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A B S T R A C T   

Living organisms produce a wide range of metabolites. Because of their potential antibacterial, antifungal, 
antiviral, or cytostatic properties, such natural molecules are of high interest to the pharmaceutical industry. In 
nature, these metabolites are often synthesized via secondary metabolic biosynthetic gene clusters that are silent 
under the typical culturing conditions. Among different techniques used to activate these silent gene clusters, co- 
culturing of “producer” species with specific “inducer” microbes is a particularly appealing approach due to its 
simplicity. Although several “inducer-producer” microbial consortia have been reported in the literature and 
hundreds of different secondary metabolites with attractive biopharmaceutical properties have been described as 
a result of co-cultivating inducer-producer consortia, less attention has been devoted to the understanding of the 
mechanisms and possible means of induction for production of secondary metabolites in co-cultures. This lack of 
understanding of fundamental biological functions and inter-species interactions significantly limits the diversity 
and yield of valuable compounds using biological engineering tools. In this review, we summarize and categorize 
the known physiological mechanisms of production of secondary metabolites in inducer-producer consortia, and 
then discuss approaches that could be exploited to optimize the discovery and production of secondary 
metabolites.   

1. Introduction 

Microbial secondary metabolites or microbial Natural Products 
(NPs) are compounds produced by microorganisms that, unlike primary 
metabolites, do not take part in the core cellular metabolic processes, 
such as growth or reproduction. Nevertheless, these molecules have 
important roles for specific physiological functions or participate in 
ecological interactions between organisms (O’Brien and Wright, 2011) 
and have many useful properties. NPs have important applications in 
pharmaceutical development (David et al., 2015; Atanasov et al., 2021), 
agriculture (Hüter, 2011), cosmetics (Gupta et al., 2019; Nowruzi et al., 
2020) and food industry (Cleveland et al., 2001; Singh et al., 2017). 
Specific examples of NPs used in pharmaceutical industry include their 
use as antibiotics such as penicillin isolated from P. notatum (Roberts 
et al., 1943) and erythromycin isolated from S. erythraea (Minas, 2005), 
as well as antiviral compounds (Yasuhara-Bell and and Lu, 2010) 
including Macrolactin A that has shown an ability to protect immune 

system cells against HIV replication (Gustafson et al., 1989). In light of 
the rising concerns about antibiotic resistance (Maiden, 1998; Bottery 
et al., 2020) and economic challenges posed by the development of new 
antibiotics (Plackett, 2020), the discovery and analysis of novel micro
bial NPs has increased in importance (Lewis, 2013; Kealey et al., 2017) 
and also has profound implications for public health. In agriculture, NPs 
represent an alternative to chemical and physical pest control methods 
(Salwan and Sharma, 2021); for example, protease from B. nematocida 
has been shown to destroy the cuticle of nematodes (Niu et al., 2006). In 
the cosmetics industry, hyaluronic acid produced by various Streepto
cocci including S. zooepidermicus is used for skin repair and in anti-aging 
(Gupta et al., 2019; Liu et al., 2011). Bacteriocins are antibacterial 
compounds produced by bacteria to kill other bacteria or inhibit their 
growth; nisin isolated from L. lactis has been used for food preservation 
(Cleveland et al., 2001). The total market for microbial products was 
estimated at 166 billion USD in 2021 and is expected to reach 248 billion 
USD in 2026 (MarketWatch, 2021). Consequently, the discovery and 
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industrial production of microbial NPs are important areas of biotech
nological research. 

The industrial-scale synthesis of microbial NPs poses several major 
challenges. First, up to 99 % of the microorganisms inhabiting Earth can 
not be cultured in the laboratory using common laboratory techniques, 
which significantly limits efforts to discover novel NPs (Vartoukian 
et al., 2010; Overmann et al., 2017). Next, even if their producer strains 
are culturable, many of the microbial NPs of interest are expressed from 
cryptic biosynthetic gene clusters (BGCs) that are silent under typical 
laboratory conditions (Baral et al., 2018). Many secondary metabolites 
may also be assembled by mega-enzyme complexes such as non- 
ribosomal peptide synthetases and polyketide synthetases that impose 
a significant burden on the cellular resources (Kim et al., 2021) - 
consequently, microbial secondary metabolites are often synthesized 
only in the presence of specific environmental conditions, such as lack of 
nutrients (Jekosch and Kuck, 2000), competition with other organisms, 
and other physiological stress such as variations in pH and temperature 
(Shwab and Keller, 2008). Finally, the isolation and identification of 
novel NPs out of complex chemical extracts is difficult (Bertrand et al., 
2014). The combination of these factors, which are often intertwined, 
makes the discovery of microbial NPs and increasing their yield per unit 
volume difficult. Scaling of bioproduction to industrial levels possesses 
its own set of major challenges, which range from the varying flow 
patterns in bioreactors, process considerations, to catalytic activity of 
the key enzymes (Schmidt, 2005; Du et al., 2022; Formenti et al., 2014). 

Advances in biotechnology, genome sequencing, genome mining and 
synthetic biology have led to the development of a variety of techniques 
to discover new microbial NPs and increase their yields (Kim et al., 
2021; Kenshole et al., 2021; Qian et al., 2020). Some of these techniques 
involve environmental perturbations, which may induce the production 
of a wide spectrum of secondary metabolites by a microorganism, that 
the organism would not produce under standard culturing conditions. 
The well-established method that utilizes environmental perturbations 
to culture conditions has been named “OSMAC”: “One Strain MAny 
Compounds” (Bode et al., 2002). Another technique replaces native 
constitutive promoters with inducible promoters in the natural host cell 
to activate the production of NPs (Bergmann et al., 2007; Chiang et al., 
2009). Other engineering techniques use CRISPR-based systems to 
induce production of silent BGCs (Mózsik et al., 2021; Jiang et al., 
2021). Bioinformatics, genome sequencing, and genome mining can also 
help identify BGCs responsible for synthesis of NPs in the producer or
ganism (Yaegashi et al., 2014; Baral et al., 2018; Kenshole et al., 2021), 
with the subsequent expression of secondary metabolites in a suitable 
host (Rutledge and Challis, 2015; Olano et al., 2014). However, each of 
these methods suffer from significant drawbacks: OSMAC-based ap
proaches can require screening of a large space of culturing conditions, 
while genome mining and genome engineering methods also face a wide 
range of challenges, such as difficulties associated with heterologous 
expression and off-target effects (e.g. if employing CRISPRa-based 
activation (Jiang et al., 2021)). In addition to that, all the methods 
described above are limited by the fact that a thorough understanding of 
physiology of the producing organism is required. 

On the opposite end of the complexity spectrum to genetic 
engineering-based techniques lie co-culturing of different microbial 
species, which is among the most attractive techniques for inducing 
synthesis of NPs. The co-culturing of two or more species can unlock a 
wealth of inter-species interactions, which may induce production of 
valuable secondary metabolites (Abdelmohsen et al., 2015). While co- 
culturing of different microbes may suffer from the same “curse of 
dimensionality” as variation of culture conditions does, given the 
number of possible inducer-producer pairs scales combinatorially, this 
method offers several advantages: it can be implemented in various 
physical settings (Nai and Meyer, 2018), does not require prior knowl
edge of physiology of individual species, does not necessitate genetic 
engineering of organisms (Kim et al., 2021), and may mimic ecological 
stress that organisms experience in their natural environment, which is 

often far from a typical, axenic culture (Bertrand et al., 2014; Marmann 
et al., 2014). 

Over the last three decades, a vast number of papers described bio
production of valuable compounds as a consequence of co-culturing of 
microorganisms in these “inducer-producer” consortia (Bertrand et al., 
2014; Arora et al., 2020). Intriguingly, despite the plethora of culturing 
studies that have been conducted, a surprisingly small number of these 
have focused on explaining the mechanisms of inter-species interaction 
that lead to production of these NPs. Several reviews have discussed this 
topic; these studies also described subsets of mechanisms for the in
duction of secondary metabolites production in co-cultures, such as 
chemical interactions, physical contact, and bacterial competition 
(Abdelmohsen et al., 2015; Kim et al., 2021; Qian et al., 2020; Marmann 
et al., 2014; Zhuang et al., 2021). Nevertheless, a thorough categoriza
tion of the various means of inducing production of microbial NPs in 
inducer-producer co-cultures has not been conducted. Doing so is an 
important step toward biologically inspired rational design of microbial 
consortia producing NPs and efforts to optimize culturing conditions in 
order to maximize yields of valuable compounds or to improve their 
screening. This biomimetic approach is additionally important in the 
light of current trends in systems and synthetic biology, particularly the 
design of complex microbial consortia with applications in medicine 
(Landry and Tabor, 2017; Ozdemir et al., 2018), environmental biore
mediation (Bhatt et al., 2021), and bioproduction (Zhou et al., 2015; 
Roell et al., 2019; Hong et al., 2020). Improved understanding of natural 
interactions in inducer-producer consortia could thus inspire the design 
of novel engineered microbial consortia with expanded functionality. 

