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Abstract: The natural fermentation of antibiotics, along with semi-synthetic and synthetic approaches,
is one of the most important methods for their production. The majority of the antibiotic market
comes from the fermentation of high-yielding (HY) fungal strains. These strains have been obtained
since the 1950s from wild-type (WT) isolates as a result of classical strain improvement (CSI) programs
primarily involving multi-round random mutagenesis and screening. However, the molecular basis
leading to high-yield production was unknown. In recent years, due to the application of multiomic
approaches, key changes that occur in CSI programs, with WT strains that become HY industrial
producers of a particular antibiotic, have begun to be understood. It becomes obvious that, during
CSI, certain universal events are selected, which lead both to a direct increase in the production of the
target metabolite and affect other vital processes of the cell (side mutations). These key events include:
the upregulation of the target biosynthetic gene cluster (BGC), changes in the system of global
regulation, disruption of alternative BGCs, the rearrangement of energy fluxes in favor of the target
SM (secondary metabolite), changes in the regulation of the response to stress, and the redirection
of primary metabolic pathways to obtain more precursors for target production. This knowledge
opens up the possibility of both introducing targeted changes using genetic engineering methods
when creating new producers and increasing the production of CSI strains as a result of fermentation
with low-molecular compounds, targeted to compensate for the effects of side mutations.

Keywords: antibiotics; secondary metabolites; fermentation; fungi; biosynthetic gene clusters (BGCs);
classical strain improvement (CSI); low molecular weight inductors; polyamines

1. Introduction

The discovery of antibiotics and their widespread introduction into medical practice
has radically changed the life of mankind, since they made it possible to save human lives in
situations that were previously hopeless for patients [1]. Since the 1900s, numerous attempts
have been made to create drugs that satisfy Paul Ehrlich’s “magic bullet” (Zauberkugel,
ger.) concept, where a compound selectively kills disease-causing microorganisms without
harming the human body [2,3]. Ehrlich carried over the term “magic bullet” from Carl
Maria von Weber’s popular 1821 opera Der Freischiitz (The Freeshooter), which is based
on the German legend of magic bullets that fly not according to the laws of ballistics, but
according to the will of the shooter himself. The shooter buys seven magic bullets from
the devil in exchange for a soul. For the first six bullets, he chooses the target himself,
and the last one is controlled by the devil. Ehrlich obtained the first magic bullets, the
anti-syphilis arsenical-based drugs salvarsan (arsphenamine, compound 606) and its less
toxic analogue neosalvarsan (compound 914), against the spirochete Treponema pallidum
by chemical synthesis [4,5] (Figure 1). Although these first organic antimicrobials (the
first antibiotics), salvarsan and neosalvarsan, were commercialized in the early 1910s (by
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Hoechst AG), their structural formulas were only established a hundred years later, and the
mechanism of action is still not clear [1,6]. The concept of the “magic bullet” formulated by
Ehrlich and the introduction of the first chemically synthesized antimicrobial drugs into
medical practice not only ushered in the era of chemotherapy, but also became a key event
that marked the beginning of the evolution of antibiotics [4]. For 30 years, many laboratories
around the world actively searched for similar magic bullets, until in the 1940s arsenical-
based drugs were replaced as treatments for syphilis by less toxic penicillins, which were
obtained as a result of natural fermentation of the fungus Penicillium chrysogenum (later
reclassified as Penicillium rubens) [7]. Since then, the fermentation of natural fungal and
bacterial strains has become, along with chemical synthesis, the most important industrial
method for obtaining antibiotics [8].

CSl programs for natural fermentation of HY strains
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Figure 1. Antibiotic Era timeline focused on classical strain improvement (CSI) programs for high-
yielding (HY) antibiotic producers.

The revolution in the field of antimicrobials occurred after the realization that, among
the numerous synthesized low molecular weight metabolites, some molds (filamentous
fungi) and bacteria can produce compounds that effectively destroy other microorgan-
isms [9-11]. These so-called natural products, or secondary metabolites (SMs), play an
important ecological role, enabling a particular microorganism to occupy a certain ecologi-
cal niche by inhibiting the growth of other microorganisms [12-14]. Since such compounds
are directed against microorganisms that differ significantly at the molecular level from
humans, some of them are able to selectively kill pathogenic microbes [15,16]. In other
words, nature itself creates magic bullets, casting them in the furnaces of the evolution
of microbiological communities [17-21]. The main task in the so-called Golden Age of
antibiotics (the period from the beginning of the 1940s to the end of the 1960s) was treasure
hunting, the search for magic bullets created by nature: natural antibiotics [1,22] (Figure 1).
The first and most important discovery of such a bullet was the discovery by Fleming in
1928 of penicillin, which began to be widely introduced into pharmaceutical practice from
1942 [7].

It turned out that, for the production of antibiotics, special pathways of secondary
metabolism are involved, using non-ribosomal peptide synthesis, polyketide synthases,



Fermentation 2023, 9, 1027

30f38

terpene cyclases, cytochromes P450s, and many other biosynthetic enzymes [23-29]. The
final highly active product is obtained as a result of several tens (and even hundreds) of
stereospecific reactions [30-32]. After deciphering the structures of such biologically active
compounds, synthetic chemists developed numerous schemes for their chemical (or, so
called, total) synthesis [33,34]. The total synthesis of antibiotics and other bioactive natural
products, according to Kuniaki Tatsuta, one of the pioneers in this field, “is a display of
beauty, achieving a status of ‘art’ in organic chemistry” [35]. Therefore, the main source
for obtaining the discovered pharmaceutically significant SMs was the fermentation of
microbial strains, since total synthesis proved too complicated or too expensive [36,37].
Along with this, for the production of some antibiotics, schemes of multi-stage chemical
synthesis (or total synthesis) were developed, leading to a yield comparable in economic
costs [38]. For example, the broad-spectrum antibiotic chloramphenicol, isolated from
Streptomyces venezuelae in 1947, is produced in the industry by total synthesis [39,40].

In natural isolates, the yield of the required antibiotics was not sufficient for industrial
production and did not exceed several tens of milligrams per liter [7,41-43]. Therefore, on
the basis of wild-type (WT) strains, improved high-yielding (HY) producers were obtained,
in which the yield of the target SM was increased by 100-1000 or more times [44—49]. As
a result of the widespread introduction of antibiotics discovered during the Golden Era,
many pathogenic strains began to develop resistance, which was expressed in a significant
or complete loss of sensitivity to antibiotics of many classes [50,51]. This ultimately led to
the end of the Golden Age of antibiotics in the late 1960s—early 1970s [52,53].

One of the main methods of combating microbial resistance, since the end of the
Golden Era of antibiotics, is the modification of compounds that have become inactive,
which makes it possible to overcome resistance [36]. For example, in the UK in 1961,
the so-called methicillin-resistant Staphylococcus aureus (MRSA), resistant both directly to
methicillin and to other beta-lactam antibiotics, including penicillins, cephalosporins, and
carbapenems, was first recorded. The mechanism of resistance is due to the presence of the
mecA gene, encoding penicillin-binding protein 2a (PBP2a), which, unlike other penicillin-
binding proteins, does not bind to beta-lactams. Introduced in the early 2010s, ceftaroline
(Teﬂaro®, Teva Pharmaceuticals, Tel Aviv, Israel is sold in USA; and Zinforo®, AstraZeneca,
Cambridge, UK is sold in Europe), the 5th generation cephalosporin, has become active
against MRSA strains because it binds and inhibits the PBP2a enzyme [54]. To create
modified natural products, both total chemical synthesis and in vitro modifications of
compounds obtained after natural fermentation (semisynthetic synthesis) are used [55-58].
As a result, antibiotics of several generations appear within the same class. For example,
five generations of cephalosporins, four generations of aminoglycosides, four generations
of fluoroquinolones and so on are currently on the market [59-62]. Such a struggle between
humanity, which creates new generations of antibiotics that overcome resistance, and
microorganisms, which become resistant to newer and newer generations of antibiotics,
is reminiscent of the arms race of the Cold War period of the second half of the 20th
century [63,64].

In the following decades, after the end of the Golden Era, until the early 2000s, the
number of new classes of antibiotics that were introduced into medical practice dropped
sharply [1]. This period is characterized as an innovative gap in the development of an-
tibiotics [65]. Apparently, this was due to the fact that all the magic bullets lying on the
surface were found during the Golden Era using the methods available at that time, and
new technologies were required to create novel antibiotics in the 21st century [66-68]. At
the turn of the 21st century, breakthroughs in the field of genetic engineering made it possi-
ble to understand the molecular basis of antibiotic production, associated with so-called
biosynthetic gene clusters (BGCs) [24]. These discoveries, combined with new technologies
in recent decades, made it possible to close the innovation gap in the development of
antibiotics, and new classes of antibiotics began to enter the market [61,69-72]. Along
with this, there is now a situation in which the discovery and development of antibiotics
is no longer cost-effective when using traditional cost recovery models [73]. This leads
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to a reduction in the number of companies and laboratories dedicated to delivering new
antibiotics, which, against the backdrop of a constant increase in pathogen resistance to the
antibiotics used, could lead to catastrophic consequences in the future [73]. However, the
antibiotics currently available play an enormous role in protecting human health, and the
amount of antibiotics consumed is steadily increasing [74].

