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Chapter 1 

Introduction and Review of Literature 

1.1 Introduction 

“The Earth is what we all have in common” – Wendell Berry 

From the mightiest beings to the invisible microbes, the Earth holds them all. Through 

the ages, Life has evolved, grown, and sustained on this planet. The habitats on Earth 

span a myriad landscapes, right from the depths of the ocean to the highest peaks, each 

providing a niche to its own unique life forms.  

Microorganisms, Earth’s tiniest creatures, are invisible yet impactful and are closely 

intertwined with the functioning of this planet. Their diverse populations, both known 

and unknown, encompass bacteria, fungi, protozoa, viruses and other micro fauna. These 

ubiquitous life forms have conquered every imaginable space terrestrial, aquatic and 

atmospheric. Their remarkable abilities of decomposition, biotransformation, energy 

generation and nutrient assimilation support their growth and survival in diverse 

ecological niches. They play a significant role in maintaining the homeostasis of various 

ecosystems. They contribute beneficial functions in ecological recycling owing to their 

capability to transform complex molecules into simpler ones. Through their growth, 

reproduction and respiration they balance and maintain a healthy ecological functioning. 

Global biogeochemical cycling of elements is inherently managed by microbial activity. 

Any intrusion of these pathways and cycles by either natural or anthropogenic causes can 

significantly affect the ecosphere and its fine balance.   

Growth and development of civilization has been exponential in the last two centuries. 

Rapidly increasing populations and indiscriminate industrialization have subjected the 

Earth’s resources to varied stresses. The terrestrial, atmospheric and aquatic ecosystem 

has been at the receiving end of unregulated anthropogenic activities. Industries consume 

copious amounts of water and generate hazardous and toxic-laden effluents. In spite of 

prescribed regulations for the treatment and release of this wastewater, it is seen that 

contaminants find their way into surface and ground water bodies and hamper life 

processes by affecting the native organisms, vegetation, animals and humans.  
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Global economic growth and development has accompanied rampant industrialization. 

This has led to an incredible increase in the levels of pollution. Sensitive habitats are 

rapidly declining as a consequence of exposure to pollutants in excess of what they are 

equipped to handle. Over a period of time, this exposure results in several long as well as 

short term consequences including negative health effects and diseases, loss in 

biodiversity and economic losses.  

 

1.2 The dyeing industry 

Dyes have a colorful past. The use of dyes began thousands of years ago. Mankind has 

been attempting to add color to the world around him since primitive times. The art of 

using color has been around since the Neolithic era. Archaeologists have uncovered 

evidence of Ancient Egyptians and European cave paintings with indications of the use 

of black, white, reddish and yellow pigments made from ochre (Brunello, 1973). The 

earliest existing written records of applying dyestuff to fabrics date back to 2600 BC 

(Křížová, 2015). Through the ages, dyes have undergone an evolution to develop into the 

vibrant colors we see today. The early years of dyeing fabrics were characterized by a 

rather limited range of colors. As civilizations advanced, they developed and improved 

upon the sources of dyes and pigments and the scope of their applications. Studies on the 

earliest-surviving colored fabrics and ancient manuscripts indicate the use of three 

sources of natural dyes: vegetable or plant, mineral and insect or animal dyes (Brunello, 

1973). The 1850s heralded significant changes in the dyeing industry. In 1856, William 

Henry Perkin, an English chemist, while attempting to synthesize quinine, 

serendipitously created a purple-colored compound called mauveine. This marked the 

discovery of the first synthetic dye and creation of a new generation of dyes (Holme, 

2006). The Industrial revolution led to a boom in the textile industry which then 

prompted the increasing demand for newer and more easily utilizable textile dyes. This 

brought to light the limitations of natural dyes and pigments which were in use thus far. 

Synthetic dyes were found to be largely advantageous in that they were easy to apply, 

readily available and economically cost effective. From then on, synthetic dyes were 

prevalent across a wide variety of industries including textile, pharmaceutical, leather, 

paper, cosmetic and food industries. This made the synthetic dye industry gigantic with 

more than 7 x 105 metric tons of global production of synthetic dyes per year (McMullan 
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et al., 2001). Of this, textile industries are reported to use a major quantity with 

consumption of over 10,000 tons of such dyes (Chandanshive et al., 2020 

 

1.3 The chemistry of dyes 

Synthetic dyes are organic molecules which possess color and specific structural 

characteristics which dictate their behavior (Millbern et al., 2022). The chemical 

structure of dye molecules is made up of a chromophore which is an aromatic group that 

absorbs light in the visible spectrum (400 – 700 nm) and which functions in fixing the 

dye within or into the fibers. It bears a conjugated system which is a structure with 

alternating double and single bonds (Ali, 2010). Additionally, synthetic dyes exhibit 

electron resonance which acts as a stabilizing influence (Abrahart, 1977). Most dyes also 

include an electron withdrawing or donating component known as auxochrome which 

may include carboxylic acid, sulfonic acid, amino, and hydroxyl groups. Although these 

groups do not directly contribute to the color, they can modify or intensify the hue of the 

dye and are commonly utilized to enhance dye solubility. There exists considerable 

structural diversity amongst different classes of synthetic dyes (Figure 1.1).  

Dyes are classified based on their chemical composition, by the method of their 

application or by the types of fibers to which they can be applied (Kirk-Othmer, 1993). 

For instance, there are specific dyes for materials like nylon, cotton, or polyester, each 

offering unique coloration properties. Alternatively, dyes can be classified based on their 

mode of application which includes categories like direct dyes, reactive dyes, acid dyes, 

vat dyes, metal-complex dyes, disperse dyes, and azoic dyes, among others (Vandevivere 

et al., 1998). Table 1.1 illustrates the major classes of synthetic dyes used in the textile 

industry and their application to specific fiber types. However, it is important to note that 

these classification systems are more relevant in the context of practical dye application 

technology, rather than in discussions primarily focused on the process of dye synthesis 

and the underlying chemistry involved. According to a chemical classification system, 

synthetic dyes are grouped based on the nature of their chromophores. As such, the 

various classes of industrially significant dyes include azo, anthraquinone, diazonium, 

sulfur, indigoid, triphenylmethyl (trityl), triarylmethane, nitro and phthalocyanine 

derivatives (Forgacs et al., 2004). 
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                     Figure 1.1: The diverse chemical structures of some synthetic dyes 
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Table 1.1: Major synthetic dye classes used in the textile industry and the mode of their 

application to specific fiber types (Modified from Souza et al., 2022) 

 

Classes Fiber type Method of application 

Acid dye nylon, wool, silk Neutral to acid dye baths 

Basic dye Modified nylon, polyester Acid dye baths 

Direct dye cotton, rayon, leather, nylon 
Neutral or slightly alkaline baths 

containing additional electrolytes 

Dispersed 

dye 

polyester, polyamide, 

acetate, plastic, acrylic 

High or low-temperature pressure 

transport methods. 

Reactive 

dye 
cotton, nylon, silk, wool 

Under the influence of heat and pH of 

the alkaline medium, dye reacts with 

the fiber functional group, and 

covalently bonds. 

Sulfur dye cotton, rayon 

Aromatic substrate covered with 

sodium sulfide and reoxidized to sulfur-

containing products, insoluble in fiber. 

Vat dye cotton, rayon 

Water-insoluble dyes are solubilized by 

reduction with sodium hydrosulfite and 

exhausted into the fiber and reoxidized 
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Azo dyes constitute one of the largest classes of synthetic dyes and as described by Shah, 

(2014) account for more than 60% of the dyes produced annually. They currently 

dominate the dye chemistry industry, both in terms of production volume and usage. 

These dyes have far reaching applications and are frequently used across numerous 

sectors, including food, pharmaceuticals, paper manufacturing, cosmetics, textiles, and 

leather industries (Chang et al., 2001). Azo dyes are aromatic hydrocarbons and are 

known to be derivatives of benzene, toluene, naphthalene, phenol and aniline 

(Puvaneswari et al., 2006). These compounds bear the functional group R-N=N-R', in 

which R and R' can be either aryl or alkyl and are grouped as mono-, di-, tri- or poly- azo 

based on the number of (-N=N-) bonds present. Azo dyes display high stability and 

resistance to microbial attack. A complex chemical structure and electron withdrawing 

capacity makes these dyes xenobiotic and recalcitrant to biodegradation (Dave et al., 

2015). 

The characteristic structural features of a typical reactive azo dye molecule are: 

1. the reactive system, which enables formation of covalent bonds between the dye 

and substrate, 

2. the chromophoric group, contributing to the color  

3. a bridging group that links the reactive system to the chromophore, and 

4. solubilizing groups 

The synthesis of azo compounds is anthropogenic and is performed in a simple two-step 

reaction process. The first step involves the diazotization of a primary aromatic amine. 

This is followed by a coupling reaction with electron rich nucleophilic groups such as 

amino and hydroxy (Benkhaya et al., 2020). The diazotization reaction is typically 

carried out in the presence of in situ generated nitrous acid (HNO2). This nitrous acid is 

normally produced with hydrochloric acid and sodium nitrite. A primary aromatic amine, 

referred to as the "diazo component," is critical in the formation of color in azo dyes, as 

it offers a conjugated electron system next to the azo bond. This primary aromatic amine 

can be categorized into the following types: 1) aniline and its derivatives,  

2) naphthylamines and naphthylaminesulfonic acids, and 3) diamines (Hunger, 2003). 

The end product of step one is a diazonium salt which is subject to a further reaction with 

“coupling components” resulting in a chemically stable azo dye. 
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1.4 Toxicity of textile dyes 

Of the many applications, dyes find primary importance in textile manufacturing. China 

is amongst the leading global exporters of textiles followed by the European Union, 

India and USA (Ghaly et al., 2014). Consequently, these countries are also the major 

consumers of synthetic dyes and dyestuff. These synthetic dyes are largely preferred as 

they are cheaper to produce, brighter and possess high color fastness. As their production 

and use became more widespread, it brought with it an increased release of wastewater 

containing a toxic mixture of dyes and harmful chemicals. It has been estimated that 

every year in the textile industry, up to 200,000 tons of these dyes are lost to effluents 

during the dyeing and finishing operations. Besides the wastewater generated during the 

dyeing process, this has also been attributed to the inefficiency of the dyeing process 

(Ogugbue and Sawidis, 2011).  In existing dyeing processes, the precise amount of 

unbound dyes ending up in wastewater, is unclear. However, it is roughly estimated that 

annually, over 15% or 280 kilotons of the total dye is lost worldwide (Kalyani et al., 

2009; Prasad and Aikat, 2014). This loss could be attributed to the presence of 

unreactive, hydrolyzed dyes in the dye bath. Hydrolysis of a dye happens when the dye 

interacts with water molecules instead of bonding with the hydroxyl group of the fibers 

(Patil et al., 2010). The amount of dye lost in industrial applications depends on the type 

of dye used and varies from 2% loss for basic dyes to about 50% loss for certain reactive 

sulfonated dyes (McMullan et al., 2001). The direct discharge of wastewater containing 

such unfixed dyes into the environment presents considerable pollution and significant  

 

1.4.1 Impact of textile effluent on environment 

The textile industry poses a significant environmental concern both due to the volumes 

of water required for processing as well as the hazardous composition of the wastewater 

released (Figure 1.2). The most important constituent of textile wastewater is the 

presence of color due to dyes. Besides the inherent color, dye wastewater also exhibits 

characteristics of high alkalinity, excess biological oxidation demand, chemical oxidation 

demand and total dissolved solids (Kaushik and Malik 2009). The improper disposal of 

textile dye effluent, especially those containing azo dyes and their by-products, into 

aquatic ecosystems presents multiple environmental challenges. Besides being 

aesthetically unpleasant, such discharges significantly disturb aquatic ecosystems. 
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Pollution of water bodies is caused by intensely colored wastewater released from textile 

industries. The dark color impedes the penetration of sunlight thus reducing 

photosynthetic activity (Mohan et al., 2017). This results in diminished concentrations of 

dissolved oxygen, ultimately leading to a deterioration in overall water quality. Such 

alterations in the aquatic environment have been found to have acute toxic effects on 

both aquatic plants and animals, posing substantial threats to global biodiversity 

(Vandevivere et al., 1998). The presence of azo dyes has adverse effects on the total 

organic carbon (TOC), biological oxygen demand (BOD), and chemical oxygen demand 

(COD), all of which are crucial indicators of water health and cleanliness (Saratale et al., 

2009c). 

However, beyond color, the presence of these dyes in aqueous ecosystems presents 

serious environmental and health concerns as the dyes themselves as well as their 

transformation products are toxic, mutagenic and carcinogenic (Gürses et al., 2016). 

Liquid effluent from the textile manufacturing process contains high levels of toxic 

heavy metal residues like cadmium, copper, chromium and nickel. Textile effluents are 

also known to contain large amounts of salts and display high levels of dissolved and 

suspended solids along with high biological and chemical oxygen demand (Imtiazuddin 

et al., 2012). Wastewater released from textile dyeing and finishing industries contains a 

minimum of 72 toxic chemical of which at least 30 of these chemicals resist removal by 

conventional wastewater treatment procedures (Chen and Burns, 2006). The 

indiscriminate discharge of this untreated toxic soup inevitably leads to the destruction of 

natural habitats and compromises the quality and safety of aquatic and human life.  

Besides the direct impact on aquatic ecosystems, there are numerous reports suggesting 

that textile dyes and their effluents can detrimentally affect plant life. These substances 

can hinder the germination rates and biomass growth of various plant species, disrupting 

crucial ecological functions. For instance, these plants often provide essential habitats for 

wildlife, protect soil from erosion, and contribute to soil fertility by supplying organic 

matter (Kapustka and Reporter, 1993; Ghodake et al., 2009).  

The discoloration of water as a result of dye effluent can have significant negative 

impacts on fish in aquatic bodies. It can lead to neurological damage, metabolic stress, 

and even result in the death of fish. Fish are known to be highly sensitive to alterations in 

their aquatic environment, and any adverse changes can impact their biochemical, 

physiological, and histological parameters. A study by Kaur et al., (2013) documented  
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       Figure 1.2: Schematic diagram of water consumed and wastewater composition of  

       wet process for cotton textile industry (Ghaly et al., 2014; Yaseen and Scholz, 2019) 
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behavioral changes in the species Cirrhinus mrigala when exposed to sublethal 

concentrations of dyeing industry wastewater. Observed alterations included abnormal 

behaviors such as gulping air at the water's surface, erratic swimming, and increased gill 

movement. Similarly, Amwele et al., (2015) reported changes in behavior in the fish 

species Oreochromis niloticus after exposure to a specific type of metal complex dark 

green azo acid dye. Moreover, a study comparing the toxicity of treated and untreated 

textile industrial wastewater on the freshwater fish Gambusia affinis found that exposure 

to untreated water led to significantly higher mortality rates and showed cytotoxic effects 

on the fish's blood cells compared to those exposed to treated water (Soni et al., 2006). It 

is therefore clear that the widespread use and disposal of synthetic dyes in general and 

azo dyes in particular have broad and profound implications for environmental health 

and sustainability. 

