et Ernst Chain,
usingPenicillium chrysogenum [33]. Fleming also discovered the lysozyme, aibaterial
enzyme [33]. In 1930, René Dubos discovered anreaZyom a soil-derivedacillus that
specifically decompose&reptococcus pneumoniae type 11l capsular polysaccharide. With
this enzyme, he was able to treat mice with pnewtaal peritonitis [34]. Ten years later, he

isolated fromBacillus brevis the oligopeptide gramicidin that widely inhibit€&tam-positive
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species [35]. Unfortunately, gramicidin showed tmach toxicity for humans, except for
local treatment [36]. In the US, Selman Waksman thadirst to perform a systematic
research of antimicrobial activity of soil bactenqparticularly fromStreptomyces members or
Sreptomycetes. He developed several culture techniques ancegiest (“Waksman
platform”) in order to highlight antagonisms betwdsacterial species [37]. Using his
platform, he discovered in the 40’s several majdibeotics and antifungals, such as
actinomycin (fromStreptomyces spp.) [38], streptomycin (fror&reptomyces griseus) [39],
neomycin (fromStreptomyces fradiae) [40], fumigacin (fromAspergillus fumigatus) and
clavacin (fromAspergillus clavatus) [41]. Actinomycin, neomycin and streptomycin atig
in use today. Moreover, streptomycin has revolutiet the treatment of tuberculosis, and is
still active against multi-drug resistant tubercigg42]. The pharmaceutical industry was
inspired by the Waksman platform, which led to dseovery of all current antibiotics
between the 1940s and the 1970s. During this gadden23 classes of antibiotic were

discovered from 19 bacterial species and 7 fuhgb(e 1).

Despite recent commercialization for some, thedkstses of antibiotic discovered are
from the 1980s. After 50 years of discoveries, aw iglasses have been found. Therefore,
new strategies were needed. After the culture ambrthrough Waksman'’s platform, the
industry turned to than vitro synthetization of new molecules, based on knovdeafghe
known mechanism of action of antibiotics. Unforttety, few new classes of antibiotics have
been discovered, the nitrofuran in 1953, the quinelin 1960, the sulphonamide in 1961 and
oxazolidinones in 1987. The modification and immgment of already known molecules has
also been carried out. This is reflected by theroentialization of linezolid in 2003 and
daptomycin in 2001, although these molecules had kaown since 1955 and 1986,
respectively [32]. Recently, a new cephalosporitedacefiderocol was found to be active

against carbapenem-resistant Gram-negative ba@@&jiaHemisynthetic compounds from
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natural products were also developed, such asi¢teso{derived from macrolides) or
metronidazole (derived from a natural producBiméptomyces sp.) Table 1). But the lack of
return on investment and the emergence of resistaawce led the industry to gradually let
down the research on antibiotics, preferring testvn drugs for chronic diseases [32]. Of the
20 pharmaceutical companies that invested in anitbdiscovery in the 1980s, there were
only five left by 2015. [44]. More than 1,200 antomobial peptides were discovered from
various origins, from plants to invertebrates aninals, but none has been used as an
antibiotic [45]. In conclusion, the majority of @nbtics were discovered during the golden
age. Bacteria and fungi were the greatest produtaesgenus&treptomyces is the source of

about half of the antimicrobial agents currentlgdign human medicind @ble 1).

3. Chemical nature of antimicrobial agents

Antimicrobial molecules are represented by a wialkeety of chemical compounds.
Most of the time, they are natural products anadséary metabolites, implying that they are
not required for survival under laboratory condigdout still provide some advantages in the
environment [46]. Among the antimicrobial substanased in human medicine, it is possible
to classify antibiotics in five groups of chemicablecules. The first are derived amino acids
that are non-ribosomally synthesized (non-ribostyrsinthetized peptides, NRP). The
second are acetyl coenzyme A or malonyl coenzyrderived (polyketides, PK). NRP and
PK represent about 50% of all current antibiotitalle 1). The third are hybrids between
NRP and PK and the fourth are composed of sevarbbbydrates units substituted with
amine groups (aminoglycosides). And finally, th&t lgroup is composed of various
molecules, such as terpenoids, fusidic acid oraila such as metronidazole. In addition to
these molecules used as antibiotics, thousandstiofiarobial peptides are known from

insects, mammals, plants or amphibians [47]. Thegtides are usually classified as
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“ribosomally synthesized and post-translationallydified peptides” (RiPPs), a subgroup of

natural products [48].

3.1. Antibiotics

The NRP and PK are synthetized by multi-enzymaimoglexes (non-ribosomal
peptides synthetase, NRPS and polyketides synthedR&S) encoded by biosynthetic gene
clusters [49]. These complexes are organized inutesdncluding several domains. For
example, the erythromycin synthase complex consfdisree proteins and seven modules
each containing three to six domains. [49]. The BRBe amino acids as substrate elongated
by peptidic connection, whereas PKS use acyl-caeezk as substrate elongated by Claisen
condensation reaction [49]. This complex organaatllows the production of a great
number of different products, and therefore a gdeadrsity. For example, ciclosporin
belongs to the NRP category [50]. Hybrid assembly that uses both amino acids and acetyl
coenzyme A, or fatty acid synthetases (FAS), ase déscribed [51]. NRP antibiotics
comprise molecules such ggactams, daptomycin, lincomycin, polymyxins, and
vancomycin while macrolides, mupirocin and tetrdicygs belong to polyketides antibiotics.

Rifampicin belongs to hybrid NRP/PR éble 1).

3.2. Antimicrobial peptides

Antimicrobial peptides are broad spectrum antibé@atenolecules that have been
discovered in blood cells in 1957 by Robert Skafb@% They belong to natural products
that are small peptides (i.e. less than 100 antidsaribosomally synthesized with post-
translational modifications (RiPPs). Natural pepsidhave a multifunctional activity that
participates in innate immunity in eukaryotic amdkaryotic cells. [47]. Antimicrobial
peptides are evolutionary well-conserved amphipativlecules with hydrophobic and

cationic amino-acids [53]. They can be categoraewbrding to their secondary
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conformation: group | (alpha helical), group Il hsheet), group Il (mixed) and IV
(extended) [54]. They have been isolated from atralbdiving organisms from prokaryotes

to vertebrates. Indeed, thousands of antimicrgi@gtides are known and come from insects,
plants, or amphibians [45,47]. The main known mad@ras of action are related to their
cationic charge and amphipathic structure, resptaor the membrane disruption of the
negatively charged bacterial cell. Antimicrobiappdes can also interact with membrane-
associated protein targets, as well as intraceltalgets after penetration into the bacterial
cytoplasm [54]. Finally, antimicrobial peptides aso have immunomodulatory effects on

the innate immune system of the host [55].

