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Abstract

Microorganisms exhibit metabolic versatility, which enables their multifaceted applica-
tion, including in pollutant detoxification, waste recycling, and environmental restoration.
Agricultural processing generates substantial byproducts rich in carbon, nitrogen, and
sulfur, which require proper handling to mitigate ecological challenges and reduce carbon
footprints. The generation of recalcitrant keratinous biomass and its slow degradation in
the environment have prompted technological interventions for sustainable solutions. Fun-
damentally, chemical, thermal and mechanical processing methods have been utilized in
managing keratinous waste. These approaches are not only energy-intensive but also yield
low-quality products and exacerbate environmental challenges. Multidimensional research
on the microbial-assisted conversion of keratinous waste into valuable products, which
aligns with circular economy principles, is underway. The biodegradation of keratinous
resources has predominantly employed culturable single microbial strains; however, few
studies have recently investigated microbial consortia as a promising strategy. The use
of microbial consortia leverages the high cultural stability and complementary metabolic
pathways of microbes to achieve excellent keratin biodegradation. Therefore, this study ex-
amined the latest advancements in transforming keratinous waste into high-quality protein
hydrolysates using microbial strains. It detailed various types of microbial consortia and
their roles in the valorization of keratinous biomass, while highlighting some knowledge
gaps for future studies. The study also explored the role of ancillary microbial enzymes in
facilitating the conversion of keratinous biomass into value-added products.

Keywords: keratinases; disulfide reductases; microbial consortia; cooperative activity;
keratinous biomass; circular economy

1. Introduction
Keratinous biomass is an important bioresource with numerous potential applica-

tions when recycled properly. They are largely generated from various agro-processing
enterprises, including the poultry industry, barbershops, slaughterhouses, and the leather
industry [1]. The accumulation of keratinous waste in the environment presents seri-
ous ecological challenges and can lead to odour, air pollution, water contamination, and
pathogen transmission due to its slow natural degradation. Effective environmental policy
and regulation are crucial for promoting environmental sustainability within a circular
economy (CE), which in turn drives sustainable production and consumption [2]. Therefore,
researchers are exploring various valorization avenues along the production value chain to
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reintegrate waste biomass into the economy. Among the methods applied to solubilise ker-
atinous material for potentially recovering valuable keratin from this renewable resource,
microbial-aided dismemberment has gained traction due to its cost-effectiveness, ecological
friendliness, and high-quality product recovery. Microbial decomposition of keratinous ma-
terial has been proposed to occur through the inductive secretion of keratinase by microbial
cells. Fungal strains, especially dermatophytes, have been naturally endowed with the abil-
ity to express keratinolytic enzymes as a means of causing infections in the host [3]. Extra-
cellular keratinase production by bacteria has been proposed as a homeostatic mechanism,
particularly in media lacking basic bio-accessible nutrients [4]. Therefore, the production of
keratinase by some bacterial strains was adversely affected by the presence of other carbon
and nitrogen sources in the cultivation media [5,6]. However, other reports have presented
contrary views, suggesting that keratinase production was promoted after the production
media were amended with soluble carbon and nitrogen sources [7,8]. It has been proposed
that the bioassimilable carbon and nitrogen sources are exhaustively depleted during the
acclimatization and initial growth of microbes in keratin-containing production media. The
depletion of bio-accessible nutrients further causes the microbes to switch to the insoluble
keratinous substrates for nutrients and energy. The presence of keratinous materials in
the fermentation media elicits the expression of the inducible keratinase-encoding gene
and secretion of keratinolytic enzymes. The extracellular keratinolytic system liberates
products, such as amino acids and peptides, from the keratinous polymer through catalytic
attacks by endopeptidases, exopeptidases, and oligopeptidases [9,10]. Variations in the
amino acid composition of protein hydrolysates from the biodegradation of a particular
keratinous material may be caused by the peculiarities and/or metabolic capabilities of
the microbial strains. The inefficient conversion of keratinous residues into nutrient-rich
hydrolysates by a single strain, due to their usual metabolic capabilities, has necessitated
the application of microbial consortia (MC) as an effective strategy. MC have been success-
fully applied in the saccharification of recalcitrant lignocellulosic biomass [11–13], and the
degradation of other environmental contaminants [14,15]. Vu and colleagues developed
an artificial microbial consortium (AMC) comprising bacterial, fungal and yeast strains,
which resulted in an enhanced sugar accumulation during the bioprocessing of wheat bran
and wheat straw [12]. Studies on keratinous biomass degradation have shown that MC
outperformed the single-strain (SS) strategy based on the analysis profile of the products
obtained post-fermentation [16,17]. The enhanced bio-digestion of recalcitrant keratinolytic
materials with MC has been attributed to the community-intrinsic characteristics, including
environmental fluctuation stability and cooperative actions through metabolic complemen-
tation [17,18]. The metagenomic study by Kang and colleagues identified the bacterial
community members involved in keratinolysis and provided insights into the genetic basis
of keratin decomposition [19]. Keratinous waste recalcitrance and mishandling remain sig-
nificant challenges to achieving environmental sustainability and resource efficiency until
an effective recycling mechanism is developed that promotes a circular economy and new
resource creation. Although a few studies have investigated the use of MC for converting
keratin materials into bio-accessible, protein-rich hydrolysates, no comprehensive reviews
exist on the strategy’s progress, limitations, and prospects. For example, existing litera-
ture surveys by researchers in this field have focused on keratinous waste bioconversion,
keratinase classification and structure to functional activity [10,20–22]. While others have
discussed the implications of microbial keratinases in biotechnology and industry [23–27],
with the thrust of the aforementioned studies on the application of axenic microbial strains.
Therefore, this review assesses the recent advancements in converting keratinous waste
into high-quality protein hydrolysates using single microbial strains and MC. It elaborates
on different types of MC and their application in keratinous biomass valorization and also



Int. J. Mol. Sci. 2025, 26, 9898 3 of 21

identifies some knowledge gaps for future research advancement. Additionally, the study
discusses the contribution of ancillary microbial enzymes to ensure the efficient digestion
of keratinous biomass.

2. Potential Economic Significance of Keratinous Waste
Keratinous waste, an underutilized and recalcitrant renewable resource, poses a signif-

icant environmental challenge, offering both opportunities and challenges for sustainable
management and economic exploitation. Keratinous residues are excessively generated
as byproducts from commercial enterprises such as slaughterhouses, poultry and leather
processing facilities [28]. Inadequate handling or disposal of recalcitrant keratinous waste
in the environment poses significant challenges due to its slow decomposition, which leads
to air, soil, and water pollution [29]. The development of innovative technologies that can
efficiently recycle and reintegrate waste into the economy fosters new business models and
generates economic benefits in waste management. A typical pathway showing keratinous
waste generation, recycling and reintegration into the production chain for a sustainable
and circular economy is presented in Figure 1. Biodegradation of keratinous waste is an
innovative process in waste-to-value creation, providing an eco-friendly alternative to tra-
ditional disposal methods such as incineration and landfilling [30]. This strategy facilitates
the conversion of keratin-rich waste into valuable products, including organic fertilizers,
animal feed supplements, biofuel feedstocks, aquaculture feed, bioactive compounds, and
biomedical materials [2,31]. Various extraction techniques, including enzymatic, microbial,
and chemical processes, can be applied to recover keratin from waste sources such as
feathers, hair, and wool [2]. Keratin-based products derived from these processes have
diverse applications across industries, including agriculture, cosmetics, pharmaceuticals,
bioplastics, textiles, and healthcare [1]. By embracing these sustainable practices, the
management of keratinous waste can evolve from a linear to a circular economy model,
reducing environmental impact while creating potential revenue streams [2,30,32].

 

Figure 1. Keratinous biomass generation, recycling and reintegration into the production chain for
a sustainable future. The arrows pointing at the core of the spherical structure indicate collective
processes promoting a sustainable circular economy.
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3. Traditional Approaches of Keratinous Biomass Valorization
Traditionally, feathers are converted into feather meals through hydrothermal treat-

ment and mechanical processing [33]. Hydrothermal treatment involves subjecting biomass
to high-pressure steam, which can modify the physical and chemical structures of the mate-
rial. This process achieves the weakening of strong intermolecular bonds within keratin,
such as disulfide bridges and crystalline structures, thereby enhancing the subsequent
solubility and extractability of keratin proteins. The process is carried out at elevated
temperatures, typically in the range of 130–220 ◦C [34]. Hydrothermal treatment com-
bined with mechanical grinding is a method used to degrade keratinous biomass, such as
feathers, effectively [35]. This approach leverages the advantages of both high-pressure
steam treatment and mechanical size reduction to facilitate the breakdown of rigid keratin
structures. However, the products have limited nutrients due to the relative scarcity of
soluble keratin proteins, destruction of heat-sensitive nutrients, and modification of others
into non-nutritional variants [36].

The hydrolysis of keratinous biomass, such as feathers, using acid and base treat-
ments, is a conventional method for breaking down the rigid keratin structure into useful
products [32]. These processes are integral in converting keratin waste into valuable mate-
rials, though they come with certain challenges. Acid hydrolysis typically involves using
dilute acids, such as sulfuric acid, to break down the keratin. This process is efficient
in hydrolyzing the keratin structure, but it can also lead to the degradation of keratin’s
valuable proteins and amino acids [32]. High-temperature conditions are often employed,
which can accelerate the hydrolysis process but may also increase operational costs and
raise environmental concerns due to the production of acidic effluents [37]. In contrast,
alkaline hydrolysis, which utilises bases such as sodium hydroxide, targets the breakdown
of keratin’s disulfide bonds, primarily responsible for its recalcitrant nature [38]. The alka-
line approach often yields better preservation of the amino acid profile compared to acidic
methods. It also tends to be less aggressive, thus reducing the extent of protein degradation.
However, alkaline hydrolysis can cause issues with chemical waste and requires careful
handling of the caustic materials [39]. Table 1 presents a summary of various physical and
chemical treatment approaches for valorizing keratinous biomass into valuable products.