 

1.4.2 Impact of textile effluent on human health 

The textile industry, while instrumental in the global economy, has a bearing on human 

health owing to the discharge of untreated effluents. Humans may be exposed to toxic 

dyes either directly through drinking water systems or indirectly through contaminated 

soil. Developing countries commonly use dye containing wastewater for agricultural soil 

irrigation (Garg and Kaushik, 2008; Imran et al., 2015). The recalcitrance and structural 

properties of dyes results in the accumulation and persistence of these chemicals in soils. 

Zhou, (2001) reported up to 456.2 mg of dye per kg of surface soil in the vicinity of 

textile processing units. The polluting nature of azo dyes as a result of the toxicity of the 

free dyes themselves and their transformation into toxic, mutagenic and carcinogenic 

amines, primarily as a result of anaerobic microbial reductive cleavage of the azo bond is 

well studied (Chung and Cerniglia, 1992; Asad et al., 2007). Exposure to azo dyes found 

in industrial effluents can occur in humans and other mammals either through ingestion 

or direct contact with the skin (Manickam and Vijay, 2021). Once ingested, the azo dyes 

are transformed into harmful amines by the intestinal microflora present in the human 

gut which can then adversely affect numerous tissues within the human body (Feng et 

al., 2012).  

The acute exposure to azo dyes leads to irritation of eyes and skin, dermatitis and other 

allergic reactions (Mehra et al., 2021). A number of studies have reported the genotoxic 
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effects of azo dyes and heavy metals present in textile effluent (Sweeney et al., 1994; 

Mansour et al., 2007; Balakrishnan et al., 2016). Serra et al., (2008) implicated textile 

dyes in the occurrence of bladder cancer among textile workers. It is therefore imperative 

to tackle the problem of textile dye pollution and develop increasingly sustainable dyes 

and methods in the industry. The health of communities, and indeed the global 

population, is inextricably linked to the health of the environment, and we must take 

steps towards safeguarding both. 

 

1.5 Treatment of textile dye containing wastewater 

1.5.1 Physico-chemical methods 

The removal of toxic dyes and chemicals from textile wastewater is critical before 

discharging it into the environment. Gahr et al., (1994) has described a typical dye house 

effluent to contain 0.6 – 0.8 g L-1 of dye. There exist numerous strategies for the 

treatment of dye containing wastewater (Figure 1.3). These include several conventional 

physical and chemical methods such as flocculation, coagulation/adsorption, membrane 

filtration, ozonation, irradiation and chemical degradation (Golab et al., 2005; Lopez-

Grimau and Gutierrez, 2006; Eskandari et al., 2019). Commonly utilized techniques for 

treating wastewater, such as coagulation and flocculation, generate significant amounts 

of sludge, which necessitates safe disposal. Similarly, adsorption and membrane 

filtration methods can result in secondary waste streams that require additional treatment. 

While activated carbon (AC) stands as a highly effective adsorbent for various dye types, 

its high cost often discourages its use (Robinson et al., 2001). To make the process more 

economically viable, researchers have turned to cost-effective adsorbent materials such 

as peat, bentonite clay, fly ash, polymeric resins, ion exchangers, and numerous 

biological materials including corn cobs, maize stalks, and wheat straw for eliminating 

color from dye wastewater (Ramakrishna and Viraraghavan, 1997). However, the 

practical application of these adsorbents faces challenges due to issues with their 

regeneration or disposal, considerable sludge production, limited efficacy across a broad 

range of dyes, and still significant costs (Karcher et al., 2001; Anjaneyulu et al., 2005).  
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Figure 1.3: Methods for treatment and removal of dyes from textile wastewater  

       (Adapted from Saratale et al., 2011) 

 

Filtration techniques like ultrafiltration, nanofiltration, and reverse osmosis have been 

employed for water reuse and chemical recovery. In the textile sector, membrane usage 

offers promising opportunities for separating hydrolyzed dyestuffs and dyeing 

auxiliaries. This not only reduces the color, Biological Oxygen Demand (BOD), and 

Chemical Oxygen Demand (COD) of wastewater but is also beneficial for mercerizing 

and bleaching processes. However, the choice of filter type and porosity depends on the 

chemical composition of the wastewater and the specific temperature requirements of the 

process (dos Santos et al., 2007). Despite their utility, membranes come with significant 

disadvantages including high initial costs, the potential for membrane fouling, and the 

creation of secondary waste streams requiring further treatment (Robinson et al., 2001; 

dos Santos et al., 2007). These challenges have steered attention towards Advanced 

Oxidation Processes (AOP) and biological methods as viable alternatives for treating 

wastewater that contains dyes. AOP are processes that leverage powerful oxidizing 

agents (like hydrogen peroxide or Fenton’s reagent) or heterogeneous photocatalysts 

such as titanium dioxide, zinc peroxide, manganese, and iron. These can be used with or 

without an irradiation source. AOP primarily function by generating hydroxyl radicals 
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that break down stubborn and harmful pollutants (Vandevivere et al., 1998; Alaton et al., 

2002; Al-Kdasi et al., 2004). However, these methods are cost and energy intensive, are 

unable to completely remove azo dyes and their metabolites and present inherent 

difficulties of low operational efficiency. The disadvantages and limited applications of 

physical and chemical methods for the treatment of dye containing textile effluents 

makes bioremediation an attractive, environmentally friendly and economically viable 

solution.  

 

1.5.2 Biological methods 

A primary focus area in environmental science research harnesses microbial techniques 

for pollution management. Bioremediation capitalizes on the ability of microbes to adapt 

to toxic wastes, subsequently leading to the emergence of resistant strains that convert 

harmful chemicals into less toxic forms. Various biotechnological strategies, often 

employing microorganisms and occasionally combined with physicochemical processes, 

have drawn attention for their potential in effectively addressing pollution caused by azo 

dyes. Azo dyes are xenobiotic and resistant to natural biodegradation. Therefore, the 

employment of microbial or enzymatic methods for the thorough decolorization and 

degradation of such dyes from textile effluents holds several benefits. The substantial 

advantages of biological methods compared to physicochemical methods include their 

environmental-friendliness, cost-effectiveness, lower sludge production, the generation 

of non-toxic end products or their complete mineralization, and reduced water 

consumption (Banat et al., 1996; Rai et al., 2005). The success of microbial 

decolorization largely relies on the adaptability and activity of the chosen 

microorganisms. The identification and subsequent degradation by potent species offer 

promising perspectives in effluent treatment (Chen et al., 2008). 

Several bacteria, fungi and algae have been reported to be capable of decolorizing and 

even mineralizing textile dyes (Pandey et al., 2007; Ali, 2010; Khan et al., 2013). 

Microorganism generally employ various biotransformation enzyme systems when 

exposed to recalcitrant compounds in their environment (Saratale et al., 2007).  
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Decolorization of azo dyes by bacteria 

One of the earliest attempts to isolate bacteria for the degradation of azo dyes was carried 

out by Wuhrmann et al., (1980), wherein they identified Bacillus cereus capable of azo 

dye decolorization. Bacteria are extremely versatile in their abilities to bioremediate a 

number of environmental pollutants and toxic chemicals. Extensive research has been 

carried out to study diverse bacterial species and their ability to decolorize azo dyes 

under anaerobic, facultative anaerobic and aerobic conditions (Pandey et al., 2007; 

Saratale et al., 2011). The key step in bacterial degradation of azo dyes involves an 

enzymatic reduction of the azo bond leading to the formation of toxic aromatic amines 

under anaerobic conditions. These intermediates are further mineralized aerobically or 

anaerobically (Pandey et al., 2007). Bacterial bioremediation can be mediated by both 

pure cultures as well as microbial consortiums (Dave et al., 2015). The efficacy of the 

process depends on the type of azo dye and the operational conditions such as pH, 

temperature, dye concentration and presence of electron donors (Pearce et al., 2003). The 

synergistic action of mixed bacterial consortia may provide an improved system to tackle 

azo dye contaminated effluents (Saratale et al., 2011). Individual strains of the 

consortium may degrade different intermediates in the decolorization pathway leading to 

complete mineralization of azo dyes and a reduced probability of the occurrence of toxic 

amines (Forgacs et al., 2004). Despite these promising findings, some challenges remain. 

For instance, some dye degradation products can be toxic and may require further 

treatment. Additionally, not all azo dyes are susceptible to bacterial degradation, 

indicating the need for continued exploration of bacterial strains and their metabolic 

capabilities (Kudlich et al., 1997). Table 1.2 summarizes some findings of various 

researchers investigating bacterial strains in isolation or consortium for the 

decolorization of azo dyes.  
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Table 1.2: Bacterial strains decolorizing various azo dyes (Modified from Khalid et al., 

2010; Saratale et al., 2011; Dave et al., 2015) 

Bacterial strain Dye 

(Concentration) 

% 

decolorization 

Reference 

Aeromonas hydrophila  Reactive Red 198, 

Reactive Black 5, 

Reactive Red 141, 

Reactive Blue 171, 

Reactive Yellow 84 

(300 mg L-1) 

60.2 

 80.9 

 66.5 

36.0 

33.7 

Hsueh et al., (2009) 

Acinetobacter 

calcoaceticus  

NCIM 2890 

Direct brown MR 

(50 mg L-1) 
91.3 Ghodake et al., (2009a) 

Alcaligenes sp. AA09 
Reactive Red BL 24 

(50 - 200 mg L-1) 
>90 

Pandey and Dubey 

(2012) 

Alishewanella sp. 

CBL-2  
Sumifex Tourqi blue 83 Ajaz et al., (2018) 

Bacillus sp. VUS  
Navy Blue 2GL 

(50 mg L-1) 
94 Dawkar et al., (2008) 

Bacillus cereus ROC 

Reactive Orange 16 

Reactive Black 5 

(250 mg L-1) 

~80 Fareed et al., (2022) 

Comamonas sp. UVS  
Direct Red 5B 

 (1.1 g L-1) 
100 Jadhav et al., (2008a) 

Citrobacter sp. CK3 
Reactive red-180 

(100 mg L-1) 
95 Wang et al., (2009) 

Enterobacter 

aerogenes ES014 

Congo red  

(100 mg L-1) 
81.5 Al-Ansari et al., (2022) 

Geobacillus 

stearothermophilus 

(UCP 986) 

Orange II 

(0.050 mM) 
96-98 

Evangelista-Barreto et 

al., (2009) 

Klebsiella pneumoniae 

R5-13  

Methy1 Red 

(100 mg L-1) 
98 Wong and Yuen (1996) 
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Table 1.2: Bacterial strains decolorizing various azo dyes (continued)  

 

Bacterial strain 
Dye 

(Concentration) 

% 

decolorization 
Reference 

Proteus mirabilis 
Red RBN 

(1 g L-1) 
95 Chen et al., (1999) 

Pseudomonas spp. 
Reactive Blue 13  

(200 mg L-1) 
83.2 Lin et al., (2010) 

Pseudomonas aeruginosa  
Remazol Orange  

(200 mg L-1) 
94 

Sarayu and 

Sandhya, (2010) 

Rhizobium radiobacter 

MTCC 8161 

Reactive Red 141  

(50 mg L-1) 
90 Telke et al., (2008) 

Shewanella decolorationis 

S12  

Acid Red GR  

(150 mM) 
100 Xu et al., (2007) 

Shewanella sp. 
Reactive Black 5 

(250 mg L-1) 
90 Imran et al., (2014) 

Consortium TJ-1 

Aeromonas caviae, Proteus 

mirabilis and Rhodococcus 

globerulus 

Acid Orange 7  

(200 mg L-1) 
90 Joshi et al., (2008) 

Consortium JW-2 

Paenibacillus polymyxa, 

Micrococcus luteus and 

Micrococcus sp.  

Reactive Violet 5R 

(100 mg L-1)  
93 

Moosvi et al., 

(2007) 

Pseudomonas aeruginosa 

and Bacillus circulans, and 

(NAD1 & NAD6) isolates 

Reactive Black 5 

(100 mg L-1) 

70-90 Dafale et al., (2008) 

 

 

 

 



Chapter 1 

 

18 
 

Decolorization of azo dyes by fungi 

Fungi are a tenacious group of microorganisms with the ability to acclimatize to various 

environmental stresses. They are ubiquitous in nature and inhabit a variety of ecological 

niches including soil, detritus and living organisms. Their survival in adverse conditions 

is determined by their ability to rapidly adapt their metabolism to the available nutrients. 

They possess a unique enzyme system that can non-specifically oxidize a diverse set of 

recalcitrant aromatic compounds, including azo dyes (McMullan et al., 2001; 

Champagne & Ramsay, 2005). Their ability to breakdown and assimilate complex 

organic molecules makes them noteworthy for bioremediation of various environmental 

pollutants. One of the most studied fungal species in this regard is the white-rot fungus 

Phanerochaete chrysosporium, widely recognized for its ability to degrade azo dyes 

through lignin-degrading enzymes, mainly lignin peroxidase (LiP), manganese 

peroxidase (MnP), and laccase (Spadaro et al., 1992; Chagas and Durant, 2001; 

Enayatzamir et al., 2010). Furthermore, the fungus Trametes versicolor has also been 

reported for its capacity to degrade various azo dyes using laccase in combination with 

certain redox mediators (Selvam et al., 2012). Several other fungi have been studied for 

their azo dye decolorizing potential including Pleurotus (Hadibarata et al., 2013), 

Penicillium sp. (Gao et al., 2009), Hypsizygus ulmarius (Ravikumar et al., 2013) and 

Ganoderma sp. (Zhao et al., 2011) The extended growth phase and need for nutrient 

limiting conditions give fungi a disadvantage for use in removal od dyes from textile 

wastewater (Saratale et al., 2011). Moreover, as these white rot fungi are not indigenous 

to wastewater, their enzyme production levels are found to be inconsistent thereby 

reducing the efficiency of treating dye containing effluent (Robinson et al., 2001). 