In this review, we provide a detailed overview of the methods of 
bioproduction of NPs in individual microbes and in inducer-producer 
consortia. We comprehensively classify the inter-species interactions 
leading to the production of NPs that have been previously described in 
the literature. We also describe physical configurations in which co- 
culturing of inducer-producer consortia can take place. Finally, we 
describe the key aspects of co-culturing systems that can be used to 
optimise bioproduction in inducer-producer consortia. Our work high
lights the opportunities for bioproduction in inducer-producer consortia 
and opens possibilities for the rational design of such systems. 

2. Methods of secondary metabolite discovery 

2.1. Varying culturing conditions 

Alteration of the chemical context and physical environment sur
rounding the target producer organism can lead to the activation of si
lent BGCs and production of a wealth of valuable microbial NPs 
(Fig. 1a). These might be, for example, produced as a result of abiotic 
stress (Romano et al., 2018). We note that co-culturing of producer or
ganisms with other species was frequently included under the umbrella 
of OSMAC-based approach (Romano et al., 2018; Pan et al., 2019). 
However, other works draw a distinction between co-culturing of mul
tiple different microbial species and variation of the external environ
ment of a single species (Kim et al., 2021; Bertrand et al., 2014). Given 
the focus of this review on inducer-producer consortia, we follow the 
latter approach and draw a distinction between deliberate variation of 
the culturing conditions by experimenters and microbial co-cultures, 
where inter-species interactions drive the production of secondary 
metabolites. 

A wealth of culturing conditions can be varied to elicit production of 
secondary metabolites in microbes; these include medium composition, 
growth on/in physical scaffolds in order to achieve the formation of 
unique microbial communities or disrupting agglomerations of fungal 
cells, addition of chemical elicitors that activate the expression from 
silent BGCs, as well as alteration of pH, temperature, light spectrum and 
intensity, air pressure, oxygen concentration and other factors (Pan 
et al., 2019; Tomm et al., 2019). For example, growth of A. niger on 
lactate or starch as the only source of carbon led to a low production of 
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NPs, while combination of these two nutrient sources resulted in 
increased production of fumonisins, ochratoxins and other secondary 
metabolites (Frisvad, 2012; Sørensen et al., 2009), indicating the 
possible importance of the carbon-to-nitrogen ratio in activating mi
crobial NPs production (Frisvad, 2012; Pan et al., 2019). Culturing mi
croorganisms with cotton scaffolds may facilitate biofilm formation and 
alter the metabolic state of microorganisms, while leading to increased 
production of NPs such as thiomarinol A and violacein (Timmermans 
et al., 2019). Addition of aluminium oxide nanoparticles or talc micro
particles to the cultures of fungus A. terreus led to improved production 
of lovastatin, which is used to lower blood cholesterol (Boruta and 
Bizukojc, 2019; Gonciarz and Bizukojc, 2014). 

Next, systematic variation of physical conditions is also a way to 
induce production of secondary metabolites (Tomm et al., 2019). pH 
variation in the culture of S. coelicolor increased the yield of prodignines 
like undecylprodignine and streptorubin B (Mo et al., 2013). Tempera
ture variation induced pyomelanin production in deep-sea bacterium 
Pseudoalteromonas sp. SM9913 (Zeng et al., 2017). Light frequency and 
intensity variation stimulated production of lactobionic acid that is used 
in the cosmetics industry in P. taetrolens; interestingly, while red light 
promoted both growth of the bacterium and the yield of lactobionic 
acid, blue light only promoted growth (Shu et al., 2018). Variation in the 
partial pressure of oxygen has been shown to modulate the production of 
secondary metabolites produced by S. parvulus, such as Manumycin A 
and its precursors (Sattler et al., 1998). Increasing concentration of 
dissolved oxygen led to decrease of synthesis of aspinonene and increase 
in synthesis of aspyrone in A. ochraceus (Fuchser et al., 1995). All of 
these examples of OSMAC approach demonstrate the breadth and di
versity of the culturing conditions that can be varied to achieve 
expression of novel NPs or overproduction of other NPs. 

The OSMAC approach has several advantages, including a relatively 
simple implementation that can often be accomplished with affordable 
laboratory equipment. Furthermore, it is possible to tune culture con
ditions like medium composition with high precision, which allows for 
the collection of larger data sets and the optimization of medium culture 
for microbial production via statistical and mathematical approaches 
(Singh et al., 2017). Use of Genome-scale Metabolic Models (GSMM) 
that allow for the in silico simulation of perturbation of physiological 
status of the organism (Thiele and Palsson, 2010; Orth et al., 2010) can 

reduce the large screening space associated with the OSMAC method 
(Toro et al., 2018; Wei et al., 2021). However, the combinatorial space 
of possible culture conditions is still often enormous and its full 
screening is intractable. Furthermore, if an organism is present in an 
axenic culture, outside of its natural environment where it would 
interact with multiple different organisms, a number of its secondary 
metabolites that would be involved in the inter-species interplay may 
not need to be produced (Pan et al., 2019; Marmann et al., 2014; Nai and 
Meyer, 2018). 

2.2. Genome mining and genetic engineering 

A wide class of methods alternative to variation of culturing condi
tions employ techniques of genome sequencing and genome mining to 
identify BGCs for the synthesis of NPs in target microorganisms (Yae
gashi et al., 2014; Baral et al., 2018; Kenshole et al., 2021; Rutledge and 
Challis, 2015). These techniques can be further supplemented with 
experimental techniques of genome engineering and synthetic biology 
that allow for the modification of microbes so as to increase the pro
duction of NPs (Lee et al., 2021) (Fig. 1b). Random mutagenesis, such as 
irradiation by ultraviolet (UV) light and use of mutagenic chemicals 
(Gao and Garcia-Pichel, 2011; Bose, 2016), as well as combination of 
physical and chemical mutagenesis (Bouassida et al., 2018) can be used 
enhance the production of target secondary metabolites. However, 
random mutagenesis often requires extensive time and resources 
devoted to high-throughput screening, with an uncertain result. 

Ribosome engineering-based approaches focus on the discovery of 
the mutants with specific spontaneous mutations in their transcriptional 
and translational machinery through screening for antibiotic resistant 
mutants (Shima et al., 1996; Zhang et al., 2016). These mutants often 
exhibit a remarkable ability to produce secondary metabolites. Such 
screening can be used to identify mutations that might be responsible for 
such increased yield of secondary metabolites. For example, mutations 
in transcriptional and translational machinery can increase the level of 
protein translation during the later phases of growth and stimulate 
secondary metabolite production by regulating primary metabolism and 
global gene expression (Zhu et al., 2019). While ribosome engineering is 
attractive, given that it can be applied to organisms with limited avail
ability of the genetic tools and does not require extensive understanding 

Fig. 1. Different ways of inducing production of valuable microbial NPs via activation of BGCs. a) Varying the environmental conditions in the culture, also known as 
OSMAC approach, requires modification of culturing conditions such as temperature, medium composition, pH, or addition of chemical elicitors. b) Genome 
modification and genetic engineering techniques combine the methods of bioinformatics, systems biology and synthetic biology to identify BGCs and to subsequently 
manipulate expression of these gene clusters to increase the production of microbial NPs. This include heterologous expression of the BGCs and activation of BGCs via 
manipulating transcription and translation processes. c) Co-culturing different microbial species exploits various types of inter-species interactions to induce pro
duction of secondary metabolites. Often, one species serves as an inducer which activates the production of valuable microbial NPs in the other, producer, organism. 
Created with BioRender.com. 
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of the regulatory and metabolic networks in living organisms, it still 
includes a significant amount of serendipity and might require deploy
ment of significant resources to identify genotype-phenotype relation
ships (Zhang et al., 2016). 

Transporter engineering represents another attractive way to in
crease the yield of microbial secondary metabolites and increase the 
manufacturing capacity of microbes (van der Hoek and Borodina, 2020). 
Engineering of transporter proteins can increase the uptake of exoge
nous substrates that are required for the bioproduction of microbial 
products (Thomik et al., 2017). Furthermore, such transporter-focused 
manipulation can increase the efficacy of transfer of intermediates: 
either increase their re-uptake by original producer (Li et al., 2019) or, 
conversely, facilitate secretion of intermediates and hence increase their 
availability for further processing by another member of microbial 
consortium (Zhang et al., 2015). Finally, the lack of availability of 
product transporters and entrapping of the product within the cell may 
not only reduce the bioavailability of the product, but also cause the 
toxicity for the cell (van der Hoek and Borodina, 2020). The over- 
expression of product transporters has been shown to significantly in
crease the production of target metabolites, such as citric acid in A. niger 
(Steiger et al., 2019). However, transporter engineering has several 
difficulties, such as lack of understanding of their biology, intricacy of 
the global cellular transporter network, and challenges with the iden
tification of transporter proteins via genome mining (Lv et al., 2022). 

