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Water is essential for life and a valuable resource for human 
civilization. However, there are millions of individuals who do 
not have access to safe and clean drinking water. Wastewater 
recovery and recycling have grown increasingly important due 
to rising water demand and water pollution. �e textile industry 
ranks among the signi�cant contributors to wastewater e�uent, 
primarily attributed to its substantial water usage during wet 
processing procedures [1]. �is e�uent includes a range of 
substances, such as dyes, acids, alkalis, hydrogen peroxide, 
starch, and surfactant dispersing agents.

 Textile dyeing and �nishing generates around 17-20% of 
global industrial wastewater. �e removal e�ciency of 
pollutants during both primary and secondary treatment 
processes is limited due to their recalcitrant nature. �is leads to 
their release into the aquatic environment, where they have the 
potential to accumulate in soil sediments and in�ltrate the 
drinking water supply chain. Synthetic dyes have been identi�ed 
as capable of producing aromatic compounds with increased 
toxicity, including mutagenic and carcinogenic properties [2]. 
�e unregulated discharge of textile wastewater poses 
signi�cant health risks and environmental harm. Typically, 
textile wastewaters exhibit coloration, with dye concentrations 
ranging from 10 to 200 mg/L. Some dyes remain visible in water 
even at concentrations as low as 1 mg/L. �ese wastewater 
discharges frequently contain pigmented substances along with 
hazardous chemicals, which can diminish soil fertility and 
severely impede the photosynthetic capabilities of plants.

 Synthetic dyes can exert adverse e�ects on plant growth, 
including the inhibition of seed germination, reduced seedling 
survival rates, and stunted shoot and root growth. Additionally, 
the presence of these dyes diminishes water's oxygen solubility 
and clarity, potentially posing a threat to aquatic organisms. 

Dyes may also prevent algal growth and photosynthesis by 
limiting the penetration of light. �e e�ect of synthetic dyes 
extends beyond plants and other organisms, impacting 
human well-being due to their toxic nature [3,4]. Stringent 
regulations now exist for the discharge of textile e�uents, 
driven by their recognized hazards to both the environment 
and society. 

 Recently, the conservation of water resources has become a 
pressing concern, prompting increased attention towards 
wastewater recovery and reuse. Various physicochemical 
methods are available for wastewater treatment, including 
adsorption, coagulation, membrane �ltration, ion exchange, 
sonication, and plasma treatment. However, these approaches 
come with drawbacks, such as high operational and energy 
costs, the generation of substantial sludge, and the production 
of harmful by-products. �ere is a growing interest in 
technologies that can yield reusable water, eliminate toxicity, 
mineralize aromatic compounds, and minimize sludge 
production [5,6]. Consequently, the utilization of living 
organisms, such as plants and microorganisms, has gained 
prominence as an alternative to conventional processes for 
wastewater treatment. �e primary focus of this paper lies in 
harnessing microorganisms for the absorption and 
degradation of toxic substances found in wastewater, 
representing a novel approach to remediate contaminated 
water.

Pollution of Toxic Dyes
Industries such as textiles and pigment-based sectors, 
including paints, photography, plastics, printing, tannery, 
rubber, paper, pharmaceuticals, and cosmetics, release a 
substantial volume of colored waste in the form of dyes into 
the environment. Globally, there are over 10,000 di�erent dyes 

and pigments commercially available, with an annual 
production exceeding 700,000 tons. Remarkably, approximately 
20% of these dyes are lost during the dyeing and printing 
processes, with nearly half of that quantity ultimately being 
discharged into the environment [7]. �e wastewater from 
textile industries comprises a diverse array of organic and 
inorganic dyes, with the majority belonging to the category of 
azo and synthetic dyes. In recent times, the escalating utilization 
of reactive azo dyes, which account for 30% of the total dye 
market, has emerged as a signi�cant source of concern in terms 
of water pollution [8]. 

Toxic Effect of Industrial Dye Molecules
Textile dyes and their associated residues, particularly aromatic 
amines, unquestionably possess a high level of toxicity, leading 
to signi�cant health concerns for a wide range of living 
organisms, including humans. �ese dyes can have various 
harmful e�ects, including being allergenic, carcinogenic, 
teratogenic, and mutagenic. �ey can damage the genetic 
material (DNA) of living organisms. Numerous textile dyes are 
manufactured using toxic chemicals like azo, nitro, benzidine, 
and anthraquinone, which can be converted into even more 
toxic forms in sediments, aquatic environments, and living 
organisms [9,10]. Certain azo dyes have been linked to several 
types of cancers in humans, such as splenic sarcomas, 
hepatocarcinomas, nuclear anomalies, and chromosomal 
aberrations. Prolonged exposure to dye waste can lead to a 
range of health problems in humans, including skin itchiness, 
headaches, nausea, diarrhea, muscle and joint pain, fatigue, 
dizziness, breathing di�culties, irregular heartbeats, loss of 
concentration in adults, dark circles under the eyes, red cheeks 
and ears, hyperactivity, learning problems in children. �ese 
health concerns highlight the importance of proper handling 
and disposal of textile dyes and their residues to minimize the 
risks to both human health and the environment [11]. 
Additionally, e�orts to develop safer and more sustainable 
dyeing processes and alternatives are essential to reduce the 
harmful impact of textile dyeing on the planet and its 
inhabitants.

 �e persistent presence of dyes in aquatic environments can 
result in bioaccumulation and biomagni�cation along the food 
chain, leading to an increase in dye concentrations within 
organisms as they progress up the chain. �is phenomenon 
poses a signi�cant risk to aquatic plants, animals, and 
ultimately, humans due to the enduring and harmful nature of 
dye molecules. �e unnatural coloration of wastewater 
containing dyes can have a profound impact on the 
photosynthetic processes of aquatic autotrophs by impeding the 
penetration of sunlight [12]. �is disruption a�ects the entire 
aquatic ecosystem. �e intricate chemical structure of synthetic 
dyes with long chains renders them stable, resistant to 
degradation, and toxic to the natural environment. 
Consequently, the substantial discharge of untreated industrial 
e�uents containing dyes into the environment, including water 
bodies, presents a severe threat to the integrity of the biological 
ecosystem [13].

Biological Systems Involved in the Discoloration of 
Industrial Toxic Dyes
As concerns about wastewater treatment continue to grow, 
regulations are becoming increasingly stringent, prompting the 

development of numerous innovative methods to enhance 
wastewater treatment e�ciency. Nevertheless, given the 
intricate nature of pollutants, there isn't a single 
"one-size-�ts-all" bioremediation technique capable of restoring 
all polluted environments. Microorganisms possess remarkable 
versatility when it comes to eliminating pollutants from 
wastewater by biodegrading persistent compounds [14]. 
Bioremediation, employing various microbes such as bacteria, 
fungi, yeasts, and algae, has demonstrated the ability to 
decolorize and fully degrade many dyes under speci�c 
environmental conditions. Recent research endeavors have 
focused extensively on microbiological approaches to address 
the decolorization of dyes [15].

 Biological degradation methods can be categorized 
according to their oxygen requirements into three main types: 
aerobic, anaerobic, and anoxic (which combine elements of 
both aerobic and anaerobic processes). �e anoxic method is 
particularly prevalent, with the initial anaerobic step being 
utilized to treat dye wastewater with high Chemical Oxygen 
Demand (COD), followed by subsequent processes for treating 
the resulting e�uents with lower COD levels [16]. When 
considering the mechanisms involved in the degradation of dye 
wastewater, two primary methods emerge biosorption and 
biodegradation. Fungi and algae are commonly employed for 
this purpose. �e cell walls of these microorganisms contain 
thiol, phosphate, amino, and carboxyl groups that bind to azo 
compounds, facilitating a rapid process that is typically 
completed within a few hours [17,18].

 In biodegradation, a complete process known as 
mineralization takes place, wherein organic compounds are 
transformed into water and carbon dioxide. During the 
biodegradation of textile dyes by bacterial strains, one 
limitation can be the di�usion of substrates into the bacterial 
cell. Fungal strains, on the other hand, tend to overcome this 
issue [19]. Among various fungal strains, white-rot fungi have 
proven to be highly e�ective at biodegradation. �ese fungi 
produce ligninolytic enzymes capable of binding to a wide 
range of textile dyes [20]. Enzymes such as lignin peroxidases 
(LiP), laccases, tyrosinases (Try), manganese peroxidases 
(MnP), NADH-DCIP reductase, azoreductase, and hexane 
oxidases can be produced by various organisms to reduce azo 
compounds. Laccases and azoreductases, in particular, have 
demonstrated signi�cant potential for decolorizing a broad 
spectrum of synthetic dyes [21]. Sometimes, under unfavorable 
environmental conditions, some cellular enzymes in organisms 
may undergo conversion into enzymes capable of degrading 
dyes. For instance, �avin reductase from E. coli can act as an 
azoreductase.

Dye decolorization by bacteria
Diverse groups of bacteria exhibit the capability to decolorize 
industrial azo and synthetic dyes, and they can do so under 
various conditions, including aerobic, anaerobic, and facultative 
anaerobic environments. Anaerobic bacteria, in particular, 
prove highly e�ective at color removal due to their production 
of azoreductases, which cleave azo bonds (-N=N-) and generate 
aromatic amines, albeit with mutagenic properties [22]. Under 
oxygen-deprived conditions, azo dyes serve as a terminal 
electron acceptor. In contrast, activated sludge processes 
primarily operate aerobically, but they are less e�cient when it 
comes to color removal. Bacterial decolorization, on the other 
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hand, o�ers several advantages [23,24]. It can achieve a higher 
degree of biodegradation and mineralization, making it relevant 
for a vast range of azo dyes. Bacterial degradation is also known 
for its speed, surpassing other organisms in terms of e�ciency. 
Bacteria display remarkable pH stability and resilience under 
challenging conditions.

Dye decolorization by fungi
Fungi are increasingly recognized as highly promising 
organisms for e�ectively breaking down and mineralizing 
stubborn textile dyes due to their potent enzymatic arsenal, 
characterized by the extracellular ligninolytic enzyme system. 
Fungi's unique distinctive physical characteristics and a wide 
range of metabolic capabilities further contribute to their 
e�ectiveness in this regard [25]. �e process of fungal 
degradation encompasses a combination of adsorption and 
enzymatic degradation, or sometimes a synergistic interplay 
between the two. Bio-adsorption serves a crucial role in the 
decolorization of dyes by living fungi, and enzymatic 
degradation also signi�cantly contributes to this process [26]. 
Various enzymes come into play during this degradation, 
including azoreductases, laccases, manganese peroxidases, and 
lignin peroxidases. However, it's important to note that the 
precise mechanism behind azo dye decolorization by fungi 
remains an area of ongoing research and investigation [27].

 Fungal biodegradation, under optimal conditions 
encompassing suitable pH, temperature, and decolorization 
duration, can accomplish a remarkable color reduction 
exceeding 90%. However, it's worth noting that fungi exhibit 
limited pH stability, which constitutes a notable drawback. An 
illustrative example of a fungal strain showcasing e�ective dye 
decolorization is Ceriporia lacerata, a type of white-rot fungus 
found in decomposed mulberry branches [28]. 

Dye decolorization using yeast
Research into yeast-based decolorization and dye degradation 
has been relatively limited, with a primary focus on biosorption 
mechanisms. However, yeasts show considerable promise in the 
decolorization of various azo dyes for bioremediation purposes, 
owing to several advantageous characteristics [29]. �ese 
characteristics include their high capacity for accumulating 
dyes, including heavy metals like lead and cadmium (II), as 
demonstrated by Fairhead and �öny-Meyer in 2012 [30]. 
Yeasts also exhibit faster growth rates and more e�cient 
decolorization capabilities when compared to �lamentous 
fungi. It's important to acknowledge that wastewater sludge 
contains a diverse range of yeast strains, although they typically 
constitute a minor fraction of the microorganisms present in 
activated sludge.

 Furthermore, yeast demonstrates the capacity for enzymatic 
degradation with enhanced stability. To summarize, yeast-based 
approaches o�er distinct advantages for the removal of color 
and breakdown of dyes, especially in the bioremediation of 
textile dyes [31]. �ese advantages stem from their exceptional 
capabilities, including robust growth, e�cient decolorization, 
and adaptability to challenging environmental conditions.

Dye decolorization by algae
Algae, widely distributed in various ecosystems, are gaining 
increased recognition for their role in degrading textile dyes. 
Algae primarily function as adsorbents, setting themselves 

apart from synthetic commercial adsorbents. �ey hold the 
advantage of treating larger signi�cant volumes of dye 
wastewater as a result of their substantial biomass content, and 
they possess the capacity for biodegradation mechanisms [32]. 
Utilizing algae in the treatment process is generally more 
straightforward compared to other organisms for several 
reasons: a) utilization of dyes for growth: Algae have the ability 
to utilize dyes as a nutrient source for their own growth. b) 
transformation of dyes into other intermediates or CO2 and 
water: algae are capable of transforming dyes into di�erent 
compounds or breaking them down into carbon dioxide and 
water. c) adsorption of chromophores on algae: algae can also 
adsorb chromophores, which are responsible for the color in 
dyes [33].