In this review, we will focus on the natural fermentation of improved microbial strains
for obtaining antibiotics and the potential use of magic bullets, not for selective action to
kill a pathogen, but for a selective increase in the yield of the synthesized antibiotic. Such a
type of magic bullet can be introduced, because, when working with natural antibiotics, not
only are the mechanisms of their action on pathogenic microorganisms studied, but also
the changes that occur inside the producer organism, which can significantly increase the
target yield. At present, all industrial antibiotic-producing strains were obtained as a result
of the so-called classical strains improvement (CSI) methods, which involve multi-round
random mutagenesis and screening [75-79]. During these procedures, the fungal genome
is shot, not with single aimed bullets, but with shrapnel; that is, with numerous random
bullets [41]. Then, several hundreds or thousands of surviving clones are screened for a
desired phenotype (an increase in antibiotic production) determined by a set of random
mutations. Some of these mutations are critical for increasing the yield of antibiotics, while
others are byproducts of mutagenesis. A selected improved strain is used for the next
round of random mutagenesis, after which positive (and side) mutations are again selected
for antibiotic production. As a result, high-yielding (HY) strains are obtained, which have
an improved antibiotic production by several hundred or thousand times, compared to
the original wild-type (WT) strains. However, for these HY phenotypes, the molecular
basis leading to improvement is unknown [80]. Currently, comparison of multi-omics data
between initial WT and improved HY strains makes it possible to reveal key changes at the
genome, transcriptome, proteome, and metabolome levels, driving high-yielding antibiotic
production [81-87] (Figure 1). It turned out that the key magic bullets for the improving
the fungal genome lead to: (i) the upregulation of genes in the target BGC (which may,
but not necessarily, be accompanied by BGC duplications); (ii) knock outs of the genes
responsible for the production of alternative secondary metabolites; (iii) the rearrangement
of energy fluxes in favor of target secondary metabolism; (iv) the redirection of metabolic
pathways to obtain more precursors; (v) changes in the regulation of the stress response; and
(vi) an effect on the global system of regulation of secondary metabolism [41,43,79,88,89].
However, recent work has shown that, for strains that have reached their technological
limit of improvement by classical methods, there is an additional possibility of increasing
production: the seventh and diabolical (in terms of the Freeshooter mythologeme) magic
bullet [90-92]. It turned out that, during the fermentation of HY strains, it is possible to
increase the yield of the target SM by 15-50%, by adding specific low-molecular compounds
(such as polyamines) aimed at compensating for the effects of side mutations that have
arisen during mutagenesis or stimulated other processes [24,93] (Figure 1).

Knowing the laws that lead to the improvement in strains at the molecular level, it is
possible to shoot with genetic engineering methods [44,94]. Genetic engineering itself is a
gun for magic bullets that introduce targeted mutations.

2. Types of Antibiotics by Production Method

According to the industrial production method, there are three main types of an-
tibiotics currently used: (i) natural products (obtained by the fermentation of improved
strains of bacteria and fungi) [37,95]; (ii) semisynthetic antibiotics (based on in vitro modi-
fications of natural products) [96,97]; synthetic antibiotics (obtained by chemical synthe-
sis) [34,98] (Figure 2).

Chemical synthesis makes it possible to obtain both new highly active compounds that
are not found in nature, and structural analogues of natural antibiotics (as a result of total
synthesis). Along with innovative changes in chemical and biocatalytic instrumentation, the
fermentation of improved industrial strains remains one of the most important approaches
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for antibiotic production [19,99]. Using this method, it is economically more profitable to
obtain raw materials for subsequent modifications of semisynthetic antibiotics [56]. For
example, as a result of the fermentation of Acremonium chrysogenum (in 2023 reclassified
as Hapsidospora chrysogena [100]), the beta-lactam antibiotic cephalosporin C is obtained,
which is the initial substrate for the synthesis of several dozen cephalosporin antibiotics
of the firstfifth generations [92,101]. Moreover, the vast majority of antibiotics on the
market since the 2000s are microbial products and are still produced by fermentation [37].
For example, to obtain the glycopeptide teicoplanin, a high-yielding strain of Actinoplanes
teichomyceticus is used [34], and all modern schemes for the total synthesis of this compound
were not introduced into industry due to the high cost [37,102]. Among the new synthetic
antibiotics, only oxazolidinones entered the market [103].

Antibiotics by production method

Synthetic
Semi-

synthetic Total

synthesis

in vivo invitro ----invivoandin vitro

Figure 2. Types of antibiotics according to the method of their industrial production: (i) natural
products (obtained by the fermentation of improved microbial strains); (ii) semisynthetic antibiotics
(obtained from natural products after fermentation and subsequent modification in vitro); (iii) syn-
thetic antibiotics (obtained by chemical synthesis). Total synthesis is highlighted in the pentagon, as a
special case of chemical synthesis, which serves to create structural analogues of natural products.
Stages of antibiotic synthesis occurring in vivo, or in vitro, or both in vivo and in vitro, are indicated
by a solid blue line, or a solid red line, or dotted blue and red lines, respectively.

Currently, the vast majority of commercial antibiotics, with the exception of sulfa
drugs, quinolones, and oxazolidinones, are natural or semisynthetic [104].

3. Biosynthesis of Secondary Metabolites (SMs) in Filamentous Fungi

Filamentous fungi (or mold) are a morphologically heterogeneous group of Ascomycota
and Zygomycota with a multicellular mycelial structure called hyphae and the ability to
produce airborne spores or conidia [105]. Currently, about 80 thousand filamentous fungi
are known,; it is estimated that there are several million of them on Earth [78,106]. Some of
their representatives have unusual or unique metabolic pathways—in particular, secondary
metabolic pathways—and thus serve as an important source for drug discovery [24,68].
The most valuable fungal SMs used in medicine are antibiotics, which inhibit the growth
of competing microorganisms in nature and are capable of selectively killing pathogenic
microorganisms in patients [107]. At the global level, the introduction of antibiotics into
medical practice has become one of the main factors in a significant increase in the average
life expectancy of a person. Thus, between 1950 and 2017, life expectancy increased from
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48.1 to 70.5 years for men and from 52.9 to 75.6 years for women [108]. Individual represen-
tatives of fungi are capable of producing about 100 or more SMs, which are necessary both
for development (transition from one morphological form to another) and for interaction
with the environment [109,110]. For example, 215 SMs are currently described for Stachy-
botrys chartarum, and 180 SMs are described for Fusarium oxysporum [111,112]. However,
under normal physiological conditions, most of these compounds are not synthesized [113].
The synthesis of one or another SM is triggered by the corresponding external or internal
signal [24]. This process functions through the coordinated regulation of several dozen
so-called biosynthetic gene clusters (BGCs) of secondary metabolism [23]. BGCs assemble
genes responsible for both the biosynthesis of the corresponding secondary metabolite
and its transport between cell compartments, pathway-specific regulation, and resistance
against it (in cases where the synthesized product is toxic to the host organism) [24,114].
However, some of these genes may be localized outside of their BGCs [115]. Currently,
the corresponding BGCs for known natural antibiotics have been determined. Along with
this, bioinformatic analysis makes it possible to predict loci containing BGCs for unknown
and potentially medically useful SMs [116]. To build the core structure of most fungal
SMs, so-called central (or backbone) enzymes are used, such as non-ribosomal peptide
synthetase (NRPS), polyketide synthase (PKS), and terpene cyclase (TPC) [117-119]. They
have characteristic conserved motifs, and the corresponding genes are relatively easy to
identify in silico [120]. At a close distance from the genes of the backbone enzymes, the
genes of tailoring enzymes for modifying the core structure are usually localized, as well as
genes encoding transporters of intermediate and/or final compounds, pathway-specific
regulators (transcription factors that regulate the expression of the BGC in which their
genes are localized), and genes for resistance to the final metabolite (if the synthesized
substance is toxic to the cell itself) [24]. Such organization of BGCs allows for, after finding
genes encoding backbone enzymes, the screening of nearby areas for assembled genes
and the rough delineation of the boundaries of the cluster [121]. Currently, after genome
sequencing, various tools are used, such as antiSMASH and MIBIG, to find potential BGCs
that are mosaically distributed in the genome [116,122,123]. As a result, it becomes possible
to assess the biosynthetic potential of a particular organism, in terms of the production
of SMs, and compare its BGCs discovered in silico with previously characterized ones,
including clusters for which the final products of biosynthesis are known [121]. This makes
it possible to assess the feasibility of developing a platform for the subsequent awakening of
silent BGCs and the establishment of their latent products in a specific organism [124-126].