In global Transcription Machinery Engineering (gTME), the modifi
cation of transcription levels of multiple genes is used to obtain novel 
cellular phenotypes (Alper et al., 2006). This approach can be used to 
enhance levels of production of valuable secondary metabolites (Xue 
et al., 2019). Mutating components of RNA polymerase in engineered 
E. coli led to 114 % increase in the titre of L-tyrosine when compared to 
the parental strain that has already been engineered to produce high 
yield of L-tyrosine (Santos et al., 2012). Mutation libraries targeted to 
specific genes may significantly increase the yields of NPs, such as in the 
case of recombinant E. coli producing Hyaluronic acid with an increased 
yield (Yu et al., 2008). Despite its successes in both prokaryotes and 
eukaryotes, gTME presents several challenges: gTME methods focus only 
on a small subset of the cellular regulatory factors (Ke et al., 2020); 
tinkering with the global regulatory factors can lead to decreased overall 
fitness of the cells; and finally, current gTME techniques often employ 
plasmids for the construction of mutant libraries, which may not 
perform robustly when deployed at scale (Jiang et al., 2020). 

An important intermediate step for producing valuable NPs is the 
identification of the corresponding BGCs. Numerous computational 
tools, such as antiSMASH (Skinnider et al., 2020) and PRISM (Blin et al., 
2021) have been developed in order to predict BGCs for the synthesis of 
secondary metabolites. After the hypothetical BGCs for synthesis of a 
specific NP is identified via genome mining, various actions can be taken 
in order to activate or increase the production of the desired secondary 
metabolite. Probably the most obvious and direct strategy is the over- 
expression of BGCs or their regulators, either by manipulating the pro
moter of the selected operon or through increasing gene copy number 
(Liu et al., 2021; Wu et al., 2020; Zhang et al., 2016). Direct activation of 
BGCs may include modification of transcriptional regulation (Sidda 
et al., 2013; Wang et al., 2018; Laureti et al., 2011) as well as CRISPR- 
based activation of silent genes (Mózsik et al., 2021; Jiang et al., 
2021). However, this approach requires not only the identification of the 
appropriate BGCs and their regulators, which is often difficult, but also 
poses challenges associated with the native negative feedback regulation 
of BGCs, which may hamper their overproduction (Wang et al., 2014; 
Xia et al., 2020). CRISPR-based editing might suffer from off-target ef
fects (Jiang et al., 2021) and regulatory proteins might exhibit a cross
talk with other BGCs or physiological cellular processes (Bergmann 
et al., 2010). 

Another way to increase the yield of the microbial secondary me
tabolites is metabolic engineering (Kim et al., 2016) and precursor en
gineering (Zhang et al., 2016). The availability of precursors, often 

products of the primary metabolism, is one of the deciding factors for the 
level of secondary metabolite production. Re-directing carbon flux 
through metabolic pathways can lead to increased production of mi
crobial NPs, such as in the case of improved yield of chloramphenicol in 
recombinant S. avermitilis (Doi et al., 2020). Increasing the amount of 
precursors can also increase the yield of NPs; for example, the targeted 
disruption of glyceraldehyde-3-phosphate dehydrogenases (GAPDHs) in 
S. clavuligerus led to accumulation of D-glyceraldehyde-3-phosphate, a 
precursor of clavulanic acid, the yield of which subsequently increased 
more than 2-fold when compared to the wild type (Li and Townsend, 
2006). While metabolic engineering can reduce the levels of unwanted 
byproducts and increase resource flux towards expression of the target 
BGCs, major drawbacks remain (Zhang et al., 2016). These hurdles 
include the need for annotated, high-quality genome-scale metabolic 
network models, which are available only for a small subset of well- 
described organisms (Norsigian et al., 2020), as well as identification 
of precursors of target NPs (Blin et al., 2019; He et al., 2018). 

If the identity of the BGCs has been confirmed, they also may be 
cloned into a heterologous host, not only to confirm the relationship 
between BGCs and NPs (Kenshole et al., 2021; Zhang et al., 2018; Liang 
et al., 2020), but also because a different host organism might be more 
suitable for their expression (Nielsen et al., 2013). For example, heter
ologous host organisms are often well-characterized, have a high growth 
rate, there are established tools for their genetic manipulation, and their 
genome and metabolome is better suited for recombinant bioproduction 
than that of natural producers (Zhang et al., 2010). Expression platforms 
such as HEx (Heterologous Expression), which allow for a scalable 
expression of fungal BGCs in S. cerevisiae have been developed (Harvey 
et al., 2018). However, heterologous expression has limitations, such as 
the need to clone genome sequences of excessive size and challenges 
with identifying suitable hosts for expression of a variety of BGCs Ata
nasov et al., 2021. In addition to that, the introduction of foreign genetic 
material might also place a burden on the cellular resources, and lead to 
reduced yield of the target NPs (Frei et al., 2020; Boo et al., 2019). 
Species that are suitable for heterologous expression of BGCs may be 
further genetically modified to optimize their expression properties, for 
instance, via modification of precursor flux and deletion of antibiotic 
downregulation genes (Kallifidas et al., 2018). In other study, the 
deletion of 15 non-essential native BGCs resulted in an increased yield of 
natural products produced in Streptomyces sp. (Myronovskyi et al., 
2018), probably because of an increased availability of cellular meta
bolic resources for the synthesis of target NPs. In addition to that, 
integration of additional phage phiC31 attB sites enabled enhanced 
chromosomal integration of multiple BGCs copies, resulting into higher 
production yields (Myronovskyi et al., 2018). However, there are 
drawbacks associated with heterologous expression. Recombinant pro
duction requires cloning of recombinant DNA into host organisms 
(Atanasov et al., 2021). Furthermore, the correct assembly of NPs may 
require changes at the post-translational level (Szewczyk et al., 2008), 
which are difficult to infer solely from genome mining (Kenshole et al., 
2021). Therefore, despite the advances in strain and pathway engi
neering approaches, the number of novel BGCs that could encode for 
new NPs still vastly exceeds the number of secondary metabolites 
identified and isolated (Pettit, 2011). 

2.3. Co-culturing of different microbial species 

Approaches involving variation of culturing conditions and genetic 
engineering methods focus on eliciting the production of novel micro
bial NPs or increasing their yields in isolated, axenic cultures. On the 
other hand, in their natural setting, microbes co-inhabit their respective 
ecosystems with other living organisms, which leads to wealth of direct 
or indirect inter-species interactions (Fig. 1c). Such interplay between 
organisms elicits production of numerous compounds, many of which 
are valuable secondary metabolites that are produced as the result of 
activation of cryptic BGCs, which are silent under the non-natural, 
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axenic culturing conditions (Nai and Meyer, 2018). If an organism is 
grown in an axenic culture, secondary metabolites often are not pro
duced at all (Onaka et al., 2011). In many cases, the inducer, an organism 
that induces production of the target secondary metabolite by the other 
member of the pair, the producer, can be clearly distinguished (Onaka 
et al., 2011; Abdelmohsen et al., 2015). Hence, we name such mixed 
cultures inducer-producer consortia. The name “inducer-producer” con
sortia does not necessarily mean that one member of the consortium 
directly provides an “inducing compound” such as intermediate 
metabolite. Rather, “induction” is to be understood in a broader sense: 
inducer organisms are providing a general “input” or stimulus, which is 
required for upregulation of bioproduction in the producer species; the 
nature of such an input can range from a competition for nutrients to 
direct secretion of an intermediate small molecule. Such consortia might 
contain interactions within the same domain of life (i.e. fungus-fungus, 
bacterium-bacterium) or across different domains of life (bacterium- 
fungus), where both bacterium and fungus may serve as either the 
inducer or producer species (Kim et al., 2021). In bacterium-bacterium 
cultures, actinomycetes, bacteria from the order Actinomycetales are 
often co-cultivated to produce NPs; many co-cultivation studies were 
summarized in the past reviews (Abdelmohsen et al., 2015; Hoshino 
et al., 2019; Kim et al., 2021). Streptomyces species are often employed in 
the screening for NPs, as they devote significant portion of their genome 
to secondary metabolite production (Challis and Hopwood, 2003). For 
example, co-cultivation of an inducer species Streptomyces vir
idochromogenes with producer Streptomyces coelicolor M145 led to pro
duction of a series of secondary metabolites, including antibiotic 
Actinorhodin (Traxler et al., 2013). Fungal inducer-producer consortia 
often include species from the genus Aspergillus, such as co-cultivation of 
Aspergillus sulphureus KMM 4640 and Isaria felina KMM 4639 that led to 
production of five new prenylated indole alkaloids (Afiyatullov et al., 
2018). Mixed cultures of fungus and bacterium are also commonly 
explored for NPs production, for example, co-culture of Streptomyces 
hygroscopicus with Aspergillus nidulans (Schroeckh et al., 2009) that led 
to an overproduction of orsellinic acid. The richness of different or
ganisms and co-culturing systems only highlights the opportunties for 
the discovery of novel secondary metabolites. 