 It's essential to recognize the fundamental distinction 
between biosorption and biodegradation. Biosorption pertains 
to the process of adsorbing dyes from water onto a solid phase, 
o�en referred to as bio-adsorbents [34]. In contrast, 
biodegradation involves enzymatically transforming one 
compound into another. In summary, Algae play a crucial role 
in the breakdown of textile dyes, o�ering several advantages like 
their e�cient adsorption capacity, capability to handle 
substantial volumes of dye wastewater, and their potential for 
biodegradation [35]. �ese mechanisms are indeed distinct 
from one another, with biosorption involving the adsorption of 
dyes onto solid surfaces and biodegradation entailing 
enzymatic transformation processes.

Application of Consortia-Based Mixed Bacterial 
Bioremediation
Monocultures are limited in their ability to decolorize a narrow 
range of industrial dyes and are o�en less e�cient in achieving 
complete degradation. To achieve high rates of  decolorization, 
degradation, and mineralization of dye wastewater, mixed 
microbial cultures are essential [36]. Mixed cultures o�er 
several advantages over monocultures when it comes to 
synthetic dye degradation:

Synergistic Activity: Within a mixed culture, individual strains 
may target di�erent positions on the dye molecule or utilize 
metabolites produced by other strains, resulting in a synergistic 
breakdown of the dye [37].

Adaptability: Microorganisms within mixed cultures possess a 
higher degree of adaptability to cope with toxic waste and 
develop resistance, which enables them to transform a variety of 
toxic chemicals into less harmful forms [38].

Complete Degradation: Mixed cultures can produce a range of 
enzymes that collectively facilitate the complete degradation of 
chemical compounds, ensuring a more thorough and 
comprehensive breakdown of pollutants [39].

 Bacterial consortia are widely employed for the 
decolorization of azo dyes, and they are particularly favored in 
this context. Bacteria exhibit rapid multiplication rates and 
thrive under diverse conditions, including aerobic, anaerobic, 
and anoxic environments, as well as in harsh conditions like 
high salinity and wide pH and temperature �uctuations [40]. 
�e e�ectiveness of decolorization achieved by bacterial 
consortia is o�en compared to that of monocultures, and this 
e�ciency may be attributed to the involvement of a process 
commonly called quorum sensing. Quorum sensing is a process 

by which bacteria control their gene expression within their 
community [41]. Several factors directly in�uence bacterial 
decolorization, including temperature, pH, dye structure, 
inoculum concentration, dye concentration, carbon and 
nitrogen sources, electron donors, agitation speed, oxygen 
transfer rate, redox mediators, and NaCl concentrations. �ese 
factors collectively impact the e�ciency of the decolorization 
process by bacterial consortia.

 Specially adapted bacterial strains, o�en isolated from sites 
contaminated with dyes, exhibit remarkable e�ciency in the 
removal process due to their ability to thrive in diverse and 
extreme environmental conditions [42]. In contrast, there is a 
paucity of reports concerning the decolorization of dyes by 
yeast, algal, and fungal consortia. An alternative strategy 
involves harnessing the collaborative and synergistic activity of 
a fungal-bacterial consortium, o�ering an e�ective approach for 
e�ectively eliminating a wide range of contaminants [43]. 
Several studies have revealed that co-cultures of fungi and 
bacteria exhibit heightened e�ciency and stability in the 
degradation of a mixture of complex organic compounds into 
smaller molecules [44]. 

 Bioremediation stands out as a widely adopted and e�ective 
approach for treating dye e�uents, yet it does come with certain 
challenges that require attention. �e primary issues associated 
with textile e�uents typically revolve around color, Chemical 
Oxygen Demand (COD), and other non-biodegradable 
components [45,46]. While conventional methods can now 
mitigate Biological Oxygen Demand (BOD) and COD in textile 
wastewater, bioremediation alone may not su�ce for treating all 
substances present. In such cases, the combination of 
bioremediation with other treatment methods becomes 
essential, extending the capacity to remove a broader spectrum 
of pollutants from the wastewater [47,48]. �ese amines exhibit 
signi�cant diversity in their chemical properties, making it 
challenging for biological treatment to completely remove all 
amines present in textile dye waters. Another important 
consideration is the issue of excess sludge production, which 
has the potential to cause environmental problems [49,50]. �is 
excess sludge needs to be managed e�ectively to minimize its 
environmental impact.

Conclusions
Bioremediation stands as an environmentally friendly strategy 
to mitigate the repercussions and harmful e�ects stemming 
from the intermediate byproducts generated by textile e�uent. 
Utilizing both pure cultures and consortia in bioremediation 
o�ers an e�ective and dependable means to mineralize and 
diminish the toxicity associated with dyes. �ese organisms 
employ diverse mechanisms to detoxify dyes, with a particular 
emphasis on enzyme-mediated bioremediation.

 Currently, there is a growing emphasis on the formulation of 
such consortia, primarily because they demonstrate resilience 
when exposed to adverse and challenging conditions. Moreover, 
optimizing various parameters becomes imperative to enhance 
the e�ciency of these consortia while simultaneously 
safeguarding the environmental well-being and the health of all 
life forms.
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Water is essential for life and a valuable resource for human 
civilization. However, there are millions of individuals who do 
not have access to safe and clean drinking water. Wastewater 
recovery and recycling have grown increasingly important due 
to rising water demand and water pollution. �e textile industry 
ranks among the signi�cant contributors to wastewater e�uent, 
primarily attributed to its substantial water usage during wet 
processing procedures [1]. �is e�uent includes a range of 
substances, such as dyes, acids, alkalis, hydrogen peroxide, 
starch, and surfactant dispersing agents.

 Textile dyeing and �nishing generates around 17-20% of 
global industrial wastewater. �e removal e�ciency of 
pollutants during both primary and secondary treatment 
processes is limited due to their recalcitrant nature. �is leads to 
their release into the aquatic environment, where they have the 
potential to accumulate in soil sediments and in�ltrate the 
drinking water supply chain. Synthetic dyes have been identi�ed 
as capable of producing aromatic compounds with increased 
toxicity, including mutagenic and carcinogenic properties [2]. 
�e unregulated discharge of textile wastewater poses 
signi�cant health risks and environmental harm. Typically, 
textile wastewaters exhibit coloration, with dye concentrations 
ranging from 10 to 200 mg/L. Some dyes remain visible in water 
even at concentrations as low as 1 mg/L. �ese wastewater 
discharges frequently contain pigmented substances along with 
hazardous chemicals, which can diminish soil fertility and 
severely impede the photosynthetic capabilities of plants.

 Synthetic dyes can exert adverse e�ects on plant growth, 
including the inhibition of seed germination, reduced seedling 
survival rates, and stunted shoot and root growth. Additionally, 
the presence of these dyes diminishes water's oxygen solubility 
and clarity, potentially posing a threat to aquatic organisms. 

Dyes may also prevent algal growth and photosynthesis by 
limiting the penetration of light. �e e�ect of synthetic dyes 
extends beyond plants and other organisms, impacting 
human well-being due to their toxic nature [3,4]. Stringent 
regulations now exist for the discharge of textile e�uents, 
driven by their recognized hazards to both the environment 
and society. 

 Recently, the conservation of water resources has become a 
pressing concern, prompting increased attention towards 
wastewater recovery and reuse. Various physicochemical 
methods are available for wastewater treatment, including 
adsorption, coagulation, membrane �ltration, ion exchange, 
sonication, and plasma treatment. However, these approaches 
come with drawbacks, such as high operational and energy 
costs, the generation of substantial sludge, and the production 
of harmful by-products. �ere is a growing interest in 
technologies that can yield reusable water, eliminate toxicity, 
mineralize aromatic compounds, and minimize sludge 
production [5,6]. Consequently, the utilization of living 
organisms, such as plants and microorganisms, has gained 
prominence as an alternative to conventional processes for 
wastewater treatment. �e primary focus of this paper lies in 
harnessing microorganisms for the absorption and 
degradation of toxic substances found in wastewater, 
representing a novel approach to remediate contaminated 
water.

Pollution of Toxic Dyes
Industries such as textiles and pigment-based sectors, 
including paints, photography, plastics, printing, tannery, 
rubber, paper, pharmaceuticals, and cosmetics, release a 
substantial volume of colored waste in the form of dyes into 
the environment. Globally, there are over 10,000 di�erent dyes 

and pigments commercially available, with an annual 
production exceeding 700,000 tons. Remarkably, approximately 
20% of these dyes are lost during the dyeing and printing 
processes, with nearly half of that quantity ultimately being 
discharged into the environment [7]. �e wastewater from 
textile industries comprises a diverse array of organic and 
inorganic dyes, with the majority belonging to the category of 
azo and synthetic dyes. In recent times, the escalating utilization 
of reactive azo dyes, which account for 30% of the total dye 
market, has emerged as a signi�cant source of concern in terms 
of water pollution [8]. 

Toxic Effect of Industrial Dye Molecules
Textile dyes and their associated residues, particularly aromatic 
amines, unquestionably possess a high level of toxicity, leading 
to signi�cant health concerns for a wide range of living 
organisms, including humans. �ese dyes can have various 
harmful e�ects, including being allergenic, carcinogenic, 
teratogenic, and mutagenic. �ey can damage the genetic 
material (DNA) of living organisms. Numerous textile dyes are 
manufactured using toxic chemicals like azo, nitro, benzidine, 
and anthraquinone, which can be converted into even more 
toxic forms in sediments, aquatic environments, and living 
organisms [9,10]. Certain azo dyes have been linked to several 
types of cancers in humans, such as splenic sarcomas, 
hepatocarcinomas, nuclear anomalies, and chromosomal 
aberrations. Prolonged exposure to dye waste can lead to a 
range of health problems in humans, including skin itchiness, 
headaches, nausea, diarrhea, muscle and joint pain, fatigue, 
dizziness, breathing di�culties, irregular heartbeats, loss of 
concentration in adults, dark circles under the eyes, red cheeks 
and ears, hyperactivity, learning problems in children. �ese 
health concerns highlight the importance of proper handling 
and disposal of textile dyes and their residues to minimize the 
risks to both human health and the environment [11]. 
Additionally, e�orts to develop safer and more sustainable 
dyeing processes and alternatives are essential to reduce the 
harmful impact of textile dyeing on the planet and its 
inhabitants.

 �e persistent presence of dyes in aquatic environments can 
result in bioaccumulation and biomagni�cation along the food 
chain, leading to an increase in dye concentrations within 
organisms as they progress up the chain. �is phenomenon 
poses a signi�cant risk to aquatic plants, animals, and 
ultimately, humans due to the enduring and harmful nature of 
dye molecules. �e unnatural coloration of wastewater 
containing dyes can have a profound impact on the 
photosynthetic processes of aquatic autotrophs by impeding the 
penetration of sunlight [12]. �is disruption a�ects the entire 
aquatic ecosystem. �e intricate chemical structure of synthetic 
dyes with long chains renders them stable, resistant to 
degradation, and toxic to the natural environment. 
Consequently, the substantial discharge of untreated industrial 
e�uents containing dyes into the environment, including water 
bodies, presents a severe threat to the integrity of the biological 
ecosystem [13].

Biological Systems Involved in the Discoloration of 
Industrial Toxic Dyes
As concerns about wastewater treatment continue to grow, 
regulations are becoming increasingly stringent, prompting the 

development of numerous innovative methods to enhance 
wastewater treatment e�ciency. Nevertheless, given the 
intricate nature of pollutants, there isn't a single 
"one-size-�ts-all" bioremediation technique capable of restoring 
all polluted environments. Microorganisms possess remarkable 
versatility when it comes to eliminating pollutants from 
wastewater by biodegrading persistent compounds [14]. 
Bioremediation, employing various microbes such as bacteria, 
fungi, yeasts, and algae, has demonstrated the ability to 
decolorize and fully degrade many dyes under speci�c 
environmental conditions. Recent research endeavors have 
focused extensively on microbiological approaches to address 
the decolorization of dyes [15].

 Biological degradation methods can be categorized 
according to their oxygen requirements into three main types: 
aerobic, anaerobic, and anoxic (which combine elements of 
both aerobic and anaerobic processes). �e anoxic method is 
particularly prevalent, with the initial anaerobic step being 
utilized to treat dye wastewater with high Chemical Oxygen 
Demand (COD), followed by subsequent processes for treating 
the resulting e�uents with lower COD levels [16]. When 
considering the mechanisms involved in the degradation of dye 
wastewater, two primary methods emerge biosorption and 
biodegradation. Fungi and algae are commonly employed for 
this purpose. �e cell walls of these microorganisms contain 
thiol, phosphate, amino, and carboxyl groups that bind to azo 
compounds, facilitating a rapid process that is typically 
completed within a few hours [17,18].

 In biodegradation, a complete process known as 
mineralization takes place, wherein organic compounds are 
transformed into water and carbon dioxide. During the 
biodegradation of textile dyes by bacterial strains, one 
limitation can be the di�usion of substrates into the bacterial 
cell. Fungal strains, on the other hand, tend to overcome this 
issue [19]. Among various fungal strains, white-rot fungi have 
proven to be highly e�ective at biodegradation. �ese fungi 
produce ligninolytic enzymes capable of binding to a wide 
range of textile dyes [20]. Enzymes such as lignin peroxidases 
(LiP), laccases, tyrosinases (Try), manganese peroxidases 
(MnP), NADH-DCIP reductase, azoreductase, and hexane 
oxidases can be produced by various organisms to reduce azo 
compounds. Laccases and azoreductases, in particular, have 
demonstrated signi�cant potential for decolorizing a broad 
spectrum of synthetic dyes [21]. Sometimes, under unfavorable 
environmental conditions, some cellular enzymes in organisms 
may undergo conversion into enzymes capable of degrading 
dyes. For instance, �avin reductase from E. coli can act as an 
azoreductase.