Table 1. A summary of some physical and chemical methods of converting keratinous biomass into
valuable products.

Treatment Options Advantages Disadvantages References

Acid hydrolysis It degrades keratinous biomass
structure efficiently.

It destroys valuable peptides and
amino acids in keratin.

It causes the corrosion of equipment.
It leads to the generation of

hazardous effluents.

[32]

Alkaline hydrolysis It degrades keratinous waste into
valuable hydrolysates.

It results in the generation of toxic
chemical waste. [38]

Reducing agent
treatment

It facilitates the extraction of soluble
keratin in its native form.

It contributes to the chemical load of
the effluents. [40]

Hydrothermal
treatment

It increases the solubility and
extractability of keratin proteins

from biomass.

It consumes a high amount of energy.
It leads to the loss of
heat-labile proteins.

[34]
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Table 1. Cont.

Treatment Options Advantages Disadvantages References

Mechanical grinding

It reduces the particle size of
keratinous biomass and can disrupt

cell walls and other
structural barriers.

It does not improve the
bioavailability of the
valuable nutrients.

[37]

High-density steam
flash-explosion

It destabilizes the inter- and
intramolecular bonds, maintaining

the structural stability of
keratinous biomass.

It preserves the structural integrity of
soluble keratin.

It is capital-intensive, as the process
requires a high investment in energy.
It results in the loss of heat-sensitive

amino acids.

[34]

The transformation of keratinous waste into valuable products has traditionally been implemented using chemical
hydrolysis and physical treatment. These processes are associated with various advantages and disadvantages, as
highlighted in the table.

Other chemical agents, including sodium bisulfite, sodium dodecyl sulfate, and urea,
play a crucial role in the degradation of keratin by breaking down the robust disulfide bonds
that characterize keratin’s structure [40]. Sodium sulfide is a commonly used reducing
agent in the extraction of keratin from waste chicken feathers. It helps convert feather
keratin into eco-friendly bioplastic films, as demonstrated by a study where keratin showed
substantial structural retention even after chemical extraction [41].

4. Biodecomposition of Keratinous Biomass: Potential Benefits
Keratinous biomass decomposition by microbial candidates has been a field of intense

research in recent times due to its potential in a sustainable circular economy. Kerati-
nous waste has been successfully divided into various composite units by bacterial and
fungal strains, but with variable degrees of hydrolysis. This variation in the keratinous
biomass degradation can be attributed to many factors but largely depends on the micro-
bial peculiarities and metabolic capabilities [42]. The ability of microorganisms to switch
between metabolic pathways or express multiple genes in response to their environmental
conditions and homeostatic exigencies is crucial for their adaptation and survival [43]. Con-
sequently, keratinolytic microbes adhere to keratin substrates in the cultivation medium
and inducibly express keratinolytic enzyme cocktails to digest keratin macromolecular
structure for nutrient abstraction, especially where the keratin serves as the primary source
of carbon and nitrogen [9,44]. Degradation of keratinous biomass by keratinolytic microor-
ganisms generates hydrolysates that are an excellent source of valuable products, included
but not limited to keratinolytic enzymes, amino acids, peptides, and non-protein nitrogen
compounds [27,45]. Table 2 shows the potential uses, applications and functional attributes
of keratin hydrolysates generated through biotransformation.

Psychrophilic Penicillium lanosocoeruleum KSA-55 directed a complete feather hydroly-
sis through the expression of cold-active keratinolytic enzyme [46]. Similarly, biodegrada-
tion of feather waste by Penicillium oxalicum AUMC 15084 generated high-quality protein
hydrolysates with an abundance of aspartate, glutamic acid, and lysine [47]. Keratinous
feather digestion directed by keratinolytic Chryseobacterium cucumeris FHN1 yielded feather
hydrolysates with 71.46% crude protein, of which 58.97% was amino acids with a high
abundance of serine, aspartic acid, glutamic acid and proline [48]. This bacterial strain
exhibited a significant keratinase titre of 1030.90 ± 15.42 U/mL after 72 h of incubation.
Keratin hydrolysates from microbial (Streptomyces tanasheiensis RCM-SSR-6, Bacillus sp.
RCM-SSR-102) or enzymatic (keratinase HER-102) hydrolysis of feather biomass were
a rich source of bioactive peptides [49]. The peptides produced by different bacterial
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strains and enzymes exhibited variable protein profiles, displayed antioxidant potential,
and inhibited the catalytic functions of angiotensin-converting enzyme (ACE), tyrosinase,
lipoxygenase, and xanthine oxidase [49]. This observation highlights the economically vi-
able and sustainable production of health-beneficial peptides from relatively cheap feather
biomass. Intact feather digestion by Bacillus licheniformis WHU yielded bioactive peptides
and amino acids [50]. Trichoderma asperellum-derived protein hydrolysates from feathers
degradation showed bio-stimulating effects by improving the crop growth and productiv-
ity [51]. Feed supplementation with feather-derived protein hydrolysates demonstrated
significant health benefits in mice, including an extension of intestinal villus height, an
elevation of secretory immunoglobulin A levels, increased superoxide dismutase activity
in serum, a relatively high abundance of probiotics, and a decline in Proteobacteria and
pathogenic species. Similarly, Alahyaribeik and colleagues reported dietary treatment of
broiler chicks with keratin-derived mixed bioactive peptides from feather decomposition
by B. licheniformis [52]. The administration of bioactive peptides via drinking water resulted
in significant weight gain, as well as increased villus height and muscle layer thickness,
in the treatment group. The researchers also reported a dramatic decrease in serum to-
tal cholesterol, triglycerides, and low-density lipoprotein in birds fed mixed bioactive
peptides [52]. Additionally, Bacillus sp. P45-generated peptides (especially those with
molecular weight < 3 kDa) demonstrated an enhanced capacity of radical and peroxyl
sequestration [53].

Table 2. Potential uses, applications and functional attributes of protein hydrolysates generated
through bioconversion of keratinous waste.

Hydrolysate
Source

Microbial
Strain Composition Use Application

Potential
Functional
Attributes References

Chicken
feathers

Bacillus Pumilus
AR57 ND Bio-stimulant

Bio-fertilizer Agriculture
To promote plant

growth, soil fertility
and soil microbiota.

[54]

Chicken
feathers

Streptomyces
tanashiensis
RCM-SSR-6
Bacillus sp.

RCM-SSR-102

Bioactive
peptides

Antioxidant
Enzyme
inhibitor

Health

To inhibit
angiotensin-

converting enzyme
(ACE), lipoxygenase,

and xanthine
oxidase.

[49]

Chicken
feathers

Bacillus
licheniformis

AS-S24-1

Nitrogen
Amino acids

Organic
fertilizer Agriculture

To enhance the
growth of Bengal

gram seed
germination and
promote the soil

microbial
community.

[55]

Porcine
bristles

Amycolatopsis
keratiniphila D2

Peptides
Amino acids Feed additive Feed industry

To serve as an
alternative protein
source in animal
feed formulation.

[56]

Chicken
feathers Bacillus sp. CL18 ND

Antioxidant
Enzyme
inhibitor

Health

Displays free radical
scavenging activity

and inhibits
angiotensin

I-converting enzyme
and dipeptidyl
peptidase-IV

activities.

[57]
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Table 2. Cont.

Hydrolysate
Source

Microbial
Strain Composition Use Application

Potential
Functional
Attributes References

Chicken
feathers Bacillus subtilis Amino acids Feed additive Feed industry

To provide an
alternative protein

source for
animal feed.

[58]

Chicken
feathers

Bacillus
licheniformis

MW45
Bacillus

paralicheniformis
MW48

Nitrogen Bio-fertilizer Agriculture
To promote the

germination and
growth of spinach.

[59]

Chicken
feathers

Bacillus pumilus
AR57 Amino acids Microbial media Biomanufacturing

To serve as an
alternative source of
peptone for growing

microbial strains.

[60]

Chicken
feathers

Bacillus
cytotoxicus LT-1

Bacillus
cytotoxicus

OII-15

ND Antioxidant Health

Performs free
radical-scavenging

activity and displays
Fe3+ reducing

potential.

[61]

Chicken
feathers

Bacillus
licheniformis

BBE11-1
Stenotrophomonas

maltophilia
BBE11-1

Amino acids
Peptides

Antioxidant
Feed additive

Health
Feed industry

Demonstrates
antioxidant activity

and possesses
soluble proteins

ideal for animal feed
formulation.

[62]

Chicken
feathers

Bacillus
methylotrophicus

gh1
ND Bio-fertilizer

Bio-stimulant Agriculture

Increases the fresh
and dry weight of

lettuce’s shoot
and root.

[63]

Chicken
feathers

Streptomyces
netropsis A-ICA
Bacillus subtilis

ALICA

ND Antioxidant
Feed additive Feed industry

Exhibits an excellent
antioxidant

property.
[64]

Chicken
feathers

S. maltophilia
K279a

Bacillus cereus
JF70

Acinetobacter sp.
PD12

Organic carbon
Nitrogen

Phosphates
Potash

Organic
fertilizer Agriculture

Promotes plant
growth and

development.
[65]

Chicken
feathers

Streptomyces sp.
RCM-SSR-6

Indole-3-acetic
acid

Organic
fertilizer
Phyto-

stimulator
Biocontrol agent

Agriculture
Enhances the

germination of
garden pea seed.