Bacteriocins are antimicrobial peptides that west fliscovered in bacterial species.
They are used in the agro-alimentary industry ad fareservatives and in veterinary
medicine [56]. Bacteriocins are separated into fpoups: class | are small heat-stable post-
translationally modified peptides (<5kDa) which tise amino acid lanthionine, there are
therefore called lantibiotics; class Il are not iified heat-stable small peptides (<10kDa)
which do not use lanthionine; class Il are largatHabile peptides (>30kDa) and class IV
are complex or cyclic peptides containing lipidsarbohydrates [56]. Bacteriocins inhibited
closely related species [57]. For example, lact&ind7 and nisin are lantibiotics that
exhibited an antibiotic activity against Gram-po&tbacteria, notably Meticillin-resistant
Saphylococcus aureus (MRSA) or Vancomycin-resistaimnterococcus [58]. Nisin is the
most famous lantibiotic, largely used as food pnestéve because of its activity against
Listeria monocytogenes, MRSA andStreptococcus pneumoniae [59]. Nisin is also used in
veterinary medicine under the name Wipe Out ®liergrevention of dairy mastitis [57]. The

synergistic effects of lantibiotics with antibiatibave also been demonstraitegiitro [60].

According to the Antimicrobial Peptide databasd/8,antibacterial peptides are

already known [61]. All medical fields combined, péptides have obtained the FDA



229 approval and 140 are in clinical trials, mainly @orcological and metabolic diseases [62].

230 Yet, when focusing on infectious diseases, onlynatirally occurring antimicrobial peptides
231  have reached the stage of human clinical trigdb{e 2). Among them, only three (LYX-109,
232 LL-37 and nisin) demonstrated a better efficacythiacebo, but none obtained the FDA

233 approval for human application. Only gramicidin haseived FDA approval for topical

234  application in association with polymyxin and neamyfor ophthalmic use. Teixobactin is a
235 new promising depsipeptide that provides an inlwbibf S. aureus andM. tuberculosis [63].

236  This molecule uses notably the rare amino acidd-ehduracididine, which is challenging to
237  synthesize and therefore limits its use despitaresfinade to develop analogues [64]. Despite
238 their narrow or broad spectrum of activity agaimstnan pathogens and easier bioengineering
239 compared to NRPS or PKS, bacteriocins are not uskdmans as antibiotics due to several

240 limitations.

241 The main limitations in the use of antimicrobiappides as antibiotics in clinical

242  practice are their instability (proteolytic digestj oxidation), their high cost and low yield of
243  production, their short half-life, and their quiekmination [60]. Notably, their low

244  bioavailability after oral ingestion related to fwolytic degradation is a great bottleneck. To
245  solve these problems, production of analogues usitignal drug design or nano-engineering
246 is used to improve the pharmacokinetic propertes.instance, nano-engineering has

247  increased the nisin spectrum to Gram-negative hatspecies [65] or allowed HPA3P to

248  be highly effective again&fibrio vulnificus in @ mouse model [66]. The use of nanopatrticles
249 also prolonged the stay in the stomach of pexigafien oral administration, which reduces
250 the concentration of pexiganan required in a mongeel forHelicobacter pylori eradication
251 [67]. Another approach is the combination of baotgns with other antimicrobials in order
252  to reduce the resistance risk and to increasentimiarobial potency [60]. Another matter of

253 concern with AMP is the risk of development of st@hce against our own immunity
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peptides. For instance, pexiganan have been prayitaund to induce cross-resistance to

human-neutrophil-defensine 1 [68].

4. Methodsfor the discovery of antibiotics

4.1. Culture-based approaches

In the 1940s, Selman Waksman systematically scoettreesoil bacteria for
antagonisms. Its culture-based approach is stilkmtoday [69]. All the methods are based
on the same principle: showing an inhibition oéstéd strain over an indicator strain closely
cultivated. The tested strain is the strain suggetd produce antimicrobials targeting the
strain used as indicator. Several techniques &xidttect antimicrobial activity, either in
solid or in liquid culture. There are three maintinogls regarding solid culture approaches:

the cross-streak method, the spot-on-the-lawn lamdavell diffusion methodHigure 2).

The cross streak is the inoculation of the badtstrain tested vertically on the agar
plate. The incubation time of the plate dependtherlife cycle of the bacterial strain required
to reach the exponential phase, which is the momvhete secondary metabolites are
excreted. Then, the indicator strain is inoculatéd horizontal streaks and the plate is
incubated Figure 2) [70]. This technique is easy and powerful foresering but requires that
both bacterial strains have the same culture comgdit(e.g., atmosphere, temperature and

growth duration).

The second and the third methods are respectiadigdc’spot-on-the-lawn” and “well
diffusion method”. The “spot-on-the-lawn” methodhststs in depositing a drop of the tested
strain on a lawn of the indicator strain [71]. Aftecubation, an inhibition zone is searched
around the sediment. The “well diffusion methodb&sed on the diffusion of antimicrobials
through agar which inhibits sensitive species. garglate is pooled with the indicator strain

or inoculated with a lawn of the indicator and algales are punched out aseptically. Then,
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two main variants exist. The first is the Agar Piffusion method which consists in
removing a cylinder of agar from a plate previouslyculated with the tested strain. This
cylinder of agar is then placed into the hole @f ithdicator plate [72]. The second variant
method consists in placing a liquid broth of thetéd strain or a growth supernatant in the
hole [73]. After an optional rest time at +4°C, twgar plate is incubated and inhibition
growth zones are measurdddure 2). Several variants were developed, like usingstre
conditions or iron chelator [74,75]. The main liatibn of solid culture tests concerns

bacterial species that have different growth coois or fastidious species.

Liquid culture-based approaches can solve thiblpmo. Liquid broth co-culture has
been used since the existence of the Waksman ptaf69]. This is the simultaneous culture
of the tested species and the indicator strainraggrhby a filter allowing the diffusion of
nutrients but not the diffusion of cells. Followimgubation, the bacterial growth of the
indicator strain is determined by numeration, cation or optical density [69]. Another
method is to add the growth supernatant of thesigsties previously filtered and
concentrated to a liquid culture of the indicatimais [76]. The latter method allows the
bacteria tested to be grown under conditions diffefrom those of the indicator strain

(Figure 3).