Dye decolorization by bacteria
Diverse groups of bacteria exhibit the capability to decolorize 
industrial azo and synthetic dyes, and they can do so under 
various conditions, including aerobic, anaerobic, and facultative 
anaerobic environments. Anaerobic bacteria, in particular, 
prove highly e�ective at color removal due to their production 
of azoreductases, which cleave azo bonds (-N=N-) and generate 
aromatic amines, albeit with mutagenic properties [22]. Under 
oxygen-deprived conditions, azo dyes serve as a terminal 
electron acceptor. In contrast, activated sludge processes 
primarily operate aerobically, but they are less e�cient when it 
comes to color removal. Bacterial decolorization, on the other 

hand, o�ers several advantages [23,24]. It can achieve a higher 
degree of biodegradation and mineralization, making it relevant 
for a vast range of azo dyes. Bacterial degradation is also known 
for its speed, surpassing other organisms in terms of e�ciency. 
Bacteria display remarkable pH stability and resilience under 
challenging conditions.

Dye decolorization by fungi
Fungi are increasingly recognized as highly promising 
organisms for e�ectively breaking down and mineralizing 
stubborn textile dyes due to their potent enzymatic arsenal, 
characterized by the extracellular ligninolytic enzyme system. 
Fungi's unique distinctive physical characteristics and a wide 
range of metabolic capabilities further contribute to their 
e�ectiveness in this regard [25]. �e process of fungal 
degradation encompasses a combination of adsorption and 
enzymatic degradation, or sometimes a synergistic interplay 
between the two. Bio-adsorption serves a crucial role in the 
decolorization of dyes by living fungi, and enzymatic 
degradation also signi�cantly contributes to this process [26]. 
Various enzymes come into play during this degradation, 
including azoreductases, laccases, manganese peroxidases, and 
lignin peroxidases. However, it's important to note that the 
precise mechanism behind azo dye decolorization by fungi 
remains an area of ongoing research and investigation [27].

 Fungal biodegradation, under optimal conditions 
encompassing suitable pH, temperature, and decolorization 
duration, can accomplish a remarkable color reduction 
exceeding 90%. However, it's worth noting that fungi exhibit 
limited pH stability, which constitutes a notable drawback. An 
illustrative example of a fungal strain showcasing e�ective dye 
decolorization is Ceriporia lacerata, a type of white-rot fungus 
found in decomposed mulberry branches [28]. 

Dye decolorization using yeast
Research into yeast-based decolorization and dye degradation 
has been relatively limited, with a primary focus on biosorption 
mechanisms. However, yeasts show considerable promise in the 
decolorization of various azo dyes for bioremediation purposes, 
owing to several advantageous characteristics [29]. �ese 
characteristics include their high capacity for accumulating 
dyes, including heavy metals like lead and cadmium (II), as 
demonstrated by Fairhead and �öny-Meyer in 2012 [30]. 
Yeasts also exhibit faster growth rates and more e�cient 
decolorization capabilities when compared to �lamentous 
fungi. It's important to acknowledge that wastewater sludge 
contains a diverse range of yeast strains, although they typically 
constitute a minor fraction of the microorganisms present in 
activated sludge.

 Furthermore, yeast demonstrates the capacity for enzymatic 
degradation with enhanced stability. To summarize, yeast-based 
approaches o�er distinct advantages for the removal of color 
and breakdown of dyes, especially in the bioremediation of 
textile dyes [31]. �ese advantages stem from their exceptional 
capabilities, including robust growth, e�cient decolorization, 
and adaptability to challenging environmental conditions.

Dye decolorization by algae
Algae, widely distributed in various ecosystems, are gaining 
increased recognition for their role in degrading textile dyes. 
Algae primarily function as adsorbents, setting themselves 

apart from synthetic commercial adsorbents. �ey hold the 
advantage of treating larger signi�cant volumes of dye 
wastewater as a result of their substantial biomass content, and 
they possess the capacity for biodegradation mechanisms [32]. 
Utilizing algae in the treatment process is generally more 
straightforward compared to other organisms for several 
reasons: a) utilization of dyes for growth: Algae have the ability 
to utilize dyes as a nutrient source for their own growth. b) 
transformation of dyes into other intermediates or CO2 and 
water: algae are capable of transforming dyes into di�erent 
compounds or breaking them down into carbon dioxide and 
water. c) adsorption of chromophores on algae: algae can also 
adsorb chromophores, which are responsible for the color in 
dyes [33].

 It's essential to recognize the fundamental distinction 
between biosorption and biodegradation. Biosorption pertains 
to the process of adsorbing dyes from water onto a solid phase, 
o�en referred to as bio-adsorbents [34]. In contrast, 
biodegradation involves enzymatically transforming one 
compound into another. In summary, Algae play a crucial role 
in the breakdown of textile dyes, o�ering several advantages like 
their e�cient adsorption capacity, capability to handle 
substantial volumes of dye wastewater, and their potential for 
biodegradation [35]. �ese mechanisms are indeed distinct 
from one another, with biosorption involving the adsorption of 
dyes onto solid surfaces and biodegradation entailing 
enzymatic transformation processes.

Application of Consortia-Based Mixed Bacterial 
Bioremediation
Monocultures are limited in their ability to decolorize a narrow 
range of industrial dyes and are o�en less e�cient in achieving 
complete degradation. To achieve high rates of  decolorization, 
degradation, and mineralization of dye wastewater, mixed 
microbial cultures are essential [36]. Mixed cultures o�er 
several advantages over monocultures when it comes to 
synthetic dye degradation:

Synergistic Activity: Within a mixed culture, individual strains 
may target di�erent positions on the dye molecule or utilize 
metabolites produced by other strains, resulting in a synergistic 
breakdown of the dye [37].

Adaptability: Microorganisms within mixed cultures possess a 
higher degree of adaptability to cope with toxic waste and 
develop resistance, which enables them to transform a variety of 
toxic chemicals into less harmful forms [38].

Complete Degradation: Mixed cultures can produce a range of 
enzymes that collectively facilitate the complete degradation of 
chemical compounds, ensuring a more thorough and 
comprehensive breakdown of pollutants [39].

 Bacterial consortia are widely employed for the 
decolorization of azo dyes, and they are particularly favored in 
this context. Bacteria exhibit rapid multiplication rates and 
thrive under diverse conditions, including aerobic, anaerobic, 
and anoxic environments, as well as in harsh conditions like 
high salinity and wide pH and temperature �uctuations [40]. 
�e e�ectiveness of decolorization achieved by bacterial 
consortia is o�en compared to that of monocultures, and this 
e�ciency may be attributed to the involvement of a process 
commonly called quorum sensing. Quorum sensing is a process 

by which bacteria control their gene expression within their 
community [41]. Several factors directly in�uence bacterial 
decolorization, including temperature, pH, dye structure, 
inoculum concentration, dye concentration, carbon and 
nitrogen sources, electron donors, agitation speed, oxygen 
transfer rate, redox mediators, and NaCl concentrations. �ese 
factors collectively impact the e�ciency of the decolorization 
process by bacterial consortia.

 Specially adapted bacterial strains, o�en isolated from sites 
contaminated with dyes, exhibit remarkable e�ciency in the 
removal process due to their ability to thrive in diverse and 
extreme environmental conditions [42]. In contrast, there is a 
paucity of reports concerning the decolorization of dyes by 
yeast, algal, and fungal consortia. An alternative strategy 
involves harnessing the collaborative and synergistic activity of 
a fungal-bacterial consortium, o�ering an e�ective approach for 
e�ectively eliminating a wide range of contaminants [43]. 
Several studies have revealed that co-cultures of fungi and 
bacteria exhibit heightened e�ciency and stability in the 
degradation of a mixture of complex organic compounds into 
smaller molecules [44]. 

 Bioremediation stands out as a widely adopted and e�ective 
approach for treating dye e�uents, yet it does come with certain 
challenges that require attention. �e primary issues associated 
with textile e�uents typically revolve around color, Chemical 
Oxygen Demand (COD), and other non-biodegradable 
components [45,46]. While conventional methods can now 
mitigate Biological Oxygen Demand (BOD) and COD in textile 
wastewater, bioremediation alone may not su�ce for treating all 
substances present. In such cases, the combination of 
bioremediation with other treatment methods becomes 
essential, extending the capacity to remove a broader spectrum 
of pollutants from the wastewater [47,48]. �ese amines exhibit 
signi�cant diversity in their chemical properties, making it 
challenging for biological treatment to completely remove all 
amines present in textile dye waters. Another important 
consideration is the issue of excess sludge production, which 
has the potential to cause environmental problems [49,50]. �is 
excess sludge needs to be managed e�ectively to minimize its 
environmental impact.

Conclusions
Bioremediation stands as an environmentally friendly strategy 
to mitigate the repercussions and harmful e�ects stemming 
from the intermediate byproducts generated by textile e�uent. 
Utilizing both pure cultures and consortia in bioremediation 
o�ers an e�ective and dependable means to mineralize and 
diminish the toxicity associated with dyes. �ese organisms 
employ diverse mechanisms to detoxify dyes, with a particular 
emphasis on enzyme-mediated bioremediation.

 Currently, there is a growing emphasis on the formulation of 
such consortia, primarily because they demonstrate resilience 
when exposed to adverse and challenging conditions. Moreover, 
optimizing various parameters becomes imperative to enhance 
the e�ciency of these consortia while simultaneously 
safeguarding the environmental well-being and the health of all 
life forms.
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Water is essential for life and a valuable resource for human 
civilization. However, there are millions of individuals who do 
not have access to safe and clean drinking water. Wastewater 
recovery and recycling have grown increasingly important due 
to rising water demand and water pollution. �e textile industry 
ranks among the signi�cant contributors to wastewater e�uent, 
primarily attributed to its substantial water usage during wet 
processing procedures [1]. �is e�uent includes a range of 
substances, such as dyes, acids, alkalis, hydrogen peroxide, 
starch, and surfactant dispersing agents.

 Textile dyeing and �nishing generates around 17-20% of 
global industrial wastewater. �e removal e�ciency of 
pollutants during both primary and secondary treatment 
processes is limited due to their recalcitrant nature. �is leads to 
their release into the aquatic environment, where they have the 
potential to accumulate in soil sediments and in�ltrate the 
drinking water supply chain. Synthetic dyes have been identi�ed 
as capable of producing aromatic compounds with increased 
toxicity, including mutagenic and carcinogenic properties [2]. 
�e unregulated discharge of textile wastewater poses 
signi�cant health risks and environmental harm. Typically, 
textile wastewaters exhibit coloration, with dye concentrations 
ranging from 10 to 200 mg/L. Some dyes remain visible in water 
even at concentrations as low as 1 mg/L. �ese wastewater 
discharges frequently contain pigmented substances along with 
hazardous chemicals, which can diminish soil fertility and 
severely impede the photosynthetic capabilities of plants.

 Synthetic dyes can exert adverse e�ects on plant growth, 
including the inhibition of seed germination, reduced seedling 
survival rates, and stunted shoot and root growth. Additionally, 
the presence of these dyes diminishes water's oxygen solubility 
and clarity, potentially posing a threat to aquatic organisms. 

Dyes may also prevent algal growth and photosynthesis by 
limiting the penetration of light. �e e�ect of synthetic dyes 
extends beyond plants and other organisms, impacting 
human well-being due to their toxic nature [3,4]. Stringent 
regulations now exist for the discharge of textile e�uents, 
driven by their recognized hazards to both the environment 
and society. 

 Recently, the conservation of water resources has become a 
pressing concern, prompting increased attention towards 
wastewater recovery and reuse. Various physicochemical 
methods are available for wastewater treatment, including 
adsorption, coagulation, membrane �ltration, ion exchange, 
sonication, and plasma treatment. However, these approaches 
come with drawbacks, such as high operational and energy 
costs, the generation of substantial sludge, and the production 
of harmful by-products. �ere is a growing interest in 
technologies that can yield reusable water, eliminate toxicity, 
mineralize aromatic compounds, and minimize sludge 
production [5,6]. Consequently, the utilization of living 
organisms, such as plants and microorganisms, has gained 
prominence as an alternative to conventional processes for 
wastewater treatment. �e primary focus of this paper lies in 
harnessing microorganisms for the absorption and 
degradation of toxic substances found in wastewater, 
representing a novel approach to remediate contaminated 
water.

Pollution of Toxic Dyes
Industries such as textiles and pigment-based sectors, 
including paints, photography, plastics, printing, tannery, 
rubber, paper, pharmaceuticals, and cosmetics, release a 
substantial volume of colored waste in the form of dyes into 
the environment. Globally, there are over 10,000 di�erent dyes 

and pigments commercially available, with an annual 
production exceeding 700,000 tons. Remarkably, approximately 
20% of these dyes are lost during the dyeing and printing 
processes, with nearly half of that quantity ultimately being 
discharged into the environment [7]. �e wastewater from 
textile industries comprises a diverse array of organic and 
inorganic dyes, with the majority belonging to the category of 
azo and synthetic dyes. In recent times, the escalating utilization 
of reactive azo dyes, which account for 30% of the total dye 
market, has emerged as a signi�cant source of concern in terms 
of water pollution [8]. 