 

Decolorization of azo dyes by yeast 

Yeasts are a largely unexplored microbial group in the process of azo dye decolorization. 

There are limited studies carried out on the ability of yeast to degrade various azo dyes. 

The use of yeast in bioremediation is advantageous owing to the shorter reaction time as 

compared to filamentous fungi which can be attributed to their faster growth rate (Dias et 

al., 2010).  The biosorptive action of yeasts has been described as the likely non-

enzymatic mechanism utilized for azo dye decolorization (Meehan et al., 2000; Dias et 

al., 2010). Šafaříková et al., (2005) evaluated the ability of Saccharomyces cerevisiae to 
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adsorb high concentrations of water-soluble dyes. Jadhav et al., (2008) reported the 

decolorization of triphenylmethane dyes by Galactomyces geotrichum MTCC 1360. The 

enzymatic degradation and decolorization of azo dyes have been studied in several yeast 

species. Candida zeylanoides, Debaryomyces polymorphus (Martins et al., 1999; Yang et 

al., 2003), Issatchenkia occidentalis (Ramalho et al., 2004), Candida oleophila (Lucas et 

al., 2006), and Candida albicans (Vitor and Corso, 2008) have been characterized in the 

decolorization of various azo dyes. A more recent study revealed that a salt tolerant 

yeast, Cyberlindnera samutprakarnensis could decolorize and degrade Acid Red B 

(ARB) with an efficiency of 97% under optimal conditions (Song et al., 2018). 

 

Decolorization of azo dyes by algae 

Although bacteria and fungi are the more preferred microbes for applications in 

bioremediation, photosynthetic algae and cyanobacteria have been identified as 

promising bioremediating agents in the treatment of dye containing wastewater. 

Vijayaraghavan and Yun, (2008) reported the role of an induced form of azoreductase in 

algal azo dye decolorization. The intrinsic ability of the algal biomass to adsorb 

chromophores and generate biomass through chromophore assimilation contributes to 

their ability to convert colored molecules to non colored ones (Saratale et al., 2011).  

Acuner and Dilek, (2004) showed the ability of several species of Chlorella and 

Oscillatoria are capable of completely metabolizing degrading azo dyes to simpler 

organic compounds or CO2 with the formation of intermediate aromatic amines. Yan and 

Pan, (2004) reported the bioconversion and degradation of more than 30 azo compounds 

by Chlorella pyrenoidosa, Chlorella vulgaris and Oscillateria tenuis. The results from 

these investigations highlight the important role of algae in the removal of azo dyes and 

their degradative amines. Further, biosorption as a technology for the treatment of dye 

containing wastewater could be a viable alternative to the more costly methods in 

practice. 

 

Decolorization of azo dyes by plants 

Phytoremediation as a method for dye decolorization has gained attention in recent 

times. There exist many studies on the application of plants in the treatment of dye 
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wastewater. Patil et al., (2009) reported the use of plants in bioremediation as a cost 

effective and efficient technology for the removal of heavy metals and organic pollutants 

from contaminated soils and groundwater. Nilratnisakorn et al., (2007) studied the 

potential of narrow leaved cattails to remediate caustic reactive dye effluent. Plant roots 

in the rhizosphere show the ability to absorb dyes from the surrounding wastewater 

(Zhou and Xiang, 2013). Jayapal et al., 2018 successfully evaluated an integrated plant-

microbe system operated in a sequential anaerobic-aerobic mode for the degradation of 

azo dyes and their metabolites. Plants are autotrophic and afford a large biomass 

requiring minimal nutrients making them an advantageous system for bioremediation. 

The treatment of contaminated wetlands by growing coco yam plants yielded a 72-77% 

decrease in color (Mbuligwe, 2005). Despite the obvious advantages, there exist certain 

challenges to the adoption of large-scale application of plants to treat effluents including 

tolerance levels towards various pollutants, the bioavailable fraction of the contaminants 

and the requirement of vast areas to efficaciously carry out remediation (Ghodake et al., 

2009a).  

 

1.6 Factors affecting bacterial dye decolorization 

The efficiency of biological treatment methods for dye containing wasterwater is 

influenced by several physical and chemical parameters such as agitation level, 

temperature, oxygen, pH, dye concentration and structure, as well as the presence of 

electron donors and redox mediators, and various carbon and nitrogen sources (Krishnan 

et al., 2017). Therefore, a thorough understanding of these individual operational 

parameters is crucial to optimize the bacterial decolorization of azo dyes. Bacterial dye 

degradation is typically most efficient under anaerobic conditions, where oxygen levels 

in the reaction medium are kept low (Bouraie and Din, 2016). Optimal pH values for 

effective decolorization range from 6.0 to 10.0, and the most conducive temperature 

range for bacterial cell growth in the decolorization medium is 25-35°C (Pearce et al., 

2003). The availability of a suitable electron donor is also vital for the biotreatment of 

dye-contaminated wastewater (Al-Amrani et al., 2014). Furthermore, the ease of 

decolorization is influenced by the specific molecular weight and structure of the azo 

dyes. Specifically, dyes with low molecular weight and simple structures show a higher 

rate of color removal. However, the rate of decolorization is impeded for dyes with 
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electron-withdrawing substitution groups including sulfonated azo dyes (Pandey et al., 

2007). Kalyani et al., (2008) observed an inverse relationship between the rate of azo dye 

decolorization and the dye concentration. This could likely be due the toxicity of 

increased dye concentrations, inadequate bacterial biomass or blockage of enzymatic 

active sites by structurally diverse dyes and chemical substitution groups (Jadhav et al., 

2008; Saratale et al., 2009b). 

 

1.7 Biochemical Mechanisms of bacterial dye decolorization 

Bacterial decolorization and degradation of azo dyes may be aerobic, anaerobic or a 

combination of the two and is initiated with the reductive cleavage of the azo bond  

(-N=N-). Enzymes, low molecular weight redox mediators, chemical reduction by 

biogenic reductants like sulfide, or a combination thereof may be involved in the 

mechanism of this reduction reaction (Figure 1.4). Additionally, the location of the 

reactions can be either intracellular or extracellular. Pearce et al., (2003) described the 

unspecific nature of anaerobic bacterial reduction of azo dyes as compared to the aerobic 

process. The specific adaptation required by aerobic bacteria to decolorize azo dyes 

makes them less preferential for wastewater treatment in isolation.  

Most azo dyes have substituted sulfonated groups and high molecular weight hindering 

their entry into the bacterial cell. As a result, degradation of sulfonated azo dyes is 

expected to be a largely extracellular process with the involvement of electron transport 

moieties for the transfer of reducing equivalents (Russ et al., 2000). Various bacterial 

oxidoreductive enzymes such as lignin peroxidase, laccases, tyrosinase, azoreductase, 

riboflavin reductase, NADH-DCIP reductase, polyphenol oxidase and aminopyrine N-

demethylase have been primarily implicated in the decolorization/ degradation of azo 

dyes (Suzuki et al., 2001; Saratale et al., 2011; Dave et al., 2015).   
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                      Figure 1.4: Schematic representation of different mechanisms of azo  

                      dye reduction, RM = Redox mediator; ED = electron donor  

                      (Modified from Pandey et al., 2007)  
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Tyrosinase 

Tyrosinase (EC.1.14.18.1), is a monophenol monooxygenase, known to catalyze the 

oxidation of phenol using molecular oxygen as an oxidant. It has been used to remove 

phenol from contaminated sites and water (Wu et al., 2001; El-Shora and Metwally, 

2008). Tyrosinases catalyze a two-step enzymatic reaction: first the formation of o-

diphenols by hydroxylation of monophenols followed by oxidation of o-diphenols to o-

quinones (Duran and Esposito, 2000). The o-quinone formed may have an inhibitory 

effect on tyrosinase activity and hence these enzymes possess both cresolase and 

cathecolase activity (Kalme et al., 2009). During azo dye decolorization, this 

phenoloxidase acts as an oxidative enzyme marker. Studies have revealed the role of 

tyrosinase from Comamonas sp. UVS during decolorization of Red HE7B and Direct 

Blue GL (Jadhav et al., 2008) and from Alcaligenes faecalis PMS-1 in the decolorization 

of select azo dyes (Shah et al., 2012) 

 

Laccase 

Laccases (E.C.1.10.3.2), also known as phenol oxidases, are copper containing 

oxidoreductive enzymes. They display broad substrate specificity and catalyze the 

oxidation of inorganic as well as aromatic compounds with the reduction of oxygen to 

water (Majcherczyk et al., 1998). Laccases have been majorly studied in white rot fungi 

and some plants with few reports from bacteria (Gianfreda et al., 1999). Abadulla et al., 

(2000) studied the role of laccases from lignolytic fungi in decolorizing various synthetic 

dyes. Telke et al., (2009) reported a novel laccase-like phenol oxidase from Bacillus sp. 

ADR, involved in the degradation of C.I. Reactive Orange 16. A laccase enzyme from 

Pseudomonas desmolyticum NCIM 2112 was characterized for decolorization of various 

azo dyes (Kalme et al., (2009). Laccases mediate the direct cleavage of the azo group 

through a non-specific mechanism resulting in the lack of formation of aromatic amines 

(Dave et al., 2015). The results from these studies suggests the oxidative role played by 

these enzymes for complete mineralization of the dye molecules. 
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Lignin peroxidase 

Lignin peroxidase (EC 1.11.1.14) is oxidoreductive enzyme and was first described in 

Phanerochaete chrysosporium by Tien and Kirk, (1984). These enzymes act on lignin as 

a substrate and can be classified under the broader category of ligninases. Their mode of 

action involves the use of peroxide as an acceptor. The enzyme has been employed to 

break down a wide array of persistent aromatic compounds, including three and four-ring 

polyaromatic hydrocarbons (PAHs), polychlorinated biphenyls, and synthetic dyes 

(Duran and Esposito, 2000; Dawkar et al., 2008). Sulfonated azo dye degradation by 

lignin peroxidases involves the oxidation of a phenolic group resulting in a radical 

formation at the azo bond bearing carbon atom. The phenolic carbon is hydrolytically 

cleaved to produce phenyldiazene, which can then be oxidized by a one-electron reaction 

generating N2 with the concomitant loss of the azo linkage (Chivukula and Renganathan, 

1995). While lignin peroxidase activity for azo dye decolorization is well documented in 

white rot fungi such as Thelephora sp. and Phanerochaete chrysosporium (Selvam et al., 

2003; Verma and Madamwar, 2003), reports of this enzyme from bacteria are scarce. 

Dhanve et al., 2008 studied the asymmetric cleavage of azo dyes by lignin peroxidase 

activity in Exiguobacterium sp. RD3. In addition, investigators showed an increased azo 

dye degrading activity in purified forms of the enzyme obtained from Bacillus sp. strain 

VUS and from Acinetobacter calcoaceticus NCIM 2890 (Dawkar et al., 2008; Ghodake 

et al., 2009). 

 

Azoreductase  

Azoreductases (EC 1.7.1.6) are major group of enzymes with reducing activity and 

expressed in bacteria and fungi capable of decolorizing/degrading azo dyes. This enzyme 

is involved in the catalytic reductive cleavage of the azo (-N=N-) bond with the 

formation of resultant aromatic amines (Pandey et al., 2007). The mechanism of 

reduction is by the transfer of electrons through soluble flavins. Kehra et al., 2005 

explained the susceptibility of azo containing compounds to anaerobic as well as aerobic 

degradation. The presence of bacterial azoreductases decolorizing sulfonated azo dyes 

was first reported by Rafii et al., (1990) in bacterial strains belonging to Clostridium and 

Eubacterium. Extracellular azoreductases from these strains were constitutively 

produced and found to be oxygen sensitive. Many such unspecific cytoplasmic enzymes 
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with the ability to reduce azo bonds are found in various bacterial strains (Dave et al., 

2015). Ghosh et al., (1992) isolated nonspecific enzymes catalyzing azo bond reduction 

from aerobically grown cultures of Shigella dysenteriae. Similar activity was 

demonstrated in E. coli (Nakanishi et al., 2001), Staphylococcus aureus (Chen et al., 

2005) and Pseudomonas aeruginosa (Nachiyar and Rajkumar, 2005). Further 

characterization of these enzymes indicated them to be flavoproteins (Pandey et al., 

2007).  

Azo dyes are broadly classified based on their structure, function and/or oxygen 

requirement. Abraham (2007) proposed a classification based on analysis of the 

secondary and tertiary amino acid structure owing to inherent inconsistencies in the 

primary sequence. Bacterial azoreductases represent novel families of enzymes with little 

similarity to other reductases (Saratale et al., 2011). Structurally azoreductases are 

mostly monomeric, although dimeric or tetrameric forms have been reported (Bafana and 

Chakrabarti 2008). On the basis of function, azoreductases may be classified as flavin 

dependent or flavin independent (Blümel and Stolz, 2003; Chen et al., 2005). The flavin 

dependent class of azoreductase are further categorized based on their cofactor 

requirement of NADH, NADPH or both (Singh et al., 2015).  

Extensive research has been carried out on the purification and characterization of 

azoreductase enzymes from many bacteria, such as Xenophilus azovorans KF46F, 

Pigmentiphaga kullae K24, Enterococcus faecalis, and Rhodobacter sphaeroides have 

been extensively studied (Suzuki et al., 2001; Blümel and Stolz, 2003). Besides bacteria, 

this enzyme has also been found in rat and rabbit liver, intestinal microbiota 

(Chengalroyen and Dabbs, 2013) and environmental fungi (Chen, 2006) as well as 

halophilic organisms (Asad et al., 2007). 

The complex structure and high molecular weight of sulfonated azo dyes impedes their 

uptake across the bacterial cell membrane. This casts doubts on the intracellular 

involvement of azoreductases. According to Russ et al., (2000), NADH, NADPH or 

FADH act as electron donors during the reduction of azo dyes. Since these cofactors are 

cytoplasmic, the reaction requires membrane transport systems to shuttle electrons to the 

membrane bound azoreductase in intact cells (Dave et al., 2015). Kudlich et al., (1997) 

endorsed the idea that the membrane-associated azo reductase activity, facilitated by 

redox compounds, is distinct from the soluble cytoplasmic nonspecific azo reductase. 
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The latter is accountable for reducing non-sulphonated dyes that permeate through the 

cell membrane. Figure 1.5 shows the mechanism for azoreductase activity during 

decolorization of azo dyes in intact bacterial cells using redox mediators. 

