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n the field of modern biotechnology, enzymatic

production through co-cultures is presented as an

innovative and promising strategy, capable of over-
coming the limitations of traditional monoclonal cul-
tures. Fermentation practices have been able to take
advantage of the natural synergy between various mi-
croorganisms, but their targeted application to obtain
specific enzymes is a recent development. While this
technique offers great potential, it also presents sig-
nificant challenges that need to be addressed for its
successful implementation. These include the control
of microbial interactions, the optimization of culture
conditions and the scalability of processes, which face
both technical and economic difficulties. Despite these
challenges, the prospects for co-crops are very optimis-
tic. Continuous advances in synthetic biology, consortia
engineering and modelling technologies will overcome
these obstacles and position co-cultures as a fundamen-
tal tool in industrial biotechnology. In this way, they are
expected to contribute to more efficient, sustainable
and profitable enzyme production. The objective of this
article is to detail the most relevant studies on enzyme
production using co-cultures. To this end, an exhaustive
review of the scientific literature will be carried out,
identifying the production potential of this technique
and exploring its applications in various industrial areas.



Introduction

Enzymes, catalytic biomolecules produced by living or-
ganisms, play a fundamental role in various biological pro-
cesses. Their ability to accelerate specific chemical reactions
makes them indispensable tools in various industries, such
as food, pharmaceuticals, textiles, and biofuels. Enzyme
production has traditionally been based on the cultivation
of individual microorganisms, using simple substrates and
controlled culture conditions. However, this approach has
limitations in terms of productivity, the complexity of the
enzymes obtained and environmental sustainability [1].

Enzyme production is a complex biotechnological pro-
cess that involves the generation of enzymes, which are hi-
ghly specific and sensitive biocatalyst proteins essential for
various industrial applications, including food processing,
pharmaceuticals, textiles, and more [2]. The process begins
with the selection of enzyme sources, which can be microor-
ganisms, plants or animals, with microbial sources being
preferred due to their techno-economic advantages [3-4].
Enzymes can be produced through fermentation processes,
which are classified into submerged and solid-state fermen-
tation techniques. The production process can be optimized
using genetic engineering and other modern techniques
to improve yield and efficiency [2]. Agro-industrial waste,
such as lignocellulosic biomass, is often used as substrates
to reduce production costs and address environmental
concerns related to waste disposal [4]. Agricultural enzyme
production technology, for example, involves fermenting
waste raw materials such as vegetable stems and leaves to
create fertilizers that improve crop yields and quality [5].
After fermentation, downstream processing steps such as
cell disruption, filtration, and chromatography are employed
to purify and concentrate the enzymes in the bulk matrix,
contributing significantly to the total cost of production [2].
The applications of enzymes in food processing are parti-
cularly notable for their high catalytic efficiency and spe-
cificity, which are advantageous over traditional extraction
methods of microorganisms, plants, and mammalian tissues
[6]. Despite the advances, challenges remain in producing
enzymes economically and sustainably on a large scale, requi-
ring continuous research and development in this field [4,6]..

EIn this context, microbial co-culture has emerged as an
innovative strategy in enzyme production, presenting sig-
nificant advantages over traditional monoclonal cultures.
This technique is based on taking advantage of synergistic
interactions between different microbial species to enhance
the efficiency and diversity of the enzymes produced. Re-
cent studies have shown that co-culture of microorganisms
can significantly increase the production of cellulolytic
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and hemicellulolytic enzymes [6]. Early co-culture analy-
ses focused on understanding the interactions between
microorganisms, both natural and artificially induced [7].
However, at present, there is widespread recognition that
co-cultures can also be effectively employed to optimize
critical stages in a biosynthetic pathway, stimulate enzyme
synthesis, and increase protein production [8]. Despite
the significant challenges it presents, such as controlling
microbial interactions and optimizing culture conditions,
co-cultures are expected to play an increasingly crucial
role in industrial biotechnology, offering more efficient
and sustainable enzyme production.

What is a co-culture?

In co-cultures, the degradation and metabolization of
substrates is achieved thanks to the joint metabolic acti-
vity of different microorganisms present in the same cul-
ture [9]. The use of co-cultures has been considered as an
alternative to enhance the production of metabolites and
enzymes, compared to monocultures. It is estimated that
co-cultures of fungi of different species can increase the
obtaining of enzymes with higher yield and efficiency [10].

Co-cultures of fungi for lignin degradation exist in
nature, and they play an important role in the efficient
decomposition of this complex polymer (Figure 1). Lig-
nocellulosic biomass, which includes lignin, is the most
abundant biomass on earth and is naturally degraded
by entire communities of microorganisms, including
fungi and bacteria, which act synergistically to recycle
carbon [11]. In natural environments, such as forests,
woody substrates are often broken down by diverse mi-
crobial communities, including several species of fungi
that contribute to lignin degradation [12]. The interac-
tions between these microorganisms can be classified as
synergistic, antagonistic, or neutral, depending on their
compatibility and specific environmental conditions [13].

How to produce fungal enzymes
using co-culture?

The joint cultivation of two species of fungi in an envi-
ronment with limited nutrients and specific environmental
conditions favors their interaction. Depending on the nature
of this interaction, fungi can act in antagonism or synergism.
In the case of antagonism, fungi can produce metabolites
that inhibit the growth of the other species present in the
co-culture. In contrast, synergism is characterized by a po-
sitive interaction in which both fungi mutually benefit [14].

Figure 1. Co-culture in nature.

What are the benefits of co-cultures
in enzyme production?

The production of enzymes in co-cultures offers several
advantages over mono-culture (Figure 2), mainly due to
improved enzyme activity, higher biomass production, and
broader environmental adaptability. Co-cultures mimic
natural biodegradation processes, often resulting in higher
enzyme activities. There is an evidence that supports the
effectiveness of co-cultures, highlighting their simplicity
and efficiency. These methods do not require complex
genetic manipulations or the use of expensive inducing
chemical reagents [12]. In addition, the use of several spe-
cies of fungi in a single culture allows the obtaining of
enzyme extracts rich in different types of enzymes, such
as cellulases, xylanases, and lignin-modifying enzymes [13].
Despite the potential of fungal co-cultures, there are some
challenges that need to be addressed for their large-scale
development.
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Advantages

e Synergy hetween microorganisms for greater enzyme production.

* Obtaining enzymes with improved properties.
e Complex substrates can be used.

» Reduction of environmentalimpact.

Figure 2. Advantages and challenges of enzyme production in co-culture.

Challenges and future perspectives

Challenges

e Control of microbial interactions.
e Optimization of growing conditions.

¢ Process scalability.

Despite the promising applications of fungal co-cultures, their transition from laboratory to industry is not wi-
thout obstacles. To fully realize the potential of this technology, it is critical to address challenges such as optimizing
growing conditions, selecting suitable strains, and developing scalable processes (Figure 3).

| Optimization of growing conditions

= It is necessary to develop strategies to optimize culture
conditions and promote synergistic interactions between

fungal species.

| Fungal species selection

s necessary to carefully identify and select the fungal
. that co-culture synergistically to achieve an efficient
production of metabolites of interest.

' Process scaling

* It is necessary to develop efficient methods to scale up
fungal co-culture processes at an industrial level.

Figure 3. Challenges and prospects of co-cultivation scale up.

Conclusions

The utilization of fungal co-cultures can significantly in-
crease the production of lignocellulosic enzymes, taking
advantage of the synergy between different species to
improve the efficiency of biotechnological processes. Not
only does this strategy improve biomass degradation to
produce biofuels and value-added chemicals, but it also
has potential applications in bioremediation and other
industries.
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