4.2. Discovering antimicrobial effects from already known compounds

Some antibiotics were discovered years before werg used (fidaxomycine,
daptomycin, or linezolid). Several million of cherai compounds are known in chemical
databases and could provide a potential sourcaetifiatics [32]. Moyet al. have tested the
activity against. faecalis of more than 6,000 chemical compounds and 1,186ala

products in th&Caenorhabditis elegans animal model, discovering 16 molecules increasing
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the survival of animals [77]. The bottleneck rensdime selection and the high throughput

testing of these molecules.

4.3. Synthesis of new molecules and improvement of already known compounds

The « Rational Drug Design » consists in the eroglisynthesis of new molecules
that are designed according to several rules twddleabsorbed, non-toxic, and active against
a specific target [32]. The most famous rules usethe industry are Lipinsks’s rules.

Despite more than 10 million of new molecules sgstked, only a few active molecules have
reached the market, notably antituberculous dr@gs3[/] Table 1). This can be explained by

the fact that antibiotics have generally poor ecoias [78].

The improvement of already known molecules is agositrategy that can yield
benefits. The modification of cephalosporin leathi® development of cefiderocol, that
demonstrated safety and tolerability in healthyjectls, and clinical trials for the treatment of
urinary tract infections are ongoing [79]. Anotlexample is the modification of the
aminoglycoside sisomicin that leads to the develapnof plazomicin [80]. This antibiotic
was recently approved by the FDA and a small pBadmical trial found it had an efficacy
comparable to that of levofloxacin in the treatmanairinary tract infections and acute
pyelonephritis [81]. If the potential use of thes#ibiotics remains to determine, their
mechanism of action is not novel, and the apparibresistance is expected in the same way

as for their related antibiotic parent.

4.4.Genome mining

Secondary metabolites are encoded by Biosyntlstie Cluster (BGCs). Thousands
of prokaryotic genomes are available in sequentabdaes. These data have generated
thousands of BGCs that potentially encode unknowleaules [82,83]. Despite the fact that

many of them do not have any antimicrobial actiMityle is known about them. Walsh et al.
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found 74 putative BGC from 59 genomes from the Huiécrobiome Project [84]. These
BGC belonged mainly tBirmicutes, Proteobacteria andBacteroidetes and the most

commonly putative bacteriocins encoded belongetiasses Il and IV.

Several approaches of genome mining are pos3ibeemost used are sequence-based
approach, ecology-based genome mining, mode-obratiased genome mining, or function-
based genome mining [83,85]. For instance, lichdmgas a bacteriocin synthesized by
Bacillus licheniformis that was discovered using the mode-of-action genmming
approach. The authors screened the databaskarfgr genes, which are involved in the
biosynthesis of lantibiotics [86]. The identifiaati of putative bacteriocins encoded by BGC
from the genome sequence is possible using biodtc algorithms [87]. Bacteriocins are
easily found using bioinformatic tools compared\f®PS or PKS. Tools such as BAGEL,
antiSMASH or PRISM are widely used for this purpoBeese tools exploit two main
approaches [83]. The first consists in finding reamgeners of already known scaffolds. This
approach is based on the homology comparison bgeearch of conserved domains
(anchors), as for the thiotemplate domain of NRRGRKS [88]. Small structural changes of
the new homologue may result in a significant cleeinghe activity of the product. The
second approach is more difficult and consistsndifhg new scaffolds. Predicting the
chemical structure and biological activity of a B@@rmatic sequence is a real challenge
[83]. The main problem that remains is provingfilnectional activity of BGC [89]. Both
approaches often require the engineering expres$iB&C from the native host or from a
heterologous host, which represents the main Ineitlke of genome mining for the discovery

of new antibiotics.

Recently, Hoveet al. have screened more than 2,000 soil samples fesiaus areas
of the US, searching for BGCs encoding calcium-iniganotif Asp-X-Asp-Gly [90]. This

motif is related to calcium-dependant antibiotiastsas lipopeptides, for which the
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mechanism of action is not fully understood [91)e¥ found several clades of
uncharacterized BGC, of which the most abundantpeasent in 19% of all samples. This
clade was named malacidins, the molecules weresyrghesised, and their antibiotic activity
was characterizeieh vitro. The malacidin A exhibited a broadly antibioti¢iaity against
Gram-positive bacteria, notably MRSA, which wascassfully confirmed in a skin-wound
infection rat model. In conclusion, genome minis@ipromising approach for new antibiotic

discovery, despite the fact that the method isdemsts and time-consuming.

4.5.CRISPR Cas9

Bacteria and fungi have an immune system thaeptethem from foreign genetic
material that could be inserted by phages. Thisumasystem consists of restriction
enzymes, toxin-antitoxin and Clustered Regulartgrispaced Short Palindromic Repeats
(CRISPR) Cas system [92]. The utilization of CRISE&s9 to design new antimicrobials
with a predetermined activity spectrum has beesadly performed with promising results.
Citorik et al. have developed RNA-guided nucledabastarget the resistance gdohasyy-1s
andblaypy-1. After transformation by plasmids and transduchgrbacteriophages, the
authors observed a significant reduction in the lmemofE. coli containing the targeted
resistance gene, either chromosomal or plasmid [983 same approach has been
successfully tested using phagemid targetindgstlaareus methicillin resistance gene [94].
The same authors tested the use of bacterioplmgesmouse model @ aureus skin
infection with an efficacy comparable to that ofgiracin [94]. Other authors used genome
editing technology to re-sensitize MDR cells. Asesaample, Kimet al. used CRISPR Cas9
to target a conserved sequence of Extended-SpeftiLantamases, thus restoring the

susceptibility ofE.coli in theirin vitro model [95].
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5. Conclusion and per spective

More than three quarters of all antibiotics curyensed in human health are natural
products or derived from them. The discovery oflaotics declined after the 1970s due to
the difficulty of cultivating bacterial species fnosoil under laboratory conditions. New
innovative culture approaches were then creataetkthio the bloom of new molecular
methods. In this way, genome mining searching &wv BGCs as well as CRISPR Cas9
technology are promising new approaches. Recdh#yability to rapidly identify bacterial
strains using Matrix Assisted Laser Desorptiondation Time of Flight (MALDI Tof) has
permitted the rebirth of culture. Therefore, neWure approaches trying to mimic the natural
environment were invented in order to grow fastidispecies. This led to the discovery of
new bacterial species. For instance, Léhgl. discovered the new antibiotic teixobactin from

the new specieBleftheria terrae isolated in the soil using a diffusion chamber][63

The same approach is now possible for the humasciaésd microbiota. The nose is
an example of ecological niche poor in nutrienta/iich the microbiota is probably in strong
competition [75]. Using a home-made nasal synthagdium under iron-limited condition,
Krismer Bet al. discovered lugdunin, a new antibiotic inhibiti8gaureus growth[74]. The
gut microbiota is another microbiota of interestdatibiotic research. Indeed, the human gut
has an average load concentration ranging frohdl 00> CFU/mL from the duodenum to
the colon. These species live in extreme compatiis they did before human colonization
where bacteria lived in a competitive world that tkem to naturally develop many
antimicrobial products. Metagenomic analysis fréva human gut microbiota found many
BGCs. In 2014, Doniat al. found 3,118 BGCs including NRPS, RiPPs and PKhken
human microbiome. They also found 599 BGCs in thte Gaken together with the oral
cavity, it is one of the richest sites in BGCslw human microbiota. They also found and

purified lactocillin, a new thiopeptide antibiotisplated from the vaginal microbiota [96].