 

 

 

 

 

 

Figure 1.5: Proposed mechanisms for the reduction of azo dyes by whole bacterial cells       

(Adapted from Pearce et al., 2003) 
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1.8 Molecular basis of dye decolorization 

Azo dyes, a predominant class of synthetic dyes utilized in industries, present a 

significant environmental concern due to their potential toxicity and recalcitrance. 

Research has increasingly pivoted towards understanding the genomic and proteomic 

basis of azo dye decolorization, providing novel insights into the molecular mechanisms 

underlying this process. Therefore, an in depth understanding of the microbial enzymes 

involved in azo dye decolorization and an evaluation of the functional genes involved is 

crucial. In recent years, a large number of azo dye decolorizing and degrading bacteria 

have been isolated and screened from diverse environmental habitats including dye 

containing wastewater (Kumari et al., 2016; Tang et al., 2018; Eskandari et al., 2019; 

Eslami et al., 2019; Pushpa et al., 2019; Srinivasan et al., 2019; Khaled et al., 2022). The 

vast majority of existing research has prioritized identifying and characterizing 

microorganisms capable of degrading azo dyes, in addition to assessing their capabilities 

for dye degradation (Chen et al., 2018). This has considerably advanced our 

comprehension of the azo dye degradation process and, through the examination of 

degradation byproducts, has hypothesized microbial degradation pathways of azo dyes. 

However, the explicit functional genes and their associated mechanisms involved in the 

microbial breakdown of azo dyes are not as widely reported. 

Microbial degradation of azo dyes involves enzymatic breakdown, primarily mediated by 

azoreductases and oxidoreductive enzymes (Dave et al., 2015; Singh et al., 2015). These 

enzymes cleave the azo bonds and transform the dyes into less complex and often less 

toxic molecules. The genes encoding, their expression, regulation and resulting 

metabolic pathways have been elucidated in several organisms including Pseudomonas, 

Pigmentiphaga, Bacillus, Enterococcus, and Escherichia (Leelakriangsak, 2013). 

Significant genes, such as azoR and azoA, encoding prtoeins involved in catalytic azo 

dye cleavage have been identified in several bacterial species (Chen et al., 2010). Certain 

bacteria like Shewanella decolorationis S12 and Pseudomonas luteola harbor plasmids 

with azo dye reduction genes, which may provide them with a selective advantage in 

dye-contaminated environments (Xu et al., 2007; Chen et al., 2010). 

In addition to gene identification, genomic studies have revealed that azo dye 

decolorization is often a complex process involving various metabolic pathways. In a 

study on Bacillus subtilis, genes related to electron transfer chains and energy 
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metabolism were found to be significantly up-regulated during dye decolorization 

(Valenzuela-García et al., 2020). This suggested a potential interaction between dye 

degradation and bacterial energy metabolism. One notable bacterial strain well studied 

for its azo dye degradation potential is Shewanella oneidensis. Genomic analysis of this 

bacterium has revealed genes for azoreductases, laccases and cytochromes are involved 

in dye degradation (Mugerfeld et al., 2009). Similarly, a recent transcriptomic study on 

the thermophilic strain Anoxybacillus sp. used RNA-Seq and qRT-PCR technology to 

confirm the role of NAD(P)H-flavin reductase, 2Fe-2S ferredoxin and NAD(P)-

dependent ethanol dehydrogenase genes in Direct black G decolorization (Chen et al., 

2020).  

Proteomic analysis has also been a valuable tool in elucidating the molecular 

mechanisms of dye decolorization. Using advanced techniques such as 2D 

electrophoresis and mass spectrometry, studies have identified a range of proteins 

involved in azo dye degradation, including azoreductases, flavin reductases, and 

NAD(P)H-dependent enzymes (Feng et al., 2012). A metaproteomic approach to 

understanding potential azo dye degrading mechanisms was reported by An et al., 

(2020). Comprehensive in silico studies such as molecular docking of bacterial enzymes 

involved in dye decolorization can provide new insights into understanding and 

exploring interactions at the molecular level. Moreover, integrating various omics tools 

to study microbial azo dye decolorization could be impactful in developing more 

efficient systems for the bioremediation of textile wastewater. 

 

1.9 Significance of this study 

The dyeing industry constantly strives to develop various new synthetic dyes and 

continuous efforts are being made towards further developing these dyes to make them 

more sustainable, increase the scope of their application and reduce their impact on the 

environment.  Keeping in mind these challenges, this study focused on screening and 

identifying potential bacteria, from marine and estuarine sources, capable of decolorizing 

dyes and exploring the molecular mechanisms they adopt in facilitating the process of 

dye decolorization. As dye wastewater contains high concentrations of salt, these salt 

tolerant bacteria would possess innate abilities to carry out dye decolorization under 

saline conditions. Proteomic analyses will provide insights into the changes in the protein 
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profile during decolorization of synthetic dyes. This knowledge will contribute to our 

understanding of the mechanism of decolorization of textile dyes and will aid in 

developing robust and efficient bioremediation steps for treating textile industry 

effluents. Investigations into the molecular framework of bacteria involved in dye 

decolorization would provide an assessment of the functional gene expression during this 

process. The detection of genes involved in azo dye decolorization and analysis of 

mRNA as an indicator of gene expression could significantly augment the understanding 

of the role of these genes in the pathways of dye decolorization. The work carried out for 

this research was planned in order to address the following major objectives 

 

❖ To select marine bacteria capable of textile azo dye decolorization 

The rationale for pursuing this objective was to isolate salt tolerant bacteria from 

marine and estuarine sources. These isolates would then be screened for their 

ability to decolorize and detoxify high concentrations of synthetic textile azo dyes 

to eventually obtain isolates with maximum potential for bioremediation of 

textile wastewater.  

 

❖ To elucidate the proteomic characteristics of a select set of bacteria efficient 

in dye decolorization 

The process of dye decolorization is mediated through a series of enzymatic 

reactions. The purpose of this objective was to identify the changes in the level of 

expressed proteins during the decolorization of textile azo dyes. This may help in 

elucidating the possible mechanism of action during dye decolorization and 

provide lacking information regarding the bacterial proteomic profile 

accompanying azo dye decolorization. 

 

❖ To evaluate the expression and regulation of genes encoding azo dye 

decolorization enzymes 

Native bacteria possess inherent mechanisms to deal with pollutants and 

chemicals in their environment. The expression of their genes is tailored to 

survive stresses in their environment. Identifying the genes that play a key role in 

decolorization of azo dyes is useful in developing targeted technologies for the 

bioremediation of textile wastewater. 
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Chapter 2 

Screening, Isolation and Identification of Dye 

Decolorizing Bacteria 

 

2.1 Introduction 

Environmental habitats are strongly influenced by the various physical, chemical and 

biological processes that constitute it (Pace, 1997). These parameters in a given habitat 

share a closely interspersed relationship with each other. Physical conditions of 

temperature, pH and salinity affect the dynamics of the associated biota. Microorganisms 

are widely distributed across habitats including extreme conditions of high salinity, high 

pressure and high acidity. The complexity of their metabolic activity allows them to 

function in such a wide range of environmental conditions. The diverse distribution of 

microorganisms in the environment makes them a desirable resource for bioprospecting 

as potential agents of many useful compounds (Tanner et al., 2017). Bacteria and fungi 

are well studied decomposers in aquatic and terrestrial ecosystem because of their ability 

to transform substrates. Their pivotal role as agents of bioremediation can be attributed 

to their diverse enzymatic systems. This allows them to efficiently convert organic 

matter to inorganic molecules thereby contributing to nutrient cycling in the environment 

(Thatoi et al., 2013).  

The marine environment encompasses oceans, estuaries, mangroves, lagoons and salt 

marshes where the salinity is in the range of 5 to 35 psu (practical salinity units) and it is 

home to abundant bacteria and fungi besides other life forms. Mangroves are amongst 

the most productive natural ecosystems. They are prolific in various living organisms 

including a rich genetic diversity of microorganisms (Thatoi et al., 2013). These 

microorganisms are equipped with adaptive mechanisms to efficiently recycle molecules 

in their habitat. In spite of this, only a minute fraction of these microorganisms has been 

explored for their ecological role or their potential applications. Hence such an 

ecosystem offers a promising stock of organisms with bioremediation potential.  
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The widespread use of synthetic dyes across a gamut of industries has resulted in 

indiscriminate release of these dyes into the environment (Abd El-Rahim et al., 2017). 

This causes deleterious effects on the environment as well as reduces the quality of water 

bodies (Sarnaik and Kanekar, 1999). Azo dyes are amongst the largest class of 

recalcitrant synthetic dyes in use (Singh et al., 2015). The release of these dyes in 

wastewaters has raised concerns about their toxic effects on humans as well as on other 

organisms.  The large amount of unbound dye in these effluents not only imparts dark 

coloration to the water bodies but additionally the dyes as well as their breakdown 

products have been shown to be carcinogenic and/or mutagenic in nature (Weisburger, 

2002). Bioremediation offers an attractive, environmentally friendly and economically 

viable solution for the treatment of dye containing wastewater. Extensive studies have 

been carried out to indicate the potential role of bacteria in decolorizing and detoxifying 

a wide range of structurally different synthetic dyes (Bras et al., 2001; Chen et al., 2003; 

Mahmood et al., 2016). As a result, the development of successful and robust microbial 

based bioremediation technologies requires a better understanding of the microbial 

abundance and response to the presence of synthetic dyes. The isolation and 

characterization of culturable dye decolorizing bacteria would help evaluate the 

remediating potential of indigenous bacterial populations and identify prospective strains 

with enhanced capabilities for wastewater treatment. 

 

2.2 Materials and Methods 

2.2.1 Sampling 

Three estuarine sources located in Goa along the west coast of India were selected for 

isolating potential dye decolorizing bacteria as shown in Figure 2.1. These sites are in 

the mangroves located at Choraõ (CM; 15°30'44.1" N 73°52'07.8" E) and Divar (DM; 

15°30'30.6" N, 73°54'41.7" E) and saltpans situated at Ribandar (RS; 15°29'56.0" N, 

73°50'46.6" E). Water samples were collected just below the surface using sterile 

polypropylene tubes. Sediment samples were collected at low-tide in undisturbed areas 

with the help of a core (0 - 5cm) in an aseptic zip lock bag. All samples were held on ice 

until further analysis in the laboratory.   
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Figure 2.1: Sampling locations located in (CM) Choraõ Mangroves, (DM) Divar 

Mangrove site, (RS) Ribandar saltpans 
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2.2.2 Measurement of physico-chemical parameters 

2.2.2.1 Water samples 

The prevalent physico-chemical conditions at each sampling site were recorded. These 

included pH, temperature and salinity of the ambient sea water. Temperature at each 

location was measured on-site using a hand-held mercury thermometer. Salinity and pH 

of collected water samples was measured using a hand-held refractometer (ATAGO, 

ATC-S/Mill-E) and a bench top Accumet Basic AB15 – pH meter (Fisherbrand, USA) 

calibrated with standard buffers. Samples were also analyzed for dissolved oxygen (DO) 

level following Winkler’s procedure (Parsons et al., 1984) (Appendix A). The levels of 

nutrients such as nitrate (NO3-N) and nitrite (NO2-N) were analyzed according to 

Parsons et al., (1984).  

2.2.2.2 Sediment samples 

The physical parameters such as temperature, pH and salinity of the overlying water 

were measured as described earlier. Basic descriptive statistics were applied on raw data 

sets with mean ± standard deviation of the water and sediment parameters determined 

separately for each sampling location.  

 

2.2.3 Microbiological analysis 

2.2.3.1 Total viable counts 

Bacterial counts in the water and sediment samples were determined using standard 

dilution plate method. In order to enumerate the total viable bacterial counts (TVC), 

water and sediment samples were processed accordingly, by serial dilution in sterile 

phosphate buffer (pH 7.2). Aliquots of 0.1 ml of sample dilution were spread in triplicate 

onto seawater nutrient agar (SWNA, with composition [L-1]: peptic digest of animal 

tissue 5.0 g, sodium chloride 5.0 g, beef extract 1.5 g, yeast extract 1.5 g, agar 15 g, 

distilled water 1000 mL, pH 7.4 ± 0.2). Plates were incubated at 28°C for 24-48 h and 

bacterial counts were taken as colony forming units (CFU) mL-1. Data was expressed as 

mean ± standard deviation (SD) of three replicate experiments. 
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2.2.3.2 Sample Enrichment 

A selective enrichment culture technique using Mineral Salt Medium (MSM) amended 

with azo dye as the sole source of carbon and energy was used for enrichment of 

potential dye decolorizing bacterial strains from the collected samples (Sharma et al., 

2004). Four reactive azo dyes (Sigma-Aldrich) i.e. Reactive Black 5 (RB5), Reactive 

Green 19 (RG19), Reactive Red 120 (RR120) and Reactive Blue 163 (RBL163) were 

used. 250 mL of sterile MSM (Appendix B) was prepared in 500 mL Erlenmeyer flasks 

with each of the azo dyes added to give a final concentration of 100 mg L-1. Stock 

solutions of the dyes (10 g L-1) were prepared and sterilized by membrane filtration using 

a 0.22-µm pore size membrane filter (Axiva, New Delhi). Each flask with the sterile 

medium was inoculated with 1 g of sediment sample or 10 mL of water sample. Flasks 

were incubated at 28°C for 7 days under agitated conditions (120 rpm). Repeated 

transfers of 2 % (v/v) inoculum were carried out in to fresh sterile MSM amended with 

increasing concentrations of reactive azo dyes (150 mg L-1 and 200 mg L-1). Following 

incubation, the enriched cultures from the flasks were serially diluted and 100 µL 

aliquots were spread onto Mineral Salt agar plates amended with the four azo dyes. After 

48 h incubation at 28 ± 2 °C, morphologically distinct bacterial colonies were picked up 

and streaked on sterile Nutrient agar (NA) plates.  

2.2.3.3 Purification and maintenance of bacterial cultures 

Distinct isolates obtained during initial isolation were purified separately by suspending 

in sterile saline and re-inoculating (by quadrant streak subculture) on Nutrient agar 

plates. Each pure isolate was grown in Nutrient broth (NB; HiMedia, Mumbai) 

(Appendix B) to a density of 1 OD at 600 nm (approx. 106 cells ml-1). Liquid cultures 

(0.5 mL each) were transferred to sterile cryovials containing 0.5 mL 25% glycerol and 

stored at -80°C. The isolates were also maintained on sterile NA slants at 4°C for further 

analysis. 210 such pure isolates were obtained and were subject to further screening. 