Co-culturing of microbes for novel or enhanced bioproduction has 
several major advantages when compared to OSMAC-based approaches 
and genetic engineering. Firstly, co-culturing the producer microbes 
with other species greatly enhances the diversity of chemical in
teractions to which the given organism is exposed (Marmann et al., 
2014), which include not only the direct interactions such as exchange 
of small molecules (Rosero-Chasoy et al., 2021), but also indirect in
teractions, such as competition for a shared pool of the resources and 
nutrients (Kim et al., 2021; Lee et al., 2021; Lee et al., 2020). This 
significantly increases the search space when compared to OSMAC ap
proaches (Pan et al., 2019). Secondly, mechanical setup for co-culturing 
is often simple and does not require expensive equipment, which opens 
up the possibility for high-throughput screening of various co-cultures, 
for instance, using microfluidic platforms (Hesselman et al., 2012; Ing
ham et al., 2007). Thirdly, production of secondary metabolites via 
mixed culturing does not require thorough understanding of the biology 
and physiology of the co-cultured organisms, which is in stark contrast 
with activation of NP synthesis via complex genetic engineering ap
proaches (Romano et al., 2018). While co-culturing of microorganisms 
has certain drawbacks, such as the requirement for existence of appro
priate culturing medium for all members of the microbial consortium, 
because of the need for maintenance of the co-existence of both co- 
cultured species, and the ability to detect and isolate synthesized NPs 
(Zhuang et al., 2021), co-cultivation represents an attractive approach to 
discovery and production of valuable microbial compounds. 

3. Mechanisms of production of secondary metabolites in 
inducer-producer consortia 

3.1. Classifying the mechanisms of production 

Classifying mechanisms of bioproduction of secondary metabolites 
in inducer-producer consortia is not a simple endeavour. The most 
important reason is that the majority of experimental studies in which 
bioproduction of NPs by mixed cultures was studied did not explore the 
mechanisms of such bioproduction (Zhuang et al., 2021). This is largely 
because the discovery and isolation of secondary metabolites produced 
in mixed microbial co-cultures is easier than thorough understanding of 
the underlying mechanisms of induction of NP production or increase of 
its yield. An alternative reason why a more detailed classification of the 
mechanisms of bioproduction in microbial co-cultures has not been 
completed is the fact that disentangling complex interactions in micro
bial communities is often impossible at the time of conducting of the 
study. For example, Kurosawa and colleagues were able to demonstrate 
that horizontal gene transfer (HGT) of a large segment of DNA from 
Streptomyces padanus to Rhodococcus fascians led to the production of 
rhodostreptomycins in the latter organism (Kurosawa et al., 2008). The 
authors were not able to determined whether the route of HGT was via 
transformation or conjugation, although the authors ruled out trans
duction (Kurosawa et al., 2010). However, from the perspective of 
optimizing a co-culture of such species, the distinction between trans
formation and conjugation may be important: while during trans
formation, uptake of exogenous DNA from the external environment 
does not necessarily require physical contact between organisms, 
conjugation, which involves transfer of genetic material via the conju
gation pilus, does require physical contact (Soucy et al., 2015). In such 
case, the underlying mechanism of HGT may pre-determine the selection 
of the best co-cultivation method (Kapoore et al., 2021). 

We propose a classification which, on the highest level, distinguishes 
between the need for physical contact for activated bioproduction in a 
co-culture (Fig. 2). This is an important consideration for the selection of 
a culturing device and overall implementation. For contact-dependent 
elicitation of NP production, a distinction between contact-dependent 
secondary metabolite synthesis, such as in case of mycolic acid- 
containing bacteria (Onaka et al., 2011; Onaka et al., 2015) and a 
HGT via conjugation (Lu et al., 2017) is made because of the difference 
in the underlying biological processes. For contact-independent bio
production of secondary metabolites, we differentiate between direct 
and indirect interactions: An indirect interaction involves the produc
tion of NPs that is induced via stimuli arising because of environmental 
changes due to presence of culturing partner such as competition for 
scarce nutrients. In contrast, direct inter-species interaction involve the 
exchange of small molecules, large molecules and oligonucleotides be
tween the organisms. Given the richness of contact-independent inter
action, we provide a more granular categorization for such inducer- 
producer consortia (Fig. 3). We also provide and analyze examples of 
co-cultures for each of the described mechanism of induction or 
enhancement of NP production (Table 1). 

Our classification approach builds upon and extends approaches 
developed in prior work. For example, Kim et al., proposed that induc
tion mechanisms of NPs can be divided into three categories: physical 
interactions, chemical communications, and HGT (Kim et al., 2021). Our 
approach further subdivides these categories to avoid potential overlaps 
(for example, as illustrated in the above example, HGT may or may not 
involve direct physical interaction). Abdelmohsen et al., suggested four 
possible putative mechanisms of bioproduction of secondary metabo
lites: physical cell-to-cell interactions, small molecule-mediated in
teractions, catalytic activation of metabolite precursor, and HGT 
(Abdelmohsen et al., 2015). However, such a classification does not take 
into consideration the increased production of secondary metabolites by 
a member of the co-culture due to inter-species competition environ
mental niche (Park et al., 2009; Lee et al., 2020). Liu and Kakeya 
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summarize several case studies of various mechanisms of induction of 
bioproduction in co-cultures (Liu and Kakeya, 2020); we build upon this 
work, forming it into a cohesive categorization system. 

3.2. Contact-dependent inter-species interactions 

Contact-dependent inter-species interactions involve the class of 
systems in which a direct physical contact between species is required in 
order to elicit production of the NPs in the mixed microbial culture. 
Mechanisms and biosynthetic pathways leading to the synthesis of sec
ondary metabolites are frequently unclear, and there is a need for a 
larger number of studies examining contact-dependent interactions be
tween microbes. Nevertheless, induction of contact-dependent produc
tion of NPs has been associated with epigenetic modifications 
(Nützmann et al., 2011), presence of specific compounds in the outer 
membrane of inducer species (Onaka et al., 2011; Onaka et al., 2015; 
Hoshino et al., 2019), conjugation (Kommineni et al., 2015), and 
contact-dependent growth inhibition (Garcia et al., 2016; Ikryannikova 
et al., 2020; Garcia, 2018). 

Contact-dependent secondary metabolite synthesis. The pro
duction of NPs in a microbial consortium might require a direct physical 

contact between the co-cultured microbes in order to activate biosyn
thetic pathways in the producing organism (Onaka et al., 2015; Kim 
et al., 2021). Co-culturing fungus Aspergillus nidulans with Streptomyces 
rapamycinus led to the production of several secondary metabolites, 
including orsellinic acid, lechanoric acid, and Cathepsin-K inhibitors 
(Schroeckh et al., 2009). When the authors treated A. nidulans with 
either supernatant of the bacterial culture, co-culture extracts, or heat- 
inactivated bacteria, the activation of polyketide synthase orsA 
required for production of orsellinic acid was reduced by several orders 
of the magnitude (Schroeckh et al., 2009). Similarly, when the bacte
rium and fungus were separated by a dialysis bag, only miniscule levels 
of expression were observed (Schroeckh et al., 2009). The direct contact 
between the fungus and bacterium was required for elevating expression 
of orsellinic acid (Schroeckh et al., 2009). Subsequent research revealed 
that physical interactions between the fungus and bacterium induced 
histone modification via main histone acetyltransferase complex Saga/ 
Ada in the fungal species, which induced the production of orsellinic 
acid and lechanoric acid and that Saga/Ada was also required for trig
gering synthesis of other secondary metabolites (Nützmann et al., 2011). 
The mixed culture between A. nidulans and S. rapamycinus represents 
one of the few examples where biological mechanisms of contact- 

Fig. 2. Categorization of biological mechanisms that may lead to the production of microbial secondary metabolites in the naturally occurring (genetically un
modified) inducer-producer consortia. Fundamentally, a difference between the mechanisms of induction that require physical contact and those that only need 
chemical interaction is made. Next, physical interactions are split into two subcategories. Contact-dependent induction of secondary metabolites includes production 
caused by contact between mycolic acid-containing bacteria and fungi, as well as production induced due to contact-dependent secretion systems. Contact-dependent 
horizontal gene transfer methods include transfer of plasmids via conjugation and subsequent expression in a novel host. Chemical exchange-based methods of 
production of microbial NPs are versatile and include small molecule-mediated interactions, such as quorum sensing, enzymatic modifications of a precursor produced 
by a producer, direct or indirect competition between the species and non-contact genome modifications, for example, via gene loss or via transformation. Created 
with BioRender.com. 
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Fig. 3. Classification of contact-independent mechanisms of induction of secondary metabolites in microbial co-cultures. Bioproduction of NPs can be induced either 
via external stimuli, such as production of molecules increasing the nutrient uptake in response to the competition or non-HGT genetic modifications due to the 
modification of external environment by adverse species. Synthesis of secondary metabolites can also be induced as the consequence of small molecules, macro
molecules, or oligonucleotides directly produced by co-cultured microorganisms. Such interactions include enzymatic modification of precursors produced by 
producer strain by inducer species, genetic modification of producer species through non-contact HGT via transformation, direct inter-species signalling such as 
quorum sensing, and direct inter-species interactions, such as competition, commensalism and mutualism. Created with BioRender.com. 