399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

The study of the gut microbiota using culture mdghwas recently improved by
culturomics, a novel approach that consists imthéiplication of growth conditions [97].
This has led to the discovery of previously unealiied species. With this approach, Lagier
al. significantly increased in a couple of yearsdhberepertoire from 690 to 1,525 species, of
which 247 were totally new [98]. Indeed, the newaes described from the gut represent an
opportunity for the research for novel antibiotithe search for new antibiotics naturally
synthesized by organisms living in complex ecosystéke the gut microbiota, using the
culture approach, seems the modern continuity @twhs already worked in the past. Thus,
if the study of antagonisms between environmerdatdyia has led to the discovery of a
substantial proportion of antibiotic classes, ssitities were rarely performed from human-

derived microbiota.

In conclusion, the research for new antibiotic maoles is a key point among the
strategies for the fight against antibiotic resise@ The recent advances from both culture-
dependant and culture-independent methods of extarof complex ecosystems such as

soil or human-associated microbiota open a nevinesiatimicrobial research.
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Tablelegend

Table 1. Discovery date, origin of the organism and synthpathway of antibiotics.

Table 2. Clinical trials involving antimicrobial peptides.

Figurelegend

Figure 1. Evolution of the number of antibiotics approvedtbg US Food and Drug
Administration (grey) compared to the total cumiwhumber of antibiotics available (light

grey). Adapted from Boucher H# al., CID 2009.

Figure 2. Solid culture approaches highlight inhibition bets two bacterial species.

Figure 3. Liquid culture approaches highlight inhibition Ween two bacterial species.
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Abstract

Antibiotic resistance is considered a major pubgalth issue. Policies recommended by the
World Health Organization include research on natib#&tics. No new class was discovered
since daptomycin and linezolid in the 1980s ang opktimization or combination of already
known compounds has been recently commercializatibidtics are natural products of soil-
living organismsActinobacteria and fungi are the source of about two thirds ef th
antimicrobial agents currently used in human meeicthey were mainly discovered during
the golden age of antibiotic discovery. This erelided after the 1970s due to the difficulty
of cultivating fastidious bacterial species und@dadratory conditions. Various strategies such
as rational drug design have not led to date taibeovery of new antimicrobial agents.
However, new promising approaches, e.g. genomengnimi CRISPR Cas9 are now being
developed. The recent rebirth of culture methodsfcomplex samples has, as a matter of
fact, permitted the discovery of teixobactin fromeaw species isolated from the soil.
Recently, many Biosynthetic Gene Clusters weretified from Human-associated
microbiota, especially from the gut and oral cavitg an example, the antimicrobial
lugdunine was recently discovered in the oral gavihe repertoire of human gut microbiota
has recently substantially increased, with theadiscy of hundreds of new species. The
exploration of the repertoire of prokaryotes assed with human beings using genome
mining or newer culture approaches could be pramistrategies for discovering new classes

of antibiotics.
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1. Introduction

Antibiotic resistance is considered a major pubkalth concern by several
international organizations and by local agencles3]. As a matter of fact, the Centers for
Disease Control and Prevention claim 23,000 dezdhhk year in the US related to antibiotic
resistance and some studies predict millions oftdeia the coming decades [4-6]. The
United Nations then created a group in order tadioate the fight against antibiotic
resistance [7]. Interestingly, the global mortatiéyated to infectious diseases is decreasing
every year, from 10,7 million deaths in 2005 to @y@ion in 2015 [8]. In addition, it was
recently shown that the current mortality due tblaotic resistance seems far from these
predictions [9]. One of the approaches used owep#st decade to treat Multi-Drug Resistant
(MDR) and Extremely-Drug Resistant (XDR) bacteriaswo break the vicious circle of Beta-
lactams, enlarging the panel of antimicrobial ag@ammonly tested. It has been
demonstrated that “old” antibiotics (i.e. forgott@molecules) had remarkable efficacy against
such isolates. For instance, minocycline, sulfadmand clofazimine are active against XDR
tuberculosis strains, as for fosfomycin, colistmdaninocycline against multi-drug resistant

Gram-negative isolates [10,11].

According to the World Health Organization, antiroigial resistance control policies
include the rational use of antibiotics, in park&won farms, the increase of surveillance, and
the research and development for new tools andaulge [12]. Indeed, despite the rising
number of available moleculeBiQure 1), the last new class of antibiotic discovered is
daptomycin (1986), which was only approved in 2093he Food and Drug Administration
(FDA) [13-15]. This fact confirms that antimicrobagents found on the market in the last 30
years are associations or improvements of existialgcules. Examples are given of new
antibiotics recently marketed that belong to aeadly known class, such as oxazolidinones

(tedizolide), lipoglycopeptides (dalbavancin), ephalosporins (ceftaroline, ceftobiprole).
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Combination of improved molecules of an alreadywknalass is another example of recently
commercialized new antibiotics, as for exampleateffane plus tazobactam, or ceftazidime
plus avibactam. The research and developmentaiblyt new class of antibiotic appear as a
major issue. Herein, we propose to recall the hysbb antibiotic discovery, their structural
nature, and the methods that were used for thewodery. Finally, we review the potential

new approaches for the discovery of new classestifiotics.

2. Thehistory of antibiotics

2.1. Antibiotic resistanceisin fact very ancient

Most of the antibiotics currently used in human roe@ are natural secretions of
environmental bacteria or fungi. Indeed, the méjaf antibiotics currently used are derived
from Sreptomyces isolated from soil samples [16]. In their natugalironment,
microorganisms have to fight against each othesrbgucing antimicrobial substances, and
have to develop resistance mechanisms to othen@nbbials [17]. Secondly, the species
naturally producing antibacterials also have rasist genes to these antibacterials in order to
avoid self-toxicity, within a biosynthetic antibiotoperon [18]. D’Costa et al. demonstrated
the presence of antibacterial resistance geneas @amaronment in which there was no innate
antibiotic. They first proposed the existence tfeservoir of resistance determinants that can
be mobilized into the microbial community” [19]. aed D. Wright proposed the term
“resistome” to design the collection of all theibidtic resistance genes and their precursors

in bacteria [20].