 

2.2.4 Screening and Isolation of Dye decolorizing bacterial strains 

Preliminary studies to obtain bacteria with dye decolorizing potential were carried out 

using 50% Sea Water Nutrient agar (SWNA, with composition [L-1]: peptic digest of 

animal tissue 5.0 g, sodium chloride 5.0 g, beef extract 1.5 g, yeast extract 1.5 g,   
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agar 15 g, distilled water 500 mL, sea water 500 mL, pH 7.4 ± 0.2) containing dye. All 

purified isolates were spot inoculated on dye-amended plates containing 200 mg L-1 of 

the reactive azo dyes.  The plates were incubated at room temperature (RT) (28 ± 2 °C) 

for 24 – 48 h. The isolates showing zones of clearance were picked for further studies.  

2.2.5 Identification of Dye decolorizing bacterial strains 

2.2.5.1 Morphological, physiological and biochemical characterization 

The morphological characteristics of the pure isolates of dye decolorizing bacteria were 

studied. Isolated colonies on nutrient agar were described with respect to their colony 

color and morphology. The Gram character for the selected isolates was determined by 

Gram staining (Gram, 1884). Motility of individual cells was determined by observing 

under light microscopy. Various biochemical tests were performed for the selected 

isolates using HiAssorted Biochemical test identification kit (HiMedia, India).  

Further, all the pure isolates of bacteria were assessed for their abilities towards the 

production of physiological enzymes. These enzymes include oxidative (catalase and 

oxidase), reductive (nitrate and nitrite reductase), substrate specific hydrolytic enzymes 

(amylase, casease, lipase, ornithine decarboxylase and arginine dihydrolase). All 

biochemical activities were recorded qualitatively (+/-ve) as a part of taxonomic 

identification. 

Catalase test: A well grown isolated colony of pure culture was picked up aseptically 

with a sterile loop and mixed with hydrogen peroxide solution (H2O2: 3% v/v) solution 

on a clean glass slide. Observation of bubble formation was considered as a positive test 

(Smibert and Krieg, 1994) 

Cytochrome oxidase test: Oxidase test was performed using commercial tetramethyl-p-

phenylenediamine dihydrochloride (TPPD: Himedia, DD018) discs. A smear of a loopful 

bacterial cell mass was spread on the disc. The development of dark purple colour within 

10 to 15 seconds was considered as a positive test. 

Nitrate reductase test: The isolates were inoculated in sterile nitrate broth and incubated 

at 28 ± 2 ºC for 24 h. Following incubation, development of a red color upon addition of 

sulphanilic acid and N, N-Dimethyl-α-naphthylamine indicated a nitrate reductase 

positive result.  
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Amylase test: Individual isolates were drop inoculated on nutrient agar plates containing 

1 % starch and incubated at 28 ± 2 ºC for 24 h. Later, plates were flooded with Lugol’s 

iodine solution (3% potassium iodide, 0.3% iodine). The presence of clear zone 

surrounding the colony was considered as a positive test for amylase production. 

Casease test: Isolates were spot inoculated on Skim Milk agar plates (containing 2.8% 

skim milk powder) and incubated at 28 ± 2 ºC for 24 h. The presence of clear zone 

surrounding the colony was considered as a positive test for casease activity. 

Lipase test: The production of lipase was determined using Nutrient agar amended with 

1% Tween 80. Individual colonies were spot inoculated on the plates and incubated at 28 

± 2 ºC for 24 h. The formation of white precipitate around the colony was an indicator of 

lipase activity. 

Ornithine decarboxylase test: Cultures were inoculated into nutrient broth containing 

0.5% ornithine and incubated at 28 ± 2 ºC for 24 h. A violet color obtained following 

incubation indicates a positive result. 

Arginine dihydrolase test: Cultures were inoculated into nutrient broth containing 0.5% 

arginine and incubated at 28 ± 2 ºC for 24 h. A purple color obtained following 

incubation indicates a positive result. 

2.2.5.2 Extraction of DNA 

For the extraction of DNA, the pure bacterial cultures were grown overnight in Luria 

Bertani broth (HiMedia, Mumbai) (Appendix B) and collected by centrifugation. 

Genomic DNA was extracted using the GenElute™ Bacterial Genomic DNA kit (Sigma-

Aldrich, USA) following the manufacturer’s instructions. Around 1.5 mL of overnight 

grown bacterial culture was centrifuged to obtain a cell pellet and the culture medium 

was discarded. Pellets were resuspended in 200 µL Lysozyme solution (~40mg/mL) and 

incubated at 37°C for 30 minutes. This was followed by addition of 20µL of RNase A 

solution. After incubation of this suspension for 2 minutes at room temperature, 20µL of 

Proteinase K solution and 200µL of Lysis Solution C were added, vortexed and 

incubated at 55°C for 10 minutes. 200µL of ethanol was then added to the lysate and 

homogenized. This entire solution was transferred to an activated Miniprep Binding 

Column assembled in a collection tube. The tube containing the column was centrifuged 

at 6500 x g for 1 minute following which the column was sequentially washed with the 
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two wash solutions provided and the collection tube changed at each step. The final 

elution was carried out in a fresh collection tube wherein the bound DNA was eluted by 

addition of Elution Solution. The quality and integrity of the eluted DNA was tested 

using Nanodrop and agarose gel electrophoresis, respectively.  

2.2.5.3 PCR amplification and purification 

The extracted DNA was amplified to obtain near full length 16S rRNA genes by 

polymerase chain reaction (PCR). The universal forward and reverse primers selected for 

amplification were 27F (5'-AGAGTTTGATCACTGGCTCAG-3') (Weisberg et al., 

1991) and 1492R (5'-CTACGGCTACCTTGTTACGA-3') (Reysenbach et al., 1992) 

(BioServe). The final reaction tube volume was 25µL and contained 2µL of template 

DNA (added at a concentration of 30-50µg DNA µl-1), 1µL each of forward and reverse 

primer (10pmol), 12µL of PCR Master Mix (Thermo, USA) and 9µL of Nuclease-free 

water (Thermo, USA). The PCR was performed using the following conditions: initial 

denaturation at 94°C for 4 min, followed by 35 cycles at 94°C for 1 min (denaturation), 

55°C for 1 min (annealing), and 72°C for 1 min (extension). Final elongation was at 

72°C for 20 min. The reaction was carried out in a Veriti 96 well Thermal Cycler 

(Applied Biosystems, USA). Amplification was confirmed by carrying out 

electrophoresis of the amplicons using a 0.8% agarose gel along with a 1kb molecular 

ladder. The amplified products were purified using a PCR purification kit GenElute™ 

PCR Clean-Up Kit according to the manufacturer’s instructions. Products were stored at 

-20°C until further use. 

2.2.5.4 Sequencing 

Nucleotide sequences were determined by automated sequencing using the Applied 

Biosystems 3130xl Genetic Analyzer based on the principle of dideoxy chain 

termination. Sequencing was carried out using 1pmol each of the universal forward and 

reverse bacterial primers, 27F and 1492R. The 16S rRNA gene of each strain was 

assembled using DNA Baser Sequence Assembler and compared with the 16S rRNA 

gene database at the National Center for Biotechnology Information (NCBI; https://

www.blast.ncbi.nlm.nih.gov/Blast.cgi) using the BLAST search tool. Sequence identity 

was determined based on the closest reference match. Short sequences of less than 

500bp, sequences with low similarity of lower than 90% and chimeric sequences were 
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removed. The identified sequences were submitted to NCBI GenBank database and 

accession numbers for these sequences were obtained. 

2.2.6 Phylogenetic Analysis 

The sequences obtained for each strain were used to construct phylogenetic trees by 

comparing to sequences of most closely related type/reference strains. The reference 

strains were selected based on the closest match with 16S rRNA sequences of the 

isolates under study and retrieved from GenBank database 

(https://www.ncbi.nlm.nih.gov/genbank/) (Wheeler et al., 2007). All sequences were 

converted to FASTA format and aligned using MEGA7 software (Kumar et al., 2016). 

After alignment, the phylogenetic tree was constructed using neighbor joining (NJ) 

algorithm (Tamura et al., 2004), and bootstrap analysis was performed to evaluate 

stability of relationships by performing 1000 replications of the dataset. 

2.2.7 Primary dye decolorization assays 

The dye decolorizing potential of the bacterial isolates obtained was determined by 

primary decolorization assays in nutrient broth (NB; HiMedia, Mumbai) (Appendix B) 

containing reactive azo dyes (Modi et al., 2010). The isolates were grown in NB to a 

density of 1 OD at 600 nm and used to inoculate into tubes containing the nutrient 

medium amended with the reactive azo dyes RB5, RG19, RR120 and RBL163 at 

concentrations of 100 mgL-1, 250 mgL-1 and 500 mgL-1. The tubes were incubated at 

room temperature (RT) (28 ± 2 °C) for 24 h.  Following incubation, the broth was 

centrifuged at 12,000 rpm for 10 min at 4°C and the absorbance of the cell-free 

supernatant was read spectrophotometrically at 597 nm for RB5, 630 nm for RG19, 522 

nm for RR120 and 590 nm for RBL163. The uninoculated dye free culture medium was 

used as blank. The percentage of decolorization for different isolates was calculated 

using the following equation: 

Decolorization (%) =    Aλ,initial − Aλ,final   × 100 

                                            Aλ,initial 

 

where, Aλ, initial = initial absorbance and Aλ, final = absorbance after incubation 

Data was expressed as mean ± standard deviation (SD) of three replicate experiments. 
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2.3 Results 

2.3.1 Measurement of physico-chemical parameters 

2.3.1.1 Water samples 

The different physico-chemical parameters of water and sediment samples have been 

listed in Table 2.1 and Table 2.2. Analysis of the water samples showed variations in 

temperatures ranging from 25˚C to 30.2˚C and pH range of 6.8 to 7.8. The salinity of the 

samples differed based on the sampling location with the samples from Ribandar 

saltpans recording the highest salinity. Variations in salinity in the mangrove locations 

were an outcome of frequent tidal changes experienced within this estuarine ecosystem. 

Dissolved oxygen levels showed a range of 3.42 to 5.14 mg L-1 while nitrate values 

ranged from 1.12 to 2.06 µmol L-1 and nitrite from 0.24 to 0.33 µmol L-1 respectively.  

2.3.1.2 Sediment samples 

The sediment parameters measured in the overlying water samples were found to be 

generally similar to the parameters of the water samples taken from that sampling 

location. However, the temperatures recorded of the sediment samples were slightly 

warmer in comparison to the water. 

 

2.3.2 Microbiological analysis 

2.3.2.1 Abundance of bacterial populations 

Bacteria were found in all the samples obtained from Choraõ and Divar mangroves as 

well as Ribandar saltpans. It was observed that bacterial counts were higher in sediment 

samples as compared to water samples. The saltpans samples showed relatively lower 

counts in comparison to mangrove samples. The TVC of bacteria in mangrove water 

samples was much higher than in saltpan water sample as indicated in Table 2.2. 

Further, higher bacterial counts of 398.55 x 106 CFU mL-1 and 436.02 x 106 CFU mL-1 

were recorded in mangrove sediment samples from Choraõ and Divar respectively. 

However, a lower TVC of 87.41 x 106 CFU mL-1 was measured in sediment collected 

from saltpans. 
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2.3.2.2 Enrichment and Isolation of Dye decolorizing bacteria 

Selective enrichment using MSM was a useful technique to isolate potential dye 

decolorizing bacterial strains from the water and sediment samples.  Following 

enrichment in the presence of four reactive azo dyes i.e. RB5, RG19, RR120 and 

RBL163, 210 morphologically distinct bacterial colonies were obtained. These were 

further purified and maintained on Nutrient agar slants and plates. Primary screening 

using dye amended plates yielded 81 bacterial isolates with the potential to decolorize 50 

mg L-1 of the reactive azo dyes tested. A further screening carried out using 200 mg L-1 

of the dyes yielded 15 bacterial strains showing the best decolorization ability. These 

isolates showed distinct clear zones around the bacterial colony on NA plates containing 

the dye.  

 

Table 2.1: Physico-chemical characteristics of water samples 

 

 

 

 Sampling Location 

Choraõ Mangrove Divar Mangrove Ribandar saltpans 

Temperature (˚C) 29.35 + 0.05 28.39 + 0.05 30.22 + 0.05 

pH 7.44 + 0.03 7.83 + 0.03 6.82 + 0.04 

Salinity (PSU) 27.24 + 0.01 29.04 + 0.04 32.24 + 0.01 

Dissolved Oxygen (mg L-1) 
3.42 + 0.06 

 

5.14 + 0.02 

 

4.39 + 0.02 

 

Nitrite (µmol L-1) 0.31 + 0.01 

 

0.24 + 0.03 

 

0.33 + 0.02 

 

Nitrate (µmol L-1) 1.12 + 0.02 

 

1.24 + 0.04 

 

2.06 + 0.01 

 

CFU (no. x 103 mL-1) 407.61 + 12.16 

 

371.60 + 8.20 

 

34.21 + 9.24 
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Table 2.2: Physico-chemical characteristics of sediment samples 
 

 

 

2.3.3 Identification of Dye decolorizing bacterial strains 

2.3.3.1 Morphological, Physiological and Biochemical Characteristics of Bacterial 

Isolates 

The 15 isolates were differentiated based on their morphological, cultural and 

biochemical characteristics. The various colony and cell morphologies as well as the 

temperature and pH for growth are shown in Table 2.3. The results of the biochemical 

tests and production of physiological enzymes were determined as shown in Table 2.4.    

2.3.3.2 16S rRNA based Identification and Phylogenetic Analysis 

The 15 dye decolorizing bacterial cultures obtained were identified on the basis of 16S 

rRNA gene sequencing. The purity of the extracted genomic DNA was confirmed based 

on A260nm/A280nm ratio and found to be within 1.7-2.0. Amplified product of ribosomal 

DNA in all the samples was approximately 1500 base pairs in size as confirmed in the 

0.8% agarose gel. The sequences obtained for the dye decolorizing bacterial isolates 

represented >97% similarity to the matching phylotypes in the database. The sequence 

analysis showed the dye decolorizing bacterial isolates to belong to 4 genera as indicated 

in Figure 2.2. The results of identification of bacterial isolates by 16S rRNA gene 

 Sampling Location 

Choraõ Mangrove Divar Mangrove Ribandar saltpans 

Temperature (˚C) 31.35 + 0.00 30.11 + 0.01 31.05 + 0.03 

pH 7.14 + 0.03 7.04 + 0.02 8.11 + 0.05 

Salinity (PSU) 25.78 + 0.00 27.34 + 0.01 30.04 + 0.06 

CFU (no. x 106 mL-1) 398.55 + 10.18 436.02 + 15.20 87.41 + 9.30 
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sequencing confirmed the results obtained in the biochemical tests. The GenBank 

accession numbers obtained for the isolates are listed in Table 2.5.  

