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Abstract: Antimicrobial drug resistance has emerged as a significant public health challenge,
exacerbated by the rise of multidrug-resistant strains and the emergence of new infections. This has
intensified the need for the development of novel therapeutic agents. Antibiotics, originally derived
from microorganisms, are compounds that either inhibit or kill other microbes. Historically, most
antibiotics used in clinical settings were produced by Actinomycetes and fungi, particularly during
the golden age of antibiotic discovery (1940s to 1960s). However, progress in drug development
slowed in the following decades due to challenges in cultivation techniques, including isolation
difficulties, microbial overgrowth, and discrepancies between natural environments and laboratory
conditions. Recently, innovative approaches, such as advancements in cultivation methods,
modification of existing compounds, gene induction, exploration of animal microbiota, co-
cultivations, and identification of alternative antimicrobial targets, have provided new pathways
for drug discovery. Additionally, cutting-edge molecular tools like metagenomics have enabled the
exploration of bioactive molecules from uncultured microbes in diverse microenvironments,
potentially ushering in a new era in antibiotic development. This review examines both past and
current methodologies in antimicrobial drug discovery, highlighting future perspectives for the
field.
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1. Introduction

Antimicrobial agents are a broad term for natural or synthetic chemical substances that inhibit
or kill different microorganisms. At the same time, antibiotics offer a more specific definition as the
natural substances produced by microorganisms that inhibit or kill other microorganisms’ growth,
especially bacteria [1]. Nature contains diverse microorganisms that remain an under-exploitation
resource of antimicrobial agents. Seeking novel antimicrobials from natural sources has become one
of the most fundamental efforts to encounter and overcome microbial infections [2].

Pathogenic microorganisms always pose vital threats to human and animal health. Indeed,
infectious diseases are the second principal cause of death all over the world [3,4]. Humans have been
infected by microbes from the past times to the present [5]. Pathogens like Escherichia coli, Klebsiella
pneumonia, and Pseudomonas aeruginosa cause various skin and subcutaneous infections, bacteremia,
septicemia, as well as lower and upper respiratory tract infections [6,7]. Moreover, E. coli is implicated
in the urinary tract and gynecological infections, particularly in young adult and immunosuppressed
patients. Staphylococcus aureus causes skin, gastrointestinal, joint, and bone infections, as well as
bronchitis of the respiratory system [8]. Candida albicans cause mouth thrush urinary and genital
candidiasis [9].

Researchers have been developing synthetic antimicrobial agents that originated from microbial
sources. Interestingly, over and improper use of such drugs in humans and other animals, and their
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rising appearance continually in water, food, and soil habitats, lead to the serious problem of
antimicrobial resistance [10-12]. It is predicted that resistance to antimicrobials leads to about 700,000
fatalities per year throughout the globe; by 2050, the figure is expected to grow to 10 million,
according to current estimates [13]. Nowadays, AMR has become the leading health problem caused
by many antibiotics that do not work against pathogenic microbes. After more than fifty years of
widespread usage of antibiotics, so-called “miracle drugs,” antibiotics are less effective than before.
Thus, there is a fast increase in the quantity of strains of multiple drug-resistant (MDR). Many
infectious agents are showing resistance toward antibiotics. In addition, there is a significant decrease
in the antibiotics manufacturing of new synthetic.

In light of this growing crisis, researchers have been actively seeking alternative solutions to
combat AMR [14]. One promising avenue involves the development of synthetic materials, including
nanoparticles, which have shown significant potential as antimicrobial agents [15-17]. Nanoparticles,
due to their unique size, surface area, and reactivity, can interact with microbial cells in ways that
traditional antibiotics cannot. These nanoparticles, especially those biosynthesized from plant,
fungal, or microbial sources, offer an eco-friendly and sustainable approach to tackling resistant
pathogens. Recent studies have focused on exploring nanoparticles such as silver, copper, and
selenium as effective antimicrobial agents, often exhibiting potent activity against both gram-positive
and gram-negative bacteria, including MDR strains [7,18] Additionally, the use of synthetic
antimicrobial peptides and other novel materials has shown promise in overcoming the limitations
of conventional antibiotics. This approach aligns with the growing need for innovative solutions to
address the alarming rise of AMR and the shortage of new antibiotics in the pharmaceutical pipeline.