[66]

Chicken
feathers Bacillus sp. B4 Amino acids Feed

supplement Feed industry

Serves as a
functional

supplement for
animal production.

[67]

Chicken
feathers

Bacillus safensis
Aquamicrobium

defluvii

Amino acids
Nitrogen Biofertilizer Feed industry

promotes the seed
germination and

vigour index of jute
mallow, Cockscomb

and Pendant
amaranth.

[68]
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Table 2. Cont.

Hydrolysate
Source

Microbial
Strain Composition Use Application

Potential
Functional
Attributes References

Goat hair
Bacillus

licheniformis
ER-15

Melanin Pigment Cosmetics
industry

Sustainable
production of
personal care

products.

[69]

Feathers
Bacillus

amyloliquefaciens
CU33

Amino acids Feed additive Feed industry

Promoting the
broiler growth by

enhancing the
duodenal

morphology.

[70]

Chicken
feathers

Pedobacter sp.
3.14.7 Amino acids Feed

supplement Feed industry

Displayed
iron-reducing

power, free radical
and nitric oxide

scavenging
activities.

[71]

Feathers
Wool

Trichoderma
asperellum

indole-3-acetic
acid

Nitrogen

Bio-stimulant
Organic
fertilizer

Agriculture

Enhancing seed
germination and the

growth of tomato
plants.

[51]

Feathers Cladosporium sp.
Indole-3-acetic

acid
Ammonium

Bio-fertilizer Agriculture
Supports the growth

performance in
tomato seedlings.

[72]

ND: Not determined. Biotransformation of the recalcitrant keratinous biomass results in the generation of
bioaccessible products, including amino acids, bioactive peptides, and phytohormones. These products are
promising for the sustainable development of the feed, cosmetic, health, and agricultural sectors.

Keratin hydrolysates generated through microbial or enzymatic degradation of ker-
atinous biomass have been utilized as an organic fertilizer to enhance soil fertility [73].
Accordingly, feather hydrolysate from Stenotrophomonas maltophilia DHHJ cultivation, with
397.1 mg/L of soluble protein, was found to promote plant growth by 82% or 66% when
applied in 2-fold or 4-fold dilutions, respectively [74]. Similarly, protein hydrolysates gen-
erated by Bacillus pumilus AR57 digestion of chicken feathers promoted the soil fertility and
community of the microorganisms present in the soil [54]. Thus, the analysis of the diverse
microbiota revealed the following compositions: heterotrophs, 42.23 × 106 CFU/g, nitro-
gen fixers, 2.45 × 104 CFU/g, phosphate solubilizers, 0.48 × 104 CFU/g, and potassium
solubilizers, 0.33 × 104 CFU/g. These soil properties optimally stimulated the growth of
maize plants, resulting in increased chlorophyll content (3.7-fold), protein content (1.3-fold),
and carbohydrate content (2.3-fold). An enhanced germination and growth of Bengal gram
seed and increased soil microbial activity were reported when cultivation soil was amended
with hydrolysate from chicken feather degradation by B. licheniformis AS-S24-1 [55]. The
excellent properties of keratin hydrolysates, including high nitrogen content, bioactive
peptides, and amino acids, underscore their promising application prospects in agriculture,
health, and livestock production.

5. Axenic Culture in Keratin Degradation
An exhaustive list of literature has documented the degradation of keratinous biomass

by a single microbial strain [48,75–79]. This functional activity was primarily linked with the
extracellular keratinases produced by these microorganisms. Due to the compact-packing
nature of keratin protein, microbes have shown variable degradation of this polymer, gen-
erating hydrolysates with different constituents of soluble products. The mechanism by
which keratin is disassembled into composite units is under intense research; however,
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sulfitolysis and proteolysis have been proposed as the processes that lead to the complete
disintegration of keratin [80]. Sulfitolysis involves the cleavage of disulfide bonds formed
due to the oxidation of sulfhydryl groups (-SH) of two cysteine residues. This process is
catalysed by disulfide reductases, reductase-like proteins and other microbial cell-bound
sulfites [58,81]. Figure 2 shows the bio-decomposition mechanisms of recalcitrant keratin
proteins into soluble products. Disulfide bond reduction can also be facilitated by incubat-
ing the protein with reducing agents, such as dithiothreitol, 2-mercaptoethanol, glutathione,
among other compounds. The inter-chain and intra-chain breakages weaken keratin pro-
tein and expose its peptide bonds to protease attacks, resulting in the complete digestion
of keratin. Based on the diverse metabolic capabilities of microbial strains, researchers
have analysed the keratinous biomass fermentation medium to understand the microbes’
proteolytic enzyme profile during keratin metabolism [9,82]. These studies identified the
presence of keratinolytic enzyme cocktails in cultivation medium with keratinous biomass
as the main substrate. For example, the study by Yamamura and colleagues was the earliest
work that suggested the synergistic action of two Stenotrophomonas sp. D-1 enzymes with
cooperative actions to digest keratin through disulfide bond reduction and proteolytic
attack [83]. It was reported that no keratinolytic activity was observed when the enzymes
were singly applied. However, when the enzyme cocktails were engaged, keratinolytic
activity increased (>50-fold) compared to the protease application alone [83]. A decade
later, a poultry farm-associated Stenotrophomonas maltophilia BBE11-1 was recovered and
evaluated for keratinolytic potential [84]. Separation techniques and sodium dodecyl
sulphate polyacrylamide gel electrophoresis identified three enzymes in the cultivation
medium, tagged K1, K2, and K3, with respective molecular weights of 48 kDa, 36 kDa, and
17 kDa. It was discovered that K3 supplementation enhanced the keratinolytic activity
of K1 and K2, resulting in significant decomposition of feathers 24 h post-cultivation. It
was further established that the synergistic action of K1 and K2 cleared wool cuticle layers
without compromising the internal fibres, but the inclusion of K3 in the enzyme cocktails
resulted in a noticeable change in the wool structure. The zymography study revealed that
K1 and K2 were associated with keratinase activity, while K3 was involved in disulfide
bond reduction [84]. In addition, keratinolytic Pseudomonas stutzeri K4 was reported to
secrete multiple keratinolytic enzymes, with molecular weights ranging from 26 to 76 kDa,
during the digestion of chicken feathers in submerged fermentation [85]. The expression
of multiple keratinases by strain K4 caused a significant degradation of chicken feather,
liberating 784.2 µg/mL of soluble protein. The crude extract, which contains multiple
keratinolytic enzymes, also facilitated the dehairing of goat skin, resulting in complete hair
removal after 20 h of incubation [85]. B. licheniformis ER-15 secreted multiple keratinolytic
enzymes during growth on goat hair. The enzyme cocktails successfully dehaired animal
hide at 48 h without the addition of lime or sulfite, and also caused significant liberation
of melanin from depilated hairs after mild-alkali treatment [69]. Indonesian-originated
Bacillus sp. MTS was found to disintegrate whole chicken feathers significantly [86]. The
analysis of the fermentation medium showed the presence of an enzyme mixture, pre-
dominantly keratinase and disulfide reductase. The cooperative action of these enzymes
in keratin degradation was tested by using the enzymes singly or in mixture in a reac-
tion flask, and the results indicated that the keratinolytic activity of the enzyme cocktails
was greater than that of each enzyme alone, including proteinase K or pure keratinase
supplemented with reducing agents [86]. Therefore, the cooperative actions exhibited by
the enzyme cocktails profiled so far have revealed the potential mechanisms underlying
keratin disassembly. For this reason, the application of MC has become imperative for the
effective degradation of keratinous biomass and the generation of protein hydrolysates
with improved product profiles.
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Figure 2. A schematic representation of keratin protein decomposition into soluble products.

6. Microbial Consortia in Keratinous Biomass Degradation
Based on the significant successes recorded by axenic microbes expressing multiple

keratinolytic enzymes that act synergistically to digest keratin into soluble protein, MC
application has been under intense investigation as an alternative approach to recycling
keratinous biomass [16]. Figure 3 presents a summary of the advantages of using MC in
keratinous biomass degradation over a single microbial strain. MC are generally catego-
rized into two classes based on how the microbial communities are assembled, and they
include natural and artificial [87]. Natural microbial consortia (NMC) are the assembly of
geo-microbial functional groups that share specific ecological functions and play essential
roles in nutrient cycles. AMC are a collection of wild-type microbial strains from the same
or different environmental niches that share desired biological functions [88]. The advan-
tages of AMC include a simpler consortium system, compatibility assessment, knowledge
of the metabolic capabilities of the strains, and known optimal process conditions of the
consortium members [62,89]. The advancement in synthetic biology and bioengineering has
further necessitated the development of microorganisms to express specific traits tailored
for controlled applications [90]. To this end, AMC have two notable offshoots classified
as synthetic and semi-synthetic microbial consortia. Synthetic MC constitute two or more
engineered microbial strains with optimized metabolic capabilities designed to execute
specific functions. This system has been reported to possess high performance efficiency
due to its shared functional activity, which ensures a reduction in metabolic burden [91].
On the other hand, semi-synthetic MC are constructed using a combination of metaboli-
cally engineered and wild-type strains. A semi-synthetic consortium demonstrates a high
success rate by leveraging the quality contributions of natural diversity and engineered
precision [92].