The phylogenetic tree created based on similarities in the 16S rDNA sequences for the 

different dye decolorizing bacterial isolates (Figure 2.3) shows high degree of similarity 

to related isolates and type strains. Based on the 16S rDNA sequences, the isolates are 

clustered into clades based on the degree of similarity or difference in rDNA sequence 

composition. 

 

 

2.3.4 Primary decolorization assay 

 

Initial decolorization studies showed the rapid and extensive decolorization of the four 

reactive dyes (RB5, RG19, RR120 and RBL163) at dye concentration of 100 mgL-1 by 

all the 15 isolates (Table 2.6). In comparative analysis of all the isolates tested, the 

bacterial isolate NIO_14d showed the maximum potential of azo dye decolorization and 

decolorized >98% of RB5, RG19 and RR120 and 88% of RBL163 within 24 hours of 

incubation.  As shown in Figure 2.4, the isolates were further capable of efficient dye 

decolorization even at higher dye concentrations of 250 mgL-1 and 500 mgL-1 (Table 2.7 

and Table 2.8). Of the four dyes tested, the extent of decolorization was found to be 

higher in RB5, RG19 and RR120 as compared to RBL163. 

The primary decolorization studies provided a set of bacterial strains with considerable 

azo dye decolorization potential. Based on these results, the isolate NIO_14d which 

showed the best dye decolorization activity measured as percent decolorization was 

selected for further optimization and characterization studies. The isolate was identified 

as Shewanella seohaensis based on maximum similarity in NCBI database and was 

assigned with GenBank accession number KR922404. 
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                                   Figure 2.2: Dye decolorizing bacteria (DDB) belonging to different representative bacterial genera isolated from  

                                   mangrove and saltpan, water and sediment samples
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Table 2.3:  Morphological and physiological characteristics of dye decolorizing bacterial isolates   

Test NIO_2c NIO_3d NIO_12c NIO_13a NIO_13b NIO_14d NIO_14l 

Colony Morphology        

Shape circular circular circular circular circular circular circular 

Margin entire entire entire entire entire entire entire 

Elevation raised convex convex flat convex raised convex 

Surface texture smooth smooth smooth mucoid smooth smooth smooth 

Consistency butyrous butyrous butyrous butyrous butyrous butyrous butyrous 

Color  cream cream cream greenish off white cream cream 

Opacity opaque opaque opaque translucent translucent opaque translucent 

Gram character 
Gram negative 

rod 

Gram negative 

rod 

Gram negative 

rod 

Gram negative 

rod 

Gram negative 

rod 

Gram negative 

rod 

Gram negative 

rod 

Motility motile motile motile motile non motile motile motile 

Growth conditions         

Temperature 25°C - 45°C 25°C - 40°C 25°C - 40°C 25°C - 40°C 25°C - 40°C 25°C - 35°C 25°C - 40°C 

pH 6.0 – 8.0 6.0 – 8.0 6.0 – 8.0 7.0 – 9.0 6.0 – 8.0 6.0 – 8.0 6.0 – 8.0 



Chapter 2 

 

48 
 

Table 2.3 (continued):  Morphological and physiological characteristics of dye decolorizing bacterial isolates   

Test NIO_14s NIO_14v NIO_15c NIO_15d NIO_15e NIO_15h NIO_15m NIO_15p 

Colony Morphology         

Shape circular circular circular circular circular circular circular circular 

Margin entire entire entire entire entire entire entire entire 

Elevation convex convex convex convex raised convex raised convex 

Surface texture mucoid mucoid smooth mucoid smooth smooth smooth smooth 

Consistency butyrous butyrous butyrous butyrous butyrous butyrous butyrous butyrous 

Color  white off-white cream white light pink white cream white 

Opacity opaque translucent translucent translucent opaque opaque opaque translucent 

Gram character 

Gram 

negative 

coccobacilli 

Gram 

negative 

rod 

Gram 

negative 

rod 

Gram 

negative 

 coccobacilli 

Gram 

negative 

 rod 

Gram 

negative 

rod 

Gram 

negative 

rod 

Gram 

negative 

 coccobacilli 

Motility non motile non motile motile non motile motile non motile motile non motile 

Growth conditions          

Temperature 25°C - 40°C 25°C - 40°C 25°C - 40°C 25°C - 40°C 25°C - 35°C 25°C - 40°C 25°C - 35°C 25°C - 35°C 

pH 7.0 – 8.0 7.0 – 8.0 6.0 – 8.0 7.0 – 8.0 6.0 – 8.0 6.0 – 8.0 6.0 – 8.0 7.0 – 8.0 
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Table 2.4:  Biochemical tests and production of physiological enzymes by dye decolorizing bacterial isolates   

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

       

Key: + : Positive reaction             - : Negative reaction              

 

Isolate 

                    

Test                  
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N
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N
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N
IO

_
1
5
e 

N
IO

_
1
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h

 

N
IO

_
1
5
m

 

N
IO

_
1
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Catalase + + + + + + + + + + + + + + + 

Oxidase + + + + + + - - - + - + + + - 

Nitrate reductase + + + - + + - - - + + + + + + 

Amylase - + + - + + - - - + + - + - + 

Casease - + + + + + - - - + + + + - + 

Lipase - + + - + + - + + + + + + - + 

Ornithine 

decarboxylase 
- - - - - - - - - - - - - - - 

Arginine dihydrolase - - - + - - - - + - - + - + - 

Citrate utilization + + + + - + + + + - + + - + - 

Lysine - - - - - - - + + - + - - - + 

Urease - - - + - - + - - - - - - - - 

Phenylalanine 

deaminase 
+ - + - - - - + + - + + - - + 

H2S production - + - - - - - - - - - - - - - 

Utilization of                 

         Glucose + + + + + + + + + + + + + + + 

         Lactose + - - + + + - - - + - - + - + 

         Arabinose + + + + + - - - + + + + + + - 

         Sorbitol - - - - - - - - - - - - - - - 
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Table 2.5: 16S rDNA sequence-based identification and NCBI GenBank accession numbers of dye decolorizing bacteria  

Isolate Source 
NCBI GenBank 

Accession number 

Nearest neighbor in NCBI  

database 

Similarity (%) 

NIO_2c RSW MZ841641 Shewanella baltica  99.79 

NIO_3d DMW KX062379 Aeromonas enteropelogenes strain FDAARGOS_1509 99.85 

NIO_12c CMW  KX062386 Aeromonas caviae strain YPL5-62 99.86 

NIO_13a DMW OM736153 Pseudomonas putida  100.00 

NIO_13b DMsed KX062380 Aeromonas dhakensis strain P21 99.00 

NIO_14d DMsed KR922404 Shewanella seohaensis strain S7-3 99.86 

NIO_14l  DMsed KX062385 Pseudomonas oleovorans strain ROA037 99.85 

NIO_14s DMsed KX062383 Acinetobacter tandoii strain INA2 99.62 

NIO_14v CMW KX062384 Acinetobacter sp. Z-1 99.73 

NIO_15c CMsed OM736155 Aeromonas hydrophila strain GX5 99.29 

NIO_15d CMsed KX062381 Acinetobacter johnsonii strain ATCC 17909 98.90 

NIO_15e CMsed OP903265 Shewanella putrefaciens strain L6-5 99.71 

NIO_15h CMsed OP903270 Aeromonas sp. ASNIH1 99.64 

NIO_15m CMsed OP903271 Shewanella sp. XF3-1 99.72 

NIO_15p RSW KX062382 Acinetobacter sp. strain PS-1 99.61 

Key: CMW Choraõ Mangrove water, CMsed Choraõ Mangrove sediment, DMW Divar Mangrove water, DMsed Divar Mangrove sediment,  

RSW Ribandar saltpan water 

https://www.ncbi.nlm.nih.gov/nucleotide/KX062379.1?report=genbank&log$=nucltop&blast_rank=1&RID=GPW7FEMJ013
https://www.ncbi.nlm.nih.gov/nucleotide/KX062386.1?report=genbank&log$=nuclalign&blast_rank=1&RID=GPWY3SMV013
https://www.ncbi.nlm.nih.gov/nucleotide/KX062380.1?report=genbank&log$=nuclalign&blast_rank=1&RID=GR06BJXD013
https://www.ncbi.nlm.nih.gov/nucleotide/KX062385.1?report=genbank&log$=nuclalign&blast_rank=1&RID=GPWRN9JK013
https://www.ncbi.nlm.nih.gov/nucleotide/KX062383.1?report=genbank&log$=nucltop&blast_rank=2&RID=GR10NJ0401R
https://www.ncbi.nlm.nih.gov/nucleotide/KX062381.1?report=genbank&log$=nucltop&blast_rank=1&RID=GR10NJ0401R
https://www.ncbi.nlm.nih.gov/nucleotide/KX062382.1?report=genbank&log$=nucltop&blast_rank=1&RID=GR1ZGRXY013
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Figure 2.3: Phylogenetic tree showing relationship between dye decolorizing bacterial isolates 

obtained in this study. The tree was inferred from 16S rRNA sequence data obtained from 

GenBank database (accession number in parentheses) and constructed based on neighbour-

joining (NJ) method. Bootstrap values were based on 1000 replicates and are shown as 

percentages at the branch nodes. Boldface type indicates isolate code of strains from this study, 

with the accession numbers given in brackets. 
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Table 2.6: Decolorization assay of reactive azo dyes at 100 mgL-1 (expressed as percent 

decolorization ± SD of three replicates) 

 

 

 

 

 

Isolate RB5  RG19 RR120 RBL163 

NIO_2c 96.90 ± 0.26 88.63 ± 0.04 96.40 ± 0.01 86.80 ± 0.03 

NIO_3d 94.71 ± 0.01 79.77 ± 0.14 84.76 ± 0.11 67.28 ± 0.13 

NIO_12c 74.11 ± 0.13 71.00 ± 0.31 92.02 ± 0.13 63.80 ± 0.28 

NIO_13a 82.00 ± 0.02 82.31 ± 0.22 97.00 ± 0.27 80.80 ± 0.15 

NIO_13b 84.93 ± 0.01 84.53 ± 0.07 89.12 ± 0.09 75.37 ± 0.09 

NIO_14d 98.84 ± 0.04 99.47 ± 0.02 99.05 ± 0.11 88.85 ± 0.02 

NIO_14l  50.88 ± 0.04 81.05 ± 0.31 95.90 ± 0.21 66.00 ± 0.19 

NIO_14s 58.70 ± 0.01 76.54 ± 0.25 85.84 ± 0.18 71.94 ± 0.11 

NIO_14v 73.39 ± 0.11 71.32 ± 0.22 87.90 ± 0.20 72.11 ± 0.26 

NIO_15c 85.40 ± 0.15 88.00 ± 0.19 90.24 ± 0.03 77.35 ± 0.23 

NIO_15d 74.93 ± 0.01 89.17 ± 0.11 83.11 ± 0.12 80.04 ± 0.30 

NIO_15e 95.14 ± 0.24 92.83 ± 0.24 95.84 ± 0.26 82.62 ± 0.17 

NIO_15h 94.10 ± 0.17 94.05 ± 0.07 92.01 ± 0.09 61.00 ± 0.19 

NIO_15m 86.22 ± 0.19 94.73 ± 0.03 96.34 ± 0.21 73.90 ± 0.25 

NIO_15p 78.06 ± 0.28 89.83 ± 0.17 87.00 ± 0.30 60.04 ± 0.22 
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Table 2.7: Decolorization assay of reactive azo dyes at 250 mgL-1 (expressed as percent 

decolorization ± SD of three replicates) 

 

 

 

 

Isolate RB5 RG19 RR120 RBL163 

NIO_2c 94.31 ± 0.05 81.11 ± 0.11 90.47 ± 0.20 69.00 ± 0.32 

NIO_3d 92.00 ± 0.15 70.07 ± 0.09 76.32 ± 0.25 62.41 ± 0.08 

NIO_12c 68.46 ± 0.17 69.13 ± 0.26 91.00 ± 0.02 48.03 ± 0.22 

NIO_13a 77.04 ± 0.22 82.04 ± 0.01 94.32 ± 0.04 64.19 ± 0.15 

NIO_13b 66.20 ± 0.36 76.28 ± 0.17 86.25 ± 0.19 66.16 ± 0.14 

NIO_14d 97.00 ± 0.06 96.39 ± 0.13 99.75 ± 0.03 71.05 ± 0.17 

NIO_14l  47.00 ± 0.03 72.14 ± 0.21 93.21 ± 0.30 42.76 ± 0.14 

NIO_14s 45.24 ± 0.01 60.00 ± 0.03 77.30 ± 0.25 60.25 ± 0.19 

NIO_14v 66.82 ± 0.18 60.01 ± 0.08 80.06 ± 0.06 61.30 ± 0.01 

NIO_15c 82.72 ± 0.28 80.43 ± 0.25 88.03 ± 0.14 55.06 ± 0.02 

NIO_15d 72.00 ± 0.15 82.33 ± 0.37 71.49 ± 0.18 68.41 ± 0.02 

NIO_15e 93.10 ± 0.19 91.90 ± 0.15 92.81 ± 0.07 75.32 ± 0.26 

NIO_15h 91.70 ± 0.21 92.79 ± 0.02 85.80 ± 0.13 47.15 ± 0.21 

NIO_15m 83.02 ± 0.04 90.10 ± 0.06 90.12 ± 0.24 58.04 ± 0.03 

NIO_15p 71.16 ± 0.23 85.13 ± 0.04 83.14 ± 0.05 55.00 ± 0.27 
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Table 2.8: Decolorization assay of reactive azo dyes at 500 mgL-1 (expressed as percent 

decolorization ± SD of three replicates) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Isolate RB5 RG19 RR120 RBL163 