In particular, antibiotics begin to be actively synthesized when signals are detected
in the environment associated with the appearance of microorganisms competing for the
substrate [127]. In this case, the corresponding external signals lead to the activation of
previously silent corresponding BGCs [128]. This process is accompanied by chromatin
remodeling (the conversion of required chromosomal loci containing BGCs from hete-
rochromatin to euchromatin) under the influence of the system of global regulation of
fungal secondary metabolism [129]. During chromatin remodeling, individual components
of protein complexes act as readers, writers (methyltransferases and acetyltransferases), or
erasers (demethylases and deacetylases) [129]. As a result, the transcription of biosynthetic
and other genes necessary for the functioning of the antibiotic is activated, which leads
to its accumulation in the environment to eliminate competing microorganisms [130]. At
the present stage of development of science, when creating preparations for the targeted
destruction of pathogenic microorganisms, both natural and human developments are
used (Figure 3).

If antibiotics are classified according to the method of their production, then semisyn-
thetic compounds are at the junction of natural products and synthetic antibiotics, since
both in vivo and in vitro processes are involved in their production (Figure 2). At the same
time, antibiotics obtained as a result of total synthesis are not linked with natural products,
despite the fact that the idea of their structure was taken from nature. In this regard, one
can also classify antibiotics based on the ideas about their structure and synthesis (Figure 3).
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The structure of natural products came from nature, which receives these compounds in
the process of biosynthesis. In the case of compounds obtained as a result of total synthesis,
nature created the idea (invented the structure) of such compounds, and man, as a result of
elegant chemical transformations, at the level of art, came up with alternative schemes for
their production [131]. And for de novo synthesized compounds, man came up with new
structures, for compounds that did not previously exist in nature, and also came up with a
way of chemical reactions for their synthesis (Figure 3).

Tejbl Chemical

synthesis

synthesis
de novo

S e

~ gy

{::} the Idea of molecule ~<JW the Idea of synthesis

Figure 3. The impact of humans and nature according to different ways of creating antibiotics. During
biosynthesis, nature itself synthesizes the molecule it has invented. In the course of total synthesis,
a human invents a path of chemical reactions to obtain a molecule invented by nature. In de novo
chemical synthesis, a human invents both a new molecule that did not previously exist in nature, and
a method for its synthesis.

4. Classical Strain Improvement (CSI) for Industrial Production of Antibiotics in Fungi

In order to force a fungal strain to synthesize much more of a natural product than
is intended by its physiology (100-1000 or more times), there are a number of biotechno-
logical tools, such as: (i) random mutagenesis with physical and/or chemical mutagens
and screening [78,109,132]; (ii) sexual crossing [133-136]; (iii) somatic crossing (including
parasexual recombination) [137-139]; and (iv) genetic engineering [76,140,141]. The first
three methods belong to the so-called classical strain improvement (CSI) methods. The core
of such improvements is based on random mutagenesis and the subsequent screening of
surviving clones for the desired phenotype, which may result in increased production of
the target enzyme, primary metabolite, or secondary metabolite, including antibiotics [142]
(Figure 4). This is due to the fact that sexual breeding is not available for most industrially
valuable fungi (except for members of the genera Claviceps, Emericellopsis, and Aspergillus),
and the parasexual cycle in biotechnology has proved less useful than it was, at one time,
predicted to be [137,143]. The powerful genetic engineering tool has great potential in terms
of targeting and the diversity of its capabilities [124]. However, none of them led to the
creation of an industrial antibiotic-producing fungal strain (as distinct from the production
of primary metabolites or enzymes) [142,144-146].

Natural isolates, i.e., WT strains, as a rule produce the required SM in an amount of
several tens of mg per liter or less [88], which is not enough for industrial fermentation. HY
producers derived from such WT strains can produce several tens of grams per liter [48,147].
Such a tremendous leap in increasing production is currently achieved as a result of the
sequential selection of the desired phenotype occurring at successive stages of mutagenesis.
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(c)

In this selection, mutational changes, as a rule, do not lead to an increase in production
more than several times per stage [47].

(b)

/ e © 3

A set of clones with a sublethal dose of exposure

, %
588

Production level

Figure 4. Classical strain improvement for antibiotic production in fungi. (a) The wild type (WT)
strain is subjected to random mutagenesis at a sub-lethal level. Surviving clones carry random
mutations, some of which may result in increased production of the targeted antibiotic. (b) The
obtained clones are then screened (as a result of fermentation, plate tests, or other methods) for the
level of antibiotic production. (c) The level of antibiotic production in most of the clones obtained
as a result of mutagenesis is less than or equal to that of the initial WT strain. However, clones are
found in which antibiotic production is increased; they are selected. (d) The result is an improved
strain that, after the first round of mutagenesis, has a higher yield than the WT strain. This strain is
then used for a new round of random mutagenesis and selection.

In the first stage of improvement, a natural isolate that produces the required SM is
subjected to sublethal mutagenic action, which leads to mutations in the fungal genome,
but does not kill all cells (Figure 4a). Single cells that survive such an impact multiply and
give rise to clones; genetically homogeneous colonies. All cells of a particular clone contain
specific sets of mutations from the surviving parent cell. Then, the clones are screened on
nutrient media for the level of production of the required antibiotic (Figure 4b). Generally,
most clones exhibit lower or similar levels of production compared to the parental strain.
However, as numerous studies with strains of microorganisms since the 1950s have shown,
after mutagenesis, clones with increased production of the target secondary metabolite also
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arise (Figure 4c). The most active clone is selected and can be used as a strain for further
manipulations; this ends the first round of mutagenesis (Figure 4d).

The resulting increase in production determines the effectiveness of mutagenesis
at one or another stage of strain improvement. Typically, after the first round, the CSI
program does not end. The improved strain obtained at the first stage is subjected to
a new mutagenesis, as a result of which new clones arise, after the screening of which
it is again possible to obtain an even more active strain. The process continues until
the next mutagenesis makes it possible to select clones with an increased yield of the
required SM. This stage of mutagenesis corresponds to the technological limit of the
program for improving a particular fungal producer. In many programs, it was possible to
implement 10-50 or more rounds of mutagenesis until the technological limit of the method
is reached [47,48,84,147].

It turns out that mold strains are extremely convenient objects for CSI, for the following
reasons: (i) they have amazing resistance to mutagenesis, maintaining cellular fitness
and high-yield production even after dramatic chromosomal rearrangements; (ii) they
produce haploid conidia, which are an excellent material for mutagenesis, since it is enough
to knock out only one allele to immediately screen for the phenotype; and (iii) fungal
mutants generally have good stability [89,143,148,149]. These properties made it possible
to carry out numerous CSI programs with them, during which, at various rounds of
mutagenesis, “correctly surviving” fungal strains were selected; that is, those carrying
mutations necessary for improvement, as well as side random mutations that do not cover
the positive effect.

5. Industrial Production of Antibiotics in Fungi

Improved fungal strains produce key beta-lactam antibiotics (penicillins and cephalosporins),
which account for nearly half of the antibiotic market [150-152] (Figure 5).

Fluoroquinolones

Figure 5. Antibiotic market share by drug class, according to the open access data from [150].

Fungal strains are also used to obtain fusidanes, echinocandins, griseofulvins, and
other classes of antibiotics [153]. All of them are significantly inferior to beta-lactams in
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terms of market share and occupy part of the “Other” sector in Figure 4. However, these
minor (in terms of market share) antibiotics are extremely in demand in a number of
cases [153]. In addition, the fermentation of improved fungal strains is used to produce
not only antibiotics, but also a number of other pharmaceutically significant SMs, such as
statins (cholesterol-lowering drugs), immunosuppressants, and antitumor drugs [8].

5.1. Fermentation of Beta-Lactam Antibiotics in Fungi

The fermented penicillin G (PenG) and cephalosporin C (CepC) are modified in vitro
to create drugs used in medicine (PenG is also used unmodified) [152]. Obtaining PenG
and CepC in improved fungal strains is more economical than in vitro production [154].
In fungi, the biosynthesis of these beta-lactams is under the control of a complex hier-
archical regulatory system, modified in the process of strain improvement, and is ac-
companied by a series of biosynthetic reactions, with a significantly increased intensity
in HY producers [94,155]. In these reactions at the first stage, LLD-ACYV tripeptide 5-(L-
a-Aminoadipoyl)-L-cysteinyl-D-valine is obtained as a result of non-ribosomal peptide
synthesis by the enzyme PcbAB (EC: 6.3.2.26). This tripeptide is then cyclized to isopeni-
cillin N (IPN) through a dioxygenase reaction catalyzed by PcbC (isopenicillin N-synthase
(EC:1.21.3.1)). The IPN core structure is then modified by tailoring the enzyme PenDE (IAT,
isopenicillin-N N-acyltransferase [EC:2.3.1.164]) to produce penicillin G, or by sequential
reactions of the tailoring enzymes to produce cephalosporin C (CefD1, isopenicillin N-CoA
synthetase (EC: 5.1.1.17), CefD2 (isopenicillin N-CoA epimerase (EC: 5.1.1.17), CefEF (peni-
cillin N expandase, EC: 1.14.20.1) / deacetoxycephalosporin C hydroxylase, EC: 1.14.11.26),
and CefG (deacetylcephalosporin-C acetyltransferase (EC: 2.3. 1.175)).