Toxic Effect of Industrial Dye Molecules
Textile dyes and their associated residues, particularly aromatic 
amines, unquestionably possess a high level of toxicity, leading 
to signi�cant health concerns for a wide range of living 
organisms, including humans. �ese dyes can have various 
harmful e�ects, including being allergenic, carcinogenic, 
teratogenic, and mutagenic. �ey can damage the genetic 
material (DNA) of living organisms. Numerous textile dyes are 
manufactured using toxic chemicals like azo, nitro, benzidine, 
and anthraquinone, which can be converted into even more 
toxic forms in sediments, aquatic environments, and living 
organisms [9,10]. Certain azo dyes have been linked to several 
types of cancers in humans, such as splenic sarcomas, 
hepatocarcinomas, nuclear anomalies, and chromosomal 
aberrations. Prolonged exposure to dye waste can lead to a 
range of health problems in humans, including skin itchiness, 
headaches, nausea, diarrhea, muscle and joint pain, fatigue, 
dizziness, breathing di�culties, irregular heartbeats, loss of 
concentration in adults, dark circles under the eyes, red cheeks 
and ears, hyperactivity, learning problems in children. �ese 
health concerns highlight the importance of proper handling 
and disposal of textile dyes and their residues to minimize the 
risks to both human health and the environment [11]. 
Additionally, e�orts to develop safer and more sustainable 
dyeing processes and alternatives are essential to reduce the 
harmful impact of textile dyeing on the planet and its 
inhabitants.

 �e persistent presence of dyes in aquatic environments can 
result in bioaccumulation and biomagni�cation along the food 
chain, leading to an increase in dye concentrations within 
organisms as they progress up the chain. �is phenomenon 
poses a signi�cant risk to aquatic plants, animals, and 
ultimately, humans due to the enduring and harmful nature of 
dye molecules. �e unnatural coloration of wastewater 
containing dyes can have a profound impact on the 
photosynthetic processes of aquatic autotrophs by impeding the 
penetration of sunlight [12]. �is disruption a�ects the entire 
aquatic ecosystem. �e intricate chemical structure of synthetic 
dyes with long chains renders them stable, resistant to 
degradation, and toxic to the natural environment. 
Consequently, the substantial discharge of untreated industrial 
e�uents containing dyes into the environment, including water 
bodies, presents a severe threat to the integrity of the biological 
ecosystem [13].

Biological Systems Involved in the Discoloration of 
Industrial Toxic Dyes
As concerns about wastewater treatment continue to grow, 
regulations are becoming increasingly stringent, prompting the 

development of numerous innovative methods to enhance 
wastewater treatment e�ciency. Nevertheless, given the 
intricate nature of pollutants, there isn't a single 
"one-size-�ts-all" bioremediation technique capable of restoring 
all polluted environments. Microorganisms possess remarkable 
versatility when it comes to eliminating pollutants from 
wastewater by biodegrading persistent compounds [14]. 
Bioremediation, employing various microbes such as bacteria, 
fungi, yeasts, and algae, has demonstrated the ability to 
decolorize and fully degrade many dyes under speci�c 
environmental conditions. Recent research endeavors have 
focused extensively on microbiological approaches to address 
the decolorization of dyes [15].

 Biological degradation methods can be categorized 
according to their oxygen requirements into three main types: 
aerobic, anaerobic, and anoxic (which combine elements of 
both aerobic and anaerobic processes). �e anoxic method is 
particularly prevalent, with the initial anaerobic step being 
utilized to treat dye wastewater with high Chemical Oxygen 
Demand (COD), followed by subsequent processes for treating 
the resulting e�uents with lower COD levels [16]. When 
considering the mechanisms involved in the degradation of dye 
wastewater, two primary methods emerge biosorption and 
biodegradation. Fungi and algae are commonly employed for 
this purpose. �e cell walls of these microorganisms contain 
thiol, phosphate, amino, and carboxyl groups that bind to azo 
compounds, facilitating a rapid process that is typically 
completed within a few hours [17,18].

 In biodegradation, a complete process known as 
mineralization takes place, wherein organic compounds are 
transformed into water and carbon dioxide. During the 
biodegradation of textile dyes by bacterial strains, one 
limitation can be the di�usion of substrates into the bacterial 
cell. Fungal strains, on the other hand, tend to overcome this 
issue [19]. Among various fungal strains, white-rot fungi have 
proven to be highly e�ective at biodegradation. �ese fungi 
produce ligninolytic enzymes capable of binding to a wide 
range of textile dyes [20]. Enzymes such as lignin peroxidases 
(LiP), laccases, tyrosinases (Try), manganese peroxidases 
(MnP), NADH-DCIP reductase, azoreductase, and hexane 
oxidases can be produced by various organisms to reduce azo 
compounds. Laccases and azoreductases, in particular, have 
demonstrated signi�cant potential for decolorizing a broad 
spectrum of synthetic dyes [21]. Sometimes, under unfavorable 
environmental conditions, some cellular enzymes in organisms 
may undergo conversion into enzymes capable of degrading 
dyes. For instance, �avin reductase from E. coli can act as an 
azoreductase.

Dye decolorization by bacteria
Diverse groups of bacteria exhibit the capability to decolorize 
industrial azo and synthetic dyes, and they can do so under 
various conditions, including aerobic, anaerobic, and facultative 
anaerobic environments. Anaerobic bacteria, in particular, 
prove highly e�ective at color removal due to their production 
of azoreductases, which cleave azo bonds (-N=N-) and generate 
aromatic amines, albeit with mutagenic properties [22]. Under 
oxygen-deprived conditions, azo dyes serve as a terminal 
electron acceptor. In contrast, activated sludge processes 
primarily operate aerobically, but they are less e�cient when it 
comes to color removal. Bacterial decolorization, on the other 

hand, o�ers several advantages [23,24]. It can achieve a higher 
degree of biodegradation and mineralization, making it relevant 
for a vast range of azo dyes. Bacterial degradation is also known 
for its speed, surpassing other organisms in terms of e�ciency. 
Bacteria display remarkable pH stability and resilience under 
challenging conditions.

Dye decolorization by fungi
Fungi are increasingly recognized as highly promising 
organisms for e�ectively breaking down and mineralizing 
stubborn textile dyes due to their potent enzymatic arsenal, 
characterized by the extracellular ligninolytic enzyme system. 
Fungi's unique distinctive physical characteristics and a wide 
range of metabolic capabilities further contribute to their 
e�ectiveness in this regard [25]. �e process of fungal 
degradation encompasses a combination of adsorption and 
enzymatic degradation, or sometimes a synergistic interplay 
between the two. Bio-adsorption serves a crucial role in the 
decolorization of dyes by living fungi, and enzymatic 
degradation also signi�cantly contributes to this process [26]. 
Various enzymes come into play during this degradation, 
including azoreductases, laccases, manganese peroxidases, and 
lignin peroxidases. However, it's important to note that the 
precise mechanism behind azo dye decolorization by fungi 
remains an area of ongoing research and investigation [27].

 Fungal biodegradation, under optimal conditions 
encompassing suitable pH, temperature, and decolorization 
duration, can accomplish a remarkable color reduction 
exceeding 90%. However, it's worth noting that fungi exhibit 
limited pH stability, which constitutes a notable drawback. An 
illustrative example of a fungal strain showcasing e�ective dye 
decolorization is Ceriporia lacerata, a type of white-rot fungus 
found in decomposed mulberry branches [28]. 

Dye decolorization using yeast
Research into yeast-based decolorization and dye degradation 
has been relatively limited, with a primary focus on biosorption 
mechanisms. However, yeasts show considerable promise in the 
decolorization of various azo dyes for bioremediation purposes, 
owing to several advantageous characteristics [29]. �ese 
characteristics include their high capacity for accumulating 
dyes, including heavy metals like lead and cadmium (II), as 
demonstrated by Fairhead and �öny-Meyer in 2012 [30]. 
Yeasts also exhibit faster growth rates and more e�cient 
decolorization capabilities when compared to �lamentous 
fungi. It's important to acknowledge that wastewater sludge 
contains a diverse range of yeast strains, although they typically 
constitute a minor fraction of the microorganisms present in 
activated sludge.

 Furthermore, yeast demonstrates the capacity for enzymatic 
degradation with enhanced stability. To summarize, yeast-based 
approaches o�er distinct advantages for the removal of color 
and breakdown of dyes, especially in the bioremediation of 
textile dyes [31]. �ese advantages stem from their exceptional 
capabilities, including robust growth, e�cient decolorization, 
and adaptability to challenging environmental conditions.

Dye decolorization by algae
Algae, widely distributed in various ecosystems, are gaining 
increased recognition for their role in degrading textile dyes. 
Algae primarily function as adsorbents, setting themselves 

apart from synthetic commercial adsorbents. �ey hold the 
advantage of treating larger signi�cant volumes of dye 
wastewater as a result of their substantial biomass content, and 
they possess the capacity for biodegradation mechanisms [32]. 
Utilizing algae in the treatment process is generally more 
straightforward compared to other organisms for several 
reasons: a) utilization of dyes for growth: Algae have the ability 
to utilize dyes as a nutrient source for their own growth. b) 
transformation of dyes into other intermediates or CO2 and 
water: algae are capable of transforming dyes into di�erent 
compounds or breaking them down into carbon dioxide and 
water. c) adsorption of chromophores on algae: algae can also 
adsorb chromophores, which are responsible for the color in 
dyes [33].

 It's essential to recognize the fundamental distinction 
between biosorption and biodegradation. Biosorption pertains 
to the process of adsorbing dyes from water onto a solid phase, 
o�en referred to as bio-adsorbents [34]. In contrast, 
biodegradation involves enzymatically transforming one 
compound into another. In summary, Algae play a crucial role 
in the breakdown of textile dyes, o�ering several advantages like 
their e�cient adsorption capacity, capability to handle 
substantial volumes of dye wastewater, and their potential for 
biodegradation [35]. �ese mechanisms are indeed distinct 
from one another, with biosorption involving the adsorption of 
dyes onto solid surfaces and biodegradation entailing 
enzymatic transformation processes.

Application of Consortia-Based Mixed Bacterial 
Bioremediation
Monocultures are limited in their ability to decolorize a narrow 
range of industrial dyes and are o�en less e�cient in achieving 
complete degradation. To achieve high rates of  decolorization, 
degradation, and mineralization of dye wastewater, mixed 
microbial cultures are essential [36]. Mixed cultures o�er 
several advantages over monocultures when it comes to 
synthetic dye degradation:

Synergistic Activity: Within a mixed culture, individual strains 
may target di�erent positions on the dye molecule or utilize 
metabolites produced by other strains, resulting in a synergistic 
breakdown of the dye [37].

Adaptability: Microorganisms within mixed cultures possess a 
higher degree of adaptability to cope with toxic waste and 
develop resistance, which enables them to transform a variety of 
toxic chemicals into less harmful forms [38].

Complete Degradation: Mixed cultures can produce a range of 
enzymes that collectively facilitate the complete degradation of 
chemical compounds, ensuring a more thorough and 
comprehensive breakdown of pollutants [39].

 Bacterial consortia are widely employed for the 
decolorization of azo dyes, and they are particularly favored in 
this context. Bacteria exhibit rapid multiplication rates and 
thrive under diverse conditions, including aerobic, anaerobic, 
and anoxic environments, as well as in harsh conditions like 
high salinity and wide pH and temperature �uctuations [40]. 
�e e�ectiveness of decolorization achieved by bacterial 
consortia is o�en compared to that of monocultures, and this 
e�ciency may be attributed to the involvement of a process 
commonly called quorum sensing. Quorum sensing is a process 

by which bacteria control their gene expression within their 
community [41]. Several factors directly in�uence bacterial 
decolorization, including temperature, pH, dye structure, 
inoculum concentration, dye concentration, carbon and 
nitrogen sources, electron donors, agitation speed, oxygen 
transfer rate, redox mediators, and NaCl concentrations. �ese 
factors collectively impact the e�ciency of the decolorization 
process by bacterial consortia.

 Specially adapted bacterial strains, o�en isolated from sites 
contaminated with dyes, exhibit remarkable e�ciency in the 
removal process due to their ability to thrive in diverse and 
extreme environmental conditions [42]. In contrast, there is a 
paucity of reports concerning the decolorization of dyes by 
yeast, algal, and fungal consortia. An alternative strategy 
involves harnessing the collaborative and synergistic activity of 
a fungal-bacterial consortium, o�ering an e�ective approach for 
e�ectively eliminating a wide range of contaminants [43]. 
Several studies have revealed that co-cultures of fungi and 
bacteria exhibit heightened e�ciency and stability in the 
degradation of a mixture of complex organic compounds into 
smaller molecules [44]. 