NIO_2c 90.00 ± 0.15 75.45 ± 0.22 84.94 ± 0.06 63.24 ± 0.23 

NIO_3d 90.67 ± 0.03 54.38 ± 0.26 62.01 ± 0.23 35.97 ± 0.17 

NIO_12c 35.41 ± 0.04 66.80 ± 0.14 79.14 ± 0.21 33.04 ± 0.03 

NIO_13a 40.00 ± 0.16 80.17 ± 0.02 63.19 ± 0.17 58.72 ± 0.05 

NIO_13b 37.04 ± 0.37 72.00 ± 0.17 49.34 ± 0.01 40.05 ± 0.12 

NIO_14d 97.31 ± 0.01 95.30± 0.22 98.48 ± 0.16 66.19 ± 0.08 

NIO_14l  43.06 ± 0.19 48.36 ± 0.27 72.00 ± 0.21 31.97 ± 0.08 

NIO_14s 37.24 ± 0.03 39.76 ± 0.23 54.03 ± 0.27 55.41 ± 0.08 

NIO_14v 56.22 ± 0.07 58.11 ± 0.31 65.18 ± 0.22 52.74 ± 0.16 

NIO_15c 80.34 ± 0.21 76.00 ± 0.15 60.01 ± 0.18 41.92 ± 0.09 

NIO_15d 62.99 ± 0.23 71.19 ± 0.09 55.55 ± 0.03 64.00 ± 0.31 

NIO_15e 87.10 ± 0.05 90.00 ± 0.03 62.97 ± 0.04 57.55 ± 0.22 

NIO_15h 90.03 ± 0.12 85.40 ± 0.25 78.00 ± 0.11 41.03 ± 0.17 

NIO_15m 73.02 ± 0.37 89.95 ± 0.24 87.62 ± 0.17 36.21 ± 0.12 

NIO_15p 61.78 ± 0.04 67.08 ± 0.15 80.93 ± 0.03 46.20 ± 0.04 
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Figure 2.4: Primary decolorization assay of (A) RB5 (B) Reactive Green 19 (C) Reactive 

Red 120 (D) Reactive Blue 163 using Shewanella seohaensis NIO_14d 
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2.4 Discussion 

Marine ecosystems are constantly under the influence of changing physical, chemical and 

biological parameters. Physical conditions such as temperature. pH, salinity and 

turbulence have a singificant effect on these environments (Lenihan, 1999; Varadharajan 

and Soundarapandian, 2014). The changes in physical processes can affect the water 

quality and this in turn can bring about changes in the spatio-temporal nutrient 

distribution as well as existing biological communities. 

The complex and extremely productive mangrove ecosystems are subject to varying 

influences of biotic and abiotic environmental factors. These dynamic intertidal 

ecosystems are native to tropical and subtropical regions of the world. The rich, diverse 

microbial populations found in these habitats have significant impacts on the 

biogeochemical cycles occurring in these environments (Thorsten et al., 2001). Microbial 

species from these habitats are conferred with specialized physiological adapations 

because of the unique physico-chemical properties of the marine ecosystems where they 

occur (Raghukumar, 2008). Seasonal variations along with cyclic tides result in 

fluctuations in parameters especially salinity in the estuarine/mangrove environment. 

Similarly, hypersaline saltpans are frequently intermixed with tidal freshwater, brackish, 

and saltwater marshes (Linhoss and Underwood, 2016). These factors largely contribute 

to the biological diversity of these areas and presents a large collection of 

microorganisms with unknown and as yet unexplored techological potential (Thatoi et 

al., 2013).  

As a result of the use of a large amount of salt in dye industries, azo dye decolorization is 

often needed under hypersaline environments and low dissolved oxygen (Guo et al., 

2020). Notwithstanding the deficiencies of bacterial enumeration using plate counts, 

culturable bacteria are useful to obtain insights on occurrence of certain bacteria as well 

as the isolation of potential bioremediators (Stanley and Konopka, 1985). An 

understanding of bacterial incidence is therefore important to understand the population 

dynamics in a given ecosystem. Measurment of the bacterial TVC in aquatic systems 

helps to evaluate the quality of the water and their relationship with relevant 

environmental factors. Ramaiah et al., (2007) have investigated the effects of raw sewage 
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disposal into the Mandovi estuary and published multiple reports (Ramaiah et al., 2001, 

2002) of the presence of allochthonous microflora. The aspects of coastal pollution 

surveillance through bacterial incidence has been investigated in nearby tropical estuaries 

(Nagvenkar and Ramaiah, 2010). Further, D’Souza et al., (2006) and Verma et al., (2010) 

have isolated marine fungi from decaying wood obtained in Choraõ mangroves to treat 

textile wastewater. However, there are no reports outlining azo dye decolorizing bacteria 

in autochthonous populations from the sampling sites in this study.  Keeping in mind that 

samples were collected during summer, the lower bacterial abundance in saltpans as 

compared to mangroves is possibly attributed to the adaptation of a limited number of 

bacteria to the extreme hypersaline environment.  

The occurrence of dye decolorizing bacteria and fungi from various sources has been 

reported by several researchers (Stolz, 2001; Ali, 2010; Khan et al., 2013; Bharathi et al., 

2022). Some of the bacterial and fungal strains characterized with dye decolorizing 

ability belong to genera such as Bacillus (Kumar et al. 2019), Aeromonas (Ji et al., 2020; 

Du et al., 2015), Pseudomonas (Mendes et al., 2011; Bera and Tank, 2021), Klebsiella 

(Holkar et al., 2018), Aspergillus (Asses et al., 2018), Penicillium (Gou et al., 2009), 

Pleurotus (Hadibarata et al., 2013) and Trametes (Si et al., 2013). Although most of these 

reports outline strains isolated from sites contaminated with dye effluents, there is a need 

for the biodiscovery of potential dye decolorizing bacteria from other environments. This 

provides opportunities to isolate and identify possible strains possessing new mechanisms 

and/or combinations of mechanisms of action as well as the unique properties marine 

environments confer on such bacteria. Saltpans are a largely under evaluated niche for the 

isolation of microorganisms with bioremediation potential. Pereira et al., (2013) isolated 

and characterized metal-tolerant bacterial strains from the Ribandar salt pans. Analysis of 

the mechanisms of metal removal indicated sulphate reduction pathways employed by 

these bacterial strains. Microorganisms use reductive mechanisms for bioremediation of 

various toxic and hazardous compounds including in detoxifying azo dye.  

Of the 210 morphologically distinct bacterial colonies isolated from water and sediment 

of mangrove and saltpan samples, 15 isolates showed clear zones of decolorization on 

Mineral salt agar plates amended with 200 mgL-1 of reactive dyes. In an attempt to 



Chapter 2 

59 
 

explore bacterial isolates capable of decolorizing reactive azo dyes, bacteria belonging to 

four different genera, Aeromonas, Acinetobacter, Pseudomonas and Shewanella, were 

obtained in this study. The biochemical and morphological tests supported molecular 

identification and the bacterial strains showed major phenotypic characteristics of the 

related genera. All the isolates were positive for the production of catalase and were 

capable of utilizing glucose. Variations in responses were observed for the production of 

other physiological enzymes as well as utilization of lactose, arabinose and sorbitol. The 

isolates were mesophilic in nature which is typical of marine bacteria and their growth 

range was similar to the temperature and pH ranges of the collected samples.  

Marine prokaryotes exhibit ecological resilience due to their constant exposure to 

fluctuating factors such as pH, salinity, sea surface temperature, water currents, 

precipitation and wind speed. While some of them undergo physical adaptations, many 

have the genetic capacity to perceive, process and integrate external stimuli, enabling 

them to rapidly adapt to changing environmental conditions (Lauro et al., 2009). As a 

result, they effectively regulate nutrient levels, including the influx and excretion of toxic 

chemicals. Numerous studies have documented the ability of marine bacteria to 

metabolize, break down or accumulate harmful substances (Dash et al., 2013). All the 

isolates evaluated rapidly decolorized 100 mgL-1 of the reactive azo dyes within 24 hours. 

This decolorization ability was retained in most of the isolates with an increase in the dye 

concentration to 500 mgL-1. The strain NIO_14d showed the maximum dye 

decolorization and exhibited a decolorization percent of more than 95% even when 

exposed to higher dye concentrations. Although various bacterial species have been 

shown to decolorize and detoxify azo dyes (Ali, 2010), the structural complexity and high 

molecular weight of azo dyes results in a reduced efficiency of decolorization (Pearce et 

al., 2003). This study yielded a promising bacterial strain which is subjected to further 

molecular characterization experiments in order to understand the factors contributing to 

its ability to efficiently decolorize the reactive azo dyes tested. 

To summarize, 15 bacterial isolates belonging to as many as 4 different readily cultivable 

genera were observed to have azo dye decolorizing potential. Although they cannot fully 

represent the functional and phylogenetic diversity that exists, these findings provide 
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insights into the dominant bacterial classes possessing inherent dye decolorizing 

capabilities. The primary advantage of cultivating these bacteria lies in the establishment 

of pure cultures, a prerequisite for marine biodiscovery, enabling their utilization in 

experimental investigations (Joint et al., 2010). The results of this study suggest that the 

identification of dye decolorizing bacteria from mangrove and saltpan sources contributes 

to our understanding of the distribution of bacteria with dye decolorizing potential across 

diverse environmental settings. Moreover, these naturally occurring dye decolorizing 

bacterial isolates hold considerable promise as prospective candidates for the 

development of efficient bioremediation systems aimed at treating textile azo dye 

contaminated wastewater.  
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Chapter 3 

Optimization of Azo Dye Removal by Dye Decolorizing 

Bacteria  

 

3.1 Introduction 

Azo dyes are amongst the most prevalent class of synthetic dyes produced globally. They 

are predominantly used in textile, food, pharmaceutical, paper, leather and cosmetic 

industries (Chang and Lin, 2001). Azo dyes are aromatic compounds possessing one or 

more azo (-N=N-) groups and are a preferred class of synthetic dyes because of their 

chemical stability and ease of synthesis (Rafii et al., 1997). The presence of azo dyes in 

wastewater is concerning due to their recalcitrance, color and potential toxicity (Yoo et 

al., 2000). To date, many bacteria with dye decolorizing potential have been evaluated 

from different ecological niches (Pinheiro et al., 2022; Zafar et al., 2022; Pandey et al., 

2007). Most have been isolated from dye containing wastewater and contaminated 

environments (Mahmood et al., 2011) but there also exist reports of dye decolorizing 

bacteria from uncontaminated environments (Khalid et al., 2012). Effective 

decolorization and degradation of azo dyes by microorganisms depends on several 

factors such as pH, temperature, aeration, dye concentration, chemical nature of dye, 

ionic strength of the system, nutrient components and type of microorganism used 

(Renganathan et al., 2006; Modi et al., 2010; Ambrósio et al., 2012; Singh et al., 2014). 

Kumar et al., (2019) reported that the optimum values of various process parameters 

must be assessed in order to achieve successful decolorization and removal of azo dyes. 

Optimization of medium components by replacing constituents is a widely used method 

to determine the ideal sources of carbon and nitrogen for microbial bioremediation 

(Eskandari et al., 2019). This chapter focuses on the evaluation of various physico-

chemical process parameters and medium components in order to obtain maximally 

efficient reactive azo dye decolorization by the isolate under study.  
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3.2 Materials and Methods 

The optimization studies for maximum azo dye decolorization were carried out for the 

isolate Shewanella seohaensis NIO_14d which showed the highest decolorization 

potential as observed in the primary decolorization studies in Chapter 2.  

 

3.2.1 Growth and decolorization assay of the dye decolorizing bacterial isolate 

The growth profile and rate of decolorization by the dye decolorizing bacterial strain 

Shewanella seohaensis NIO_14d was measured spectrophotometrically. Erlenmeyer 

flasks (500 mL) containing 250 mL of sterile nutrient broth supplemented with reactive 

azo dyes RB5, RG19 and RR120 (Sigma-Aldrich) were inoculated with 1% (v/v) of pre-

grown culture of Shewanella seohaensis NIO_14d. The dyes were added at a 

concentration of 100 mg L-1. The flasks were incubated at 30°C under static conditions 

and samples were aliquoted every 3 hours. The samples were then centrifuged at 12,000 

rpm for 10 minutes at 4°C and the cell-free supernatant color was read at the wavelength 

of maximum absorption of the dyes used, i.e. 597 nm for RB5, 630 nm for RG19 and 

522 nm for RR120, using a Shimadzu UV-1800 spectrophotometer (Kyoto, Japan). 

Growth rate was measured by determining the absorbance of the culture sample at 600 

nm (Dong et al., 2003). Controls without dye and/or inoculum were maintained under 

identical conditions.  

 

3.2.2 Optimization of various growth conditions for maximum dye decolorization 

Various parameters such as the effect of medium components and physico-chemical 

parameters were analyzed in order to obtain maximum rate of azo dye removal. All 

optimization studies were carried out using three reactive azo dyes viz. RB5, RG19 and 

RR120 (Sigma-Aldrich), individually and a combination of the three dyes in a final 

concentration of 100 mg L-1 unless described otherwise. Aliquoted samples were 

centrifuged at 12,000 rpm for 10 minutes at 4°C and the cell-free supernatant was used to 

measure decolorization spectrophotometrically at the wavelength of maximum 

absorption of the dyes used, i.e. 597 nm for RB5, 630 nm for RG19, 522 nm for RR120 

and 550 nm for dye combination.  
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The percentage of decolorization was calculated using the following equation: 

Decolorization (%) =    Aλ,initial − Aλ,final   × 100 

                                            Aλ,initial 

 

where, Aλ, initial = initial absorbance and Aλ, final = absorbance after incubation 

 

3.2.2.1 Effect of aeration 

Studies were carried out to determine the effect of oxygen on dye decolorization. 

Erlenmeyer flasks (250 mL) containing 100 mL of sterile nutrient broth supplemented 

with reactive azo dyes were inoculated with 1% (v/v) of pre-grown culture. The flasks 

were incubated at 30°C under static as well as shaker (150 rpm) conditions. Following 24 

h incubation, decolorization was measured spectrophotometrically. Control was 

maintained for each condition without inoculating bacterial cells. 

 

3.2.2.2 Effect of pH 

The effect of varying pH on dye decolorization was tested in a pH range from 4 to 10. 