5.1.1. Fermentation of P. chrysogenum for Penicillin G (PenG) Production

The main industrial producer of penicillin G (PenG, or benzylpenicillin, and “Peanut
Butter Shot” in military slang) is P. chrysogenum (formerly known as Penicillium notatum),
which belongs to the class Eurotiomycetes and the division Ascomycota [156-158]. Currently,
a number of molds are known that are capable of producing PenG, for example from the
genera Arthroderma, Aspergillus, Penicillium, and Trichophyton; however, only P. chrysogenum
strains are used for the industrial production of this important antibiotic [159-162]. PenG is
the first industrially produced natural antibiotic, which was accompanied by an innovative
breakthrough in the development of deep fermentation [163]. From the early 1940s to the
present day, PenG has been produced worldwide from the fermentation of improved strains
of the P. chrysogenum NRRL 1951 initial isolate [79,164,165]. This strain was discovered in
1943 growing on a cantaloupe at the local market in Peoria (IL, USA) [166]. It turned out
that P. chrysogenum NRRL 1951 produces more penicillin than the original Fleming isolate
(which produces mostly the unstable and difficult to isolate penicillin F, named after its
discoverer) and other P. chrysogenum industrial strains used at that time for commercial
production of PenG (such as P. chrysogenum NRRL 1249-B21) [7,167,168]. NRRL 1951 was
adapted for commercial use; CSI programs were carried out on its basis, which made
it possible to increase the PenG yield by more than 1000 times [41,101,169,170] (Table 1).
Seventy-seven years after its discovery, P. chrysogenum NRRL 1951 received the status of
“State Microbe of Illinois” [166].

Table 1. Production level of the most important antibiotics from fungi of wild type (WT) and
high-yielding (HY) strains derived from them.

Antibiotic

Production, mg/L References

WT Strain HY Strain

Producer M Chemical Structure

Penicillin G

H

N S
Penicillium 334 m oj;'\r\)/ 50-70 87,650 [170]

chrysogenum 3
o7 TOH
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Currently, the P. chrysogenum strains used for PenG production (both the original
Fleming strain and the strains used to obtain improved industrial producers) have again
been reclassified as P. rubens [183]. At the same time, the name P. chrysogenum was retained
for a number of strains that are not used for the industrial production of penicillins and
differ from P. rubens in some characteristics, such as their production of secondary metabo-
lites [183]. However, in the vast majority of recent publications, it is still common to use the
name P. chrysogenum for PenG producers, in order to avoid confusion [7,156]. PenG can be
used as a final drug [184] or can serve as a raw material for the production of semisynthetic
penicillin antibiotics (Figure 6a). To achieve this, at the first stage, penicillin nucleus or 6-
aminopenicillanic acid (6-APA) is obtained from PenG as a result of the deacylation reaction
in vitro by amidase enzymes of bacterial origin (penicillin G amidase, EC 3.5.1.11) [56,185].
Then, various semisynthetic penicillins are obtained by grafting different side chains onto
6-APA [186-188] (Figure 6a).
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Figure 6. Industrial production of beta-lactam antibiotics. (a) Obtaining of penicillin drugs; both
penicillin G (a direct fermentation product of Penicillium chrysogenum) and its semisynthetic deriva-
tives are used in pharmaceutical industry. (b) Obtaining of cephalosporin drugs; cephalosporin C
(a fermentation product of Acremonium chrysogenum) has low activity and is not used in the pharma-
ceutical industry, unlike its semisynthetic derivatives. Curly brackets indicate the stages occurring
in vivo (stage I—fermentation of fungal strains) and in vitro (stage II—production of core structures
and stage III—production of semisynthetic antibiotics). PGA—penicillin G amidase (EC 3.5.1.11);
DAO—D-amino acid oxidase (EC 1.4.3.3); GA—glutaryl-7-aminocephalosporanic acid acylase (EC
3.5.1.93); 6-APA—6-aminopenicillanic acid, 7-ACA—7-aminocephalosporanic acid.

5.1.2. Fermentation of Penicillins Other Than PenG

Since the 1950s, intensive research has been carried out to produce PenG analogues
with altered activity profiles by fermenting P. chrysogenum with various mono-substituted
acetic acids [189]. As a result, industrial strains of P. chrysogenum, in addition to ben-
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zylpenicillin (PenG), also produce another pharmacologically important compound, phe-
noxymethylpenicillin (penicillin V, PenV) [171,190]. PenG is produced if phenylacetic acid
is added to the culture medium as a side chain precursor, and PenV is synthesized if
phenoxyacetic acid is added [185]. To effectively produce PenV in industrial strains, multi-
round mutagenesis and selection are also carried out to reduce the level of by-products,
such as para-hydroxypenicillin V [191]. PenV can be used either as a final drug or as a
raw material to obtain semisynthetic penicillins through 6-APA (Figure 6). Currently, only
two penicillins produced during fermentation are of industrial importance, namely PenG
and PenV [189]. Other natural penicillins, such as PenF (Fleming’s penicillin), PenK, PenN,
PenO, PenU1, PenUS§, or PenX, are not currently used in medical practice.

5.1.3. Fermentation of A. chrysogenum for Cephalosporin C (CefC) Production

The exclusive industrial producer of CefC is A. chrysogenum (formerly known as
Cephalosporium acremonium), which belongs to the class Sordariomycetes, division Ascomycota
(Table 1) [101]. In contrast to numerous PenG producers, CefC production is found only
in a few fungal species. In addition to A. chrysogenum, the biosynthesis of CefC was also
found in Pochonia chlamydosporia, Kallichroma tethys, and Paecilomyces persicinus, where
it is not used for industrial production [159,162]. This relatively rare distribution of the
biosynthetic pathway for this beta-lactam antibiotic in fungi is apparently associated with
the appearance of additional genes, the origin of which is discussed in [7,192,193]. In
particular, for the biosynthesis of CefC, part of the additional genes is assembled into the
so-called “late” beta-lactam BGC, which is located on a different chromosome relative to the
localization of the “early” beta-lactam BGC [89,193]. Currently, in 2023, the A. chrysogenum
have again been reclassified as Hapsidospora chrysogena [100]. Since Acremonium chrysogenum
has been used for a long time to refer the CPC producer, we use this name in current review
to avoid confusion. Current industrial producers of CefC are derived from the Brotzu initial
isolate A. chrysogenum ATCC 11550 as a result of CSI programs [194]. Italian pharmacologist
Giuseppe Brotzu isolated A. chrysogenum ATCC 11550 in 1948 from seawater near Sardinia,
Italy [195]. Industrial descendants of this strain produce several hundred times more
CefC [101,172,173]. CefC itself, unlike PenG, has weak antibacterial activity and is not used
as a final drug in medical practice (Figure 6b) [196]. The key role of cephalosporin C is
associated with its use as a starting substance for the production of all pharmaceutically
important cephalosporin antibiotics [197]. To achieve this, at the first stage, cephalosporin
nucleus or 7-aminocephalosporanic acid (7-ACA) is obtained in vitro from CefC, either
chemically or enzymatically (using D-amino acid oxidase (EC 1.4.3.3) and glutaryl-7-
aminocephalosporanic acid acylase (EC 3.5.1.93)) [56,198,199]. The side groups of 7-ACA
are then modified by various chemical or enzymatic methods to produce cephalosporin
drugs [56,169,200,201].