 Bioremediation stands out as a widely adopted and e�ective 
approach for treating dye e�uents, yet it does come with certain 
challenges that require attention. �e primary issues associated 
with textile e�uents typically revolve around color, Chemical 
Oxygen Demand (COD), and other non-biodegradable 
components [45,46]. While conventional methods can now 
mitigate Biological Oxygen Demand (BOD) and COD in textile 
wastewater, bioremediation alone may not su�ce for treating all 
substances present. In such cases, the combination of 
bioremediation with other treatment methods becomes 
essential, extending the capacity to remove a broader spectrum 
of pollutants from the wastewater [47,48]. �ese amines exhibit 
signi�cant diversity in their chemical properties, making it 
challenging for biological treatment to completely remove all 
amines present in textile dye waters. Another important 
consideration is the issue of excess sludge production, which 
has the potential to cause environmental problems [49,50]. �is 
excess sludge needs to be managed e�ectively to minimize its 
environmental impact.

Conclusions
Bioremediation stands as an environmentally friendly strategy 
to mitigate the repercussions and harmful e�ects stemming 
from the intermediate byproducts generated by textile e�uent. 
Utilizing both pure cultures and consortia in bioremediation 
o�ers an e�ective and dependable means to mineralize and 
diminish the toxicity associated with dyes. �ese organisms 
employ diverse mechanisms to detoxify dyes, with a particular 
emphasis on enzyme-mediated bioremediation.

 Currently, there is a growing emphasis on the formulation of 
such consortia, primarily because they demonstrate resilience 
when exposed to adverse and challenging conditions. Moreover, 
optimizing various parameters becomes imperative to enhance 
the e�ciency of these consortia while simultaneously 
safeguarding the environmental well-being and the health of all 
life forms.
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Water is essential for life and a valuable resource for human 
civilization. However, there are millions of individuals who do 
not have access to safe and clean drinking water. Wastewater 
recovery and recycling have grown increasingly important due 
to rising water demand and water pollution. �e textile industry 
ranks among the signi�cant contributors to wastewater e�uent, 
primarily attributed to its substantial water usage during wet 
processing procedures [1]. �is e�uent includes a range of 
substances, such as dyes, acids, alkalis, hydrogen peroxide, 
starch, and surfactant dispersing agents.

 Textile dyeing and �nishing generates around 17-20% of 
global industrial wastewater. �e removal e�ciency of 
pollutants during both primary and secondary treatment 
processes is limited due to their recalcitrant nature. �is leads to 
their release into the aquatic environment, where they have the 
potential to accumulate in soil sediments and in�ltrate the 
drinking water supply chain. Synthetic dyes have been identi�ed 
as capable of producing aromatic compounds with increased 
toxicity, including mutagenic and carcinogenic properties [2]. 
�e unregulated discharge of textile wastewater poses 
signi�cant health risks and environmental harm. Typically, 
textile wastewaters exhibit coloration, with dye concentrations 
ranging from 10 to 200 mg/L. Some dyes remain visible in water 
even at concentrations as low as 1 mg/L. �ese wastewater 
discharges frequently contain pigmented substances along with 
hazardous chemicals, which can diminish soil fertility and 
severely impede the photosynthetic capabilities of plants.

 Synthetic dyes can exert adverse e�ects on plant growth, 
including the inhibition of seed germination, reduced seedling 
survival rates, and stunted shoot and root growth. Additionally, 
the presence of these dyes diminishes water's oxygen solubility 
and clarity, potentially posing a threat to aquatic organisms. 

Dyes may also prevent algal growth and photosynthesis by 
limiting the penetration of light. �e e�ect of synthetic dyes 
extends beyond plants and other organisms, impacting 
human well-being due to their toxic nature [3,4]. Stringent 
regulations now exist for the discharge of textile e�uents, 
driven by their recognized hazards to both the environment 
and society. 

 Recently, the conservation of water resources has become a 
pressing concern, prompting increased attention towards 
wastewater recovery and reuse. Various physicochemical 
methods are available for wastewater treatment, including 
adsorption, coagulation, membrane �ltration, ion exchange, 
sonication, and plasma treatment. However, these approaches 
come with drawbacks, such as high operational and energy 
costs, the generation of substantial sludge, and the production 
of harmful by-products. �ere is a growing interest in 
technologies that can yield reusable water, eliminate toxicity, 
mineralize aromatic compounds, and minimize sludge 
production [5,6]. Consequently, the utilization of living 
organisms, such as plants and microorganisms, has gained 
prominence as an alternative to conventional processes for 
wastewater treatment. �e primary focus of this paper lies in 
harnessing microorganisms for the absorption and 
degradation of toxic substances found in wastewater, 
representing a novel approach to remediate contaminated 
water.

Pollution of Toxic Dyes
Industries such as textiles and pigment-based sectors, 
including paints, photography, plastics, printing, tannery, 
rubber, paper, pharmaceuticals, and cosmetics, release a 
substantial volume of colored waste in the form of dyes into 
the environment. Globally, there are over 10,000 di�erent dyes 

and pigments commercially available, with an annual 
production exceeding 700,000 tons. Remarkably, approximately 
20% of these dyes are lost during the dyeing and printing 
processes, with nearly half of that quantity ultimately being 
discharged into the environment [7]. �e wastewater from 
textile industries comprises a diverse array of organic and 
inorganic dyes, with the majority belonging to the category of 
azo and synthetic dyes. In recent times, the escalating utilization 
of reactive azo dyes, which account for 30% of the total dye 
market, has emerged as a signi�cant source of concern in terms 
of water pollution [8]. 

Toxic Effect of Industrial Dye Molecules
Textile dyes and their associated residues, particularly aromatic 
amines, unquestionably possess a high level of toxicity, leading 
to signi�cant health concerns for a wide range of living 
organisms, including humans. �ese dyes can have various 
harmful e�ects, including being allergenic, carcinogenic, 
teratogenic, and mutagenic. �ey can damage the genetic 
material (DNA) of living organisms. Numerous textile dyes are 
manufactured using toxic chemicals like azo, nitro, benzidine, 
and anthraquinone, which can be converted into even more 
toxic forms in sediments, aquatic environments, and living 
organisms [9,10]. Certain azo dyes have been linked to several 
types of cancers in humans, such as splenic sarcomas, 
hepatocarcinomas, nuclear anomalies, and chromosomal 
aberrations. Prolonged exposure to dye waste can lead to a 
range of health problems in humans, including skin itchiness, 
headaches, nausea, diarrhea, muscle and joint pain, fatigue, 
dizziness, breathing di�culties, irregular heartbeats, loss of 
concentration in adults, dark circles under the eyes, red cheeks 
and ears, hyperactivity, learning problems in children. �ese 
health concerns highlight the importance of proper handling 
and disposal of textile dyes and their residues to minimize the 
risks to both human health and the environment [11]. 
Additionally, e�orts to develop safer and more sustainable 
dyeing processes and alternatives are essential to reduce the 
harmful impact of textile dyeing on the planet and its 
inhabitants.

 �e persistent presence of dyes in aquatic environments can 
result in bioaccumulation and biomagni�cation along the food 
chain, leading to an increase in dye concentrations within 
organisms as they progress up the chain. �is phenomenon 
poses a signi�cant risk to aquatic plants, animals, and 
ultimately, humans due to the enduring and harmful nature of 
dye molecules. �e unnatural coloration of wastewater 
containing dyes can have a profound impact on the 
photosynthetic processes of aquatic autotrophs by impeding the 
penetration of sunlight [12]. �is disruption a�ects the entire 
aquatic ecosystem. �e intricate chemical structure of synthetic 
dyes with long chains renders them stable, resistant to 
degradation, and toxic to the natural environment. 
Consequently, the substantial discharge of untreated industrial 
e�uents containing dyes into the environment, including water 
bodies, presents a severe threat to the integrity of the biological 
ecosystem [13].

Biological Systems Involved in the Discoloration of 
Industrial Toxic Dyes
As concerns about wastewater treatment continue to grow, 
regulations are becoming increasingly stringent, prompting the 

development of numerous innovative methods to enhance 
wastewater treatment e�ciency. Nevertheless, given the 
intricate nature of pollutants, there isn't a single 
"one-size-�ts-all" bioremediation technique capable of restoring 
all polluted environments. Microorganisms possess remarkable 
versatility when it comes to eliminating pollutants from 
wastewater by biodegrading persistent compounds [14]. 
Bioremediation, employing various microbes such as bacteria, 
fungi, yeasts, and algae, has demonstrated the ability to 
decolorize and fully degrade many dyes under speci�c 
environmental conditions. Recent research endeavors have 
focused extensively on microbiological approaches to address 
the decolorization of dyes [15].

 Biological degradation methods can be categorized 
according to their oxygen requirements into three main types: 
aerobic, anaerobic, and anoxic (which combine elements of 
both aerobic and anaerobic processes). �e anoxic method is 
particularly prevalent, with the initial anaerobic step being 
utilized to treat dye wastewater with high Chemical Oxygen 
Demand (COD), followed by subsequent processes for treating 
the resulting e�uents with lower COD levels [16]. When 
considering the mechanisms involved in the degradation of dye 
wastewater, two primary methods emerge biosorption and 
biodegradation. Fungi and algae are commonly employed for 
this purpose. �e cell walls of these microorganisms contain 
thiol, phosphate, amino, and carboxyl groups that bind to azo 
compounds, facilitating a rapid process that is typically 
completed within a few hours [17,18].

 In biodegradation, a complete process known as 
mineralization takes place, wherein organic compounds are 
transformed into water and carbon dioxide. During the 
biodegradation of textile dyes by bacterial strains, one 
limitation can be the di�usion of substrates into the bacterial 
cell. Fungal strains, on the other hand, tend to overcome this 
issue [19]. Among various fungal strains, white-rot fungi have 
proven to be highly e�ective at biodegradation. �ese fungi 
produce ligninolytic enzymes capable of binding to a wide 
range of textile dyes [20]. Enzymes such as lignin peroxidases 
(LiP), laccases, tyrosinases (Try), manganese peroxidases 
(MnP), NADH-DCIP reductase, azoreductase, and hexane 
oxidases can be produced by various organisms to reduce azo 
compounds. Laccases and azoreductases, in particular, have 
demonstrated signi�cant potential for decolorizing a broad 
spectrum of synthetic dyes [21]. Sometimes, under unfavorable 
environmental conditions, some cellular enzymes in organisms 
may undergo conversion into enzymes capable of degrading 
dyes. For instance, �avin reductase from E. coli can act as an 
azoreductase.

Dye decolorization by bacteria
Diverse groups of bacteria exhibit the capability to decolorize 
industrial azo and synthetic dyes, and they can do so under 
various conditions, including aerobic, anaerobic, and facultative 
anaerobic environments. Anaerobic bacteria, in particular, 
prove highly e�ective at color removal due to their production 
of azoreductases, which cleave azo bonds (-N=N-) and generate 
aromatic amines, albeit with mutagenic properties [22]. Under 
oxygen-deprived conditions, azo dyes serve as a terminal 
electron acceptor. In contrast, activated sludge processes 
primarily operate aerobically, but they are less e�cient when it 
comes to color removal. Bacterial decolorization, on the other 

hand, o�ers several advantages [23,24]. It can achieve a higher 
degree of biodegradation and mineralization, making it relevant 
for a vast range of azo dyes. Bacterial degradation is also known 
for its speed, surpassing other organisms in terms of e�ciency. 
Bacteria display remarkable pH stability and resilience under 
challenging conditions.

Dye decolorization by fungi
Fungi are increasingly recognized as highly promising 
organisms for e�ectively breaking down and mineralizing 
stubborn textile dyes due to their potent enzymatic arsenal, 
characterized by the extracellular ligninolytic enzyme system. 
Fungi's unique distinctive physical characteristics and a wide 
range of metabolic capabilities further contribute to their 
e�ectiveness in this regard [25]. �e process of fungal 
degradation encompasses a combination of adsorption and 
enzymatic degradation, or sometimes a synergistic interplay 
between the two. Bio-adsorption serves a crucial role in the 
decolorization of dyes by living fungi, and enzymatic 
degradation also signi�cantly contributes to this process [26]. 
Various enzymes come into play during this degradation, 
including azoreductases, laccases, manganese peroxidases, and 
lignin peroxidases. However, it's important to note that the 
precise mechanism behind azo dye decolorization by fungi 
remains an area of ongoing research and investigation [27].

 Fungal biodegradation, under optimal conditions 
encompassing suitable pH, temperature, and decolorization 
duration, can accomplish a remarkable color reduction 
exceeding 90%. However, it's worth noting that fungi exhibit 
limited pH stability, which constitutes a notable drawback. An 
illustrative example of a fungal strain showcasing e�ective dye 
decolorization is Ceriporia lacerata, a type of white-rot fungus 
found in decomposed mulberry branches [28]. 

Dye decolorization using yeast
Research into yeast-based decolorization and dye degradation 
has been relatively limited, with a primary focus on biosorption 
mechanisms. However, yeasts show considerable promise in the 
decolorization of various azo dyes for bioremediation purposes, 
owing to several advantageous characteristics [29]. �ese 
characteristics include their high capacity for accumulating 
dyes, including heavy metals like lead and cadmium (II), as 
demonstrated by Fairhead and �öny-Meyer in 2012 [30]. 
Yeasts also exhibit faster growth rates and more e�cient 
decolorization capabilities when compared to �lamentous 
fungi. It's important to acknowledge that wastewater sludge 
contains a diverse range of yeast strains, although they typically 
constitute a minor fraction of the microorganisms present in 
activated sludge.