Table 1 
Examples of different co-culturing systems and inducer-producer consortia for bioproduction of NPs and the mechanisms of bioproduction. I  = inducer, P  = producer, 
D  = donor, A  = acceptor.  

Mechanism of induction Interaction partners Induced NPs Activity References 

Contact-dependent secondary metabolite synthesis Tsukamurella pulmonis (I) 
Streptomyces lividans (P) 
Tsukamurella pulmonnis (I) 
Streptomyces endus (P) 

red pigment  
Alchivemycin A 

pigment  
antibiotic 

Onaka et al. (2011) 

Gene transfer via conjugation Escherichia coli (D) 
Pseudomonas aeruginosa (A) 

gentamicin acetyltransferase antibiotic  
resistance 

Lu et al. (2017) 

Indirect competition for nutrients Streptomyces coelicolor (I) 
Myxococcus xanthus (P) 

myxochelin  
(siderophore) 

iron scavenging Lee et al. (2020) 

Induced genetic modification via plasmid loss Staphylococcus aureus (I) 
Streptomyces clavuligerus (P) 

holomycin antibiotic Charusanti et al. (2012) 

Enzymatic modifications Pseudomonas maltophila 
Streptomyces griseorubiginosus 

biphenomycin A antibiotic Ezaki et al. (1992) 

Genetic modifications via transformation Acinetobacter baylyi (D) 
Escherichia coli (A) 

Sh ble protein zeomycin  
antibiotic  
resistance 

Maeusli et al. (2020) 

inter-species signalling Pseudomonas aeruginosa (I) 
Burkholderia cepacia (P) 

siderophore 
protease 

iron sequestration 
proteolysis 

McKenney et al. (1995) 
De Kievit and Iglewski (2000) 
Riedel et al. (2001) 

Direct inter-species ecological interactions Bacillus subtilis (I) 
Fusarium tricinctum (P) 

lateropyrone 
enniatins 
fusaristatin A 
macrocarpon C 

antibiotic Ola et al. (2013)  
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dependent production were fully elucidated. 
Another prominent class of contact-dependent production of NPs in 

inducer-producer consortia includes mycolic acid-containing bacteria. 
When bacterium Streptomyces lividans was co-cultured with Mycobac
terium Tsukamurella pulmonis, production of red pigment was induced 
(Onaka et al., 2011). Subsequently, co-culturing T. pulmonis with 
S. endus led to production of a novel antibiotic, alchivemycin A, in S, 
endus. When the biosynthetic gene for synthesis of mycolic acid was 
disrupted, co-culture with S. lividans did not yield red pigment, while 
addition of mycolic acid extract did not induce production of red 
pigment in a monoculture of S. lividans. These results have shown that 
direct contact between viable mycolic acid-containing inducer and 
Streptomyces producer species was required for the production of sec
ondary metabolites. A wealth of other secondary metabolites that have 
been discovered via co-culturing of producer strains with Mycobacteria 
have been summarized by Hoshino and colleagues (Hoshino et al., 
2019). While Onaka and colleagues demonstrated that direct physical 
contact between the inducer and producer species was required, the 
exact biomolecular mechanisms of induction of NPs are unknown. The 
authors hypothesized that mycolic acid in the outer membrane of 
inducer microbes could stimulate the upper regulatory system in Strep
tomyces (Onaka et al., 2011). Alternatively, such inducer microbes could 
provide the digested nutrients and substrates required for the biosyn
thesis of the final secondary metabolites in the producer species (Onaka 
et al., 2015). 

Contact-dependent growth inhibition may also induce production of 
antibiotic compounds, as well as gene expression and biosynthesis. Both 
Gram-positive and Gram-negative bacteria have developed systems for 
delivery of toxins into neighbouring microorganisms, which include 
widely conserved contact-dependent growth inhibition (CDI, type V 
secretion) and Type VI secretion system (T6SS) (Garcia, 2018; Blango 
and Mulvey, 2009), more unique Type IV secretion systems in Xantho
monas species (Souza et al., 2015), Type VII secretion systems (Esx 
pathway) and other secretion systems, such as surface-associated 
glycine-zipper toxins (Cdz) (García-Bayona and Comstock, 2018). In 
CDI, Gram-negative bacteria deliver a polymorphic toxin molecule into 
cytoplasm of neighbouring cells after direct cell-to-cell contact, which 
involves transfer of at least a portion of large exoprotein CdiA (or BcpA 
in Burkholderia and related species) into the target bacterium (Aoki 
et al., 2005) facilitated by proteins CdiB (BcpB in Burkholderia) (Garcia, 
2018). On the other hand, T6SS is a contractile system that delivers 
protein toxins directly into neighboring cells of Gram-negative bacteria 
(Russell et al., 2014a). Numerous examples of contact-dependent 
secretion of toxins in the response to the presence of competing bacte
rial species have been reported; for example, B. fragilis employes T6SS to 
attack other Bacteroides, such as B. thetaiotaomicron in co-culture or in 
the mammalian gut when dietary polysaccharides are scarce (García- 
Bayona and Comstock, 2018; Russell et al., 2014b). Furthermore, gene 
expression in Burkholderia thailandensis was altered as the result of CDI; 
this phenomenon was named contact-dependent signalling (CDS) and 
led to cooperative changes, such as biofilm formation (Garcia et al., 
2016). However, inter-species induction of secondary metabolites via 
CDS, though hypothesized, has not been observed. 

Gene transfer via conjugation. Conjugation is a method of HGT 
that requires physical contact between the cells via a conjugation pilus, 
through which genetic material is transferred (Soucy et al., 2015). In 
addition to contact-dependent secondary metabolite synthesis, HGT via 
conjugation represents a viable mechanism for induction of production 
of secondary metabolites in co-cultures. Lu et al. co-cultured E. coli 
containing a mobilizable plasmid with the aacC1 gene cassette encoding 
gentamicin acetyltransferase, with Pseudomonas aeruginosa in the pres
ence of antibiotic gentamicin (Lu et al., 2017). P. aeruginosa acquired 
gentamicin resistance via increased conjugation with E. coli. Interest
ingly, treatment of P. aeruginosa with quorum sensing-inhibiting anti
biotic such as azithromycin or chloramphenicol showed a conjugation- 
promoting ability, which underlines the role of quorum sensing in 

conjugation. The role of quorum sensing, which does not require direct 
cell-to-cell contact in conjugative transfer, highlights the difficulties of 
developing an exhaustive and disjoint classification of mechanisms of 
bioproduction in co-culture. Another interesting case of HGT via 
conjugation has been demonstrated by Kommineni et al., who have 
shown that Enterococcus faecalis harbouring plasmid expressing bacte
riocin 21 was able to transfer this plasmid to other E. faecalis strains via 
conjugation in a model of the mouse gut (Kommineni et al., 2015). HGT 
via conjugation offers an interesting opportunity for bioproduction of 
valuable NPs in rationally designed co-cultures, especially under the 
increased evolutionary pressure due to antibiotics. Such an approach 
may be used to allow for a bioproduction of valuable secondary me
tabolites in well-characterized hosts with better growth properties and 
with increased yield. 

3.3. Contact-independent inter-species interactions 

Contact-independent inter-species interactions represent the class of 
interactions in which direct physical contact between the populations of 
different organisms is not required. The first subcategory includes inter- 
species interactions due to external stimuli, chiefly indirect competition 
for nutrients and natural genetic modifications of producer strains via 
natural loss or acquisition of foreign genetic material, which do not 
include direct transfer of genetic material between the species. The 
second category encompasses interplay via molecules directly synthe
sized by individual species. Such interactions include enzymatic modi
fications, genetic modifications via direct transfer of oligonucleotides 
between different microbes, direct inter-species signalling via small 
molecules and direct ecological interactions that do not involve physical 
contact (Fig. 3). 