5.2. Fermentation of Non-Beta-Lactam Antibiotics in Fungi

The fermentation of fungal strains is used to produce a number of non-beta-lactam
antibiotics for medical use. Some of them, such as fusidic acid and griseofulvin, were intro-
duced to the market during the Golden Age of antibiotics and are still used today [202,203].
Other antibiotics, such as pleuromutilins, were discovered in the early 1950s, but only
entered the market as semi-synthetic derivatives in 2007 [204-206]. The emergence of new
classes of antibiotics from fungi, which entered the market in the last 20-25 years, was
one of the most important factors that made it possible to fill the innovative gap in the
introduction of antibiotics that arose after the end of the Golden Era of antibiotics [65]. For
example, relatively recently discovered antibiotics, from the classes echinocandins and
enfumafungins, were introduced into medical practice at the beginning of the 21st cen-
tury [207,208]. There are also antibiotics that were previously obtained using fermentation
in fungal strains, but that have now been discontinued due to discovered toxicity. For ex-
ample, fusafungine, which belongs to the enniatin class of antibiotics, was withdrawn from
the market in 2016 due to toxicity [209]. Although this review focuses only on antibiotics
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produced by fungal fermentation, it should be noted that improved bacterial strains are
also widely used for the industrial production of non-beta-lactam antibiotics [210-212]. For
example, some major market antibiotics, such as macrolides and aminoglycosides, and
some minor market antibiotics, such as tetracyclines and glycopeptides, were originally
isolated from actinomycetes, especially from the genus Streptomyces (Figure 5) [210]. Bacteria
are also a promising source for obtaining new antibiotics, for example, antimicrobial pep-
tides [213]. On the other hand, there are vast classes of non-beta-lactam antibiotics, such as
fluoroquinolones and sulfonamides, which are obtained by chemical synthesis [214,215].

5.2.1. Fusidanes

Steroid antibiotics from the fusidane class, such as fusidic acid, helvolic acid, and
cephalosporin P1, are produced by various filamentous fungi [153]. Although these an-
tibiotics have been known since the 1960s, they have drawn renewed attention, due to
the fact that they have no cross-resistance to generally used antibiotics [174,216]. Fusidic
acid, the key fusidane antibiotic, is obtained from the fermentation of improved strains of
Fusidium coccineum [176]. The production level in the improvement process was increased
by a hundred times (Table 1). Other fusidanes, helvolic acid from Aspergillus fumigatus
and cephalosporin P1 from A. chrysogenum, do not currently have such extensive use in
medicine (Table 2) [217,218].

Table 2. Some examples of antibiotic production by fungal strains.

Antibiotic Producer M Chemical Structure Class of Antibiotic References

Helvolic acid Asp €18 illus 569 Fusidanes [217]
fumigatus

Cephalosporin P1 A. chrysogenum 575 Fusidanes [218]

Pleuromutilin
(for semisynthetic:
(1) Retapamulin;
Altabax®, or
Alturgo®, GSK plc, London, UK; Clitophilus
on market from 2007 scyphoides
(2) Lefamulin;
Xenleta®, Nabriva Therapeutics,
Dublin, Ireland;
on market from 2019)

379 Pleuromutilins [205,206]

Fusafungine
(Locabiotal®, or
Bioparox®, or
640 Enniatins [219]

i e]®
, Locublosgl ’ lateritium — ~
Servier Laboratories, Suresnes, N N (6]
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5.2.2. Griseofulvin

Griseofulvin, an ascomycete polyketide metabolite that interferes with the polymer-
ization of fungal microtubules, was marketed in 1959 [230]. It was first isolated in 1939 and
is still widely used in fields ranging from medicine to agriculture [230,231]. The industrial
fermentation of griseofulvin is carried out on the basis of improved strains of Penicillium
griseofulvum (reclassified from Penicillium patulum) [84,232]. The production level is several
tens of grams per liter; however, specific numbers and methods of classical improvement
are described in the relevant patents and are successfully masked [179,230].

5.2.3. Pleuromutilins

Pleuromutilins are SMs of the terpene type [24]. Despite the fact that pleuromutilin, the
first representative of this class of antibiotics, was discovered back in 1951, pleuromutilins
only recently entered the market as a medicine for humans [204]; retapamulin, the first
antibiotic of this class, which is approved for humans, began to be used in 2007 [233,234]. To
obtain the semisynthetic antibiotic retapamulin, pleuromutilin is used, which is produced as
a result of fermentation of Clitophilus scyphoides and other basidiomycetes [205,235]. In 2019,
lefamulin, another semisynthetic antibiotic from the pleuromutilin class, was approved for
systemic use in humans [209,236-238]. An important characteristic of pleuromutilins is the
lack of cross-resistance with other antibiotics, such as the macrolides, which act on a similar
target, the 50S subunit of the prokaryotic ribosome [239].

5.2.4. Echinocandins

Currently, more than 20 echinocandins, lipopeptide antibiotics, have been isolated
from fungi, the fermentation of three of which—echinocandin B, pneumocandin By, and
FR901379—has been commercialized [240]. They are used as raw materials in semisynthetic
synthesis to obtain anidulafungin, caspofungin, and micafungin, respectively, which were
introduced into medical practice in the 2000s [207,241-243]. These compounds are also
called “antifungal penicillins” because they act on the biosynthesis of the cell wall of fungi,
just as penicillins destroy the cell wall of bacteria [244]. Echinocandin B was first isolated in
1974 from A. nidulans, becoming the first antibiotic belonging to the echinocandin class [245].
Currently, it is produced by improved strains of A. nidulans and is used as a raw material for
the semisynthetic antibiotic anidulafungin, used in medical practice [246,247]. Industrial
strains of A. nidulans produce approximately a thousand times more echinocandin B than
WT strains [181]. Caspofungin, another semisynthetic lipopeptide widely used in medicine,
is derived from pneumocandin By, which is produced by fermentation of the ascomycete
Glarea lozoyensis [248]. Wild-type strains of G. lozoyensis predominantly synthesize pneumo-
candin Ay, approximately 10 times more than pneumocandin By [240]. As a result of CSI
programs, HY producers of pneumocandin By were obtained, which in its structure is less
similar to echinocandin B than pneumocandin Ag [180,249-251]. Now, industrial strains
produce hundreds of times more pneumocandin By compared to WT strains [180]. One of
the most important antibiotics of this class, semisynthetic micafungin, is derived from the
natural product FR901379 (via the enzymatic synthesis of compound FR179642) [252,253].
Lipopeptide FR901379 is obtained as a result of the natural fermentation of the improved
strains of the ascomycete Coleophoma empetri [254,255]. Recently, the industrial producer
C. empetri MEFC009, using a genetic engineering approach, was able to further increase the
yield of FR901379 [182,256].

5.2.5. Enfumafungins

Enfumafungin is a glycosylated triterpenoid that acts on the fungal cell wall [257].
This SM, like the echinocandins, targets 3-1,3-glucan synthase, but appears to bind this
multiprotein complex at a different site [258]. Due to this, there is a lack of cross-resistance
between these two classes of antibiotics, and pathogenic fungi that have acquired resistance
to echinocandins show sensitivity to enfumafungins [259,260]. Enfumafungin is obtained
from the ascomycete Hormonema carpetanum [220]. In 2021, ibrexafungerp, a semi-synthetic
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derivative of enfumafungin, was introduced into medical practice, representing the first
non-azole oral antifungal drug to be approved in the United States for the treatment of
vaginal yeast infections [208,261] (Table 2).

5.2.6. Enniatins

Enniatins are cyclohexadepsipeptides that are produced by Fusarium, Verticillium,
Halosarpheia, and several other fungal genera [262]. Currently, about thirty natural com-
pounds of this class have been characterized [219]. The first enniatins were discovered
more than 70 years ago [263]. Since then, the antibiotic fusafungine has been introduced
into clinical practice [264]. It is a cocktail of enniatins resulting from the fermentation of
Fusarium lateritium strains, due to partially the non-specific work of non-ribosomal mul-
tifunctional enzyme enniatin synthetase (NRPS) [219,265-267]. The European Medicines
Agency, in 2016, recommended the withdrawal of fusafungine from the market due to
possible rare but severe allergic reactions [209,268].

5.3. Fungal Secondary Metabolites for the Development of Novel Drugs

Fungi produce significant amounts of SMs with antimicrobial properties [71,269].
Only a few of them have been introduced into medical practice (Tables 1 and 2) [71,203].
However, there are a significant number of compounds that have demonstrated antibiotic
or other medically important activity [23]. A case in point is a literature survey showing
that, among 1500 compounds isolated from fungi in the 1990s, more than half exhibited
antibacterial, antifungal, or antitumor activity [270]. Modern approaches that combine
advances in the fields of genetic engineering and bioinformatics have made it possible to
significantly increase the number of fungal SMs that are potentially significant for human
use [271,272]. Some of these compounds and their semisynthetic derivatives are currently
in clinical trials at phase I or greater [71,273]. Thus, the semisynthetic beta-lactam antibiotics
benapenem, sulopenem, and its prodrug sulopenem etzadroxil, which act on the cell wall
of bacteria, are in phase-III clinical trials [273-276]. Semisynthetic beta-lactams sanfetrinem
and its prodrug sanfetrinem cilexetil are in phase-II clinical trials [273,277,278]. Several
fungal antibiotics are currently being tested in clinical trials for the treatment of other
diseases, such as cancer. For example, wortmannin, an antifungal furanosteroid antibiotic
isolated in 1975 from Talaromyces wortmannii (formerly Penicillium wortmannii) [279], was
then also shown to have inhibitory activity against phosphatidylinositol 3-kinase [280].
Currently, a semisynthetic compound PX-866 has been developed based on wortmannin,
which has entered phase II clinical trials for recurrent glioblastoma [281]. Fungal SMs are
being tested in clinical trials for the treatment of a wide range of diseases [71]. For example,
muscimol, an isoxazole from Amanita pantherina, is an ionotropic GABA 4 -R receptor agonist
and was developed for the treatment of drug-resistant epilepsy (phase I) [282]. Psilocybin
from hallucinogenic fungus Psilocybe mexicana binds to the 5-HT serotonergic receptor
and is developed for treatment-resistant depression [283,284]. Antroquinonol was isolated
in 2007 from Taiwanofungus camphoratus (formerly Antrodia camphorata), a parasitic fungus
indigenous to Taiwan [285]. It inhibits isoprenyl transferase, an enzyme that is involved in
the post-translational processing of Ras and Rho proteins, which leads to the inhibition of
Ras and Rho signaling, and that has antiviral, anti-inflammatory, anti-fibrotic, anti-cancer,
and anti-hyperlipidemia properties [286]. This ubiquinone derivative was entered into
phase II clinical trials for treating non-small-cell lung cancer [287]. The introduction, in
recent years, of new classes of antibiotics from fungi (and their semi-synthetic derivatives),
such as echinocandins, enfumafungins, and pleuromutilins, indicates significant potential
for the development of novel drugs based on fungal SMs.