6.1. Natural Microbial Consortia in Keratinous Biomass Degradation

MC have demonstrated high efficiency for potential applications in the industrial
processing of keratinous waste for various uses. The keratinolytic enzymes expressed by
members of MC are expected to cleave keratin polymers at different points, thereby produc-
ing protein hydrolysates containing products with diverse molecular weights [93]. These
enzymes, due to their varied membership in the MEROPS protease family, including S1, S8,
S9, M3, M4, M12, M14, M16, M20, M24, M42, M84, and T3, tend to attack keratin at unique
positions, contributing to the high efficiency and performance of MC [10,94,95]. Note that
the protease family indicated by S, M, and T represents serine, metallo-, and threonine
peptidases, and the number signifies uniqueness within its catalytic type. The formation
of a natural microbial consortium with keratinolytic potential involves the successive en-
richment of the fermentation medium with keratin substrates, evaluation of keratinolytic
activities, and tracking of the consortium composition through molecular studies [16].
Consequently, Kang and co-researchers developed microbial consortium KMCG6 that effi-
ciently hydrolyzed keratinous material with less than 25% undegraded substrate recovered
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post-fermentation [16]. Time-course analysis of the taxonomic compositions of KMCG6
revealed that the rigorous enrichment process yielded three taxonomically distinct phyla:
Bacteroidetes, Proteobacteria, and Firmicutes. The phyla showed no significant changes
during the five-day fermentation process, except for fluctuations observed among Alpha-,
Beta-, and Gamma-proteobacteria. The compositional analysis at the genus level indicated
the presence of eight genera and an unclassified genus. Chryseobacterium was the most
abundant (>62%), with other genera, Pseudochrobactrum, Acinetobacter, Stenotrophomonas,
Comamonas, Buttiauxella, Lysinibacillus, and Pseudomonas present in varying degrees [16].
The differential abundance and presence of the isolates throughout the cultivation period
underscore the importance of their cooperative existence in facilitating survival and ac-
celerating the decomposition of keratinous substrates. This consortium profile also sheds
more light on rare and novel keratinolytic isolates with industrial prospects for further
investigation.

 

Figure 3. Selected advantages of using microbial consortia in keratinous biomass degradation over a
single strain.

Due to the diversity and complexity of the consortium, an environmental selective
pressure undoubtedly occurs during the enrichment process, which enhances the forma-
tion of a high-performing microbial consortium for a desired function [18]. However,
microbial cheaters with no functional benefits to the consortium may contribute to the
complexity of environmental microbial communities. NMC with decreased complexity but
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enhanced efficiency can lead to an optimized industrial bioprocess. For this reason, the
enrichment method and dilution-to-extinction have been employed to create simplified
microbial consortia (SMC) of KMCG6, which exhibit excellent keratin degradation capacity
and reduced community complexity [18]. The flow chart demonstrating the construction
of an efficient SMC is shown in Figure 4. Further study through metagenomic annotation
revealed the robust metabolic capabilities of the microbial consortium members [19]. The
delineation of metabolic pathways, such as amino acid metabolism, the urea cycle, and
disulfide reduction, in the annotated genome of the consortium corroborated the metabolic
cooperation required for efficient degradation of keratinous biomass. The researchers high-
lighted that amino acid utilization for energy requirements and cross-feeding interactions
were paramount for maintaining the stability of the consortium [19]. A recent study by
Wang and colleagues investigated the dynamics and network of microbial interactions in
a consortium enriched with poultry feathers and cultivated at differential temperature
conditions [96]. The study revealed that the bacterial species with dominant phyla in all
treatment conditions were Firmicutes (56.65%), Actinobacteria (18.13%), Acidobacteria
(11.14%) and Proteobacteria (10.35%). The metagenomic studies revealed enzymes such
as dipeptidases, aminopeptidases, threonine endopeptidases, metallo-carboxypeptidases,
aspartic endopeptidases, and serine endopeptidases coupled with disulfide reductases,
confirming the microbial community’s synergism in keratinolysis [96].

6.2. Artificial Microbial Consortia in Keratinous Biomass Decomposition

MC have proven more effective than SS in degrading keratinous residues and gen-
erating crude protein rich in bio-accessible products. Since NMC are obtained from envi-
ronmental samples after various evaluation steps, multiple strains in MC may perform
similar activity, which culminates in an additive effect. However, the beauty of a microbial
consortium lies in the distribution of tasks among its diversified members, where the
cooperative activities and complementary traits of the system enhance their efficiency
and overall production more than the sum of the individual strains’ contributions. For
this reason, researchers have explored alternative approaches to developing effective MC
with fewer strains, aiming to achieve excellent degradation of keratinous biomass. One
of these methods is the construction of AMC, where single microbial strains meticulously
and exhaustively evaluated for a particular potential are carefully combined, allowing for
specialization in a cooperative manner to achieve a better output [88]. For example, Saleem
and coworkers recently constructed a keratinolytic bacterial consortium, comprising Bacil-
lus licheniformis MW45 and Bacillus paralicheniformis MW48, for the degradation of poultry
feathers [59]. The feather hydrolysate generated was utilized as a biofertilizer for soil
fertility amendment. Therefore, it was reported that spinach growth was enhanced more
than the control experiment and nitrogen, phosphorus, and potassium (NPK) fertilizer
based on the evaluated indices, including the germination percentage, vigour index, leaf
numbers, height and weight [59]. Co-cultivation of Lysinibacillus MFNC2, Nocardiopsis
MFNCA and Micrococcus MFNCY resulted in 96% hydrolysis of white chicken feathers. In
comparison, a maximum of 31% feather degradation was achieved by a single strain under
similar optimized process conditions [97]. This bacterial consortium maximally liberated
about 635 µg/mL of amino acids at day 5 of feather hydrolysis. Contrarily, the researchers
observed that the co-cultivation of Lysinibacillus MFNC5, Nocardiopsis MFNCA, and Micro-
coccus MFNCY resulted in the lowest feather degradation (4.08%), which was attributed to
the antagonism among the organisms [97]. In another study, Peng and colleagues reported
that B. licheniformis BBE11-1 and S. maltophilia BBE11-1 degraded chicken feathers with per-
centage hydrolysis of 35.4% and 22.8%, respectively, after 96 h of cultivation [62]. However,
after the two bacterial strains were co-cultivated, the degradation rate increased to 55.2%
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under similar process conditions, suggesting a cooperative action which enhanced the
collective capacity of the bacterial strains. When the bacterial strains were used to initiate
fermentation in a 3 L fermenter with dissolved oxygen and temperature control, feather
digestion increased to 81.8%, resulting in hydrolysates rich in soluble peptides and amino
acids [62]. Antagonism among microbial strains has been identified as a crucial factor
influencing the effective performance of MC [97]. Consequently, in a recent study by Xia
and colleagues, AMC comprising two bacteria (Priestia aryabhattai TYB8, Priestia aryabhattai
YTB20) and one fungal strain (Bisifusarium keratinophilum JNF30) was developed, initially
evaluated for keratinolytic and potential antagonistic properties [88]. At a 10 g/L opti-
mal medium feather concentration, pH 9.0, and a 2.6% inoculum size, the AMC achieved
74.02% hydrolysis, representing an 11.45% increase compared to the rate recorded in an
unoptimized condition. Co-culturing of Armenian geothermal springs-associated Bacillus
borbori M12 and Bacillus borbori M14 improved feather keratin weight loss (>80%) more
than a single strain, indicating the superiority of microbial consortium in managing this
recalcitrant biomass [98]. Additionally, the co-cultivation of three Streptomyces species on
chicken feathers yielded a high quantity of antibiotic agents, including undecylprodigiosin
and manumycin A [99]. The detection of some peaks in the co-culture medium, which were
absent in the single-strain medium, further underscores the benefits of MC in leveraging
the robust metabolic wealth through synergistic interactions.

 

Figure 4. The proposed steps for constructing simplified microbial consortia from environmental samples.
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7. Participation of Ancillary Enzymes in Keratinous Biomass
Decomposition

Efficient biodegradation of keratinous biomass has been significantly hindered by
other compositional components of the macromolecules [40,100]. For example, the study
conducted by Tesfaye and colleagues on proximate analysis show that poultry feathers
are composed of the following constituents, including crude lipid (0.83%), crude protein
(82.36%), crude fibre (2.15%), nitrogen free extract (1.02%), ash (1.49%), and moisture
(12.33%) [35]. Feather constituents, such as crude lipid, crude fibre, and nitrogen-free
extracts, may have contributed to the challenges encountered by free keratinases or other
microbial strains lacking diverse metabolic capabilities during fermentation processes [40].
For this reason, many studies have been conducted using chicken feathers defatted with
chemical agents to facilitate the accessibility of the vital bonds in keratinous biomass
by hydrolytic enzymes or other treatment methods [101–103]. Delipidation of the outer
lipid layer of poultry feathers in Bacillus sp. 8A6 fermentation medium was observed to
expose the keratin’s internal molecular structure for the reduction of disulfide bonds by
reductases and metabolic pathway-associated sulfite [95]. A recent study by Shiri and
colleagues used lipolytic Bacillus sp. TTs1 to defat chicken feathers [104]. The researchers
further extracted crude fat from both bio-treated and untreated chicken feathers, and
the results indicated respective fat content of 0.92 ± 0.13% and 2.1 ± 0.42%, indicating
an eco-friendly and sustainable technology. These observations suggest that in addition
to keratinolytic enzymes, microbial strains secrete other enzymes that participate in the
structural decomposition of keratinous biomass. Consequently, analysis of the fermentation
medium with chicken and goose feathers revealed that Bacillus paralicheniformis T7 produced
a cocktail of enzymes, including keratinase, protease, collagenase, amylase, xylanase,
lipase, and phosphatase [105]. Evaluation of bacteria from geothermal areas in Patagonia,
Argentina, for hydrolytic enzymes revealed the production of diverse hydrolytic enzymes
in a medium formulated with defatted chicken feathers as the sole carbon and nitrogen
source [106]. Among the 30 isolates assessed by the researchers, 16 isolates, distributed
among Geobacillus kaustophilus, Bacillus cytotoxicus, Bacillus licheniformis, and Paenibacillus
dentritiformis, demonstrated extracellular keratinase activity, with differential secretion of
other hydrolytic enzymes. Only one isolate showed keratinase activity, along with the
production of other hydrolytic enzymes, including protease, amylase, cellulase, inulinase,
pectinase, and xylanase, but no esterase production potential [106]. While the remaining
keratinolytic bacteria reported by the same authors expressed five or fewer hydrolytic
enzymes, suggesting their metabolic diversity. The detection of these enzyme cocktails
during bio-digestion of keratinous waste suggests their active or passive participation in
compromising different structural components of the biomass for efficient degradation.
The structurally compromised biomass is proposed to be further degraded by reductases
and completely disassembled by the concerted actions of endo-, exo-, and oligopeptidases
from various families, yielding bio-accessible products. This multi-enzyme involvement in
keratinous residue decomposition warrants further study.