 Furthermore, yeast demonstrates the capacity for enzymatic 
degradation with enhanced stability. To summarize, yeast-based 
approaches o�er distinct advantages for the removal of color 
and breakdown of dyes, especially in the bioremediation of 
textile dyes [31]. �ese advantages stem from their exceptional 
capabilities, including robust growth, e�cient decolorization, 
and adaptability to challenging environmental conditions.

Dye decolorization by algae
Algae, widely distributed in various ecosystems, are gaining 
increased recognition for their role in degrading textile dyes. 
Algae primarily function as adsorbents, setting themselves 

apart from synthetic commercial adsorbents. �ey hold the 
advantage of treating larger signi�cant volumes of dye 
wastewater as a result of their substantial biomass content, and 
they possess the capacity for biodegradation mechanisms [32]. 
Utilizing algae in the treatment process is generally more 
straightforward compared to other organisms for several 
reasons: a) utilization of dyes for growth: Algae have the ability 
to utilize dyes as a nutrient source for their own growth. b) 
transformation of dyes into other intermediates or CO2 and 
water: algae are capable of transforming dyes into di�erent 
compounds or breaking them down into carbon dioxide and 
water. c) adsorption of chromophores on algae: algae can also 
adsorb chromophores, which are responsible for the color in 
dyes [33].

 It's essential to recognize the fundamental distinction 
between biosorption and biodegradation. Biosorption pertains 
to the process of adsorbing dyes from water onto a solid phase, 
o�en referred to as bio-adsorbents [34]. In contrast, 
biodegradation involves enzymatically transforming one 
compound into another. In summary, Algae play a crucial role 
in the breakdown of textile dyes, o�ering several advantages like 
their e�cient adsorption capacity, capability to handle 
substantial volumes of dye wastewater, and their potential for 
biodegradation [35]. �ese mechanisms are indeed distinct 
from one another, with biosorption involving the adsorption of 
dyes onto solid surfaces and biodegradation entailing 
enzymatic transformation processes.

Application of Consortia-Based Mixed Bacterial 
Bioremediation
Monocultures are limited in their ability to decolorize a narrow 
range of industrial dyes and are o�en less e�cient in achieving 
complete degradation. To achieve high rates of  decolorization, 
degradation, and mineralization of dye wastewater, mixed 
microbial cultures are essential [36]. Mixed cultures o�er 
several advantages over monocultures when it comes to 
synthetic dye degradation:

Synergistic Activity: Within a mixed culture, individual strains 
may target di�erent positions on the dye molecule or utilize 
metabolites produced by other strains, resulting in a synergistic 
breakdown of the dye [37].

Adaptability: Microorganisms within mixed cultures possess a 
higher degree of adaptability to cope with toxic waste and 
develop resistance, which enables them to transform a variety of 
toxic chemicals into less harmful forms [38].

Complete Degradation: Mixed cultures can produce a range of 
enzymes that collectively facilitate the complete degradation of 
chemical compounds, ensuring a more thorough and 
comprehensive breakdown of pollutants [39].

 Bacterial consortia are widely employed for the 
decolorization of azo dyes, and they are particularly favored in 
this context. Bacteria exhibit rapid multiplication rates and 
thrive under diverse conditions, including aerobic, anaerobic, 
and anoxic environments, as well as in harsh conditions like 
high salinity and wide pH and temperature �uctuations [40]. 
�e e�ectiveness of decolorization achieved by bacterial 
consortia is o�en compared to that of monocultures, and this 
e�ciency may be attributed to the involvement of a process 
commonly called quorum sensing. Quorum sensing is a process 

by which bacteria control their gene expression within their 
community [41]. Several factors directly in�uence bacterial 
decolorization, including temperature, pH, dye structure, 
inoculum concentration, dye concentration, carbon and 
nitrogen sources, electron donors, agitation speed, oxygen 
transfer rate, redox mediators, and NaCl concentrations. �ese 
factors collectively impact the e�ciency of the decolorization 
process by bacterial consortia.

 Specially adapted bacterial strains, o�en isolated from sites 
contaminated with dyes, exhibit remarkable e�ciency in the 
removal process due to their ability to thrive in diverse and 
extreme environmental conditions [42]. In contrast, there is a 
paucity of reports concerning the decolorization of dyes by 
yeast, algal, and fungal consortia. An alternative strategy 
involves harnessing the collaborative and synergistic activity of 
a fungal-bacterial consortium, o�ering an e�ective approach for 
e�ectively eliminating a wide range of contaminants [43]. 
Several studies have revealed that co-cultures of fungi and 
bacteria exhibit heightened e�ciency and stability in the 
degradation of a mixture of complex organic compounds into 
smaller molecules [44]. 

 Bioremediation stands out as a widely adopted and e�ective 
approach for treating dye e�uents, yet it does come with certain 
challenges that require attention. �e primary issues associated 
with textile e�uents typically revolve around color, Chemical 
Oxygen Demand (COD), and other non-biodegradable 
components [45,46]. While conventional methods can now 
mitigate Biological Oxygen Demand (BOD) and COD in textile 
wastewater, bioremediation alone may not su�ce for treating all 
substances present. In such cases, the combination of 
bioremediation with other treatment methods becomes 
essential, extending the capacity to remove a broader spectrum 
of pollutants from the wastewater [47,48]. �ese amines exhibit 
signi�cant diversity in their chemical properties, making it 
challenging for biological treatment to completely remove all 
amines present in textile dye waters. Another important 
consideration is the issue of excess sludge production, which 
has the potential to cause environmental problems [49,50]. �is 
excess sludge needs to be managed e�ectively to minimize its 
environmental impact.

Conclusions
Bioremediation stands as an environmentally friendly strategy 
to mitigate the repercussions and harmful e�ects stemming 
from the intermediate byproducts generated by textile e�uent. 
Utilizing both pure cultures and consortia in bioremediation 
o�ers an e�ective and dependable means to mineralize and 
diminish the toxicity associated with dyes. �ese organisms 
employ diverse mechanisms to detoxify dyes, with a particular 
emphasis on enzyme-mediated bioremediation.

 Currently, there is a growing emphasis on the formulation of 
such consortia, primarily because they demonstrate resilience 
when exposed to adverse and challenging conditions. Moreover, 
optimizing various parameters becomes imperative to enhance 
the e�ciency of these consortia while simultaneously 
safeguarding the environmental well-being and the health of all 
life forms.

Disclosure statement 
No potential con�ict of interest was reported by the authors.

References
1. Abraham TE, Senan RC, Sha�qu TS, Roy JJ, Poulose TP, �omas 

PP. Bioremediation of textile azo dyes by an aerobic bacterial 
consortium using a rotating biological contactor. Biotechnol Prog. 
2003;19(4):1372-1376. https://doi.org/10.1021/bp034062f 

2. Aghaie-Khouzani M, Forootanfar H, Moshfegh M, Khoshayand 
MR, Faramarzi MA. Decolorization of some synthetic dyes using 
optimized culture broth of laccase producing ascomycete 
Paraconiothyrium variabile. Biochem Eng J. 2012;60:9-15.             .  
https://doi.org/10.1016/j.bej.2011.09.002 

3. Ahmad A, Mohd-Setapar SH, Chuong CS, Khatoon A, Wani WA, 
Kumar R, et al. Recent advances in new generation dye removal 
technologies: novel search for approaches to reprocess wastewater. 
RSC Adv. 2015;5(39):30801-30818.                 .  
https://doi.org/10.1039/C4RA16959J 

4. Ajaz M, Elahi A and Rehman A. Degradation of azo dye by 
bacterium, Alishewanella sp. CBL-2 isolated from industrial 
e�uent and its potential use in decontamination of wastewater. J 
Water Reuse Desalin. 2018;8(4):507-515.              . 
https://doi.org/10.2166/wrd.2018.065 

5. Bafana A, Devi SS and Chakrabarti T. Azo dyes: past, present and 
the future. Environ Rev. 2011;19:350-371.                    .  
https://doi.org/10.1139/a11-018 

6. Behera SS, Das S, Parhi PK, Tripathy SK, Mohapatra RK, Debata M. 
Kinetics, thermodynamics and isotherm studies on adsorption of 
methyl orange from aqueous solution using ion exchange resin 
Amberlite IRA-400. Desalin Water Treat. 2017;60:249-260. 
https://doi.org/10.5004/dwt.2017.0171 

7. Bhattacharya A, Goyal N, Gupta A. Degradation of azo dye methyl 
red by alkaliphilic, halotolerant Nesterenkonia lacusekhoensis 
EMLA3: application in alkaline and salt-rich dyeing e�uent 
treatment. Extremophiles. 2017;21:479-490.                    . 
https://doi.org/10.1007/s00792-017-0918-2 

8. Sabaruddin MF, Nor MH, Mubarak MF, Rashid NA, Far CG, 
Youichi S, et al. Biodecolourisation of acid red 27 Dye by 
Citrobacter freundii A1 and Enterococcus casseli�avus bacterial 
consortium. Mal J Fund Appl Sci. 2018;14(2):202-207.             .  
https://doi.org/10.11113/mjfas.v14n2.961 

9. Fu L, Bai YN, Lu YZ, Ding J, Zhou D, Zeng RJ. Degradation of 
organic pollutants by anaerobic methane-oxidizing 
microorganisms using methyl orange as example. J Hazard Mater. 
2019;364:264-271. https://doi.org/10.1016/j.jhazmat.2018.10.036 

10. Cao J, Sanganyado E, Liu W, Zhang W, Liu Y. Decolorization and 
detoxi�cation of Direct Blue 2B by indigenous bacterial 
consortium. J Environ Manage. 2019;242:229-237.             .   
https://doi.org/10.1016/j.jenvman.2019.04.067 

11. Cardoso NF, Lima EC, Royer B, Bach MV, Dotto GL, Pinto LA, et al. 
Comparison of Spirulina platensis microalgae and commercial 
activated carbon as adsorbents for the removal of Reactive Red 120 
dye from aqueous e�uents. J Hazard Mater. 2012;241-242:146-153. 
https://doi.org/10.1016/j.jhazmat.2012.09.026 

12. Cervantes FJ. Environmental Technologies to treat Nitrogen 
Pollution. London: IWA Publishing; 2009.              .  
https://doi.org/10.2166/9781780401799

13. Chatha SA, Asgher M, Iqbal HM. Enzyme-based solutions for 
textile processing and dye contaminant biodegradation—a review. 
Environ Sci Pollut Res. 2017;24:14005-14018.             .  
https://doi.org/10.1007/s11356-017-8998-1 

14. Dellamatrice PM, Silva-Stenico ME, Moraes LA, Fiore MF, 
Monteiro RT. Degradation of textile dyes by cyanobacteria. Braz J 
Microbiol. 2017;48(1):25-31.                                .  
https://doi.org/10.1016/j.bjm.2016.09.012 

15. Eichlerová I, Homolka L, Lisá L, Nerud F. Orange G and Remazol 
Brilliant Blue R decolorization by white rot fungi Dichomitus 
squalens, Ischnoderma resinosum and Pleurotus calyptratus. 
Chemosphere. 2005;60(3):398-404.                            . 
https://doi.org/10.1016/j.chemosphere.2004.12.036 

16. El Bouraie M, El Din WS. Biodegradation of Reactive Black 5 by 

Aeromonas hydrophila strain isolated from dye-contaminated 
textile wastewater. Sustain Environ Res. 2016;26(5):209-216. 
https://doi.org/10.1016/j.serj.2016.04.014 

17. El-Sheekh MM, Gharieb MM, Abou-El-Souod GW. Biodegradation 
of dyes by some green algae and cyanobacteria. Int Biodeterior 
Biodegradation. 2009;63(6):699-704.                           .  
https://doi.org/10.1016/j.ibiod.2009.04.010 

18. Fouda A, Hassan S, Azab M, Saied E. Decolorization of Di�erent 
azo dyes and detoxi�cation of dyeing wastewater by Pseudomonas 
stutzeri (SB_13) isolated from textile dyes e�uent. British 
Biotechnol J. 2016;15(4):1-8.                                .  
https://doi.org/10.9734/BBJ/2016/28363 

19. Ghasemi F, Tabandeh F, Bambai B, Rao KS. Decolorization of 
di�erent azo dyes by Phanerochaete chrysosporium RP78 under 
optimal condition. Int J Environ Sci Technol (Tehran). 2010;7: 
457-464. https://doi.org/10.1007/BF03326155 

20. Ghosh A, Dastidar MG, Sreekrishnan TR. Bioremediation of 
chromium complex dyes and treatment of sludge generated during 
the process. Int Biodeterior Biodegradation. 2017;119:448-460. 
https://doi.org/10.1016/j.ibiod.2016.08.013 

21. Kousha M, Daneshvar E, Sohrabi MS, Jokar M, Bhatnagar A. 
Adsorption of acid orange II dye by raw and chemically modi�ed 
brown macroalga Stoechospermum marginatum. Chem Eng J. 
2012;192:67-76. https://doi.org/10.1016/j.cej.2012.03.057 

22. Kulkarni AN, Kadam AA, Kachole MS, Govindwar SP. Lichen 
Permelia perlata: A novel system for biodegradation and 
detoxi�cation of disperse dye Solvent Red 24. J Hazard Mater. 
2014;276:461-468. https://doi.org/10.1016/j.jhazmat.2014.05.055 