6. Role of Low Molecular Weight Inductors in the Production of Antibiotics in
High-Yielding Strains

The biosynthesis of SMs in fungi can be stimulated either by external inducers (e.g., abi-
otic factors, plant-derived external elicitors, inducers from co-culture, and synthetic epige-
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netic modifiers) [288] or by internal inducers, which can act similarly to bacterial autoin-
ducers [289,290]. Among these multiple influences for the production of SMs, various low
molecular weight compounds (LMW(Cs) play an important role. Their effect, on the one
hand, is observed in nature during interspecies communication, and on the other hand,
can be used to increase antibiotic production during fermentation [24]. Some of these com-
pounds may act as inducers and stimulate the production of specific SMs [90,291], while
others inhibit the biosynthesis of SMs [292,293]. Moreover, it was shown that, depending on
the cultivation conditions, the same LMWC can act as both an inducer and an inhibitor of
the biosynthesis of a particular secondary metabolite in the same microorganism [92,294].

6.1. Effect of Multispecies Communication on Biosynthesis of Fungal Secondary Metabolites

In nature, microorganisms can communicate through specific LMWCs [295]. Their
effect can be expressed in the targeted activation or inhibition of the biosynthesis of partic-
ular fungal SMs. So, in fungal-plant interactions, on the one hand, symbiosis can stimulate
the production of fungal SMs, for example, to protect the plant from insect pests [296].
Thus, the interaction between the soil fungi Trichoderma harzianum and Zea mays leads to the
resistance of this plant to the scarab beetle Phyllophaga vetula [297]. On the other hand, SMs
of phytopathogenic fungi can serve as virulence factors, and inhibition of their production
leads to a decrease in pathogenicity against the host plant [298]. For example, LMWCs from
an extract of the medicinal plant Ephedra major can inhibit the production of the polyketide
aflatoxin B1 in Aspergillus parasiticus [299]. Another study identified the active substance
in the inhibitory extract from Betula alba; it turned out that methyl syringate works as a
specific inhibitor of aflatoxins biosynthesis in both A. parasiticus and Aspergillus flavus [300].
Another example of an LMW(C for chemical microbial communication is jasmine acid and
its derivatives, jasmonates [301]. These lipid-derived signaling molecules are produced by
plants and fungi. The addition of exogenous jasmonates stimulates the production of a
number of SMs in plant cell suspension cultures, for example, paclitaxel and baccatin in
Taxus sp., or camptothecin in Ophiorrhiza mungos L. [302,303]. In this regard, jasmonates
can be promising inducers of the biosynthesis of a number of SMs in fungi.

Another example of an LMWC involved in the communication of microorganisms
is short-lived hydrophobic gas nitric oxide (NO) [304,305]. Several studies have shown
that nitric oxide can affect the production of SMs in fungi [306]. For example, in Aspergillus
nidulans, deletion of the flavohemoglobin gene fhbA (the product of which is involved in
reducing NO levels) led to a decrease in the production of sterigmatocystin, a polyketide
mycotoxin [307]. And supplementation with a nitric oxide-releasing compound led to the
restoration of the production level of this SM [307]. It has also been shown that treatment
with lipopolysaccharide (LPS) from Gram-negative bacterial cells of Penicillium sp. and
Aspergillus sp. also leads to an increase in NO production, which is accompanied by an
increase in the production of a number of SMs [308]. The addition of an NO donor (sodium
nitroprusside) to the mold Shiraia sp., which is used in traditional Chinese medicine, led
to an increase in the production of perylenequinone pigments, in particular hypocrellin
A [309-311], a promising photosensitizer for anticancer photodynamic therapy [312]. In
addition, enzymes that control cellular NO content, such as P450nor (cytochrome P450 nitric
oxide reductase), may also affect the biosynthesis of SMs in fungi [313].

Studying the role of LMWCs in microbial communication can be challenging because
such interactions sometimes involve such small numbers of molecules that they are beyond
the sensitivity of currently available assays [314]. In addition, under certain culture con-
ditions, the microorganism typically produces only a small portion of its LMWC. Under
simulated natural conditions based on co-culture, silent fungal BGCs can be awakened
to biosynthesize cryptic SMs [290]. To achieve this, the following cultures can be used:
(i) fungal-fungal co-culture, (ii) fungal-bacterial co-culture (in this case the fungus is usually
used as the host strain and the bacterium as the guest), and (iii) fungal-host co-culture (in
this case, plants are used as the host, and an endophytic fungus is used as the guest) [290].
By the end of 2022, as a result of fungal-fungal co-cultivation, 109 new SMs were discov-
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ered, 75 SMs were obtained by liquid state fermentation (LSF) and 34 SMs were obtained
by solid state fermentation (SSF); due to fungal-bacterial co-cultivation, 42 new SMs were
discovered, 23 SMs were isolated from LSF co-cultures and 19 SMs were isolated from
SSF co-cultures, and six new SMs were isolated from endophyte-host co-cultures [290].
Despite significant advances in the use of co-culture technology to extract novel SMs, the
exact mechanism for awakening silent BGCs is not yet fully understood [290,295]. It is
assumed that the activation of BGCs occurs because specific receptors on the surface of the
fungal cell recognize the attachment of another organism and/or LMWC secreted during
the interaction [295]. Recent work has shown that the signal, arising from fungal-fungal
co-cultivation, affects the system of global regulation of secondary metabolism. Thus, the
partial loss-of-function VeAl protein, but not VeA, was associated with the widespread SM
changes in both A. nidulans and A. fumigatus during co-cultivation [126]. In this case, there
was both a decrease in the content of some SMs and an increase in the content of other
SMs, the structures of some of which are unknown. In addition, it was found that VeA1l
regulation required the transcription factor SclB and the members of the velvet complex,
such as LaeA and VelB, for production of aspernidines in A. nidulans [126].

6.2. Effect of Polyamines on Secondary Metabolism in Fungi

Aliphatic polyamines, such as 1,3-diaminopropane (1,3-DAP), putrescine, spermi-
dine, and spermine, are ubiquitous in living nature [315,316] (Figure 7). These com-
pounds are also found in viruses as part of virions and can participate in the life cycle of
viruses [317-319]. Cells maintain a strict homeostasis of polyamine content [320]. This is
ensured by the presence of both enzymes of biosynthesis and catabolism of polyamines,
and polyamines content is controlled at the levels of transcription, translation, and the
lifetime of these enzymes [321-323].
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Figure 7. Structural formulas of the most widespread aliphatic polyamines of fungi.

Work with plants demonstrated polyamine-induced NO biosynthesis, suggesting that
NO is a signaling intermediate in PA action [324]. In particular, in Arabidopsis thaliana,
treatment with 1 mM spermidine and spermine greatly increased NO release in the
seedlings [325]. It is assumed that NO is formed as a result of the work of polyamine
oxidases [324]. About 10 years ago, it was shown that the addition of 1,3-DAP and sper-
midine can further increase production of PenG in a reference strain of P. chrysogenum
Wisconsin 54-1255, obtained by CSI [90]. Initially, as a result of a plate test with an overlay
of Bacillus subtilis ATCC 6633, it was shown that the addition of conditioned culture broths
from P. chrysogenum and A. chrysogenum stimulates PenG production in P. chrysogenum Wis
54-1255 [289]. At the same time, no induction effects were found with the addition of N-acyl
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homoserine lactones, y-butyrolactone, jasmonic acid, or the PenG precursor LLD-ACV
tripeptide. The inducer molecule from conditioned culture broths of P. chrysogenum and
A. chrysogenum was characterized as 1,3-DAP [289]. In this regard, the submerged fermen-
tation of Wis 54-1255 was carried out with the addition of 1,3-DAP in the concentration
range of 1-10 mM. It turned out that the strongest effect was caused by the addition of
5 mM or 10 mM 1,3-DAP, with an increase in PenG production of approximately 100%. Fer-
mentation was also carried out with the addition of other aliphatic polyamines (putrescine,
spermidine, and spermine). Among these compounds, only spermidine, at a concentration
of 5-10 mM, had a stimulating effect on PenG production; this effect was close to that
of the addition of 1,3-DAP. The addition of putrescine and spermine did not change the
production of the target antibiotic [289].