Moreover, synthetic antibiotics on the host are linked with many side effects such as allergic
reactions, immunological suppression, and hypersensitivity [4]. Furthermore, strains resistant to
nearly all antibiotics have been discovered in clinical trials and have made a generalized impact on
human life. Resistance emerges due to microbes’ mutations. Antibiotic dosage of sub-inhibitory
assists step-by-step resistance selection, and the originating clones of resistant such as Methicillin-
resistant Staphylococcus aureus, pseudomonas aeruginosa, Klebsiella, and Escherichia coli are rapidly
dispersed [19].

The strategies for controlling antimicrobial resistance comprise utilizing antibiotics carefully,
specifically on clinical and farms, improving investigation and study areas related to drug discovery,
and developing innovative tools and molecular techniques [2,20]. Current improvements in practices
of cultivation, analytical skills, and genome-driven techniques have significantly prolonged access to
our previously untapped resources of microbes. Such methods allow us to access novel microbe
reservoirs and unlock their chemical potential, thus creating new possibilities for developing new
antimicrobial medicines [21]. Finally, most critically, we must step up our efforts to find new
antimicrobial drugs to fight infections that are resistant to existing antimicrobial treatments.

In this review, we suggest remembering the historical background regarding antimicrobial drug
discovery and their structural natures. Moreover, it concentrates on recent and current promising
approaches concerning culture-dependent and culture-independent for discovering and identifying
novel bioactive compounds with potential antimicrobial activities. Finally, we summarize the future
perspectives related to incorporating innovative approaches for finding a new class of antimicrobial
drugs.

2. History of Antimicrobial Drug Discovery

Several natural remedies for infection, such as honey, herbs, and even the feces of animals and
humans, are effective in the historical record [22]. One of the most effective therapies was the topical
utilization of moldy bread, documented in ancient Rome, Greece, Serbia, China, and Egypt as having
significant benefits [23]. Several heavy metals, including arsenic, bismuth, and mercury, were tested
specifically; tests were administered systemically or locally in mainly provided syringes. The primary
possible antibiotic for being applied in human infection treatments was Pyocyanin [24]. Initially, Paul
Ehrlich was interested in creating stains for histological inspection, and he noticed that certain stains
were poisonous to bacteria [25]. Ehrlich created several antibacterial dyes that are still in use today.
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In 1909, Paul Ehrlich developed arsphenamine, a derivative of arsenic that was effective against the
syphilis-causing bacteria Treponema pallidum. Salvarsan was the brand name of this antibiotic when
it was first introduced to the market in 1911. Gerhard Domagk discovered the antibacterial properties
of sulphanilamide in 1930, and this antibiotic was later commercialized under the brand name
Prontosil [26]. Terrestrial microbes are an abundant source of structurally various biologically active
substances. The story of the penicillin discovery by Alexander Fleming (1881-1955) in 1928 is well-
known to most people; one year later, Joseph Lister (1827- 1912) experimented with Penicillium
glaucium (revealing its activity of antibacterial on tissues of humans) in the laboratory [27]. Howard
Florey and Ernst Chain described the purification of penicillin, which led to the drug becoming
accessible for restricted use in 1945 [28]. Selman Waksman was pioneered the systematic
investigation of the soil bacteria’s antimicrobial action, predominantly from streptomycetes [29]. He
invented cultural techniques and tactics to draw attention to the antagonistic relationships between
microbial species. As a result, numerous vital antibiotics and antifungals, including clavacin from
Aspergillus clavatus, fumigacin from Aspergillus fumigatus, neomycin from Streptomyces fradiae,
streptomycin from Streptomyces griseus, and actinomycin from Streptomyces were discovered.
Streptomycin, neomycin, and actinomycin are among the antibiotics still in use today [20].
Teicoplanin, discovered from the Actinoplanes teichomyceticus, is considered the first of the novel
glycopeptides. Even though certain antibiotics have just been commercialized, the most current
groups of antibiotics discovered date back to the 1980s. No recent groups have been discovered in 50
years of research. As a result, new and creative methods are needed [30]. Immediately after
developing the culture technique via Waksman’s platform, the pharmaceutical industry shifted its
attention to the in vitro synthesis of novel compounds according to knowledge about the well-known
antibiotic action mechanism. There have been just a few additions to the antibiotic family throughout
the years: in 1953 nitrofuran, in 1960 quinolones, in 1961 sulphonamides, and in 1987 Oxazolidinones,
to name a few. In addition, modifications and enhancements of previously discovered compounds
have been accomplished. This has been diverted due to the commercialization of Daptomycin in 2001
and linezolid in 2003, despite these compounds being discovered as far back as 1986 and 1955 [31].
The discovery of cephalosporin, a novel cefiderocol that is effective against Gram-negative bacteria
of carbapenem-resistant, has just recently been made [32]. Semisynthetic chemicals were also created
that originated from natural sources, including ketolides made from metronidazole or macrolides
that they produced from Streptomyces spp [31]. More than 1200 antimicrobial peptides (AMPs) have
been identified from various sources, including animals and plants, but none have been successfully
utilized as antibiotics [33]. Novel classes of antimicrobial agents were discovered from bacterial and
fungal species, as shown in (Table 1).