Interestingly, multi-drug resistant bacterial spscas well as resistance genes to
antibiotics currently used were also found fromissnmental archaeological samples. The
OXA genes that encode beta-lactamases have bemhtdageveral million years [21].

D’Costaet al. have found resistance genegtactam, tetracyclines and glycopeptides from
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30,000 years old permafrost samples [22]. Kasletibh have found several resistance genes
in the genome of &aphylococcus hominisisolated from permafrost [23]. Of the 93 strains
cultured by Bhullaet al. from the 4 million-year-old Lechuguilla cave (N&dexico), 65%

of the species were resistantvitro to three or four antibiotics classes [24]. Alsssistance
genes t@-lactam and glycopeptides were also found in tB8®&-year-old gut microbiome of
the mummy Otzi [25]. Recently, 177 antibiotic réaige genes belonging to 23 families (that
represent all the mechanisms of resistance, i.@atmon, efflux and antibiotic inactivation)

were found in the antibiotic naive Mackay Glacigion [26].

Orthologous genes within mobile elements known fesmironmental bacteria were
also found in bacteria isolated from clinical ige&[19]. For instance, Marshatlal. found
orthologous genes of than HAX cassette from the environmental spe&egptomyces
toyocaensis andAmycolatopsis orientalis [27]. This cassette is responsible for the
glycopeptide resistance Bhterococcus faecium. Some experimental studies seem to show
that transfer of resistance genes from environnh@ntalucers in the soil to human
pathogenic species is possible [28]. The horizayeak transfer of entire clusters of
resistance genes from the resistome to clinicairsrunder selective pressure related to the

human use of antibiotics is actually suspected.[29]
2.2. Historic of the antibiotic discovery

Antibiotics were used for a long time before theeatt of modern medicine. The
effects of bread on which filamentous fungi grewtfee treatment of wounds and burns has
been known since ancient Egypt [30]. In the Midéiiges, healers in China and Greece used
musty textures to treat various ailments. In th® déntury, Sir John Scott Burden-Sanderson
noticed the absence of bacteria from a liquid ghoeuiture covered with mould. In 1871,

Joseph Lister discovered the inhibitory effect®etficillium glaucum on bacterial growth,
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allowing him to cure a nurse’s injury witenicillium glaucum extracts. At the same time,
Louis Pasteur noticed that some bacteria couldihbthers. He discovered with his
colleague Jules Francois Joubert in 1877, whildystig the growth oBacillus anthracis in
urine samples, that it was inhibited when co-calid with "common" aerobic bacteria. In
1889, Jean Paul Vuillemin defined the word “antdsd as any biological relationship in
which “one living organism kills another to ensiteeown existence”. Several antagonisms
between microorganisms, notably moulds, were phétisn the thesis works of Ernest
Duchesne in 1897. He discovered the inhibitiokstherichia coli by Penicillium glaucum
thirty years before Fleming. Despite several obstgons of antagonisms between
microorganisms, no antimicrobial molecule was pedif The first antimicrobial molecules
discovered were chemical compounds. In 1909, Paick discovered the arsphenamine, an
arsenic derivative active agairiseponema pallidum, the agent of syphilis. This antibiotic
was commercialized in 1911 under the name Salva3rsem Mapharséh In 1930, Gerhard
Domagk discovered the antibiotic effects of sulplaamide, a molecule synthetized 22 years
before by Paul Gelmo. This antibiotic was marketeder the name Protorisih 1935 and

was used by soldiers during World War 11 [32].

In 1928, Alexander Fleming accidentally discoveiretlis forgotten colonies of
Staphylococcus aureus that a fungus was inhibiting the growthS#éphylococcus. The
Penicillium notatum molecule has been purified and called peniciat the industrial
production of this antibiotic was performed onlyli®40 by Howard Florey et Ernst Chain,
usingPenicillium chrysogenum [33]. Fleming also discovered the lysozyme, aibaterial
enzyme [33]. In 1930, René Dubos discovered anreaZyom a soil-derivedacillus that
specifically decompose&reptococcus pneumoniae type 11l capsular polysaccharide. With
this enzyme, he was able to treat mice with pnewtaal peritonitis [34]. Ten years later, he

isolated fromBacillus brevis the oligopeptide gramicidin that widely inhibit€&tam-positive
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species [35]. Unfortunately, gramicidin showed tmach toxicity for humans, except for
local treatment [36]. In the US, Selman Waksman thadirst to perform a systematic
research of antimicrobial activity of soil bactenqparticularly fromStreptomyces members or
Sreptomycetes. He developed several culture techniques ancegiest (“Waksman
platform”) in order to highlight antagonisms betwdsacterial species [37]. Using his
platform, he discovered in the 40’s several majdibeotics and antifungals, such as
actinomycin (fromStreptomyces spp.) [38], streptomycin (fror&reptomyces griseus) [39],
neomycin (fromStreptomyces fradiae) [40], fumigacin (fromAspergillus fumigatus) and
clavacin (fromAspergillus clavatus) [41]. Actinomycin, neomycin and streptomycin atig
in use today. Moreover, streptomycin has revolutiet the treatment of tuberculosis, and is
still active against multi-drug resistant tubercigg42]. The pharmaceutical industry was
inspired by the Waksman platform, which led to dseovery of all current antibiotics
between the 1940s and the 1970s. During this gadden23 classes of antibiotic were

discovered from 19 bacterial species and 7 fuhgb(e 1).