Indirect competition for nutrients. The bioproduction of novel 
metabolites in microbial consortium can be induced because of the 
scarcity of the resources shared between the microorganisms. When 
different species of microorganisms inhabit the same niche, they often 
compete for the limited nutrients and environmental resources (Mar
mann et al., 2014; Zhang et al., 2018; Zengler and Zaramela, 2018). 
While such a competition may involve direct inter-species killing 
mediated by toxins (O’Brien and Wright, 2011), it may also demonstrate 
itself via synthesis of secondary metabolites by individual species that 
improve their nutrient uptake (Kim et al., 2021). In the co-culture of 
Streptomyces coelicolor with Myxococcus xanthus, both species compete 
for a shared iron pool (Lee et al., 2020). In the co-culturing process, 
M. xanthus increased its production of a siderophore myxochelin, which 
allowed it to sequester the iron and dominate iron scavenging. Such 
upregulation of iron sequestration by M. xanthus led to significant 
upregulation of production of antibiotic actinorhodin by S. coelicolor, 
which has the ability to repel M. xanthus and allows S. coelicolor to 
chelate iron. 

Induced genetic modification via plasmid loss. Genetic modifi
cation of a microorganism in a co-culture with another microbe may 
induce a loss of certain genetic elements in the producer species, which 
may lead to induction of bioproduction of novel NPs. Evolutionary 
adaptation of microbial species to environmental challenge is one of the 
key mechanisms for their survival (Bottery et al., 2020). In the presence 
of an environmental challenge, such as other species competing for 
nutrients or in a presence of a pathogen, microbes have to develop 
mechanisms to face such threats. In a co-culture with methicilin- 
resistant Staphylococcus aureus (MRSA), Streptomyces clavuligerus ac
quired ability to constitutively produce antibiotic holomycin against 
MRSA, which could not be detected in the unevolved, wild type (Char
usanti et al., 2012). Genomic analysis of evolved S. clavuligerus revealed 
the loss of a large, 1.8 Mbp megaplasmid pSCL4, as well as an acquisition 
of several single nucleotide modifications in the genes that influence 
synthesis of secondary metabolites. Prior analysis of megaplasmid 
pSCL4 has shown that it is a rich reservoir of BGCs for the potential 
synthesis of secondary metabolites, including putative antibiotics, such 
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as staurosporine and β-lactams (Medema et al., 2010). It is possible that 
the presence of pSCL4 led to repression of the BGCs for holomycin 
synthesis and its loss was needed to allow for its synthesis. 

Enzymatic modifications. Another mechanism of production of 
valuable compounds in inducer-producer consortia is a modification of 
the precursor produced by the producer strain by an enzyme produced 
by the inducer microbe (Abdelmohsen et al., 2015). Such mode of pro
duction of NPs has been demonstrated in a co-culture of Streptomyces 
griseorubiginosus and Pseudomonas maltophilia, where S. griseorubiginosus 
produced a precursor of biphenomycin A, an antibiotic, and 
P. maltophilia subsequently converted this precursor into the final 
product (Ezaki et al., 1992). A subsequent structural and cultivation 
study revealed the structure of the precursor produced by 
S. griseorubiginosus, which was named biphenomycin C (Ezaki et al., 
1993). This elegant case of cooperative bioproduction bears a significant 
similarity to approaches where an engineered microbial consortium is 
used to split the engineered metabolic pathway among multiple species 
in a co-culture (Roell et al., 2019). In another study, Liang et al., co- 
cultured Streptomyces sp. RKBH-B178 with heat-killed P. aeruginosa 
and M. smegatis. Streptomyces sp. RKBH-B178 was able to transform 
P. aeruginosa quorum sensing molecules pseudomonas quinolone signal 
(PQS) and 2-heptyl-4-quinolone (HHQ) into their glucoronidated ver
sions, which led to deactivation of their quorum sensing capability (Liang 
et al., 2019). 

Genetic modification via transformation. Contactless HGT via 
transformation can lead to the bioproduction of novel microbial com
pounds in heterologous host. Unlike HGT via conjugation, neither HGT 
via transformation (delivery of the genetic material via uptake of 
plasmid DNA), nor via transduction (transfer of genetic material, phage 
predation and integration of exogenous genes into the phage genome) 
require direct contact between microbes in the consortium (Soucy et al., 
2015). Transformation has been shown to lead to HGT of ble protein 
conferring resistance against zeomycin from Acinetobacter baylyi into 
E. coli during in vitro co-culture, on lettuce, and in BALB/c mice (Maeusli 
et al., 2020). A. baylyi ADP1 is a great candidate as a member of an 
engineered microbial consortium due to its high natural transformation 
competence, recombination efficiency, as well as metabolic diversity 
(Santala and Santala, 2021); hence, the frequency of its use in co- 
culturing studies involving HGT is expected to rise. In another study, 
Cooper et al., co-cultured A. baylyi with E. coli carrying a kanamycin 
resistance plasmid. The authors showed that A. baylyi killed E. coli in a 
contact-dependent fashion via the T6SS system, while subsequent 
transfer of plasmids with kanamycin resistance into A. baylyi via natural 
transformation increased up to 100-fold (Cooper et al., 2017). Impor
tantly, the authors developed and quantified a population-dynamic 
mathematical model of natural plasmid transformation as well as 
contact-dependent killing (Cooper et al., 2017). This is a particularly 
important result, given that mathematical modelling of dynamics in co- 
cultures has been neglected in many studies that were only limited to 
phenomenological observations. However, this co-culturing study re
flects the difficulties of developing a rigorous classification of mecha
nisms of production of inducer-producer consortia. While expression of 
antibiotic resistance proteins was due to HGT via transformation, the 
killing of E. coli by A. baylyi was enhanced by contact-dependent killing, 
which makes such a system difficult to classify. 

Inter-species signalling. Inter-species signalling via uni-directional 
or multi-directional exchange of molecules is one of the key mechanisms 
of intra-species and inter-species communication (Mehta et al., 2009; 
Shank and Kolter, 2009). Exchange of the signalling molecules in a co- 
culture can lead to the upregulation of secondary metabolite synthesis 
(Bertrand et al., 2014; Marmann et al., 2014), as well as other physio
logical phenomena, such as biofilm formation (Oliveira et al., 2015). 
One of the best understood intercellular communication systems is 
quorum sensing, a cell-to-cell communication system in which microbes 
produce and detect chemical compounds to monitor the population 
density in their environment (Ng and Bassler, 2009). Autoinducer-2 (AI- 

2) quorum sensing system has a particularly important role because of its 
involvement in inter-species signalling (Pereira et al., 2013; Bivar Xav
ier, 2018). In an inducer-producer consortium, the inducer may syn
thesize signalling molecules that are transported into extracellular space 
and subsequently interact with producer species, either through inter
action with the surface receptors or via direct diffusion into the cells, 
where they activate gene expression and synthesis of NPs (Abdelmohsen 
et al., 2015). Multiple studies have shown the ability of quorum-sensing 
molecules to induce or enhance production of secondary metabolites. 
For example, addition of quorum sensing molecule N-butyryl-DL-homo
serine lactone to culture medium in which A. fumigatus was grown led to 
isolation of emestrins A-B. Synthesis of these species was not observed in 
the pure fungal culture (Rateb et al., 2013). While production of 
Emestrins A-B was induced by addition of a quorum sensing molecule into 
the medium, they were not detected in co-culture of producer Aspergillus 
fumigatus and inducer Streptomyces bullii, though other novel secondary 
metabolites were detected (Rateb et al., 2013). Unfortunately, bacteria 
that naturally produce N-butyryl-DL-homoserine lactone such as Sal
monella and E. coli were not co-cultivated with A. fumigatus in this 
experiment, but co-cultivation of E. coli and A. fumigatus could lead to 
activation of bioproduction of emestrin A and B. 