Table 1. Novel classes of antimicrobial agents, years of discovery, and their sources [28,31].

Classes Antibiotics Years of sources
discovery
B-Lactams Penicillin 1928 Penicillium notatum, Penicillium
chrysogenum
Streptomyces cattleya
Carbapenem 1976
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Cephalosporin 1948 Cephalosporium acremonium
Carboxylic acid Mupirocin 1971 Pseudomonas fluorescens
Chloramphenicol | Chloramphenicol 1946 Streptomyces venezuelae
Glycopeptides Teicoplanin 1978 Actinoplanes teichomyceticus
Vancomycin 1953 Amycolatopsis orientalis
Aminoglycosides Gentamicin 1963 Micromonospora purpurea
Kanamycin 1957 Streptomyces kanamyceticus
Natamycin 1957 Streptomyces natalensis
Neomycin 1949 Streptomyces fradiae
Streptomycin 1943 Streptomyces griseus
Macrolides Erythromycin 1948 Streptomyces erythraeus
Spiramycin 1952 Streptomyces ambofaciens
Fidaxomicin 1975 Dactylosporangium aurantiacum
Lipopeptides: Daptomycin 1986 Streptomyces roseosporus
Polypeptides: Polymyxin 1947 Paenibacillus polymyxa
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Rifamycins: Rifampicin 1957 Streptomyces mediterranei
Sulfonamides: Sulfamethoxazole 1961 Synthetic
Tetracyclines: Chlortetracycline 1948 Streptomyces aureofaciens
Tigecycline 1999 Synthetic
Nitroimidazoles: Metronidazole 1960 Streptomyces spp.

3. Structural Natures of Antimicrobials

A vast range of chemical components characterizes antimicrobial substances. Natural secondary
metabolites and bioactive products are often found in the environment. However, they are not
required for the microbes’ development and growth; they provide certain advantages, such as
competition and protection [34]. It is possible to classify all antimicrobial agents used in human
medicine into six groups based on the chemical nature of molecules; the first group is polyketides
(PKs), which are derivatives of malonyl coenzyme A or acetyl coenzyme A. The second is
nonribosomal peptides (NRPs), derivatives of amino acids that are not produced by the ribosome.
The third kind of drug is a hybrid of PKs and NRPs, while the fourth type is made up of many units
of carbohydrate that have been substituted with groups of amine (aminoglycosides). The fifth
comprises various chemicals, such as alkaloids and terpenoids (metronidazole) [20]. The sixth
category includes antibiotics such as antimicrobial peptides (AMPs) identified in mammals,
amphibians, plants, and insects. These are usually categorized as “peptides of ribosomally produced
and post-translationally modified peptides (RiPPs) [35]. In order to synthesize NRPs and PKs, multi-
enzyme complexes known as nonribosomal peptide synthases enzyme complex and polyketides
synthetase enzymes, respectively, are required, encoded by biosynthesis gene clusters [36]. PK
antibiotics include macrolides, mupirocin, and tetracyclines, while NRP antibiotics include 3-lactams,
polymyxins, lincomycin, and vancomycin. Rifampicin, Kirromycin, and Rapamycin belong to the
hybrid of NRPs and PKs [34]. RiPPs include Lanthipeptides, Thiopeptides, Cyanobactins, and
bottromycin [37].