8. Limitations and Prospects
Bioconversion of keratinous waste into valuable products was initiated after the iso-

lation and characterization of B. licheniformis PWD-1 over three decades ago. However,
research on the application of MC in keratinous biomass valorization is still in its infancy, as
most studies have focused on characterizing cultivable single-strain systems. This results in
a significant lack of knowledge regarding the dynamics of microbial community interaction
during keratinous waste degradation, as well as the participation of microorganisms that
are challenging to culture or non-cultivable strains in keratinolysis. A limited report on
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time course profiling of the consortium during keratinous waste fermentation indicated
that there are competitive interactions among the core consortium members, resulting
in the proliferation of some bacteria while causing the depletion or extinction of other
strains. Therefore, this validates the cruciality of the dilution-to-extinction strategy to
the development of SMC with improved efficiency and functionality. A shift in cultural
temperature conditions led to enhanced feather hydrolysis, a phenomenon previously
reported in NMC; however, the mechanism underlying this observation was not further
investigated. The enhanced keratinolytic activity resulting from temperature increase
could be attributed to either the microbial community performing optimally at elevated
temperatures or the keratinolytic enzymes in the medium being catalytically activated at
higher temperatures. The contribution of process conditions in microbial decomposition
of keratinous material cannot be overemphasized. Therefore, there is a need to develop a
comprehensive optimization approach for NMC, considering that community members
may exhibit individual optima based on their unique characteristics. MC have shown
great potential in various areas, including environmental and industrial biotechnology.
However, microbial community instability is one of the factors that have hindered the
efficiency of NMC, especially when dealing with complex substrate transformation. Micro-
bial community instability may arise from various factors, including growth competition,
antagonism, metabolite incompatibility, environmental changes, phenotypic drift, and
resource heterogeneity. Therefore, new research interests should focus on understanding
the growth and metabolic properties of microbial strains, energy requirements, interaction
patterns and signalling dynamics within the consortium in order to develop and maintain a
robust system with high efficiency. Synthetic biology has led to the development of robust
keratinolytic strains with enhanced capabilities. However, there have been no reports on
the development of either synthetic or semi-synthetic MC targeted for the valorization
of keratinous waste. Therefore, implementing studies using functionally tailored kerati-
nolytic isolates holds immense prospects for industrial keratinous waste recycling and
would shed more light on the mechanistic dismemberment of keratin-rich biomass into
bioavailable products.

9. Conclusions
Keratinous biomass, generated in large quantities by various agro-processing sectors,

presents significant environmental concerns. Keratinous biomass, predominantly poultry
feathers, has been traditionally converted into valuable products using thermal, physi-
cal and chemical approaches. These processing methods yield relatively good products,
but the strategies are associated with several ecological and economic challenges. The
microbial breakdown of keratinous material through the inducible release of keratinolytic
enzymes has emerged as a cost-effective and eco-friendly approach to transforming this
waste into valuable products, including organic fertilizers, animal feed additives, bioactive
compounds, bioplastic feedstock, and biomedical materials. However, methods using
single microbial strains often lead to inconsistent product profiles in the hydrolysates due
to inefficient keratin digestion. On the other hand, MC have demonstrated enhanced degra-
dation of recalcitrant keratinous materials through cooperative interactions and metabolic
complementation. Both NMC, sourced from environmental samples, and AMC, created
with carefully chosen strains, have proven highly effective in the valorization of keratinous
waste. Furthermore, ancillary enzymes can play a crucial role in facilitating the modi-
fication and complete breakdown of keratinous biomass. Despite progress, research on
the use of MC in this field is still in its early stages, with a limited understanding of the
dynamics of microbial community interactions and the role of non-cultivable strains in
keratinous biomass degradation. Future directions include the development of synthetic
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or semi-synthetic MC with functionally tailored isolates for industrial keratinous waste
recycling towards a sustainable circular economy.

Author Contributions: Conceptualization, N.E.N. and U.U.N.; software, N.E.N.; investigation,
N.E.N.; resources, U.U.N.; writing—original draft preparation, N.E.N.; writing—review and editing,
U.U.N.; supervision, U.U.N.; project administration, U.U.N.; funding acquisition, U.U.N. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Industrial Biocatalysis Hub, which is funded by the
Department of Science and Innovation and the Technology Innovation Agency.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: The authors would also like to appreciate the support from the Infectious
Diseases and Medicinal Plants Research Niche Area, University of Fort Hare.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations
The following abbreviations are used in this manuscript:

CE Circular economy
AMC Artificial microbial consortia
NMC Natural microbial consortia
SS Single strain
MC Microbial consortia
ACE Angiotensin-converting enzyme
SMC Simplified microbial consortia
NPK Nitrogen phosphorus potassium

References
1. Anbesaw, M.S. Bioconversion of keratin wastes using keratinolytic microorganisms to generate value-added products. Int. J.

Biomater. 2022, 2022, 2048031. [CrossRef]
2. Ossai, I.C.; Shahul Hamid, F.; Hassan, A. Valorisation of keratinous wastes: A sustainable approach towards a circular economy.

Waste Manag. 2022, 151, 81–104. [CrossRef]
3. Deng, R.; Wang, X.; Li, R. Dermatophyte infection: From fungal pathogenicity to host immune responses. Front. Immunol. 2023,

14, 1285887. [CrossRef] [PubMed]
4. Rajput, N.; Sharma, H.; Bajwa, J. Potential role of keratinase in the environmental remediation. Mater. Today Proc. 2023. [CrossRef]
5. Nnolim, N.E.; Okoh, A.I.; Nwodo, U.U. Bacillus sp. FPF-1 Produced Keratinase with High Potential for Chicken Feather

Degradation. Molecules 2020, 25, 1505. [CrossRef]
6. Gurav, R.G.; Jadhav, J.P. Biodegradation of keratinous waste by Chryseobacterium sp. RBT isolated from soil contaminated with

poultry waste. J. Basic Microbiol. 2013, 53, 128–135. [CrossRef] [PubMed]
7. Barman, N.C.; Zohora, F.T.; Das, K.C.; Mowla, M.G.; Banu, N.A.; Salimullah, M.; Hashem, A. Production, partial optimization and

characterization of keratinase enzyme by Arthrobacter sp. NFH5 isolated from soil samples. AMB Express 2017, 7, 181. [CrossRef]
8. Jeong, J.-H.; Park, K.-H.; Oh, D.-J.; Hwang, D.-Y.; Kim, H.-S.; Lee, C.-Y.; Son, H.-J. Keratinolytic enzyme-mediated biodegradation

of recalcitrant feather by a newly isolated Xanthomonas sp. P5. Polym. Degrad. Stab. 2010, 95, 1969–1977. [CrossRef]
9. Lange, L.; Huang, Y.; Busk, P.K. Microbial decomposition of keratin in nature-a new hypothesis of industrial relevance. Appl.

Microbiol. Biotechnol. 2016, 100, 2083–2096. [CrossRef]
10. Qiu, J.; Wilkens, C.; Barrett, K.; Meyer, A.S. Microbial enzymes catalyzing keratin degradation: Classification, structure, function.

Biotechnol. Adv. 2020, 44, 107607. [CrossRef]
11. Lu, J.; Yang, Z.; Xu, W.; Shi, X.; Guo, R. Enrichment of thermophilic and mesophilic microbial consortia for efficient degradation

of corn stalk. J. Environ. Sci. 2019, 78, 118–126. [CrossRef]

https://doi.org/10.1155/2022/2048031
https://doi.org/10.1016/j.wasman.2022.07.021
https://doi.org/10.3389/fimmu.2023.1285887
https://www.ncbi.nlm.nih.gov/pubmed/38022599
https://doi.org/10.1016/j.matpr.2023.02.221
https://doi.org/10.3390/molecules25071505
https://doi.org/10.1002/jobm.201100371
https://www.ncbi.nlm.nih.gov/pubmed/22581742
https://doi.org/10.1186/s13568-017-0462-6
https://doi.org/10.1016/j.polymdegradstab.2010.07.020
https://doi.org/10.1007/s00253-015-7262-1
https://doi.org/10.1016/j.biotechadv.2020.107607
https://doi.org/10.1016/j.jes.2018.07.010


Int. J. Mol. Sci. 2025, 26, 9898 17 of 21

12. Vu, V.N.H.; Kohári-Farkas, C.; Filep, R.; Laszlovszky, G.; Ban, M.T.; Bujna, E.; Gupta, V.K.; Nguyen, Q.D. Design and construction
of artificial microbial consortia to enhance lignocellulosic biomass degradation. Biofuel Res. J. 2023, 10, 1890–1900. [CrossRef]