23. Lade H, Kadam A, Paul D, Govindwar S. Biodegradation and 
detoxi�cation of textile azo dyes by bacterial consortium under 
sequential microaerophilic/aerobic processes. EXCLI J. 2015;14: 
158. https://doi.org/10.17179/excli2014-642 

24. Lade H, Kadam A, Paul D, Govindwar S. Exploring the potential of 
fungal-bacterial consortium for low-cost biodegradation and 
detoxi�cation of textile e�uent. Arch Environ Prot. 2016;42(4): 
12-21. https://doi.org/10.1515/aep-2016-0042 

25. Madhushika HG, Ariyadasa TU, Gunawardena SH. 
Decolourization of Reactive Red EXF Dye by Isolated Strain 
Proteus Mirabilis. Moratuwa Engineering Research Conference 
(MERCon). 2018:231-234.                           .  
https://doi.org/10.1109/MERCon.2018.8421983 

26. Fairhead M, �öny-Meyer L. Bacterial tyrosinases: old enzymes 
with new relevance to biotechnology. N Biotechnol. 2012;29(2): 
183-191. https://doi.org/10.1016/j.nbt.2011.05.007 

27. Mahmoud MS, Mostafa MK, Mohamed SA, Sobhy NA, Nasr M. 
Bioremediation of red azo dye from aqueous solutions by 
Aspergillus niger strain isolated from textile wastewater. J Environ 
Chen Eng. 2017;5(1):547-554.                         . 
https://doi.org/10.1016/j.jece.2016.12.030 

28. Mani S, Chowdhary P, Bharagava RN. Textile wastewater dyes: 
toxicity pro�le and treatment approaches. In: Bharagava R, 
Chowdhary P(eds.) Emerging and eco-friendly approaches for 
waste management. Singapore: Springer; 2018.              . 
https://doi.org/10.1007/978-981-10-8669-4_11 

29. Pathak VV, Kothari R, Chopra AK, Singh DP. Experimental and 
kinetic studies for phycoremediation and dye removal by Chlorella 
pyrenoidosa from textile wastewater. J Environ Manage. 2015;163: 
270-277. https://doi.org/10.1016/j.jenvman.2015.08.041 

30. Paul SA, Chavan SK, Khambe SD. Studies on characterization of 
textile industrial waste water in Solapur city. Int J Chem Sci. 
2012;10(2):635-642. 

31. Pearce CI, Lloyd JR, Guthrie JT. �e removal of colour from textile 
wastewater using whole bacterial cells: a review. Dyes pigm. 2003;58 
(3):179-196. https://doi.org/10.1016/S0143-7208(03)00064-0 

32. Raman CD, Kanmani SJ. Textile dye degradation using nano zero 
valent iron: a review. J Environ Manage. 2016;177:341-355. 
https://doi.org/10.1016/j.jenvman.2016.04.034 

33. Rathod J, Archana G. Molecular �ngerprinting of bacterial 
communities in enriched azo dye (Reactive Violet 5R) decolorising 

native acclimatised bacterial consortia. Bioresour Technol. 2013; 
142:436-444. https://doi.org/10.1016/j.biortech.2013.05.057 

34. Robinson T, McMullan G, Marchant R, Nigam P. Remediation of 
dyes in textile e�uent: a critical review on current treatment 
technologies with a proposed alternative. Bioresour Technol. 2001;77 
(3):247-255. https://doi.org/10.1016/s0960-8524(00)00080-8 

35. Roy U, Manna S, Sengupta S, Das P, Datta S, Mukhopadhyay A et al. 
Dye removal using microbial biosorbents. In: Crin G, Lichtfouse E, 
(eds.) Green Adsorbents for Pollutant Removal: Innovative 
materials. Switzerland: Springer;2018.                      .  
https://doi.org/10.1007/978-3-319-92162-4_8 

36. Russ R, Rau J, Stolz A. �e function of cytoplasmic �avin reductases in 
the reduction of azo dyes by bacteria. Appl Environ Microbiol. 2000;66 
(4):1429-1434. https://doi.org/10.1128/aem.66.4.1429-1434.2000 

37. Fairhead M, �öny-Meyer L. Bacterial tyrosinases: old enzymes 
with new relevance to biotechnology. N Biotechnol. 2012;29(2): 
183-191. https://doi.org/10.1016/j.nbt.2011.05.007 

38. Salter-Blanc AJ, Bylaska EJ, Lyon MA, Ness SC, Tratnyek PG. 
Structure–activity relationships for rates of aromatic amine 
oxidation by manganese dioxide. Environ Sci Technol. 2016;50(10): 
5094-5102. https://doi.org/10.1021/acs.est.6b00924 

39. Saratale RG, Saratale GD, Chang JS, Govindwar SP. Ecofriendly 
degradation of sulfonated diazo dye CI Reactive Green 19A using 
Micrococcus glutamicus NCIM-2168. Bioresour Technol. 2009;100 
(17):3897-3905. https://doi.org/10.1016/j.biortech.2009.03.051 

40. Perumal SM, Munuswamy D, Sellamuthu PS, Kandasamy M, 
Puthupalayam TK. Biosorption of Textile Dyes and E�uents by 
Pleurotus�orida and Trametes Hirsutawith evaluation of their 
laccase activity. Iran J Biotechnol. 2007;5(2):114-118.             .  
https://www.ijbiotech.com/article_7030.html

41. Xiang X, Chen X, Dai R, Luo Y, Ma P, Ni S, et al. Anaerobic 
digestion of recalcitrant textile dyeing sludge with alternative 
pretreatment strategies. Bioresour Technol. 2016;222:252-260. 
https://doi.org/10.1016/j.biortech.2016.09.098 

42. Yang Q, Yang M, Pritsch K, Yediler A, Hagn A, Schloter M, et al. 
Decolorization of synthetic dyes and production of 
manganese-dependent peroxidase by new fungal isolates. 
Biotechnol Lett. 2003;25:709-713.                 .  
https://doi.org/10.1023/a:1023454513952 

43. Yang SF, Li XY and Yu HQ. Formation and characterization of 
fungal and bacterial granules under di�erent feeding alkalinity and 
pH conditions. Process Biochem. 2008;43:8-14.             .  
https://doi.org/10.1016/j.procbio.2007.10.008 

44. Yemendzhiev H, Alexieva Z, Krastanov A. Decolorization of 
synthetic dye reactive blue 4 by mycelial culture of white-rot fungi 
Trametes versicolor 1. Biotechnol Biotechnol Equip. 2009;23(3): 
1337-1339. https://doi.org/10.1080/13102818.2009.10817665 

45. Wang N, Chu Y, Zhao Z, Xu X. Decolorization and degradation of 
Congo red by a newly isolated white rot fungus, Ceriporia lacerata, 
from decayed mulberry branches. Int Biodeterior Biodegradation. 
2017;117:236-244. https://doi.org/10.1016/j.ibiod.2016.12.015 

46. Wang Z, Xue M, Huang K, Liu Z. Textile dyeing wastewater 
treatment. In: Hauser PJ, (eds.) Advances in treating textile e�uent. 
London: IntechOpen Limited; 2011. https://doi.org/10.5772/22670 

47. Weisburger JH. Comments on the history and importance of 
aromatic and heterocyclic amines in public health. Mutat Res. 
2002;506:9-20. https://doi.org/10.1016/s0027-5107(02)00147-1 

48. Yuan X, Zhang X, Chen X, Kong D, Liu X and Shen S. Synergistic 
degradation of crude oil by indigenous bacterial consortium and 
exogenous fungus Scedosporium boydii. Bioresour Technol. 
2018,264:190-197. https://doi.org/10.1016/j.biortech.2018.05.072 

49. Zahran SA, Ali-Tammam M, Hashem AM, Aziz RK, Ali AE. 
Azoreductase activity of dye-decolorizing bacteria isolated from the 
human gut microbiota. Sci Rep. 2019;9(1):5508.             .  
https://doi.org/10.1038/s41598-019-41894-8 

50. Zhang SJ, Yang M, Yang QX, Zhang Y, Xin BP, Pan F. Biosorption of 
reactive dyes by the mycelium pellets of a new isolate of Penicillium 
oxalicum. Biotechnol Lett. 2003;25:1479-1482.                 . 
https://doi.org/10.1023/a:1025036407588 

J. Microbiol. Infect., 2024, 1, 10-14 © Reseapro Journals 2024
https://doi.org/10.61577/jmi.2024.100002

JOURNAL OF MICROBIOLOGY AND INFECTION                                                          
2024, VOL. 2

13



Water is essential for life and a valuable resource for human 
civilization. However, there are millions of individuals who do 
not have access to safe and clean drinking water. Wastewater 
recovery and recycling have grown increasingly important due 
to rising water demand and water pollution. �e textile industry 
ranks among the signi�cant contributors to wastewater e�uent, 
primarily attributed to its substantial water usage during wet 
processing procedures [1]. �is e�uent includes a range of 
substances, such as dyes, acids, alkalis, hydrogen peroxide, 
starch, and surfactant dispersing agents.

 Textile dyeing and �nishing generates around 17-20% of 
global industrial wastewater. �e removal e�ciency of 
pollutants during both primary and secondary treatment 
processes is limited due to their recalcitrant nature. �is leads to 
their release into the aquatic environment, where they have the 
potential to accumulate in soil sediments and in�ltrate the 
drinking water supply chain. Synthetic dyes have been identi�ed 
as capable of producing aromatic compounds with increased 
toxicity, including mutagenic and carcinogenic properties [2]. 
�e unregulated discharge of textile wastewater poses 
signi�cant health risks and environmental harm. Typically, 
textile wastewaters exhibit coloration, with dye concentrations 
ranging from 10 to 200 mg/L. Some dyes remain visible in water 
even at concentrations as low as 1 mg/L. �ese wastewater 
discharges frequently contain pigmented substances along with 
hazardous chemicals, which can diminish soil fertility and 
severely impede the photosynthetic capabilities of plants.

 Synthetic dyes can exert adverse e�ects on plant growth, 
including the inhibition of seed germination, reduced seedling 
survival rates, and stunted shoot and root growth. Additionally, 
the presence of these dyes diminishes water's oxygen solubility 
and clarity, potentially posing a threat to aquatic organisms. 

Dyes may also prevent algal growth and photosynthesis by 
limiting the penetration of light. �e e�ect of synthetic dyes 
extends beyond plants and other organisms, impacting 
human well-being due to their toxic nature [3,4]. Stringent 
regulations now exist for the discharge of textile e�uents, 
driven by their recognized hazards to both the environment 
and society. 

 Recently, the conservation of water resources has become a 
pressing concern, prompting increased attention towards 
wastewater recovery and reuse. Various physicochemical 
methods are available for wastewater treatment, including 
adsorption, coagulation, membrane �ltration, ion exchange, 
sonication, and plasma treatment. However, these approaches 
come with drawbacks, such as high operational and energy 
costs, the generation of substantial sludge, and the production 
of harmful by-products. �ere is a growing interest in 
technologies that can yield reusable water, eliminate toxicity, 
mineralize aromatic compounds, and minimize sludge 
production [5,6]. Consequently, the utilization of living 
organisms, such as plants and microorganisms, has gained 
prominence as an alternative to conventional processes for 
wastewater treatment. �e primary focus of this paper lies in 
harnessing microorganisms for the absorption and 
degradation of toxic substances found in wastewater, 
representing a novel approach to remediate contaminated 
water.

Pollution of Toxic Dyes
Industries such as textiles and pigment-based sectors, 
including paints, photography, plastics, printing, tannery, 
rubber, paper, pharmaceuticals, and cosmetics, release a 
substantial volume of colored waste in the form of dyes into 
the environment. Globally, there are over 10,000 di�erent dyes 

and pigments commercially available, with an annual 
production exceeding 700,000 tons. Remarkably, approximately 
20% of these dyes are lost during the dyeing and printing 
processes, with nearly half of that quantity ultimately being 
discharged into the environment [7]. �e wastewater from 
textile industries comprises a diverse array of organic and 
inorganic dyes, with the majority belonging to the category of 
azo and synthetic dyes. In recent times, the escalating utilization 
of reactive azo dyes, which account for 30% of the total dye 
market, has emerged as a signi�cant source of concern in terms 
of water pollution [8]. 

Toxic Effect of Industrial Dye Molecules
Textile dyes and their associated residues, particularly aromatic 
amines, unquestionably possess a high level of toxicity, leading 
to signi�cant health concerns for a wide range of living 
organisms, including humans. �ese dyes can have various 
harmful e�ects, including being allergenic, carcinogenic, 
teratogenic, and mutagenic. �ey can damage the genetic 
material (DNA) of living organisms. Numerous textile dyes are 
manufactured using toxic chemicals like azo, nitro, benzidine, 
and anthraquinone, which can be converted into even more 
toxic forms in sediments, aquatic environments, and living 
organisms [9,10]. Certain azo dyes have been linked to several 
types of cancers in humans, such as splenic sarcomas, 
hepatocarcinomas, nuclear anomalies, and chromosomal 
aberrations. Prolonged exposure to dye waste can lead to a 
range of health problems in humans, including skin itchiness, 
headaches, nausea, diarrhea, muscle and joint pain, fatigue, 
dizziness, breathing di�culties, irregular heartbeats, loss of 
concentration in adults, dark circles under the eyes, red cheeks 
and ears, hyperactivity, learning problems in children. �ese 
health concerns highlight the importance of proper handling 
and disposal of textile dyes and their residues to minimize the 
risks to both human health and the environment [11]. 
Additionally, e�orts to develop safer and more sustainable 
dyeing processes and alternatives are essential to reduce the 
harmful impact of textile dyeing on the planet and its 
inhabitants.