4. Approaches in Antimicrobial Drug Discovery
4.1. Culture Techniques

Most natural products of commercial value, such as antibiotics or other drugs, are derived from
Soil microorganisms that have been cultivated [38]. It was in the 1940s that Selman Waksman
developed a technique of routinely screening soil microorganisms for antagonisms, and this culture-
based approach is still in use today [29]. According to specific estimates, approximately 0.1-1 percent
of the total soil population may be cultured [39]. In 1 g of soil, 107 cells were observed in research
conducted by Kellenberger (2001) [40], but just 0.1 percent of the cells were culturable, according to
the findings. As a result, 99.9 percent of the genetic diversity in this group was lost due to the
difficulties encountered during the isolation and enrichment of microorganisms. There are numerous
techniques of innovative cultivation available to overcome these difficulties; one recent technique to
the rise revival for strains of less culturable is substituting traditional isolation media of nutrient-rich
with isolation media of oligotrophic because the application of isolation media of oligotrophic
inhibits the overgrowth of microbial species of fast-growing, particular group of microorganisms can
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be cultured [41]. Another recent technique for the rising revival of strains less culturable is
substituting traditional isolation media with methods for the separation of bacteria from complicated
settings, including the creation of mimicked natural environments and the encapsulation of cells in
gel microdroplets, have been developed [39]. Sixty-seven percent of the cultures generated from
microdroplets could grow to densities above 107 cells/ml when the cultures were incubated in a
nutrient-rich medium, according to Zengler et al. (2002) [42] findings. In this way, these new strains
may be deployed to discovery platforms of natural products with relative simplicity.

There are two chief techniques concerning investigating the antimicrobial activity of
environmental isolates. Every approach follows a similar principle: a test strain inhibition on an
indicator strain of closely cultivated. The test strain is the strain supposed to produce an antimicrobial
aiming the strain used as an indicator.

4.1.1. Streaking and Spreading Agar Plate Technique

This technique involves inoculating the strain of bacterial test vertically on a plate of agar using
a needle. The time required for incubation of the plate depends on the time required for the bacterial
strain to reach the phase, that is, the point at which secondary metabolites are produced. The time of
incubation is measured in minutes. It is later cultured for another 24 hours, after which the indicator
strain is injected into a horizontal stripe on the plate. This method is simple and effective for
screening; however, it requires that both strains of bacteria be grown in the same conditions of culture
(pH, environment, and temperature) [43]. The method of spreading consists of putting a drop of the
test strain on a lawn of the indicator strain that has been dispersed. Following the incubation period,
an inhibitory zone is seen surrounding the growth of the test strain (Figure 1) [44].

Streaking agar plate technique. Inhibition zone
| Vertical streaking of test strain J ‘ Horizontal streaking of indicator strain ‘ /

[ Incubatiom > | [ Incubation >

Well diffusion agar technique. (" Broth of st strain added |

well

.Indicator !
strain

Figure 1. Clarified Streaking and well diffusion methods in culture-dependent approach.

4.1.2. Well Diffusion Agar Technique

According to the antimicrobials diffusion via agar (Figure 1), which limits the growth of sensitive
microorganisms. Using aseptic techniques, a plate of agar is inoculated by a lawn of the indicator
strain or pooled by the strain of indicator; later, wells are punched in the agar aseptically. There are
two main variations to consider. The first technique is the diffusion of agar plug, which involves
deleting an agar cylinder in a plate previously inoculated with the test strain and allowing it to diffuse
into the plate. It is necessary to insert this cylindrical piece of agar into a corresponding well on the
plate of the indicator [45]. The second variation technique is involving the insertion of growth
supernatant of the test strain liquid broth into a well on an agar plate on which previously inoculated
with the indicator strain [46]. A rest period of optional degrees Celsius is followed by incubation of
the agar plate, with the inhibitory growth zone being measured around the well. Many variations
have been developed by including iron chelators or stress situations. The most significant limitation
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of solid culture assays is that they cannot be performed on species of bacteria with different growth
circumstances or are fastidious [47]. Approaches based on liquid culture may be applied to address
this issue. Because of the existence of the Waksman platform, co-culture of liquid broth has been
utilized to cultivate bacteria. In this case, the strain of indicator and the test species are grown together
in the same culture while separated with a filter that allows nutrients to disperse but does not enable
cell dispersion [29]. The indicator strain’s growth is monitored after incubation and measured by
optical density, coloring, or enumeration. Adding the test species growth supernatant, previously
concentrated and filtered, to an indicator strain liquid culture provides an additional technique [48].

4.2. Biochemical Modification of Already Known Molecules

Sometimes, the original natural products do not essentially produce the most bioactive and
effective drugs. In these cases, alterations of particular structural frameworks are desired to create
products with acceptable pharmacologic properties. Primary structures must be influenced
biologically or chemically [36]. For instance, altering erythromycin into the new desirable
azithromycin involves synthetic biochemical modifications of the primary molecule. Azithromycin
would be manufactured in perfect condition by an engineered microbial host [49]. Alteration of
cephalosporins led to the creation of cefiderocol that shows tolerability and safety in healthy
individuals; clinical trials to treat urinary system infections are ongoing [50]. Another instance is the
modification in the sisomicin of aminoglycoside, which led to the creation of plazomicin [51]. It can
be expected that synthetic biology may contribute meaningfully to scaffold-based innovation of
therapeutic drugs.