Despite recent commercialization for some, thedkstses of antibiotic discovered are
from the 1980s. After 50 years of discoveries, aw iglasses have been found. Therefore,
new strategies were needed. After the culture ambrthrough Waksman'’s platform, the
industry turned to than vitro synthetization of new molecules, based on knovdeafghe
known mechanism of action of antibiotics. Unforttety, few new classes of antibiotics have
been discovered, the nitrofuran in 1953, the quinelin 1960, the sulphonamide in 1961 and
oxazolidinones in 1987. The modification and immgment of already known molecules has
also been carried out. This is reflected by theroentialization of linezolid in 2003 and
daptomycin in 2001, although these molecules had kaown since 1955 and 1986,
respectively [32]. Recently, a new cephalosporitedacefiderocol was found to be active

against carbapenem-resistant Gram-negative ba@@&jiaHemisynthetic compounds from
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natural products were also developed, such asi¢teso{derived from macrolides) or
metronidazole (derived from a natural producBiméptomyces sp.) Table 1). But the lack of
return on investment and the emergence of resistaawce led the industry to gradually let
down the research on antibiotics, preferring testvn drugs for chronic diseases [32]. Of the
20 pharmaceutical companies that invested in anitbdiscovery in the 1980s, there were
only five left by 2015. [44]. More than 1,200 antomobial peptides were discovered from
various origins, from plants to invertebrates aninals, but none has been used as an
antibiotic [45]. In conclusion, the majority of @nbtics were discovered during the golden
age. Bacteria and fungi were the greatest produtaesgenus&treptomyces is the source of

about half of the antimicrobial agents currentlgdign human medicind @ble 1).

3. Chemical nature of antimicrobial agents

Antimicrobial molecules are represented by a wialkeety of chemical compounds.
Most of the time, they are natural products anadséary metabolites, implying that they are
not required for survival under laboratory condigdout still provide some advantages in the
environment [46]. Among the antimicrobial substanased in human medicine, it is possible
to classify antibiotics in five groups of chemicablecules. The first are derived amino acids
that are non-ribosomally synthesized (non-ribostyrsinthetized peptides, NRP). The
second are acetyl coenzyme A or malonyl coenzyrderived (polyketides, PK). NRP and
PK represent about 50% of all current antibiotitalle 1). The third are hybrids between
NRP and PK and the fourth are composed of sevarbbbydrates units substituted with
amine groups (aminoglycosides). And finally, th&t lgroup is composed of various
molecules, such as terpenoids, fusidic acid oraila such as metronidazole. In addition to
these molecules used as antibiotics, thousandstiofiarobial peptides are known from

insects, mammals, plants or amphibians [47]. Thegtides are usually classified as
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“ribosomally synthesized and post-translationallydified peptides” (RiPPs), a subgroup of

natural products [48].

3.1. Antibiotics

The NRP and PK are synthetized by multi-enzymaimoglexes (non-ribosomal
peptides synthetase, NRPS and polyketides synthedR&S) encoded by biosynthetic gene
clusters [49]. These complexes are organized inutesdncluding several domains. For
example, the erythromycin synthase complex consfdisree proteins and seven modules
each containing three to six domains. [49]. The BRBe amino acids as substrate elongated
by peptidic connection, whereas PKS use acyl-caeezk as substrate elongated by Claisen
condensation reaction [49]. This complex organaatllows the production of a great
number of different products, and therefore a gdeadrsity. For example, ciclosporin
belongs to the NRP category [50]. Hybrid assembly that uses both amino acids and acetyl
coenzyme A, or fatty acid synthetases (FAS), ase déscribed [51]. NRP antibiotics
comprise molecules such ggactams, daptomycin, lincomycin, polymyxins, and
vancomycin while macrolides, mupirocin and tetrdicygs belong to polyketides antibiotics.

Rifampicin belongs to hybrid NRP/PR éble 1).

3.2. Antimicrobial peptides

Antimicrobial peptides are broad spectrum antibé@atenolecules that have been
discovered in blood cells in 1957 by Robert Skafb@% They belong to natural products
that are small peptides (i.e. less than 100 antidsaribosomally synthesized with post-
translational modifications (RiPPs). Natural pepsidhave a multifunctional activity that
participates in innate immunity in eukaryotic amdkaryotic cells. [47]. Antimicrobial
peptides are evolutionary well-conserved amphipativlecules with hydrophobic and

cationic amino-acids [53]. They can be categoraewbrding to their secondary
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conformation: group | (alpha helical), group Il hsheet), group Il (mixed) and IV
(extended) [54]. They have been isolated from atralbdiving organisms from prokaryotes

to vertebrates. Indeed, thousands of antimicrgi@gtides are known and come from insects,
plants, or amphibians [45,47]. The main known mad@ras of action are related to their
cationic charge and amphipathic structure, resptaor the membrane disruption of the
negatively charged bacterial cell. Antimicrobiappdes can also interact with membrane-
associated protein targets, as well as intraceltalgets after penetration into the bacterial
cytoplasm [54]. Finally, antimicrobial peptides aso have immunomodulatory effects on

the innate immune system of the host [55].

Bacteriocins are antimicrobial peptides that west fliscovered in bacterial species.
They are used in the agro-alimentary industry ad fareservatives and in veterinary
medicine [56]. Bacteriocins are separated into fpoups: class | are small heat-stable post-
translationally modified peptides (<5kDa) which tise amino acid lanthionine, there are
therefore called lantibiotics; class Il are not iified heat-stable small peptides (<10kDa)
which do not use lanthionine; class Il are largatHabile peptides (>30kDa) and class IV
are complex or cyclic peptides containing lipidsarbohydrates [56]. Bacteriocins inhibited
closely related species [57]. For example, lact&ind7 and nisin are lantibiotics that
exhibited an antibiotic activity against Gram-po&tbacteria, notably Meticillin-resistant
Saphylococcus aureus (MRSA) or Vancomycin-resistaimnterococcus [58]. Nisin is the
most famous lantibiotic, largely used as food pnestéve because of its activity against
Listeria monocytogenes, MRSA andStreptococcus pneumoniae [59]. Nisin is also used in
veterinary medicine under the name Wipe Out ®liergrevention of dairy mastitis [57]. The

synergistic effects of lantibiotics with antibiatibave also been demonstraitegiitro [60].

According to the Antimicrobial Peptide databasd/8,antibacterial peptides are

already known [61]. All medical fields combined, péptides have obtained the FDA



229 approval and 140 are in clinical trials, mainly @orcological and metabolic diseases [62].

230 Yet, when focusing on infectious diseases, onlynatirally occurring antimicrobial peptides
231  have reached the stage of human clinical trigdb{e 2). Among them, only three (LYX-109,
232 LL-37 and nisin) demonstrated a better efficacythiacebo, but none obtained the FDA

233 approval for human application. Only gramicidin haseived FDA approval for topical

234  application in association with polymyxin and neamyfor ophthalmic use. Teixobactin is a
235 new promising depsipeptide that provides an inlwbibf S. aureus andM. tuberculosis [63].

236  This molecule uses notably the rare amino acidd-ehduracididine, which is challenging to
237  synthesize and therefore limits its use despitaresfinade to develop analogues [64]. Despite
238 their narrow or broad spectrum of activity agaimstnan pathogens and easier bioengineering
239 compared to NRPS or PKS, bacteriocins are not uskdmans as antibiotics due to several

240 limitations.