The results obtained were scaled for 5-L stirred tank fermenters, where an additional
increase in PenG production was also obtained with the addition of 5 mM 1,3-DAP or
5 mM spermidine (but not putrescine) [90]. It was also shown that the addition of 1,3-DAP
or spermidine upregulates all PenG biosynthesis genes (pcbAB, pcbC, and penDE), and the
addition of putrescine upregulates pcbAB and pcbC, but does not affect the expression of
penDE. The possible mechanisms of the effect of polyamines on the upregulation of beta-
lactam BGCs were also studied. It turned out that the addition of 1,3-DAP and spermidine
did not affect the expression of pacC, a gene of the global pH-stress regulator, thus excluding
a modification of the pH control mechanism [326]. On the other hand, the addition of these
polyamines led to upregulation of the laeA gene [90]. LaeA is the global regulator of fungal
secondary metabolism, S-adenosyl-L-methionine-dependent histone methylase, which acts
epigenetically through chromatin remodeling [327]. In order to understand the mechanism
of action of exogenous polyamines leading to an increase in PenG production, we also
conducted a comparative proteomic analysis [328]. It turned out that the addition of both
1,3-DAP and spermidine led to fairly similar rearrangements at the proteome level. In both
cases, the following was observed: (i) the overproduction of IAT, the last enzyme of the
penicillin pathway, for which, in addition to the main form, an alternative isoform was also
newly detected; (ii) the overproduction of enzymes involved in the biosynthesis of valine
and other precursors (e.g., coenzyme A) of PenG; and (iii) a decrease in the production of
two enzymes involved in the degradation of phenylacetic acid, the precursor of PenG [328].

Subsequent work showed that the addition of 1,3-DAP or spermidine was able to
further increase lovastatin production, by 25-45%, in a HY strain of Aspergillus terreus, for
which the CSI program had reached the technological limit of improvement [91]. This was
accompanied by upregulation of the lov-BGC and laeA genes. In addition to LaeA, the
biosynthesis of lovastatin is under the control of the pathway-specific regulator LovE [42].
Moreover, there is mutual regulation between two positive regulators of the lovastatin
biosynthesis pathway, LaeA and LovE, contributing to the production of lovastatin under
the influence of exogenous polyamines [329]. It was also shown that, in A. terreus, the
HY strain has acquired an increased resistance to a-difluoromethylornithine (DFMO) and
1-aminooxy-3-aminopropane (APA), inhibitors of a key enzyme in polyamine biosynthe-
sis, ornithine decarboxylase (ODC; EC 4.1.1.17) [49]. Wherein the genes for polyamine
biosynthesis were upregulated and the oaz gene for ornithine decarboxylase antizyme, that
reduces polyamine content, was downregulated. The authors suggest that the increased
resistance inhibitors of polyamine biosynthesis in this HY lovastatin producer may be
associated with the increased production of polyamines themselves [49].

Another study also demonstrated an increase in CefC production, by 15-20%, in
an A. chrysogenum HY strain, obtained as a result of the CSI program [92]. This was ac-
companied by the upregulation of genes from both “early” and “late” beta-lactam BGCs.
Moreover, on a complex nutrient medium optimized for fermentation, no percentage
increase in either the intermediate products of CefC biosynthesis or impure secondary
metabolites was observed [92]. At the same time, using a specially selected synthetic
medium, it was shown that the addition of 1,3-DAP led to an increase in CefC production,
and the addition of spermidine led to its decrease [294]. This was due to the fact that, when
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1,3-DAP, and not spermidine, was added to the synthetic medium, the accumulation of
the CefC metabolic pathway precursor, deacetylcephalosporin C (DAC), occurred. The
total amount of cephems (DAC and CefC) was the same with the addition of as 1,3-DAP, as
spermidine. However, in both cases, the upregulation of all genes for CefC biosynthesis
(including cefG, responsible for the last stage of CefC biosynthesis) was at the same level
compared to the control. Apparently, this differential effect is associated with the intersec-
tion of the last stage of cephalosporin C biosynthesis and the catabolism of polyamines
at the level of a common substrate, acetyl coenzyme A (acetyl-CoA). N'-acetylation is
much more efficient during spermidine catabolism than for 1,3-diaminopropane. The
addition of spermidine, but not 11,3-DAP, depleted the pool of acetyl-CoA by more than
two times compared to the control, which could lead to the accumulation of DAC [294].
It turned out that an A. chrysogenum HY strain also exhibits increased resistance to ODC
inhibitors, such as DFMO and APA [93]. Moreover, the content of polyamines in this strain
is approximately five times higher than in the original wild-type strain that was used for
CSI. The data obtained indicate that, at least in some CSI-derived HY fungal strains, the
addition of polyamines can result in increased production of the target SM (Figure 8).

(a)

Figure 8. Increasing antibiotic yield in improved fungal strains with the magic bullet of low molecular
weight inductors. (a) For the industrial fermentation of antibiotics and other secondary metabolites
(SMs), high-yielding (HY) strains obtained as a result of classical strain improvement (CSI) programs
are used. CSI programs have upper thresholds for the yield of target SMs, after which it cannot be
further increased. (b) Supplementation with a number of low molecule weight inducers (LMWTIs)
could potentially be used to further increase production. The addition of such LMWIs can compensate
for incidental mutations arising during CSI programs; in this regard, they can be considered as magic
bullets, shot to improve metabolism. Fermentation under the influence of a magic bullet (i.e., adding
a LMWI) leads to an increase in the yield of the SM. As an example, the magic bullet contains the
formula of spermidine, which has been shown to stimulate several HY fungal producers [90-92]. Red
triangles indicate the relative amount of SM produced without additives and with the addition of

an inducer.

The content of polyamines in such improved strains is increased compared to the
original WT strains; this is surprising, given the strict homeostasis of polyamine content
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for certain cells and organisms [320]. Such a shift in polyamine content may be due to
mutations affecting polyamine metabolism that were selected as accompanying in the CSI
programs. It is known that polymers are able to protect cells from free-radical damage
of DNA by reacting directly with the reactive oxygen species [330] and participating in
homology-directed DNA repair with RAD51 recombinase [331], which can occur during
mutagenesis [332]. Polyamines are also able to help the cell survive under conditions of
stress that arise both during mutagenesis and highly active production of the target metabo-
lite [333]. Therefore, an increase in the production of polyamines could help cells survive
mutagenic effects at a sublethal level and overproduction of the target SM. Mutations
in the metabolism of polyamines, leading to an increase in their content, were selected
as co-occurring during CSI programs. However, increased polyamine synthesis utilizes
additional cellular resources that could potentially be redirected to produce the target SM.
In this regard, it is possible to explain the effect of increasing target production due to the
addition of exogenous polyamines. The exogenous introduction of polyamines leads to the
inhibition of their biosynthesis in the cell via a feedback mechanism, which is known for
polyamines [323,334]. The released cell resources can be redirected to the production of the
target metabolite, which is expressed in an additional increase in its production (Figure 8).

7. Key Molecular Events Leading to High-Yield Production of Secondary Metabolites
in Fungi

Since classical enhancement methods, involving random mutagenesis and screening,
have been used to obtain improved secondary metabolite producers in fungi from the
dawn of the Golden Age of antibiotics to the present, the molecular basis leading to the
production of HY strains has remained uncharacterized. The current approaches provide
insight into some of the key changes that must occur in the genome of a WT strain for it to
become a high-yielding producer (Figure 9).