4.3. Induction of Silent Genes Encoding Bioactive Molecules

Silent genes encode the synthesis of potential biologically active secondary metabolites while
induced or stimulated. These genes are observed in various actinobacterial DNA genomes. They
typically do not encode metabolites under standard laboratory growth conditions. Recently,
numerous innovative works have been considered for triggering these silent clusters of genes to
discover novel secondary metabolites. In this regard, strains of diverse expression are established to
enable the recognition of metabolite and expressing gene clusters [52]. For example, the sample
microorganism Streptomyces coelicolor is engineered to genetically mark antibiotic production
positively through altering ribosome and RNA polymerase [53]. In gene clusters, heterologous
expressions are encountered long because cluster measures could gain over 100 kb, making it hard
to clone. Currently, much-expanded approaches are accessible, such as the cloning system of
transformation-related recombination, which is an approach newly accepted in Saccharomyces
cerevisiae which in actinomycetes encourages expressing and cloning huge fragments of DNA [54].

Moreover, the information accessible in analyses of gene clusters could decisively be applied for
operating pathway particular regulations such as exchanging the natural promoter with a robust
synthetic one, stimulating the transcription of the biosynthesis genes [55]. The stimulation of a silent
glycopeptides gene cluster is defined for Amycolatopsis japonicum. Introducing the transcriptional
activator specific for a glycopeptide caused the manufacturing of ristomycin, an antibiotic for
glycopeptide [56]. Microbial co-culturing, the addition of unusual environmental factors, nutritional
signals, stress conditions such as heat stress or ethanol, and application of N-acetylglucosamine of
cell wall metabolite are effectively shown to provoke the expressing of the clusters of the silent gene
[57]. This permits the exploitation of natural product manufacturers more thoroughly than in
previous years and would initiate the identification of several novel secondary metabolites in the
near future.

4.4. Metagenomic Tools and Uncultured Microbes

As an approach, Metagenomics (Figure 2) aims to get accessibility to the microbial species’
biosynthetic capacity, which has not been previously cultivated. Metagenomics is possible to provide
an ideal toolkit to bring a variety of biosynthetic in samples of the environment in drug discovery
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platforms by obtaining DNA from different environments and successively recognizing, separating,
and expressing biosynthetic gene clusters in cells of heterologous hosts [58,59] Alternative methods
for obtaining the metagenome of soil involve a genome extraction of nucleic acid from environmental
samples, amplification of DNA by polymerase chain reaction (PCR), and DNA sample direct cloning
[60,61]. These environmental DNA-based methods do not rely on the isolation and cultivation of
specific microbes and, as a result, reduce the bias associated with such procedures. Genetic material
is collected in samples of the environment and put into vectors, including genomes of plasmids and
bacterial artificial chromosomes (BACs), after which it is multiplied in certain strains of bacteria,
including Escherichia coli, according to the standard procedure. In theory, the complex libraries of
genomics that emerge from this process provide accessibility for the whole content of metagenomics
in soil. It is suggested that a library of DNA showing the entire soil sample metagenome will require
about 106 BAC clones by inserting almost 100 kb. However, this is not confirmed [62]. The creation of
complicated libraries derived from samples of soil, as well as the beneficial genes cloning, is
dependent on the high quality of the extracting DNA, as the alterations of enzymatic needed in the
cloning phases are responsive to every contamination with various abiotic and biotic elements
including humic constituents, which can be harmful. Various methods are available to isolate soil
DNA [63]. In order to isolate DNA from soils, methods must be developed that include either the
recovery of bacterial cells and cells direct lysis or subsequent lysis in the sample followed by DNA
extraction. Freeze-thawing, mechanical disruption, strong detergents, and high temperatures are all
standard methods of cell lysis used in direct lysis procedures. Direct lysis methods have been
frequently suggested since they are more suitable for various soil types, require less work, and yield
more DNA [64,65]. Direct lysis practices are also suggested more frequently than techniques of
fractionation. As stated, the fractionation approach is advantageous for soil samples that contain a
high concentration of substances that interfere with the purification and separation of DNA, as the
microbes’ concentration and recovery prior to lysis could prevent several complications associated
with such contaminations. This method is preferred because the isolated DNA measure is more
considerable than that typically obtained with the direct lysis technique. This technique is used to get
DNA, and the DNA obtained via this process has been used to create large-insert libraries [61].
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Figure 2. shows the strategy of Metagenomics as the culture-independent approach to access the
environmental DNA from different habitats.