241 The main limitations in the use of antimicrobiappides as antibiotics in clinical

242  practice are their instability (proteolytic digestj oxidation), their high cost and low yield of
243  production, their short half-life, and their quiekmination [60]. Notably, their low

244  bioavailability after oral ingestion related to fwolytic degradation is a great bottleneck. To
245  solve these problems, production of analogues usitignal drug design or nano-engineering
246 is used to improve the pharmacokinetic propertes.instance, nano-engineering has

247  increased the nisin spectrum to Gram-negative hatspecies [65] or allowed HPA3P to

248  be highly effective again&fibrio vulnificus in @ mouse model [66]. The use of nanopatrticles
249 also prolonged the stay in the stomach of pexigafien oral administration, which reduces
250 the concentration of pexiganan required in a mongeel forHelicobacter pylori eradication
251 [67]. Another approach is the combination of baotgns with other antimicrobials in order
252  to reduce the resistance risk and to increasentimiarobial potency [60]. Another matter of

253 concern with AMP is the risk of development of st@hce against our own immunity
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peptides. For instance, pexiganan have been prayitaund to induce cross-resistance to

human-neutrophil-defensine 1 [68].

4. Methodsfor the discovery of antibiotics

4.1. Culture-based approaches

In the 1940s, Selman Waksman systematically scoettreesoil bacteria for
antagonisms. Its culture-based approach is stilkmtoday [69]. All the methods are based
on the same principle: showing an inhibition oéstéd strain over an indicator strain closely
cultivated. The tested strain is the strain suggetd produce antimicrobials targeting the
strain used as indicator. Several techniques &xidttect antimicrobial activity, either in
solid or in liquid culture. There are three maintinogls regarding solid culture approaches:

the cross-streak method, the spot-on-the-lawn lamdavell diffusion methodHigure 2).

The cross streak is the inoculation of the badtstrain tested vertically on the agar
plate. The incubation time of the plate dependtherlife cycle of the bacterial strain required
to reach the exponential phase, which is the momvhete secondary metabolites are
excreted. Then, the indicator strain is inoculatéd horizontal streaks and the plate is
incubated Figure 2) [70]. This technique is easy and powerful foresering but requires that
both bacterial strains have the same culture comgdit(e.g., atmosphere, temperature and

growth duration).

The second and the third methods are respectiadigdc’spot-on-the-lawn” and “well
diffusion method”. The “spot-on-the-lawn” methodhststs in depositing a drop of the tested
strain on a lawn of the indicator strain [71]. Aftecubation, an inhibition zone is searched
around the sediment. The “well diffusion methodb&sed on the diffusion of antimicrobials
through agar which inhibits sensitive species. garglate is pooled with the indicator strain

or inoculated with a lawn of the indicator and algales are punched out aseptically. Then,
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two main variants exist. The first is the Agar Piffusion method which consists in
removing a cylinder of agar from a plate previouslyculated with the tested strain. This
cylinder of agar is then placed into the hole @f ithdicator plate [72]. The second variant
method consists in placing a liquid broth of thetéd strain or a growth supernatant in the
hole [73]. After an optional rest time at +4°C, twgar plate is incubated and inhibition
growth zones are measurdddure 2). Several variants were developed, like usingstre
conditions or iron chelator [74,75]. The main liatibn of solid culture tests concerns

bacterial species that have different growth coois or fastidious species.

Liquid culture-based approaches can solve thiblpmo. Liquid broth co-culture has
been used since the existence of the Waksman ptaf69]. This is the simultaneous culture
of the tested species and the indicator strainraggrhby a filter allowing the diffusion of
nutrients but not the diffusion of cells. Followimgubation, the bacterial growth of the
indicator strain is determined by numeration, cation or optical density [69]. Another
method is to add the growth supernatant of thesigsties previously filtered and
concentrated to a liquid culture of the indicatimais [76]. The latter method allows the
bacteria tested to be grown under conditions diffefrom those of the indicator strain

(Figure 3).

4.2. Discovering antimicrobial effects from already known compounds

Some antibiotics were discovered years before werg used (fidaxomycine,
daptomycin, or linezolid). Several million of cherai compounds are known in chemical
databases and could provide a potential sourcaetifiatics [32]. Moyet al. have tested the
activity against. faecalis of more than 6,000 chemical compounds and 1,186ala

products in th&Caenorhabditis elegans animal model, discovering 16 molecules increasing
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the survival of animals [77]. The bottleneck rensdime selection and the high throughput

testing of these molecules.

4.3. Synthesis of new molecules and improvement of already known compounds

The « Rational Drug Design » consists in the eroglisynthesis of new molecules
that are designed according to several rules twddleabsorbed, non-toxic, and active against
a specific target [32]. The most famous rules usethe industry are Lipinsks’s rules.

Despite more than 10 million of new molecules sgstked, only a few active molecules have
reached the market, notably antituberculous dr@gs3[/] Table 1). This can be explained by

the fact that antibiotics have generally poor ecoias [78].

The improvement of already known molecules is agositrategy that can yield
benefits. The modification of cephalosporin leathi® development of cefiderocol, that
demonstrated safety and tolerability in healthyjectls, and clinical trials for the treatment of
urinary tract infections are ongoing [79]. Anotlexample is the modification of the
aminoglycoside sisomicin that leads to the develapnof plazomicin [80]. This antibiotic
was recently approved by the FDA and a small pBadmical trial found it had an efficacy
comparable to that of levofloxacin in the treatmanairinary tract infections and acute
pyelonephritis [81]. If the potential use of thes#ibiotics remains to determine, their
mechanism of action is not novel, and the apparibresistance is expected in the same way

as for their related antibiotic parent.

4.4.Genome mining

Secondary metabolites are encoded by Biosyntlstie Cluster (BGCs). Thousands
of prokaryotic genomes are available in sequentabdaes. These data have generated
thousands of BGCs that potentially encode unknowleaules [82,83]. Despite the fact that

many of them do not have any antimicrobial actiMityle is known about them. Walsh et al.
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found 74 putative BGC from 59 genomes from the Huiécrobiome Project [84]. These
BGC belonged mainly tBirmicutes, Proteobacteria andBacteroidetes and the most

commonly putative bacteriocins encoded belongetiasses Il and IV.