Magic bullets'forimproving fungal strains

%@u/e o
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Figure 9. The Freeshooter magic bullets for improving the production of target secondary metabolites
(SMs) in filamentous fungi. The term “magic bullet” (Zauberkugel, ger.) was coined by Paul Ehrlich
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from Carl Maria von Weber’s popular 1821 opera Der Freischiitz (The Freeshooter) to designate
compounds that specifically kill pathogenic microorganisms and do not harm the human body. The
opera Freeshooter is based on the German legend of magic bullets that fly not according to the laws of
ballistics, but according to the will of the shooter himself. The shooter buys seven magic bullets from
the devil in exchange for a soul. For the first six bullets, he chooses the target himself, and the last one
is controlled by the devil. Following Ehrlich, the term “magic bullets” is used here to highlight key
mutations leading to the development of high-yielding (HY) fungal producers of SMs. The genomic
target stands on a Petri dish with Czapek Dox agar medium, on which Penicillium chrysogenum
STG-117 (MWb556011.1) is cultivated. Magic bullets are aimed at corresponding changes in genomes
that lead to: (i) target BGC upregulation—an increase in the levels of mRNA expression of genes
belonging to the biosynthetic gene cluster (BGC) for the production of the SM of interest; (ii) global
regulation—changes in the system of global regulation of secondary metabolism; (iii) other BGCs
disruption—inactivation of the production of alternative secondary metabolites by knocking out key
BGCs genes; (iv) energy fluxes—the rearrangement of energy fluxes in favor of target SM production;
(v) stress response—changes in regulation in response to stress during high-yield production; and
(vi) metabolic pathways—the redirection of primary metabolic pathways to obtain more precursors
for target production. (vii) Also, an additional increase in production during the fermentation of
HY strains obtained in classical strain improvement (CSI) programs is possible, with the addition
of a number of low-molecular weight compounds that compensate for the effect of side mutations
common to CSI programs. As an example, on a magic bullet located near the center of the genomic
target, the structural formula of the spermidine, which has been shown to have a stimulating effect
on fungal strains, is drawn.

Early work to characterize key differences centered on BGCs responsible for the
production of target metabolites [335]. It turned out that, in HY strains, the target BGCs
are upregulated tens to hundreds of times compared to the original natural isolates [42,43].
Moreover, BGC duplications were observed in some HY strains, whereas no increase in
gene dosage occurred in others [42,156,335-339]. It has been shown that target production
does not have a linear correlation with the BGC copy number [340], suggesting that some
other modification is also important [88]. Also, changes in production levels could be
accompanied by other chromosomal rearrangements, such as translocation [89,156]. Then,
as a result of comparative omics analyses of the original isolates and high-yielding strains
obtained from them, it was possible to understand some other patterns [341]. For example,
a comparative genomic analysis of P. chrysogenum WT (NRRL195) and the HY strain derived
from it (DS17690) revealed a wide spread of mutations, that statistically did not result in an
over- or underrepresentation of specific gene classes [41]. However, the authors identified
some key changes as mutations in genes of global regulators of secondary metabolism,
such as velA and laeA, as well as mutations that led to the inactivation of some alternative
BGCs. It is known that, during BGC duplication, only one of them can be expressed; the
rest are silent. Thus, in a detailed study of the industrial strain P. chrysogenum P2niaD18,
which has two copies of the penicillin gene cluster, it was shown that PenG production
is not dependent on the copy number of BGCs [342]. DS17690 contains eight PenG-BGC
copies. It is possible that mutations in the velA and laeA genes, obtained through random
mutagenesis, allowed PenG-BGCs to “escape” epigenetic regulation, which allowed for
increased target production.

However, when the system of global regulation of secondary metabolites is disrupted,
an increase in the production of alternative secondary metabolites is also possible [343].
Therefore, their inactivation to reduce the levels of impurities and the consumption of cell
resources on non-target products is important, which, apparently, can also be selected in
SCI programs. Thus, in the improved PenG producer with mutations in global regulation
genes, eight out of thirty-one secondary metabolite genes (twenty polyketide synthases
and eleven non-ribosomal peptide synthetizes) were targeted, with a corresponding and
progressive loss in the production of a range of SMs unrelated to 3-lactam production [41].
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A comparative transcriptomic analysis was also carried out to determine changes in two
phylogenetically distant HY fungal strains, such as P. chrysogenum, belonging to the class
of Eurotiomycetes, and A. chrysogenum, belonging to the class of Sordariomycetes [87]. HY
strains were compared with the corresponding WT strains and their HY strain lacking
the gene for velA gene of global transcriptional regulator. The analysis of RNA-seq data
showed that differential gene expression occurred in distinct functional categories in both
industrial strains. Moreover, velA knockouts lead to similar transcriptomic rearrangements.
The attempts made to understand the general patterns of improvement in these two strains,
which are quite far away in evolutionary terms, demonstrate the presence of a certain
universal effect on the global regulatory system, which is required and selected during the
improvements in fungal HY producers of secondary metabolites.

Another important aspect is the redistribution of energy flows in HY producers in
favor of targeted secondary metabolism. For example, the HY strain of A. chrysogenum
has approximately 2-fold reduced activity of the plasma membrane H*-ATPase (PMA),
compared to the original WT strain [344]. An increase in PMA activity in recombinant
HY strains (expressing an additional copy of the Pmal gene from S. cerevisiae), up to the
level of activity in the WT strain and higher, led to a decrease in the production of the
target secondary metabolite, CefC. Moreover, a clear correlation was observed: the greater
the PMA activity, the more the level of CefC production decreased [344]. These data may
be explained by an overlap in the level of ATP consumption by the PMA enzyme and
the biosynthetic pathway of CefC. PMA is the main membrane protein of filamentous
fungi; it consumes 20-50% of cell ATP [345,346]. CefC biosynthesis in A. chrysogenum also
requires ATP [347]. In the improved producer, reduced PMA activity released ATP for CefC
biosynthesis. When PMA activity in the recombinant HY clones increased to the level in
the original WT strain, CefC production fell approximately 15-fold [344]. Rearrangement
of the internal energetic fluxes through the glycolysis and pentose phosphate pathways to
the PenG biosynthetic pathway was also shown in a comparative proteomic analysis of
P. chrysogenum strains WT (NRRL 1951) and HY (AS-P-78) [88,348].

In addition, a comparison of the proteomes of the two strains showed a significant
change in the production of stress response proteins [348]. In the P. chrysogenum HY
strain, several proteins involved in the oxidative stress response are overexpressed, such
as glutathione reductase, glutathione S-transferase, quinone oxidoreductase, etc. [88]. The
authors suggest that the oxidative stress response may serve as an adaptation mecha-
nism for penicillin overproduction [348]. Important rearrangements also occurred in the
metabolism of precursor compounds for the PenG biosynthase. On the one hand, a decrease
in the production of enzymes involved in their catabolism was observed (cystathionine f3-
synthase for cysteine catabolism, methylmalonate-semialdehyde dehydrogenase for valine
catabolism, and phytanoyl-CoA dioxygenase family protein for fatty acid degradation).
On the other hand, there was an increase in the number of enzymes of their biosynthesis
(cysteine synthase for cysteine synthesis, branched-chain amino acid aminotransferase for
valine synthesis, and dihydroxy-acid dehydratase for branched amino acid synthesis) [88].
Modification also occurs in the metabolic fluxes through the homogentisate pathway for
phenylacetic acid catabolism [88].

The listed changes (associated with: (i) the upregulation of the target BGC, (ii) changes
in the system of global regulation of secondary metabolism, (iii) the disruption of non-
target BGCs, the rearrangement of (iv) energy fluxes and (v) metabolic pathways in favor
of target SM production, (vi) the overexpression of proteins involved in the oxidative stress
response), by analogy with the German legend of Freeshooter, can be correlated with the
result of shooting the first six magic bullets, which led to the production of HY strains
(Figure 9). In this analogy, the devil shot the seventh bullet instead of us, and in doing
so, the accompanying unwanted mutations were selected. However, recent knowledge
associated with the use of targeted supplements of low molecular weight compounds may
allow us to compensate for the results of this diabolical shooting and further increase the
production of SMs. Understanding at the molecular level the key events that must occur
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for a fungal strain to become a high-yielding secondary metabolite producer opens up the
possibility of the targeted creation of phenotypes of industrial strains [85,349].

8. Perspectives

Fungi produce a significant number of secondary metabolites with antimicrobial
properties. Most of them are not commercialized but have significant latent potential
for use as an antibiotic agent. The search for new natural antibiotics is an urgent task,
due to their widespread consumption and the emergence of resistance. Current research
methods enable us, on the one hand, to understand at the molecular level the mechanisms
of action of known antibiotics, the emergence of resistance to them, and to make attempts
to overcome this resistance in new-generation drugs, and, on the other hand, to intensify
the search for new antibiotics.

Also, current approaches, including multiomic, open up the opportunity to understand
the key changes that occurred against the background of numerous random mutations
during the production of industrial producers of antibiotics. Such knowledge is important
for the targeted creation of industrial strains using genetic engineering methods, which,
ideally, will not have the “genetic load” that arises in highly active producers due to
concomitant mutations.

Understanding the key changes in industrial fungal producers of secondary metabo-
lites also opens up the possibility of selecting targeted additives aimed at compensating
the negative effects of a number of associated mutations. One of these compounds seems
to be aliphatic polyamines, the exogenous introduction of which can further increase the
production of beta-lactams and lovastatin and upregulate the corresponding BGCs genes
and laeA, the gene of global regulator of fungal secondary metabolism.
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