13. Rajeswari, G.; Kumar, V.; Jacob, S. A concerted enzymatic de-structuring of lignocellulosic materials using a compost-derived
microbial consortia favoring the consolidated pretreatment and bio-saccharification. Enzyme Microb. Technol. 2024, 174, 110393.
[CrossRef]

14. Lara-Moreno, A.; Morillo, E.; Merchán, F.; Villaverde, J. A comprehensive feasibility study of effectiveness and environmental
impact of PAH bioremediation using an indigenous microbial degrader consortium and a novel strain Stenotrophomonas maltophilia
CPHE1 isolated from an industrial polluted soil. J. Environ. Manag. 2021, 289, 112512. [CrossRef]

15. Rathour, R.; Jain, K.; Madamwar, D.; Desai, C. Microaerophilic biodegradation of raw textile effluent by synergistic activity of
bacterial community DR4. J. Environ. Manag. 2019, 250, 109549. [CrossRef]

16. Kang, D.; Herschend, J.; Al-Soud, W.A.; Mortensen, M.S.; Gonzalo, M.; Jacquiod, S.; Sørensen, S.J. Enrichment and characterization
of an environmental microbial consortium displaying efficient keratinolytic activity. Bioresour. Technol. 2018, 270, 303–310.
[CrossRef]

17. Nasipuri, P.; Herschend, J.; Brejnrod, A.D.; Madsen, J.S.; Espersen, R.; Svensson, B.; Burmølle, M.; Jacquiod, S.; Sørensen, S.J.
Community-intrinsic properties enhance keratin degradation from bacterial consortia. PLoS ONE 2020, 15, e0228108. [CrossRef]
[PubMed]

18. Kang, D.; Jacquiod, S.; Herschend, J.; Wei, S.; Nesme, J.; Sørensen, S.J. Construction of simplified microbial consortia to degrade
recalcitrant materials based on enrichment and dilution-to-extinction cultures. Front. Microbiol. 2020, 10, 3010. [CrossRef]
[PubMed]

19. Kang, D.; Huang, Y.; Nesme, J.; Herschend, J.; Jacquiod, S.; Kot, W.; Hansen, L.H.; Lange, L.; Sørensen, S.J. Metagenomic analysis
of a keratin-degrading bacterial consortium provides insight into the keratinolytic mechanisms. Sci. Total Environ. 2021, 761,
143281. [CrossRef] [PubMed]

20. Das, S.; Das, A.; Das, N.; Nath, T.; Langthasa, M.; Pandey, P.; Kumar, V.; Choure, K.; Kumar, S.; Pandey, P. Harnessing the potential
of microbial keratinases for bioconversion of keratin waste. Environ. Sci. Pollut. Res. 2024, 31, 57478–57507. [CrossRef]

21. Thadiyan, V.; Sharma, V.; Gupta, R. Keratinase and its diverse applications. 3 Biotech 2025, 15, 151. [CrossRef]
22. Gupta, P.; Sharma, I.; Kango, N. Harnessing Bacillus keratinases for sustainable keratin waste valorization: A current appraisal.

Crit. Rev. Biotechnol. 2025, 1–24. [CrossRef] [PubMed]
23. Hassan, M.A.; Abol-Fotouh, D.; Omer, A.M.; Tamer, T.M.; Abbas, E. Comprehensive insights into microbial keratinases and their

implication in various biotechnological and industrial sectors: A review. Int. J. Biol. Macromol. 2020, 154, 567–583. [CrossRef]
[PubMed]

24. de Menezes, C.L.A.; Santos, R.d.C.; Santos, M.V.; Boscolo, M.; da Silva, R.; Gomes, E.; da Silva, R.R. Industrial sustainability of
microbial keratinases: Production and potential applications. World J. Microbiol. Biotechnol. 2021, 37, 86. [CrossRef] [PubMed]

25. Sypka, M.; Jodłowska, I.; Białkowska, A.M. Keratinases as Versatile Enzymatic Tools for Sustainable Development. Biomolecules
2021, 11, 1900. [CrossRef]

26. Moktip, T.; Salaipeth, L.; Cope, A.E.; Taherzadeh, M.J.; Watanabe, T.; Phitsuwan, P. Current Understanding of Feather Keratin and
Keratinase and Their Applications in Biotechnology. Biochem. Res. Int. 2025, 2025, 6619273. [CrossRef]

27. Vikash, V.L.; Kamini, N.R.; Ponesakki, G.; Anandasadagopan, S.K. Keratinous bioresources: Their generation, microbial
degradation, and value enhancement for biotechnological applications. World J. Microbiol. Biotechnol. 2025, 41, 118. [CrossRef]

28. Mengistu, A.; Andualem, G.; Abewaa, M.; Berhane, D.; Angassa, K.; Mamuye, W.; Dinku, A.; Bekele, N. Integrated circular
economic approach of solid waste management and resource recovery: Poultry feather-based keratin extraction and its application
in leather processing. Results Eng. 2024, 23, 102578. [CrossRef]

29. Zhang, L.; Ren, J.; Bai, W. A review of poultry waste-to-wealth: Technological progress, modeling and simulation studies, and
economic- environmental and social sustainability. Sustainability 2023, 15, 5620. [CrossRef]

30. Shestakova, A.; Timorshina, S.; Osmolovskiy, A. Biodegradation of keratin-rich husbandry waste as a path to sustainable
agriculture. Sustainability 2021, 13, 8691. [CrossRef]

31. Ghaffari-Bohlouli, P.; Jafari, H.; Taebnia, N.; Abedi, A.; Amirsadeghi, A.; Niknezhad, S.V.; Alimoradi, H.; Jafarzadeh, S.; Mirzaei,
M.; Nie, L.; et al. Protein by-products: Composition, extraction, and biomedical applications. Crit. Rev. Food Sci. Nutr. 2023, 63,
9436–9481. [CrossRef]

32. Banasaz, S.; Ferraro, V. Keratin from animal by-products: Structure, characterization, extraction and application—A review.
Polymers 2024, 16, 1999. [CrossRef]

33. Salehizadeh, M.; Tajabadi Ebrahimi, M.; Mousavi, S.N.; Sepahi, A.A.; Orooji, R. Transforming Feather Meal Into a High-
Performance Feed for Broilers. Vet. Med. Sci. 2025, 11, e70199. [CrossRef] [PubMed]

34. Zhao, W.; Yang, R.; Zhang, Y.; Wu, L. Sustainable and practical utilization of feather keratin by an innovative physicochemical
pretreatment: High density steam flash-explosion. Green Chem. 2012, 14, 3352–3360. [CrossRef]

https://doi.org/10.18331/BRJ2023.10.3.3
https://doi.org/10.1016/j.enzmictec.2023.110393
https://doi.org/10.1016/j.jenvman.2021.112512
https://doi.org/10.1016/j.jenvman.2019.109549
https://doi.org/10.1016/j.biortech.2018.09.006
https://doi.org/10.1371/journal.pone.0228108
https://www.ncbi.nlm.nih.gov/pubmed/32004342
https://doi.org/10.3389/fmicb.2019.03010
https://www.ncbi.nlm.nih.gov/pubmed/31998278
https://doi.org/10.1016/j.scitotenv.2020.143281
https://www.ncbi.nlm.nih.gov/pubmed/33190895
https://doi.org/10.1007/s11356-024-34233-6
https://doi.org/10.1007/s13205-025-04319-0
https://doi.org/10.1080/07388551.2025.2495281
https://www.ncbi.nlm.nih.gov/pubmed/40456680
https://doi.org/10.1016/j.ijbiomac.2020.03.116
https://www.ncbi.nlm.nih.gov/pubmed/32194110
https://doi.org/10.1007/s11274-021-03052-z
https://www.ncbi.nlm.nih.gov/pubmed/33864165
https://doi.org/10.3390/biom11121900
https://doi.org/10.1155/bri/6619273
https://doi.org/10.1007/s11274-025-04336-4
https://doi.org/10.1016/j.rineng.2024.102578
https://doi.org/10.3390/su15075620
https://doi.org/10.3390/su13168691
https://doi.org/10.1080/10408398.2022.2067829
https://doi.org/10.3390/polym16141999
https://doi.org/10.1002/vms3.70199
https://www.ncbi.nlm.nih.gov/pubmed/39812002
https://doi.org/10.1039/c2gc36243k


Int. J. Mol. Sci. 2025, 26, 9898 18 of 21

35. Tesfaye, T.; Sithole, B.; Ramjugernath, D.; Chunilall, V. Valorisation of chicken feathers: Characterisation of chemical properties.
Waste Manag. 2017, 68, 626–635. [CrossRef]

36. Mpaka, L.; Nnolim, N.E.; Nwodo, U.U. Genome Mining of Chryseobacterium proteolyticum for Keratinolytic Properties and
Prospective Applications. J. Pure Appl. Microbiol. 2025, 19, 2001–2012. [CrossRef]

37. Maurya, S.D.; Singh, A. Application and future perspectives of keratin protein extracted from waste chicken feather: A review.
Sustain. Chem. Eng. 2024, 5, 31–45. [CrossRef]

38. Pert,a-Cris, an, S.; Ursachi, C.S, .; Gavrilas, , S.; Oancea, F.; Munteanu, F.-D. Closing the loop with keratin-rich fibrous materials.
Polymers 2021, 13, 1896. [CrossRef]

39. Habe, H.; Sato, Y.; Kirimura, K. Microbial and enzymatic conversion of levulinic acid, an alternative building block to fermentable
sugars from cellulosic biomass. Appl. Microbiol. Biotechnol. 2020, 104, 7767–7775. [CrossRef]