The screening of metagenomic libraries of soil samples may be done in two ways: by looking at
the recombinant strains’ enzymatic activity or how closely the sequences are related. As opposed to
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sequence-based screening, activity-driven screening (functional-driven screening) does not require
information originating from the previously recognized sequences, so it can discover new genes
encoding types and groups of enzymes or recognize the synthesizing active compounds of innovative
biological activity. Moreover, it is optional to yield functional and full-length genes, as well as other
characteristics. One drawback is that the cloned gene expression is dependent on the gene’s
expression with an external host (Gillespie et al. 2002). According to a study [66,67], E. coli was
successfully used as a host in the screening of DNA of soil-derived metagenomic in the presence of
small biomolecules and new biocatalysts. The advantage of applying E. coli is that it is often used in
industry fermentations, which reduces the risk of contamination. Consistently, techniques for
downstream processing, separation, and production of streamlining batches are becoming well-
established. This indicates that several steps in developing highly valued products are mastered
before genes are sequenced and cloned [39].

One advantage of sequence-based screening is that it is independent of cloned gene expression
with foreign hosts, which is a disadvantage of traditional screening methods. In addition, this
technique may be used in conjunction with other screening approaches, like polymerase chain
reaction (PCR) or colony hybridization, to screen for various targets [68]. It is necessary to construct
primers and probes of DNA generated from conserved portions of families of genes or proteins
discovered before using sequence-based techniques. As a result, solely new variations of well-known
functional families of proteins may be discovered [69]. It is possible to get genomes in uncultured soil
microorganisms using this technique, and it may also provide information on unidentified species
physiology [70]. Studies on small biomolecules revealed that soil monitoring metagenomic libraries
may be used as a drug discovery technique. In turbomycin, A and B, the isolation of these antibiotics
serves as an example [66]. In a screening effort that included more than 1,000 bacterial genomes, more
than 30,000 gene clusters of putative biosynthetics that code for bioactive chemicals were discovered
[52]. Since several clusters of the biosynthetic gene-producing antimicrobial compounds and other
small biomolecules are between 30-100 kb in size, using large insert libraries is beneficial for drug
discovery. It has consistently been shown that variations among the soil metagenome and
microorganisms in the soil provide an abundant, highly concentrated source of new natural products
[39].

4.5. Microbiota and Bioactive Metabolites

Different microbes populate the gastrointestinal tract of animals, typically referred to as the
microbiota of the digestive tract, bacteria are dominant, while Archaea, fungi, yeast, and protozoa
also reside inside GIT [71]. However, most parts of these microbes are still unculturable [72]. The
intestinal microbiota consisted of 10" microbes per gram of feces for hundreds of different species
[73]. The host and microbiota interactions in healthy people are symbiotic in that the host prepares
the microbiota with nutrient materials in a balanced and steady environment. The microbiota assists
in the digestion of metabolizable substrates, vitamin production, colonization resistance, mucosal
immunity maturation, immune system induction, intestinal transit regulation, and formation of
metabolic end products [74].

Because of competition among microbes and the rest of environmental stressors, microbes
generate bioactive chemicals to combat these challenges. Such natural compounds are used as
therapeutic agents for infections in animals and humans. Following the penicillin discovery, such
organic products had a heyday from the 1940s through the 1960s. Although natural products were
first discovered via screening of marine, soil, and other varied environments, the emphasis of natural
product research has increasingly shifted to extracting these compounds from unculturable
microorganisms [75]. Current research focuses on discovering novel bioactive chemicals, such as new
antibiotics, via the activation of quiet biosynthetic pathways and the metagenomic study of various
ecosystems [76]. It is necessary to find substitute natural compounds to fight pathogenic
microorganisms resistant to antibiotic derivatives and familiar antibiotics. The microbiome of
animals has a significant amount of untapped potential in the form of microorganisms that may
produce peptides and secondary metabolites [55], and it is worth exploring further. In the human
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and animal microbiome, the identification of small peptides and biomolecules may herald the
beginning of a new era in the development of antimicrobial drugs. Macromolecules are encoded via
commensal microbes and are responsible for the microbe-microbe interactions and microbe-host
relationships. In order to have a better understanding of such relationships and identify possible
compounds of antimicrobial, macromolecules were observed on a large scale by the sequencing of
the isolate’s genomes in different body places. To research the human microbiome, the collected
Metagenomes and metatranscriptomes were examined by bioinformatics to get a better
understanding of the presence of such compounds in healthy individuals. [77].