One of the prominent examples of quorum sensing-mediated inter- 
species signalling is found in the co-culture of P. aeruginosa and Bur
kholderia cepacia, species that are the major pathogens in cystic fibrosis 
and cause several nosocomial infections in immuno-compromised pa
tient populations (Eberl and Tümmler, 2004). The addition of concen
trated cell-free material from stationary phase cultures of P. aeruginosa 
to the culture of B. cepacia led to significant upregulation of protease and 
siderophore synthesis by B. cepacia (McKenney et al., 1995). Subse
quently, homologs of luxRI have been identified in B. cepacia (Lewenza 
et al., 1999). Co-culturing experiments between B. cepacia and 
P. aeruginosa demonstrated that B. cepacia was able to sense N-acylho
moserine lactone molecules synthesized by P. aeruginosa (Riedel et al., 
2001). Furthermore, experiments have shown that the inter-species 
signalling is unidirectional and B. cepacia responds to signals from 
P. aeruginosa, while P. aeruginosa does not respond to signals from 
B. cepacia (Riedel et al., 2001; Bragonzi et al., 2012). Together, these 
results demonstrate the role of small molecule-mediated signalling as 
the mechanism of induction of NPs production. Quorum sensing-medi
ated interactions are a particularly interesting tool for engineering mi
crobial interactions in rationally engineered microbial consortia, given 
their modularity and relatively good biological understanding (McCarty 
and Ledesma-Amaro, 2019). Numerous examples of inter-species in
teractions engineered using quorum sensing molecules have been pre
sented (Liao et al., 2019; Miano et al., 2020; Mee et al., 2014; Kong et al., 
2018). 

Direct inter-species ecological interactions. In the microbial 
consortia, the bioproduction of secondary metabolites may be a result of 
direct ecological interactions between microbes. Direct killing, in 
particular, is one of the natural mechanisms that microorganisms 
employ to secure their survival in an environment with limited nutrients 
or in the presence of a pathogen (Marmann et al., 2014; Netzker et al., 
2015; García-Bayona and Comstock, 2018). Multiple examples of in
teractions in which the inducer stimulates production of a producer’s 
secondary metabolite that is toxic to the inducer exist; such co-cultures 
have been particularly useful for the discovery of novel antibacterial 
(Gonzalez et al., 2011; Sun et al., 2022) and antifungal compunds 
(Chagas et al., 2013). Many such systems have been described elsewhere 
(Bertrand et al., 2014; Kim et al., 2021; Abdelmohsen et al., 2015). 
Therefore, we describe two particularly interesting examples that 
demonstrate the importance of optimization of co-culturing conditions. 
Co-culturing fungus Fusarium trinctum with bacterium Bacillus subtilis led 
to up to 78-fold increase of constitutively produced fungal NPs, 
including increase in production of lateropyrone, which exhibited 
inhibitory effect against B. subtilis (Ola et al., 2013). Interestingly, the 
upregulation of fungal secondary metabolism only occurred if B. subtilis 
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was inoculated several days before F. trinctum (Ola et al., 2013; Mar
mann et al., 2014), which suggests that optimization of the microbial 
growth dynamics while taking into account inter-species ecological 
relationship is an important factor for improving the yield of the sec
ondary metabolites in co-cultures. 

Another interesting example that illustrates the complexity of re
lationships in inducer-producer consortia is co-cultivation of Strepto
myces sp. CMB-M0423 and Aspergillus sp. CMB-AsM0423 isolated from 
Heron Island, Queensland, Australia (Khalil et al., 2019). In this work, 
the authors described a microbial community in which Aspergillus sp. 
produced a bacteriostatic metabolite cyclo-(L-Phe-trans-4-hydroxy-L- 
Pro) that induced production of nitric oxide (NO), which, in turn, 
mediated activation of a silent biosynthetic gene cluster (BGCs) in 
Streptomyces sp. that led to production of fungistatic heronapyrrole B 
(Khalil et al., 2019). This work demonstrates not only the unique 
example of thorough investigation of the mechanism of activation of NPs 
production in inducer-producer consortium, but also an intriguing 
feedback loop constructed by the mutual relationship between species. 
The ecological significance of such a complex interaction pattern is yet 
to be understood. 

4. Setting up inducer-producer consortia for bioproduction 

One of the key considerations for the successful discovery and pro
duction of novel NPs in the inducer-producer co-cultures is the nature of 
the culturing system and the physical setting in which such bio
production occurs. The different co-culturing systems include 1) 
communal liquid medium growth cultures (Padmaperuma et al., 2018; 
Shuler and Kargi, 2001), 2) solid–liquid interface systems (Covarrubias 
et al., 2012), 3) membrane-separated systems (Briand et al., 2016), 4) 
spatially separated systems (Kim et al., 2011; Kim and Chung, 2004), 
and 5) microfluidic systems (Barkal et al., 2016) (Fig. 4). These co- 
culturing systems have recently been summarized in an excellent re
view by Kapoore and colleagues (Kapoore et al., 2021). Communal 
liquid medium growth methods consist of co-culturing microorganims in 
a shared culturing medium and involve direct mixing, pelletization and 
floculation, as well as biofilm formation by the microbial community. In 
the case of pelletization and flocculation, one of the microorganisms 
releases bioflocculants, which lead to formation of aggregates by the 
other member of the co-culture, while in biofilm formation, the 

members of the consortia secrete substances that form a composite 
network. Solid–liquid interface systems require that the co-culture is 
trapped in a porous container suspended in a liquid or gas and include 
methods such as encapsulation and formation of cell droplets. 
Membrane-separated systems employ semipermeable membranes that 
prevent direct contact between cultured systems, but allow for the 
communication between co-culture partners through the exchange of 
signalling molecules. On the other hand, spatially separated systems 
prevent the exchange of materials via direct contact, but allow for an 
indirect communication through contact of different phase, such as 
liquid–solid and gas–liquid phases (Kapoore et al., 2021). Microfluidic 
systems allow for the precise control of the fluid flow, microenviron
ment composition and spatial arrangement in microbial co-cultures at a 
small scale, which allows for a better mimicking of the natural envi
ronment of microbial consortium (Kapoore et al., 2021). 

All the co-culturing systems for microbial consortia posses certain 
advantages and disadvantages, which are summarized in Table 2. While 
applications of high-throughput microfluidic technology are useful for 
high-throughput screening of microbial secondary metabolites (Grün
berger et al., 2015; Inoue et al., 2001), their potential for scaling up the 
bioproduction is small. Spatially separated systems might be ideal for 
studying microbial co-cultures in which the interaction is mediated via 
small molecule, however their use for co-culturing of systems that 
require physical contact for bioproduction would not be useful. While 
co-culturing using microscale capillary flow may be selected if physical 
contact is not required; submersive cultivation may be chosen if physical 
contact is essential (Nai and Meyer, 2018). Consequently, the selection 
of an appropriate co-culturing system depends on the specific biological 
properties of the microbial consortium under investigation, as well as on 
the objective that is to be achieved by the specific bioprocess. Further
more, if a discovery of a novel secondary metabolite in a co-culture is 
suspected to be due to a HGT that occurs on a longer timescale, a suf
ficient amount of nutrient has to be provided to sustain the prolonged 
co-cultivation and the appropriate mode has to be employed if a 
bioreactor is used (e.g. batch/fed-batch/continuous) (Mandli and 
Modak, 2011). Therefore, the nature of inter-species interactions in the 
investigated microbial consortia may have a major impact on the 
physical setting and the infrastructure required for the optimal pro
duction of NPs. 

The key design and operational considerations vary across these 

Fig. 4. The different physical setups for co-culturing 
of microbial consortia. a) Communal liquid medium 
growth cultures involve growth of microorganisms 
in a shared liquid medium. b) Solid–liquid interface 
co-culturing methods require trapping of co-culture 
within a porrous vessel suspended in a liquid or 
gaseous medium. c) Membrane separation systems 
entail segregation of co-culturing partners by a 
semipermeable membrane. d) In spatial separation 
systems, individual members of a microbial con
sortium are not in a direct contact and no direct 
material exchange is possible. e) Microfluidics sys
tems allow for the precise manipulation of the co- 
cultured systems at a small scale. Created with 
BioRender.com.   
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culturing systems. Communal liquid growth media systems require 
optimization of the inoculation ratio of co-cultured microbes, as well as 
its inoculation timing. Solid–liquid interface systems must achieve 
adequate surface for an effective contact and chemical exchange and 
sufficient culture densities. Membrane separation systems require a pre- 
optimization setup and tuning of the membrane permeability in order to 
allow for the appropriate level of exchange of the desired molecules. 
Spatial separation setups require careful optimization of the matrix and 
medium composition to avoid restricting mass transfer. Finally, micro
fluidic systems have design requirements such as an appropriate spatial 
orientation and optimal fluid flow to maximize interactions between 
culturing partners (Kapoore et al., 2021). Therefore, elucidation of mi
crobial interactions in inducer-producer consortia is not the only chal
lenge that complex microbial communities possess; physical culturing 
setups represent a major factor in the successful discovery and bio
production of novel NPs. 