40. Khumalo, M.; Sithole, B.; Tesfaye, T. Valorisation of waste chicken feathers: Optimisation of keratin extraction from waste chicken
feathers by sodium bisulphite, sodium dodecyl sulphate and urea. J. Environ. Manag. 2020, 262, 110329. [CrossRef]

41. Sharma, S.; Gupta, A.; Kumar, A.; Kee, C.G.; Kamyab, H.; Saufi, S.M. An efficient conversion of waste feather keratin into
ecofriendly bioplastic film. Clean. Technol. Environ. Policy 2018, 20, 2157–2167. [CrossRef]

42. Mpaka, L.; Nnolim, N.E.; Nwodo, U.U. Microbial Keratinolysis: Eco-Friendly Valorisation of Keratinous Waste into Functional
Peptides. Microorganisms 2025, 13, 2270. [CrossRef]

43. Rothman, D.L.; Moore, P.B.; Shulman, R.G. The impact of metabolism on the adaptation of organisms to environmental change.
Front. Cell Dev. Biol. 2023, 11, 1197226. [CrossRef]

44. Gupta, S.; Singh, R. Hydrolyzing proficiency of keratinases in feather degradation. Indian J. Microbiol. 2014, 54, 466–470. [CrossRef]
45. Kokwe, L.; Nnolim, N.E.; Ezeogu, L.I.; Sithole, B.; Nwodo, U.U. Thermoactive metallo-keratinase from Bacillus sp. NFH5:

Characterization, structural elucidation, and potential application as detergent additive. Heliyon 2023, 9, e13635. [CrossRef]
[PubMed]

46. Alhomaidi, E. A sustainable exploitation of high-protein feather waste for production of cold-adapted keratinase by Penicillium
lanosocoeruleum KSA-55. Electron. J. Biotechnol. 2025, 74, 1–10. [CrossRef]

47. Abdel-Latif, A.M.A.; Abo-Dahab, N.F.; Moharram, A.M.; Hassane, A.M.A.; Al-Bedak, O.A.M. Sustainable exploitation of high-
protein feather waste for green production of cold-adapted and detergent-stable keratinase by Penicillium oxalicum AUMC 15084.
World J. Microbiol. Biotechnol. 2025, 41, 190. [CrossRef]

48. Hendrick, Q.; Nnolim, N.E.; Nwodo, U.U. Chryseobacterium cucumeris FHN1 keratinolytic enzyme valorized chicken feathers
to amino acids with polar, anionic and non-polar imino side chain characteristics. Biocatal. Agric. Biotechnol. 2021, 35, 102109.
[CrossRef]

49. Kshetri, P.; Singh, P.L.; Chanu, S.B.; Singh, T.S.; Rajiv, C.; Tamreihao, K.; Singh, H.N.; Chongtham, T.; Devi, A.K.; Sharma, S.K.;
et al. Biological activity of peptides isolated from feather keratin waste through microbial and enzymatic hydrolysis. Electron. J.
Biotechnol. 2022, 60, 11–18. [CrossRef]

50. Zhang, J.; Liang, M.; Wu, L.; Yang, Y.; Sun, Y.; Wang, Q.; Gao, X. Bioconversion of feather waste into bioactive nutrients in water
by Bacillus licheniformis WHU. Appl. Microbiol. Biotechnol. 2023, 107, 7055–7070. [CrossRef] [PubMed]

51. Calin, M.; Raut, I.; Arsene, M.L.; Capra, L.; Gurban, A.M.; Doni, M.; Jecu, L. Applications of fungal strains with keratin-degrading
and plant growth promoting characteristics. Agronomy 2019, 9, 543. [CrossRef]

52. Alahyaribeik, S.; Nazarpour, M.; Tabandeh, F.; Honarbakhsh, S.; Sharifi, S.D. Effects of bioactive peptides derived from feather
keratin on plasma cholesterol level, lipid oxidation of meat, and performance of broiler chicks. Trop. Anim. Health Prod. 2022, 54,
271. [CrossRef]

53. da Cunha, I.C.; Brandelli, A.; Braga, A.R.C.; Sala, L.; Kalil, S.J. Feather meal as a source of peptides with antioxidant activity from
enzymatic hydrolysis. Waste Biomass Valorization 2023, 14, 421–430. [CrossRef]

54. Jagadeesan, Y.; Meenakshisundaram, S.; Raja, K.; Balaiah, A. Sustainable and efficient-recycling approach of chicken feather waste
into liquid protein hydrolysate with biostimulant efficacy on plant, soil fertility and soil microbial consortium: A perspective to
promote the circular economy. Process Saf. Environ. Prot. 2023, 170, 573–583. [CrossRef]

55. Rai, S.K.; Mukherjee, A.K. Optimization for production of liquid nitrogen fertilizer from the degradation of chicken feather by
iron-oxide (Fe3O4) magnetic nanoparticles coupled β-keratinase. Biocatal. Agric. Biotechnol. 2015, 4, 632–644. [CrossRef]

56. Falco, F.C.; Espersen, R.; Svensson, B.; Gernaey, K.V.; Eliasson Lantz, A. An integrated strategy for the effective production of
bristle protein hydrolysate by the keratinolytic filamentous bacterium Amycolatopsis keratiniphila D2. Waste Manag. 2019, 89,
94–102. [CrossRef] [PubMed]

57. Callegaro, K.; Welter, N.; Daroit, D.J. Feathers as bioresource: Microbial conversion into bioactive protein hydrolysates. Process
Biochem. 2018, 75, 1–9. [CrossRef]

https://doi.org/10.1016/j.wasman.2017.06.050
https://doi.org/10.22207/JPAM.19.3.26
https://doi.org/10.37256/sce.5120243521
https://doi.org/10.3390/polym13111896
https://doi.org/10.1007/s00253-020-10813-7
https://doi.org/10.1016/j.jenvman.2020.110329
https://doi.org/10.1007/s10098-018-1498-2
https://doi.org/10.3390/microorganisms13102270
https://doi.org/10.3389/fcell.2023.1197226
https://doi.org/10.1007/s12088-014-0477-5
https://doi.org/10.1016/j.heliyon.2023.e13635
https://www.ncbi.nlm.nih.gov/pubmed/36852054
https://doi.org/10.1016/j.ejbt.2024.10.003
https://doi.org/10.1007/s11274-025-04417-4
https://doi.org/10.1016/j.bcab.2021.102109
https://doi.org/10.1016/j.ejbt.2022.08.001
https://doi.org/10.1007/s00253-023-12795-8
https://www.ncbi.nlm.nih.gov/pubmed/37750916
https://doi.org/10.3390/agronomy9090543
https://doi.org/10.1007/s11250-022-03244-1
https://doi.org/10.1007/s12649-022-01886-8
https://doi.org/10.1016/j.psep.2022.12.029
https://doi.org/10.1016/j.bcab.2015.07.002
https://doi.org/10.1016/j.wasman.2019.03.067
https://www.ncbi.nlm.nih.gov/pubmed/31079763
https://doi.org/10.1016/j.procbio.2018.09.002


Int. J. Mol. Sci. 2025, 26, 9898 19 of 21

58. Ji, X.; Yang, J.; Chen, J.; Zhang, J.; Peng, Z. A synergistic catalytic system of keratinase and disulfide reductase for the bioconversion
of feather wastes to feed alternative protein. Food Biosci. 2024, 59, 104219. [CrossRef]

59. Saleem, I.; Asad, W.; Kiran, T.; Asad, S.B.; Khaliq, S.; Ali Mohammed Al-Harethi, A.; Mallasiy, L.O.; Shah, T.A. Enhancing spinach
growth with a biofertilizer derived from chicken feathers using a keratinolytic bacterial consortium. BMC Microbiol. 2025, 25, 207.
[CrossRef]

60. Jagadeesan, Y.; Meenakshisundaram, S.; Saravanan, V.; Balaiah, A. Greener and sustainable biovalorization of poultry waste into
peptone via Bacto-enzymatic digestion: A breakthrough chemical-free bioeconomy waste management approach. Waste Biomass
Valorization 2022, 13, 3197–3219. [CrossRef]

61. Cavello, I.; Bezus, B.; Cavalitto, S. The keratinolytic bacteria Bacillus cytotoxicus as a source of novel proteases and feather protein
hydrolysates with antioxidant activities. J. Genet. Eng. Biotechnol. 2021, 19, 107. [CrossRef]

62. Peng, Z.; Mao, X.; Zhang, J.; Du, G.; Chen, J. Effective biodegradation of chicken feather waste by co-cultivation of keratinase
producing strains. Microb. Cell Fact. 2019, 18, 84. [CrossRef]

63. Ahmadi, L.; Baharlouei, J.; Khavazi, K.; Davoudi, M.H. Decomposed chicken feather: A biostimulant to lettuce (Lactuca sativa)
growth. Indian J. Agric. Sci. 2024, 94, 246–250. [CrossRef]

64. Abdelmoteleb, A.; Gonzalez-Mendoza, D.; Tzintzun-Camacho, O.; Grimaldo-Juárez, O.; Mendez-Trujillo, V.; Moreno-Cruz, C.;
Ceceña-Duran, C.; Roumia, A.F. Keratinases from Streptomyces netropsis and Bacillus subtilis and their potential use in the
chicken feather degrading. Fermentation 2023, 9, 96. [CrossRef]

65. Shah, M.D.; Gupta, A.R.; Vaidya, R.B. Production of high-quality compost from feather waste: A novel, cost-effective and
sustainable approach for feather waste management and organic soil management. In Waste Management and Resource Efficiency;
Springer: Singapore, 2019; pp. 533–542.