Various metabolic compounds produced by microbiota, these metabolites include
oligosaccharides, terpenoids, lipids, glycolipids, ribosomally synthesized modified peptides of post-
translationally (RiPPs), nonribosomal peptides, amino acids, and polyketides [78]. Such chemical
diversity reveals different properties: antimicrobial, immunomodulatory, cytotoxic, and antioxidant,
while the properties of several compounds have not been recognized [47]. In healthy people’s
different body places, approximately 3118 biosynthetic gene clusters (BGCs) that encode
macromolecules have been recognized from various samples acquired. Three classes of secondary
metabolites, lantibiotics, thiopeptides, and thiozole/ oxazole-modified microcins, were discovered to
be present in significant quantities at every site. Limited clusters of nonribosomal peptide sequence
(NRPS) were discovered solely in gut microorganisms, and this was the first time this had been
discovered. On most occasions, these BGCs differed from those found in microorganisms linked to
nonhuman hosts. One BGC found in an oral microbiome was comparable to a macrolide found in a
microbiome of a marine environment, which was surprising. Interestingly, one BGC from the
metagenome encodes for a new thiopeptide that may be used as a therapeutic candidate [79]. Because
in the microbiomes of animals and humans, several BGCs along unidentified functions occur, their
identification and utilization for our benefit could aid in emerging new therapeutic agents for various
infections and diseases [77].

4.6. Microbial Co-Cultivation (Mixed-Culture)

The presence of more than one type of microorganism in the same culture or medium is called
mixed cultures, where neighboring microbes cooperate significantly [80]. Because of the significant
number of fungal and bacterial species in such consortia, there is specialized communication among
the microorganisms in these communities [81]. Natural products (SMs or secondary metabolites) are
essential in communication [82]. Mixed cultures have been utilized in the production of beverages
and food for millennia, and they have been employed in the production of solvents, industrial
enzymes, and wastewater treatment for many years. Such a strategy’s benefits include lower prices,
improved efficacy, and a greater variety of products [83]. In addition to interaction with the substrate
of fermentable, Microbes interact with one another and the environment around them. It is believed
that the interactions among microbes are complicated, but they are necessary to develop desirable
product features [84]. Comparing the complex consortia of microbial mixed cultures to pure cultures,
it may be concluded that they can perform more complicated activities and withstanding
environmental changes and stresses [85].

In mixed culture, product yield and the rate of growth may be higher; one microbe may produce
the required growth factors advantageous to the second microbe. Mixed cultures are capable of
bringing about multistep biotransformations, allowing better consumption of the substrate. A broad
spectrum of enzymes is present, allowing it to assault a wider variety of substances and facilitate the
utilization of inexpensive and impure substrates [86]. The actual triggers causing the stimulation of
natural product biosynthesis in such communities are different from the products themselves. They
range from ecological signals, including pH, carbon, nitrogen, and phosphate sources, to different
growth factors and cellular signaling molecules to organisms living in the same environment [87].
Competition for limited natural resources is supposed to be an optional force that stimulates the
synthesis of biologically active compounds, which happens in mixed cultures only [88]. The outcomes
of mixed cultures involve enhanced antibiotic activity in crude extracts, increased yields of
previously defined metabolites, enhanced outcomes of unobserved metabolites, comparing to
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identify metabolites as a result of combined pathways, and unexpressed pathways stimulation for
bioactive constituents [80].