5. Constructing inducer-producer consortia for success 

Optimization of the discovery of novel microbial NPs in inducer- 
producer consortia or maximizing their yield represents a multifac
eted, multidimensional challenge. Nevertheless, we note that despite 
challenges associated with bioproduction of novel mocrobial secondary 
metabolites and increasing their yield, numerous successful examples of 
co-culturing were summarized in several excellent reviews (Kapoore 
et al., 2021; Zhuang et al., 2021; Arora et al., 2020; Bertrand et al., 2014; 
Kim et al., 2021). In this section, we present four key considerations for 

culture optimization: 1) selection of the inducer-producer pair, 2) co- 
culturing setup, 3) selection of the method for compound isolation 
and identification, 4) optimization of the culturing conditions (Fig. 5). 
To successfully exploit the bioproduction potential of inducer-producer 
microbial co-cultures, all of these optimization variables deserve 
adequate attention. 

Firstly, appropriate co-culturing partners must be selected. The 
choice of inducer and producer has often been informed by prior 
research endeavours, or based on a random screening (Marmann et al., 
2014). The key considerations include the culturability of both inducer 
and producer on the selected medium, which already signficantly re
duces the spectrum of microbes that can be considered for a co-culture 
(Vartoukian et al., 2010; Overmann et al., 2017), as well as the poten
tial of microorganism to produce novel secondary metabolites, which 
can be indicated by the presence of silent BGCs in the genomes of these 
microbes (Rutledge and Challis, 2015). 

Secondly, an appropriate co-culturing setup has to be selected in 
order to allow for the appropriate interaction of the microbial pop
ulations (Kapoore et al., 2021). If a culturing setup that does not 
correspond to underlying biological nature of microbial interactions is 
selected (for example, if an inducer-producer consortium that requires 
intimate spatial contact is spatially separated), the impact on the pro
duction of novel secondary metabolites and their yield might be 
devastating. Even the specific implementation of the particular co- 
culturing setup might be critical. For example, establishing a batch 
process is often less complicated than setting up a continuous culture; on 
the other hand, continuous culture allows for an increased yield of the 

Table 2 
The summary of different co-cultivation techniques, their advantages, disadvantages, and scale-up ability (Kapoore et al., 2021; Nai and Meyer, 2018).  

Co-culturing method Description Advantages Disadvantages Scale-up 
ability 

Communal liquid 
medium growth 

Growth of microorganisms in a shared liquid 
medium 

Simplicity  
Low cost 

Need for inoculation timing and 
inoculation ratio 
Requires ability of organisms to grow on a 
shared substrate 

Medium to 
high 

Solid–liquid interface Trapping co-culture within a porous vessel 
suspended in a liquid or gaseous medium 

Protecting organisms from 
environmental stress 
Reduce substrate competition  
Co-culturing organisms with dissimilar 
growth characteristics 

Potentially reduced growth 
Reduced biomass production 
Low scalability 
Possible leaks of cultured organisms into 
environment 

Low 

Membrane separation Separating co-culturing partners by a 
semipermeable membrane 

Improved population density monitoring 
Easy setup 
Potentially larger culture volumes are 
possible 

Pre-optimization might be required 
Not suitable for consortia requiring 
physical contact 

Low to 
medium 

Spatial separation Spatial separation prohibiting a direct exchange 
of materials 

Eliminated nutrient competition 
Application for analysis of impact of 
microbial volatile compounds 
Possibly long-term consortium 
preservation 

Not a true reflection of interactions 
between organisms in natural habitat 
Mass transfer limitations 

Low to 
medium 

Microfluidics Manipulation with co-cultures at a small scale Better control over fluids and 
microenvironment 
Simple to use 
Rapid workflow 

Operations at low volumes Low to 
medium  

Fig. 5. The key considerations for successful setup of microbial co-cultures include selection of the appropriate inducer-producer pair, specific physical co-culturing 
setup, selection of the method for compound isolation and identification, and optimization of the culturing conditions. Created withBioRender.com. 
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product with smaller equipment (Liu, 2016). With the advent of new, 
small-scale continuous reactors with multiple control inputs such as Chi. 
Bio, prototyping of continuous cultures for optimal co-culturing micro
bial consortia may be simplified (Steel et al., 2020). 

Thirdly, a suitable technique for the targeted compound isolation 
and identification has to be employed. Though not the focus of this 
work, we note that such techniques include high-performance liquid 
chromatography (HPLC), liquid chromatography-tandem mass spec
trometry (LC-MS/MS) or nuclear magnetic resonance spectroscopy 
(NMR) and other methods (Zhang et al., 2018). 

Finally, culturing conditions, such as inducer-to-producer inocula
tion ratio, induction time, as well as the physical setups should be tuned 
in order to achieve maximum over-expression or diversity of the NPs 
produced in an inducer-producer consortium (Kapoore et al., 2021). 
Given that, to date, many of the co-culturing studies fall short of an 
investigation of the mechanisms of induction of secondary metabolite 
production (Arora et al., 2020), this significantly reduces the opportu
nities for analytical, model-based optimization of bioproduction in such 
systems. This is a missed opportunity given the fact that multiple 
frameworks for modelling of inter-species interactions in the ecological 
systems including microbe-microbe interactions and microbe-plant in
teractions systems have been developed (van den Berg et al., 2022; 
Schulte et al., 2021). In addition to that, the combination of methods of 
feedback control theory and systems biology can allow not only for the 
quantitative description and understanding of the microbial systems 
(Ren and Murray, 2019; Manhart and Shakhnovich, 2018), but also, 
potentially their rational design and optimization of discovery of novel 
NPs and their yield maximization (Arpino et al., 2013; Harris et al., 
2015; Hsiao et al., 2018). 

Additional key challenges associated with co-culturing of inducer- 
producer consortia include difficulties with observing metabolic in
duction in co-culture, poor reproducibility of the results of co-culturing 
studies, need for selection of the appropriate time to observe the in
duction, and challenges of compound isolation and identification (Arora 
et al., 2020). Furthermore, successful deployment of inducer-producer 
consortia for bioproduction faces additional bottlenecks: accumulation 
of potentially toxic by-products in the co-culture; difficulties with 
increasing the efficacy of material transfer between co-culture members; 
issues with stability of the microbial co-cultures, and, importantly, 
effective identification of the underlying biological mechanisms of 
interaction in the mixed cultures. 

6. Conclusion 

Inducer-producer microbial consortia have a massive potential to 
enrich the repertoire of natural products available for use in various 
fields, including in healthcare, food industry, cosmetics and other areas 
(Bertrand et al., 2014; Arora et al., 2020). In addition to that, co- 
culturing of directly or indirectly interacting microbial species can 
lead to a drastic increase in the level of biosynthesis of biologically 
attractive secondary metabolites (Bertrand et al., 2014; Onaka et al., 
2015; Arora et al., 2020; Zhuang et al., 2021). 

It is, therefore, unsurprising that numerous studies have focused on 
the discovery of novel NPs and over-expression of natural secondary 
metabolites produced by microbes. However, remarkably little attention 
has been devoted to the investigation of mechanism beneath bio
production in inducer-producer consortia. In this review, we attempted 
to exhaustively categorize the different mechanisms that govern bio
production in natural microbial consortia. Classifying interactions in 
microbial systems is difficult because of their convoluted nature, as well 
as the potential complex interplay between different mechanisms of 
interaction. Our categorization system provides a set of distinctions not 
only between contact-dependent and contact-independent relationships, 
but also further dissects contact-independent interactions and develops 
functional differentiation between their various types. Note that in our 
analysis, we purposefully omitted engineered microbial systems, in 

which biological mechanisms of bioproduction, such as division of la
bour, are often well-understood (McCarty and Ledesma-Amaro, 2019; 
Rafieenia et al., 2022). Notwithstanding, our classification system can 
be used to categorize engineered microbial systems as well. 

We believe that this approach opens up future research avenues with 
potential practical implications for the design of novel co-culturing 
systems. In particular, we believe that use of the modelling techniques 
of systems biology to quantitatively describe inducer-producer consortia 
mechanisms will advance our understanding of such systems. In addi
tion to that, methods of control theory can be applied to inducer- 
producer consortia setups, which could allow for model-based optimi
zation of such co-culturing systems. With progress in the characteriza
tion of biological systems, development of new co-culturing set-ups and 
bioreactors, improvement of methods for identification, analysis and 
quantification of secondary metabolites, and progress in biological 
control, inducer-producer consortia will increasingly represent an 
attractive and powerful tool for future bioproduction efforts. Certain 
challenges associated with the stability of inducer-producer systems and 
their long-term evolutionary adaptation remain (D’souza and Kost, 
2016), as do challenges associated with up-scaling of the co-cultures 
(Arora et al., 2020). Nevertheless, the importance of bioproduction of 
valuable compounds in mixed microbial communities will continue to 
emerge; and so will the research and commercial opportunities associ
ated with the investigation of inducer-producer consortia. 
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