66. Kshetri, P.; Roy, S.S.; Sharma, S.K.; Singh, T.S.; Ansari, M.A.; Sailo, B.; Singh, S.; Prakash, N. Feather degrading, phytostimulating,
and biocontrol potential of native actinobacteria from North Eastern Indian Himalayan Region. J. Basic. Microbiol. 2018, 58,
730–738. [CrossRef]

67. Sironi, P.B.; Mazotto, A.M.; Fabio de Lima, M.; Nogueira, R.I.; Melim Miguel, Â.S.; Vermelho, A.B. Hydrolyzed feather keratin
obtained by microbial fermentation encapsulated with maltodextrin—A sustainable approach to increase digestible protein in
feed. Biocatal. Agric. Biotechnol. 2022, 40, 102297. [CrossRef]

68. Adelere, I.A.; Lateef, A. Valorization of feather by Bacillus safensis and Aquamicrobium defluvii for growth promotion in leafy
vegetables. Waste Biomass Valorization 2023, 14, 723–737. [CrossRef]

69. Bindal, S.; Kadyan, S.; Saini, M.; Gupta, R. In-situ and cell-free goat hair hydrolysis by a consortium of proteases from Bacillus
licheniformis strain ER-15: Hair hydrolysate valorization by melanin extraction. Waste Biomass Valorization 2022, 13, 3265–3282.
[CrossRef]

70. Lee, T.-Y.; Lee, Y.-S.; Yeh, R.-H.; Chen, K.-H.; Chen, K.-L. Bacillus amyloliquefaciens CU33 fermented feather meal-soybean meal
product improves the intestinal morphology to promote the growth performance of broilers. Poult. Sci. 2022, 101, 102027.
[CrossRef]

71. Bezus, B.; Ruscasso, F.; Garmendia, G.; Vero, S.; Cavello, I.; Cavalitto, S. Revalorization of chicken feather waste into a high
antioxidant activity feather protein hydrolysate using a novel psychrotolerant bacterium. Biocatal. Agric. Biotechnol. 2021, 32,
101925. [CrossRef]

72. Răut, I.; Călin, M.; Capră, L.; Gurban, A.-M.; Doni, M.; Radu, N.; Jecu, L. Cladosporium sp. isolate as fungal plant growth
promoting agent. Agronomy 2021, 11, 392. [CrossRef]

73. Gupta, S.; Sharma, S.; Aich, A.; Verma, A.K.; Bhuyar, P.; Nadda, A.K.; Mulla, S.I.; Kalia, S. Chicken feather waste hydrolysate as a
potential biofertilizer for environmental sustainability in organic agriculture management. Waste Biomass Valorization 2023, 14,
2783–2799. [CrossRef]

74. Cao, Z.-J.; Lu, D.; Luo, L.-S.; Deng, Y.-X.; Bian, Y.-G.; Zhang, X.-Q.; Zhou, M.-H. Composition analysis and application of
degradation products of whole feathers through a large scale of fermentation. Environ. Sci. Pollut. Res. 2012, 19, 2690–2696.
[CrossRef] [PubMed]

75. Kim, J.M.; Lim, W.J.; Suh, H.J. Feather-degrading Bacillus species from poultry waste. Process Biochem. 2001, 37, 287–291.
[CrossRef]

76. de Oliveira, C.T.; Pellenz, L.; Pereira, J.Q.; Brandelli, A.; Daroit, D.J. Screening of bacteria for protease production and feather
degradation. Waste Biomass Valorization 2016, 7, 447–453. [CrossRef]

77. Williams, C.M.; Richter, C.S.; MacKenzie, J.M.; Shih, J.C. Isolation, identification, and characterization of a feather-degrading
bacterium. Appl. Environ. Microbiol. 1990, 56, 1509–1515. [CrossRef]

78. Riffel, A.; Brandelli, A. Keratinolytic bacteria isolated from feather waste. Braz. J. Microbiol. 2006, 37, 395–399. [CrossRef]

https://doi.org/10.1016/j.fbio.2024.104219
https://doi.org/10.1186/s12866-025-03866-z
https://doi.org/10.1007/s12649-022-01713-0
https://doi.org/10.1186/s43141-021-00207-1
https://doi.org/10.1186/s12934-019-1134-9
https://doi.org/10.56093/ijas.v94i3.145669
https://doi.org/10.3390/fermentation9020096
https://doi.org/10.1002/jobm.201800169
https://doi.org/10.1016/j.bcab.2022.102297
https://doi.org/10.1007/s12649-022-01904-9
https://doi.org/10.1007/s12649-022-01718-9
https://doi.org/10.1016/j.psj.2022.102027
https://doi.org/10.1016/j.bcab.2021.101925
https://doi.org/10.3390/agronomy11020392
https://doi.org/10.1007/s12649-023-02123-6
https://doi.org/10.1007/s11356-012-0763-x
https://www.ncbi.nlm.nih.gov/pubmed/22293907
https://doi.org/10.1016/S0032-9592(01)00206-0
https://doi.org/10.1007/s12649-015-9464-2
https://doi.org/10.1128/aem.56.6.1509-1515.1990
https://doi.org/10.1590/S1517-83822006000300036


Int. J. Mol. Sci. 2025, 26, 9898 20 of 21

79. Dlume, T.; Nnolim, N.E.; Nwodo, U.U. Exiguobacterium acetylicum transformed poultry feathers into amino acids through an
extracellular secretion of keratinolytic enzymes. AIMS Bioeng. 2024, 11, 489–505. [CrossRef]

80. Nnolim, N.E.; Udenigwe, C.C.; Okoh, A.I.; Nwodo, U.U. Microbial keratinase: Next generation green catalyst and prospective
applications. Front. Microbiol. 2020, 11, 580164. [CrossRef]

81. Jiang, M.; Qiao, X.; Zhu, E.; Gu, Y.; Chen, Z.; Ju, X.; Li, L.; Zhong, X.; Chen, Z. Molecular cloning and biochemical characterization
of a novel disulfide bond-reductase from feather-degrading Stenotrophomonas sp. Yang-5. Appl. Biochem. Microbiol. 2025, 61, 49–57.
[CrossRef]

82. Lai, Y.; Wu, X.; Zheng, X.; Li, W.; Wang, L. Insights into the keratin efficient degradation mechanism mediated by Bacillus sp. CN2
based on integrating functional degradomics. Biotechnol. Biofuels Bioprod. 2023, 16, 59. [CrossRef]

83. Yamamura, S.; Morita, Y.; Hasan, Q.; Yokoyama, K.; Tamiya, E. Keratin degradation: A cooperative action of two enzymes from
Stenotrophomonas sp. Biochem. Biophys. Res. Commun. 2002, 294, 1138–1143. [CrossRef]

84. Fang, Z.; Zhang, J.; Liu, B.; Du, G.; Chen, J. Biochemical characterization of three keratinolytic enzymes from Stenotrophomonas
maltophilia BBE11-1 for biodegrading keratin wastes. Int. Biodeterior. Biodegrad. 2013, 82, 166–172. [CrossRef]

85. Chaturvedi, V.; Bhange, K.; Bhatt, R.; Verma, P. Production of kertinases using chicken feathers as substrate by a novel multifunc-
tional strain of Pseudomonas stutzeri and its dehairing application. Biocatal. Agric. Biotechnol. 2014, 3, 167–174. [CrossRef]

86. Rahayu, S.; Syah, D.; Thenawidjaja Suhartono, M. Degradation of keratin by keratinase and disulfide reductase from Bacillus sp.
MTS of Indonesian origin. Biocatal. Agric. Biotechnol. 2012, 1, 152–158. [CrossRef]

87. Nunes, P.S.O.; Lacerda-Junior, G.V.; Mascarin, G.M.; Guimarães, R.A.; Medeiros, F.H.V.; Arthurs, S.; Bettiol, W. Microbial consortia
of biological products: Do they have a future? Biol. Control 2024, 188, 105439. [CrossRef]

88. Xia, W.; Jin, M.; Li, X.; Dong, C.; Han, Y. Construction of artificial microbial consortia for efficient degradation of chicken feathers
and optimization of degradation conditions. World J. Microbiol. Biotechnol. 2024, 40, 312. [CrossRef]

89. Cao, Z.; Yan, W.; Ding, M.; Yuan, Y. Construction of microbial consortia for microbial degradation of complex compounds. Front.
Bioeng. Biotechnol. 2022, 10, 1051233. [CrossRef]

90. Contreras-Salgado, E.A.; Sánchez-Morán, A.G.; Rodríguez-Preciado, S.Y.; Sifuentes-Franco, S.; Rodríguez-Rodríguez, R.; Macías-
Barragán, J.; Díaz-Zaragoza, M. Multifaceted applications of synthetic microbial communities: Advances in biomedicine,
bioremediation, and industry. Microbiol. Res. 2024, 15, 1709–1727. [CrossRef]

91. Liang, Y.; Ma, A.; Zhuang, G. Construction of environmental synthetic microbial consortia: Based on engineering and ecological
principles. Front. Microbiol. 2022, 13, 829717. [CrossRef]

92. Ibrahim, M.; Raajaraam, L.; Raman, K. Modelling microbial communities: Harnessing consortia for biotechnological applications.
Comput. Struct. Biotechnol. J. 2021, 19, 3892–3907. [CrossRef]

93. Salamah, L.M.; Faridah, N.; Andriyani, A.; Suharti, S. The genotype identification of microbial isolate from Pasuruan salt pond
water and potential consortium of microbes with Bacillus sp. MD24 in keratinase fermentation. In Proceedings of the Innovation
of Material Science for Sustainable Industrial Chemistry, Jember, Indonesia, 12–13 October 2023; p. 030003.
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