The discovery of new bioactive compounds by unlocking SM genes contained in the microbes’
genomes is a common motivator for co-cultivation investigations. This has been demonstrated for
various microbial pairings, including bacterium-bacterium, fungus-fungus, and bacterium-fungus.
SMs produced in fungus-fungus co-cultures are the acremostatinsA-C, formed with a culture of
Acremonium sp. mixed with Mycogone rosea [89]. In a co-cultivation with the Aspergillus oryzae or fungi
Neurospora crassa, Watanabe et al. (1982) [90] explored the formation of the antibacterial polyketide
enacyloxin with Gluconobacter sp. A recent antibiotic known as alchivemycin was isolated from the
culture broth of the co-cultivation among Streptomyces endus and Tsukamurella pulmonis [91]. The
pestalone production as a beneficial antibiotic against vancomycin-resistant Enterococcus faecium and
methicillin-resistant Staphylococcus aureus (MRSA) was obtained in the co-culture of a marine-derived
Gram-negative bacterium in the Pestalotia as the marine fungus and genus Thalassopia sp. [92]. In
addition, communities of marine-based fungal-bacterial are found to be promising sources of new
SMs; co-cultivation of the actinomycete Salinispora arenicola and a marine Emericella parvathecia caused
a 100-fold production of emericellamides A and B with the fungus, metabolites exhibited
antimicrobial activity against MRSA [93]. Co-cultivation of marine a-proteobacterium Thalassopia sp.
and Libertella sp. led to the production of libertellenones A-D by the fungus, a direct contact seems to
be essential for libertellone production, were neither produced in a Libertella monoculture nor by
addition of extract or supernatant of the bacterial culture [88]. Co-cultures of coalmine drainage-
derived organisms, an Aspergillus fumigatus strain, and a Sphingomonas strain, led to the discovery of
glionitrin, which showed antimicrobial activity against Methicillin-resistant S. aureus [94]. As a result,
mixed culture became a new opportunity for isolation and identification of novel antimicrobial drugs
in both natural environments and under laboratory cultivations.

4.7. Alternative Targets for Antimicrobials Other Than Cellular Components

Most current antibiotics, even those that have undergone significant modification, target the
same cellular processes as their natural or synthetic counterparts. The range of these targets is limited
by the constituents of machinery translation, cell wall production, DNA/RNA metabolism, and a few
other cellular activities. Due to the wide variety of genomes that have been sequenced, it is now
possible to implement the concept of a magic bullet in a more complex manner, with crucial targets
being determined with much greater specificity at the molecular level. This desire is complemented
by the availability of various chemical compound collections to screen for the target/drug
combination [95]. Comparing the metabolic processes of commensal and pathogenic bacteria, as well
as medications that target the pathogenic features, may aid in the discovery of novel drug/target
combinations in pathogens and, consequently, a novel paradigm of antimicrobial therapy that
focuses on virulence [96]. Successful applications of this strategy have already been shown in the
inhibition of the QseC-mediated activation of virulence gene expression in several pathogens [97], as
well as the suppression of type III secretion system, an essential virulence component [98]. Drugs
with a different original intent may end up being used as antimicrobials. For instance, BPH-652, a
phosphonosulfonate, which was tested for cholesterol-lowering activity in humans as targeting the
enzyme in the cholesterol biosynthesis pathway, squalene synthase, is also inhibiting an essential
enzyme involved in Staphylococcus aureus virulence, dehydrosqualene synthase, and may therefore
be thought of as a candidate drug to control MRSA [99]. Other areas of bacterial metabolism that may
be targeted for modification include fatty acid biosynthesis [100], biosynthesis of aminoacyl-tRNAs
[101], cell division [102], quorum sensing mechanism [103], two-component signal transduction
system [104], and proton motive force [105].

The effectiveness of antibiotics can also be restored by focusing on the mechanisms of antibiotic
resistance, such as efflux pumps or [ -lactamases, which are compromised by the expanding
resistance issue [106,107]. As it proceed along this path, it will be fundamentally changed from the
previously established classical structural divides into antibiotic classes. We are only at the beginning
of this, and not many antibacterial medications with novel modes of action have entered clinical trials
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yet. However, even at this stage, most of them do not belong to the previously identified antibiotic
classes [108]. Additionally, developing new antibacterial treatments may be aided by intervention
tactics that target biological networks rather than just targets [109]. For instance, combination
therapy, which combines antibiotics with an antibiotic-enhancing phage, has shown promise as a
viable antimicrobial intervention [110].

Conclusions

The discovery of antibiotics in human medicine has predominantly relied on natural products
derived from microorganisms, supplemented by semi-synthetic and synthetic compounds. However,
progress in antibiotic discovery declined after the 1960s due to challenges in cultivating microbes
under traditional laboratory conditions. Novel approaches must be developed to reactivate natural
antibacterial drug discovery. These include harnessing microbial metagenomes from unexplored
sources, employing culture techniques mimicking natural microenvironments, and utilizing
biosynthetic methods to generate diverse drug candidates. Additionally, exploring the gut
microbiota of animals, modifying existing antimicrobial compounds, and identifying alternative
drug targets offer promising avenues. These multifaceted strategies, coupled with advancements in
purification and screening, hold the potential to accelerate the discovery of novel antibiotics and
address the pressing issue of antibiotic resistance.
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