Several approaches of genome mining are pos3ibeemost used are sequence-based
approach, ecology-based genome mining, mode-obratiased genome mining, or function-
based genome mining [83,85]. For instance, lichdmgas a bacteriocin synthesized by
Bacillus licheniformis that was discovered using the mode-of-action genmming
approach. The authors screened the databaskarfgr genes, which are involved in the
biosynthesis of lantibiotics [86]. The identifiaati of putative bacteriocins encoded by BGC
from the genome sequence is possible using biodtc algorithms [87]. Bacteriocins are
easily found using bioinformatic tools compared\f®PS or PKS. Tools such as BAGEL,
antiSMASH or PRISM are widely used for this purpoBeese tools exploit two main
approaches [83]. The first consists in finding reamgeners of already known scaffolds. This
approach is based on the homology comparison bgeearch of conserved domains
(anchors), as for the thiotemplate domain of NRRGRKS [88]. Small structural changes of
the new homologue may result in a significant cleeinghe activity of the product. The
second approach is more difficult and consistsndifhg new scaffolds. Predicting the
chemical structure and biological activity of a B@@rmatic sequence is a real challenge
[83]. The main problem that remains is provingfilnectional activity of BGC [89]. Both
approaches often require the engineering expres$iB&C from the native host or from a
heterologous host, which represents the main Ineitlke of genome mining for the discovery

of new antibiotics.

Recently, Hoveet al. have screened more than 2,000 soil samples fesiaus areas
of the US, searching for BGCs encoding calcium-iniganotif Asp-X-Asp-Gly [90]. This

motif is related to calcium-dependant antibiotiastsas lipopeptides, for which the
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mechanism of action is not fully understood [91)e¥ found several clades of
uncharacterized BGC, of which the most abundantpeasent in 19% of all samples. This
clade was named malacidins, the molecules weresyrghesised, and their antibiotic activity
was characterizeieh vitro. The malacidin A exhibited a broadly antibioti¢iaity against
Gram-positive bacteria, notably MRSA, which wascassfully confirmed in a skin-wound
infection rat model. In conclusion, genome minis@ipromising approach for new antibiotic

discovery, despite the fact that the method isdemsts and time-consuming.

4.5.CRISPR Cas9

Bacteria and fungi have an immune system thaeptethem from foreign genetic
material that could be inserted by phages. Thisumasystem consists of restriction
enzymes, toxin-antitoxin and Clustered Regulartgrispaced Short Palindromic Repeats
(CRISPR) Cas system [92]. The utilization of CRISE&s9 to design new antimicrobials
with a predetermined activity spectrum has beesadly performed with promising results.
Citorik et al. have developed RNA-guided nucledabastarget the resistance gdohasyy-1s
andblaypy-1. After transformation by plasmids and transduchgrbacteriophages, the
authors observed a significant reduction in the lmemofE. coli containing the targeted
resistance gene, either chromosomal or plasmid [983 same approach has been
successfully tested using phagemid targetindgstlaareus methicillin resistance gene [94].
The same authors tested the use of bacterioplmgesmouse model @ aureus skin
infection with an efficacy comparable to that ofgiracin [94]. Other authors used genome
editing technology to re-sensitize MDR cells. Asesaample, Kimet al. used CRISPR Cas9
to target a conserved sequence of Extended-SpeftiLantamases, thus restoring the

susceptibility ofE.coli in theirin vitro model [95].
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5. Conclusion and per spective

More than three quarters of all antibiotics curyensed in human health are natural
products or derived from them. The discovery oflaotics declined after the 1970s due to
the difficulty of cultivating bacterial species fnosoil under laboratory conditions. New
innovative culture approaches were then creataetkthio the bloom of new molecular
methods. In this way, genome mining searching &wv BGCs as well as CRISPR Cas9
technology are promising new approaches. Recdh#yability to rapidly identify bacterial
strains using Matrix Assisted Laser Desorptiondation Time of Flight (MALDI Tof) has
permitted the rebirth of culture. Therefore, neWure approaches trying to mimic the natural
environment were invented in order to grow fastidispecies. This led to the discovery of
new bacterial species. For instance, Léhgl. discovered the new antibiotic teixobactin from

the new specieBleftheria terrae isolated in the soil using a diffusion chamber][63

The same approach is now possible for the humasciaésd microbiota. The nose is
an example of ecological niche poor in nutrienta/iich the microbiota is probably in strong
competition [75]. Using a home-made nasal synthagdium under iron-limited condition,
Krismer Bet al. discovered lugdunin, a new antibiotic inhibiti8gaureus growth[74]. The
gut microbiota is another microbiota of interestdatibiotic research. Indeed, the human gut
has an average load concentration ranging frohdl 00> CFU/mL from the duodenum to
the colon. These species live in extreme compatiis they did before human colonization
where bacteria lived in a competitive world that tkem to naturally develop many
antimicrobial products. Metagenomic analysis fréva human gut microbiota found many
BGCs. In 2014, Doniat al. found 3,118 BGCs including NRPS, RiPPs and PKhken
human microbiome. They also found 599 BGCs in thte Gaken together with the oral
cavity, it is one of the richest sites in BGCslw human microbiota. They also found and

purified lactocillin, a new thiopeptide antibiotisplated from the vaginal microbiota [96].
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The study of the gut microbiota using culture mdghwas recently improved by
culturomics, a novel approach that consists imthéiplication of growth conditions [97].
This has led to the discovery of previously unealiied species. With this approach, Lagier
al. significantly increased in a couple of yearsdhberepertoire from 690 to 1,525 species, of
which 247 were totally new [98]. Indeed, the newaes described from the gut represent an
opportunity for the research for novel antibiotithe search for new antibiotics naturally
synthesized by organisms living in complex ecosystéke the gut microbiota, using the
culture approach, seems the modern continuity @twhs already worked in the past. Thus,
if the study of antagonisms between environmerdatdyia has led to the discovery of a
substantial proportion of antibiotic classes, ssitities were rarely performed from human-

derived microbiota.

In conclusion, the research for new antibiotic maoles is a key point among the
strategies for the fight against antibiotic resise@ The recent advances from both culture-
dependant and culture-independent methods of extarof complex ecosystems such as

soil or human-associated microbiota open a nevinesiatimicrobial research.
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Tablelegend

Table 1. Discovery date, origin of the organism and synthpathway of antibiotics.

Table 2. Clinical trials involving antimicrobial peptides.

Figurelegend

Figure 1. Evolution of the number of antibiotics approvedtbg US Food and Drug
Administration (grey) compared to the total cumiwhumber of antibiotics available (light

grey). Adapted from Boucher H# al., CID 2009.

Figure 2. Solid culture approaches highlight inhibition bets two bacterial species.

Figure 3. Liquid culture approaches highlight inhibition Ween two bacterial species.