 �e persistent presence of dyes in aquatic environments can 
result in bioaccumulation and biomagni�cation along the food 
chain, leading to an increase in dye concentrations within 
organisms as they progress up the chain. �is phenomenon 
poses a signi�cant risk to aquatic plants, animals, and 
ultimately, humans due to the enduring and harmful nature of 
dye molecules. �e unnatural coloration of wastewater 
containing dyes can have a profound impact on the 
photosynthetic processes of aquatic autotrophs by impeding the 
penetration of sunlight [12]. �is disruption a�ects the entire 
aquatic ecosystem. �e intricate chemical structure of synthetic 
dyes with long chains renders them stable, resistant to 
degradation, and toxic to the natural environment. 
Consequently, the substantial discharge of untreated industrial 
e�uents containing dyes into the environment, including water 
bodies, presents a severe threat to the integrity of the biological 
ecosystem [13].

Biological Systems Involved in the Discoloration of 
Industrial Toxic Dyes
As concerns about wastewater treatment continue to grow, 
regulations are becoming increasingly stringent, prompting the 

development of numerous innovative methods to enhance 
wastewater treatment e�ciency. Nevertheless, given the 
intricate nature of pollutants, there isn't a single 
"one-size-�ts-all" bioremediation technique capable of restoring 
all polluted environments. Microorganisms possess remarkable 
versatility when it comes to eliminating pollutants from 
wastewater by biodegrading persistent compounds [14]. 
Bioremediation, employing various microbes such as bacteria, 
fungi, yeasts, and algae, has demonstrated the ability to 
decolorize and fully degrade many dyes under speci�c 
environmental conditions. Recent research endeavors have 
focused extensively on microbiological approaches to address 
the decolorization of dyes [15].

 Biological degradation methods can be categorized 
according to their oxygen requirements into three main types: 
aerobic, anaerobic, and anoxic (which combine elements of 
both aerobic and anaerobic processes). �e anoxic method is 
particularly prevalent, with the initial anaerobic step being 
utilized to treat dye wastewater with high Chemical Oxygen 
Demand (COD), followed by subsequent processes for treating 
the resulting e�uents with lower COD levels [16]. When 
considering the mechanisms involved in the degradation of dye 
wastewater, two primary methods emerge biosorption and 
biodegradation. Fungi and algae are commonly employed for 
this purpose. �e cell walls of these microorganisms contain 
thiol, phosphate, amino, and carboxyl groups that bind to azo 
compounds, facilitating a rapid process that is typically 
completed within a few hours [17,18].

 In biodegradation, a complete process known as 
mineralization takes place, wherein organic compounds are 
transformed into water and carbon dioxide. During the 
biodegradation of textile dyes by bacterial strains, one 
limitation can be the di�usion of substrates into the bacterial 
cell. Fungal strains, on the other hand, tend to overcome this 
issue [19]. Among various fungal strains, white-rot fungi have 
proven to be highly e�ective at biodegradation. �ese fungi 
produce ligninolytic enzymes capable of binding to a wide 
range of textile dyes [20]. Enzymes such as lignin peroxidases 
(LiP), laccases, tyrosinases (Try), manganese peroxidases 
(MnP), NADH-DCIP reductase, azoreductase, and hexane 
oxidases can be produced by various organisms to reduce azo 
compounds. Laccases and azoreductases, in particular, have 
demonstrated signi�cant potential for decolorizing a broad 
spectrum of synthetic dyes [21]. Sometimes, under unfavorable 
environmental conditions, some cellular enzymes in organisms 
may undergo conversion into enzymes capable of degrading 
dyes. For instance, �avin reductase from E. coli can act as an 
azoreductase.

Dye decolorization by bacteria
Diverse groups of bacteria exhibit the capability to decolorize 
industrial azo and synthetic dyes, and they can do so under 
various conditions, including aerobic, anaerobic, and facultative 
anaerobic environments. Anaerobic bacteria, in particular, 
prove highly e�ective at color removal due to their production 
of azoreductases, which cleave azo bonds (-N=N-) and generate 
aromatic amines, albeit with mutagenic properties [22]. Under 
oxygen-deprived conditions, azo dyes serve as a terminal 
electron acceptor. In contrast, activated sludge processes 
primarily operate aerobically, but they are less e�cient when it 
comes to color removal. Bacterial decolorization, on the other 

hand, o�ers several advantages [23,24]. It can achieve a higher 
degree of biodegradation and mineralization, making it relevant 
for a vast range of azo dyes. Bacterial degradation is also known 
for its speed, surpassing other organisms in terms of e�ciency. 
Bacteria display remarkable pH stability and resilience under 
challenging conditions.

Dye decolorization by fungi
Fungi are increasingly recognized as highly promising 
organisms for e�ectively breaking down and mineralizing 
stubborn textile dyes due to their potent enzymatic arsenal, 
characterized by the extracellular ligninolytic enzyme system. 
Fungi's unique distinctive physical characteristics and a wide 
range of metabolic capabilities further contribute to their 
e�ectiveness in this regard [25]. �e process of fungal 
degradation encompasses a combination of adsorption and 
enzymatic degradation, or sometimes a synergistic interplay 
between the two. Bio-adsorption serves a crucial role in the 
decolorization of dyes by living fungi, and enzymatic 
degradation also signi�cantly contributes to this process [26]. 
Various enzymes come into play during this degradation, 
including azoreductases, laccases, manganese peroxidases, and 
lignin peroxidases. However, it's important to note that the 
precise mechanism behind azo dye decolorization by fungi 
remains an area of ongoing research and investigation [27].

 Fungal biodegradation, under optimal conditions 
encompassing suitable pH, temperature, and decolorization 
duration, can accomplish a remarkable color reduction 
exceeding 90%. However, it's worth noting that fungi exhibit 
limited pH stability, which constitutes a notable drawback. An 
illustrative example of a fungal strain showcasing e�ective dye 
decolorization is Ceriporia lacerata, a type of white-rot fungus 
found in decomposed mulberry branches [28]. 

Dye decolorization using yeast
Research into yeast-based decolorization and dye degradation 
has been relatively limited, with a primary focus on biosorption 
mechanisms. However, yeasts show considerable promise in the 
decolorization of various azo dyes for bioremediation purposes, 
owing to several advantageous characteristics [29]. �ese 
characteristics include their high capacity for accumulating 
dyes, including heavy metals like lead and cadmium (II), as 
demonstrated by Fairhead and �öny-Meyer in 2012 [30]. 
Yeasts also exhibit faster growth rates and more e�cient 
decolorization capabilities when compared to �lamentous 
fungi. It's important to acknowledge that wastewater sludge 
contains a diverse range of yeast strains, although they typically 
constitute a minor fraction of the microorganisms present in 
activated sludge.

 Furthermore, yeast demonstrates the capacity for enzymatic 
degradation with enhanced stability. To summarize, yeast-based 
approaches o�er distinct advantages for the removal of color 
and breakdown of dyes, especially in the bioremediation of 
textile dyes [31]. �ese advantages stem from their exceptional 
capabilities, including robust growth, e�cient decolorization, 
and adaptability to challenging environmental conditions.

Dye decolorization by algae
Algae, widely distributed in various ecosystems, are gaining 
increased recognition for their role in degrading textile dyes. 
Algae primarily function as adsorbents, setting themselves 

apart from synthetic commercial adsorbents. �ey hold the 
advantage of treating larger signi�cant volumes of dye 
wastewater as a result of their substantial biomass content, and 
they possess the capacity for biodegradation mechanisms [32]. 
Utilizing algae in the treatment process is generally more 
straightforward compared to other organisms for several 
reasons: a) utilization of dyes for growth: Algae have the ability 
to utilize dyes as a nutrient source for their own growth. b) 
transformation of dyes into other intermediates or CO2 and 
water: algae are capable of transforming dyes into di�erent 
compounds or breaking them down into carbon dioxide and 
water. c) adsorption of chromophores on algae: algae can also 
adsorb chromophores, which are responsible for the color in 
dyes [33].

 It's essential to recognize the fundamental distinction 
between biosorption and biodegradation. Biosorption pertains 
to the process of adsorbing dyes from water onto a solid phase, 
o�en referred to as bio-adsorbents [34]. In contrast, 
biodegradation involves enzymatically transforming one 
compound into another. In summary, Algae play a crucial role 
in the breakdown of textile dyes, o�ering several advantages like 
their e�cient adsorption capacity, capability to handle 
substantial volumes of dye wastewater, and their potential for 
biodegradation [35]. �ese mechanisms are indeed distinct 
from one another, with biosorption involving the adsorption of 
dyes onto solid surfaces and biodegradation entailing 
enzymatic transformation processes.

Application of Consortia-Based Mixed Bacterial 
Bioremediation
Monocultures are limited in their ability to decolorize a narrow 
range of industrial dyes and are o�en less e�cient in achieving 
complete degradation. To achieve high rates of  decolorization, 
degradation, and mineralization of dye wastewater, mixed 
microbial cultures are essential [36]. Mixed cultures o�er 
several advantages over monocultures when it comes to 
synthetic dye degradation:

Synergistic Activity: Within a mixed culture, individual strains 
may target di�erent positions on the dye molecule or utilize 
metabolites produced by other strains, resulting in a synergistic 
breakdown of the dye [37].

Adaptability: Microorganisms within mixed cultures possess a 
higher degree of adaptability to cope with toxic waste and 
develop resistance, which enables them to transform a variety of 
toxic chemicals into less harmful forms [38].

Complete Degradation: Mixed cultures can produce a range of 
enzymes that collectively facilitate the complete degradation of 
chemical compounds, ensuring a more thorough and 
comprehensive breakdown of pollutants [39].

 Bacterial consortia are widely employed for the 
decolorization of azo dyes, and they are particularly favored in 
this context. Bacteria exhibit rapid multiplication rates and 
thrive under diverse conditions, including aerobic, anaerobic, 
and anoxic environments, as well as in harsh conditions like 
high salinity and wide pH and temperature �uctuations [40]. 
�e e�ectiveness of decolorization achieved by bacterial 
consortia is o�en compared to that of monocultures, and this 
e�ciency may be attributed to the involvement of a process 
commonly called quorum sensing. Quorum sensing is a process 

by which bacteria control their gene expression within their 
community [41]. Several factors directly in�uence bacterial 
decolorization, including temperature, pH, dye structure, 
inoculum concentration, dye concentration, carbon and 
nitrogen sources, electron donors, agitation speed, oxygen 
transfer rate, redox mediators, and NaCl concentrations. �ese 
factors collectively impact the e�ciency of the decolorization 
process by bacterial consortia.

 Specially adapted bacterial strains, o�en isolated from sites 
contaminated with dyes, exhibit remarkable e�ciency in the 
removal process due to their ability to thrive in diverse and 
extreme environmental conditions [42]. In contrast, there is a 
paucity of reports concerning the decolorization of dyes by 
yeast, algal, and fungal consortia. An alternative strategy 
involves harnessing the collaborative and synergistic activity of 
a fungal-bacterial consortium, o�ering an e�ective approach for 
e�ectively eliminating a wide range of contaminants [43]. 
Several studies have revealed that co-cultures of fungi and 
bacteria exhibit heightened e�ciency and stability in the 
degradation of a mixture of complex organic compounds into 
smaller molecules [44]. 

 Bioremediation stands out as a widely adopted and e�ective 
approach for treating dye e�uents, yet it does come with certain 
challenges that require attention. �e primary issues associated 
with textile e�uents typically revolve around color, Chemical 
Oxygen Demand (COD), and other non-biodegradable 
components [45,46]. While conventional methods can now 
mitigate Biological Oxygen Demand (BOD) and COD in textile 
wastewater, bioremediation alone may not su�ce for treating all 
substances present. In such cases, the combination of 
bioremediation with other treatment methods becomes 
essential, extending the capacity to remove a broader spectrum 
of pollutants from the wastewater [47,48]. �ese amines exhibit 
signi�cant diversity in their chemical properties, making it 
challenging for biological treatment to completely remove all 
amines present in textile dye waters. Another important 
consideration is the issue of excess sludge production, which 
has the potential to cause environmental problems [49,50]. �is 
excess sludge needs to be managed e�ectively to minimize its 
environmental impact.

Conclusions
Bioremediation stands as an environmentally friendly strategy 
to mitigate the repercussions and harmful e�ects stemming 
from the intermediate byproducts generated by textile e�uent. 
Utilizing both pure cultures and consortia in bioremediation 
o�ers an e�ective and dependable means to mineralize and 
diminish the toxicity associated with dyes. �ese organisms 
employ diverse mechanisms to detoxify dyes, with a particular 
emphasis on enzyme-mediated bioremediation.

 Currently, there is a growing emphasis on the formulation of 
such consortia, primarily because they demonstrate resilience 
when exposed to adverse and challenging conditions. Moreover, 
optimizing various parameters becomes imperative to enhance 
the e�ciency of these consortia while simultaneously 
safeguarding the environmental well-being and the health of all 
life forms.
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