Here, 100 mL sterile nutrient broth of pH 4 - 10 was prepared and amended with 100 mg 

L-1 of the reactive dyes. The pH was adjusted with 1N HCl or 1N NaOH. The pH was 

maintained using specific buffer systems as mentioned: Citrate buffer (pH 4 and 5), 

phosphate buffer (pH 6, 7 and 8) and bicarbonate buffer (pH 9 and 10). Flasks were 

individually inoculated with 1% (v/v) of overnight grown culture and incubated at 30°C 

under static condition. The uninoculated dye free culture medium was used as a control 

under the same incubation conditions. After 24 hours incubation, aliquots of the culture 

were centrifuged at 12,000 rpm for 10 min at 4°C and the cell-free supernatant color was 

read at the maximum absorption wavelength for the respective dyes to calculate the 

percentage of decolorization. 

 

3.2.2.3 Effect of temperature 

Dye decolorization by the bacterial isolate was examined in the temperature range of 

10°C - 50°C. Sterile nutrient broth (100 mL) with a final concentration of 100 mg L-1 of 

the reactive dye was inoculated with 1% (v/v) of pre-grown culture and incubated at 10, 

20, 30, 40 and 50 °C under static conditions. After 24 hours of incubation, aliquots of the 
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culture were centrifuged at 12,000 rpm for 10 min at 4°C and the cell-free supernatant 

color was read at the maximum absorption wavelength for the respective dyes to 

calculate the percentage of decolorization. Uninoculated dye solutions were maintained 

as controls. 

 

3.2.2.4 Effect of dye concentration 

Studies were carried out to analyse the ability of the isolate to decolorize dyes of varying 

concentrations. The effect of dye concentration on the extent of decolorization was 

determined for the reactive dyes RB5, RG19, RR120 and for a combination of dyes. 

Flasks containing 100 mL sterile nutrient broth were prepared and the reactive dyes were 

individually added to give final concentrations of 50, 100, 250, 500, 750, 1000, 2000 and 

5000 mg L-1. The pre-grown bacterial culture (1% [v/v]) was added to the test flasks and 

incubated at 30°C under static condition.  Uninoculated dye solutions were maintained as 

controls. Decolorization was monitored by measuring the absorbance of the decolorized 

broth after 24 hours and calculated as percentage of decolorization. 

 

3.2.2.5 Effect of medium strength 

In order to determine the optimum nutrient strength for dye decolorization, sterile 

nutrient broth (100 mL) was prepared in the following concentrations: 10%, 25%, 50%, 

75% and 100% and amended with 100 mg L-1 of the reactive dyes. The pre-grown 

bacterial culture (1% [v/v]) was added to the test flasks and incubated at 30°C under 

static condition.  Uninoculated dye solutions were maintained as controls. Decolorization 

was monitored by measuring the absorbance of the decolorized broth after 24 hours and 

calculated as percentage of decolorization. 

 

3.2.2.6 Effect of Carbon source 

To study the effect of various carbon sources on dye decolorization, a sterile mineral salt 

medium (100 mL) amended with 100 mg L-1 of the reactive dyes was prepared.  The 

appropriate carbon sources (glucose, sucrose, lactose, xylose and starch) were added at a 

final concentration of 5 g L-1.  The pre-grown bacterial culture (1% [v/v]) was added to 

the test flasks and incubated at 30°C under static condition. Uninoculated dye solutions 

were maintained as controls. Decolorization was monitored by measuring the absorbance 

of the decolorized broth after 24 hours and calculated in terms of percentage. 
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3.2.2.7 Effect of Nitrogen source 

The effect of different organic and inorganic nitrogen co-substrates on rate of dye 

decolorization was also analyzed. The nitrogen sources used were ammonium sulfate, 

urea, yeast extract, peptone, tryptone and casein at a concentration of 5 g L-1 and added 

to 100 mL of a sterile mineral salt medium amended with 100 mg L-1 of the reactive 

dyes. The pre-grown bacterial culture (1% [v/v]) was added to the test flasks and 

incubated at 30°C under static condition. Uninoculated dye solutions were maintained as 

controls. Decolorization was monitored by measuring the absorbance of the decolorized 

broth after 24 hours and calculated in terms of percentage. 

 

3.2.2.8 Effect of electron donors 

The ability of the isolate under study to decolorize reactive azo dyes in the presence of 

various electron donors was studied. The effect of five different electron donors 

(formate, lactate, acetate, pyruvate and succinate) on the rate of dye decolorization was 

determined. Sterile nutrient broth (100 mL) amended with 100 mg L-1 of the reactive 

dyes was prepared. Each of the electron donors were added in the form of their salts at a 

concentration of 20 mM. The pre-grown bacterial culture (1% [v/v]) was added to the 

test flasks and incubated at 30°C under static condition. Uninoculated dye solutions were 

maintained as controls. Decolorization was monitored by measuring the absorbance of 

the decolorized broth after 24 hours incubation and calculated in terms of percentage. 

 

3.2.2.9 Effect of NaCl concentration 

In an effort to determine the optimum NaCl concentration to facilitate maximum azo dye 

decolorization, a sterile mineral salt medium (100 mL) containing varying NaCl 

concentrations of 0-25% with an increment of 5% NaCl was prepared. The reactive dyes 

were added to give a final concentration of 100 mg L-1.  The pre-grown bacterial culture 

(1% [v/v]) was added to the test flasks and incubated at 30°C under static condition. 

Uninoculated dye solutions were maintained as controls. Decolorization was monitored 

by measuring the absorbance of the decolorized broth after 24 hours incubation and 

calculated in terms of percentage. 
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3.2.3 Decolorization of reactive azo dyes in presence of heavy metals 

The ability of Shewanella seohaensis NIO_14d to decolorize azo dyes in the presence of 

various heavy metals was determined. The heavy metals studied were chromium, 

cadmium, lead, copper and nickel. Decolorization studies were carried out in sterile 

nutrient broth (100 mL) amended with the respective heavy metal salt at a final 

concentration of 100 µg mL-1. The reactive dyes were added to give a final concentration 

of 100 mg L-1. The pre-grown bacterial culture (1% [v/v]) was added to the test flasks 

and incubated at 30°C under static condition. Uninoculated dye solutions were 

maintained as controls. Decolorization was monitored by measuring the absorbance of 

the decolorized broth after 24 hours incubation and calculated in terms of percentage. 

 

3.3 Results 

The isolate NIO_14d used for optimization studies of maximum azo dye removal was 

identified as Shewanella seohaensis NIO_14d with GenBank accession number 

KR922404. The pure culture of the isolate was deposited at the Microbial Type Culture 

Collection (MTCC) of the CSIR-Institute of Microbial Technology, Chandigarh, India, 

under the accession number MTCC 25079. 

 

3.3.1 Growth and decolorization assay of the dye decolorizing bacterial isolate 

The growth profile of Shewanella seohaensis NIO_14d and extent of decolorization of 

the three reactive dyes in dye-amended nutrient broth suggest rapid decolorization 

(Figure 3.1). The culture achieved substantial decolorization of all three reactive dyes in 

the initial 3 hours of incubation with the dye itself.  

In case of RB5, rapid decolorization (84.33%) was seen within the initial 3 hours and a 

maximum decolorization of 98.31% was achieved by 20 hours. Similarly, for RG19, 

decolorization of 78.5% was seen after 3 hours incubation of the culture with the dye 

whereas a maximum of 91.49% was achieved in 23 hours. Maximum decolorization of 

97.07% of RR120 happened within 17 hours. It was observed that there was concomitant 

reduction in color of the reactive dyes along with active cell growth and considerable 

decolorization occurred in the early stages of growth. 
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Figure 3.1: Growth curve (solid line) and decolorization percent (dashed line) of 

Shewanella seohaensis NIO_14d in nutrient broth amended with 100 mg L-1 of  

(A) Reactive Black 5 (B) Reactive Green 19 (C) Reactive Red 120. Data are expressed 

as mean ± standard deviation (SD) of three replicate experiments. 

 

A 

B 

C 
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3.3.2 Optimization of various growth conditions for maximum dye decolorization 

3.2.2.1 Effect of aeration 

As seen in Figure 3.2, aeration has an effect on the extent of decolorization of reactive 

azo dyes. Although decolorization was achieved in both shaker as well as static 

conditions, a higher percent decolorization was observed under static conditions for the 

tested dyes individually and in combination. The isolate was able to decolorize more 

than 85% of the dyes individually and in combination. 

 

3.2.2.2 Effect of pH 

It was observed that dye decolorization was affected by the pH of the growth medium. A 

pH in the range of 6 to 9 was found to be optimum for maximum decolorization of the 

reactive azo dyes rather than extreme acidic or alkaline pH (Figure 3.3). The isolate was 

capable of decolorizing the individual and combination of test dyes at higher pH but not 

under acidic conditions of pH 5 and below. 

 

3.2.2.3 Effect of temperature 

This study indicated that dye decolorization occurs optimally in the mesophilic 

temperature range of 30°C to 40°C with more than 85% decolorization of dyes achieved 

within 24 hours (Figure 3.4). 

 

3.2.2.4 Effect of dye concentration 

The results (Figure 3.5) indicated the ability of the bacterial strain, Shewanella 

seohaensis NIO_14d to considerably decolorize varying concentrations of reactive dyes 

as well as a combination of dyes. At increased dye concentration of 2000 mg L-1, 

decolorization of 90% (for RB5), 85% (for RG19), 92% (for RR120) and 79% (for a 

combination of dyes) was achieved. Interestingly, even at very high dye concentrations 

(5000 mg L-1), the strain showed substantial decolorization of more than 70% of the 

reactive dyes (RB5, RG19, RR120 and a combination thereof) with 93.46% of RR120 

being decolorized.  
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          Figure 3.2: Effect of aeration on the extent of decolorization by Shewanella  

          seohaensis NIO_14d in nutrient broth amended with reactive dye (100 mg L-1).  

          Data are expressed as mean ± standard deviation (SD) of three replicate  

          experiments. 

 

 

           

 

 

 

 

 

 

          Figure 3.3: Effect of pH on the extent of decolorization by Shewanella  

          seohaensis NIO_14d in nutrient broth amended with reactive dye (100 mg L-1).  

          Data are expressed as mean ± standard deviation (SD) of three replicate   

          experiments. 
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             Figure 3.4: Effect of temperature on the extent of decolorization by Shewanella  

             seohaensis NIO_14d in nutrient broth amended with reactive dye (100 mg L-1).  

             Data are expressed as mean ± standard deviation (SD) of three replicate   

             experiments.                                     

              

 

                   

              

 

 

 

 

 

 

 

 

             Figure 3.5: Effect of dye concentration on the extent of decolorization by   

            Shewanella seohaensis NIO_14d in nutrient broth amended with reactive dye.     

            Data are expressed as mean ± standard deviation (SD) of three  

             replicate experiments.  
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3.2.2.5 Effect of medium strength 

Shewanella. seohaensis NIO_14d was also capable of decolorizing reactive azo dyes in 

nutrient media of different strengths. Experimental results indicated that a 10% diluted 

nutrient medium was unfavorable for decolorization with the isolate capable of 

decolorizing only about 50% of the reactive dyes. Under low strength nutrient media, 

there were lower rates of decolorization and the extent of decolorization increased 

concomitantly with increasing medium strength (Figure 3.6 (A)).  

 

3.2.2.6 Effect of Carbon source 

The results as seen in Figure 3.6 (B) indicated the ability of the bacterial strain, 

Shewanella seohaensis NIO_14d to appreciably decolorize reactive dyes in the presence 

of various sugars. It was observed that of all the dyes tested, individually and in 

combination, the dye RR120 showed the highest decolorization (> 80%) irrespective of 

the sugar supplemented in the growth medium. Similarly, the sugar provided in the 

medium did not impact the decolorization of RG19 with more than 70% of the dye being 

decolorized. The isolate decolorized 72% of the mixture of dyes when grown in the 

presence of starch. 

 

3.2.2.7 Effect of Nitrogen source 

Different organic and inorganic nitrogen co-substrates present in the growth medium had 

a more significant effect on the dye decolorization. The presence of yeast extract, 

peptone or tryptone in the growth medium allowed the isolate to efficiently decolorize 

more than 80% of the reactive dyes within 24 hours (Figure 3.6 (B)). Only RB5 showed 

considerable decolorization when grown in media supplemented with inorganic nitrogen 

substrates such as urea and ammonium sulphate. 

 

3.2.2.8 Effect of electron donors 

The results represented in Figure 3.7 (A) show the ability of the bacterial strain, 

Shewanella seohaensis NIO_14d to considerably decolorize reactive dyes as well as a 

combination of dyes in the presence of various electron donors. Experimental results 

indicated that succinate and pyruvate enhanced the effects of dye decolorization as 

compared to the other electron donors. The strain showed decolorization of more than 

87% of the reactive dyes (RB5, RG19 and RR120) when tested with succinate and 

pyruvate. Of the compounds studied, acetate was the least efficient at augmenting the 
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decolorization process with decolorization for a combination of dyes of as low as 

51.92%.  

 

3.2.2.9 Effect of NaCl concentration 

As Shewanella seohaensis NIO_14d was a salt tolerant bacterial isolate from an 

estuarine source, we expected it to decolorize reactive dyes even in the presence of 

higher concentrations of NaCl. As recorded in Figure 3.7 (B), in a medium lacking 

NaCl, the isolated achieved up to 99% decolorization of the individual dyes and dye 

combination. Further, in a medium containing 1% (w/v) NaCl, the isolate still 

decolorized more than 90% of the reactive dyes and dye combination. However, when 

the concentration of NaCl in the medium was increased to 10% (w/v) and further to 15% 

(w/v), the extent of dye decolorization significantly decreased. The isolate showed very 

limited growth at 20% (w/v) NaCl concentration and hence no dye decolorization was 

observed. 

 

3.2.3 Dye decolorization in the presence of heavy metals 

From Figure 3.7 (C), it was seen that Shewanella seohaensis NIO_14d showed the 

ability to decolorize azo dyes in the presence of heavy metal salts. In general, the heavy 

metals did not adversely affect the decolorization activity of the isolate with more than 

80% dye decolorization achieved. There was a slight reduction in decolorization activity 

in the presence of lead. 
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Figure 3.6: Effect of different (A) medium strengths (B) carbon sources and (C) nitrogen sources on the extent of decolorization by Shewanella 

seohaensis NIO_14d in nutrient broth amended with reactive dye (100 mg L-1). Data are expressed as mean ± standard deviation (SD) of three 

replicate experiments. 
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Figure 3.7: Effect of various (A) electron donors (B) NaCl concentrations and (C) heavy metals on the extent of decolorization by Shewanella 

seohaensis NIO_14d in nutrient broth amended with reactive dye (100 mg L-1). Data are expressed as mean ± standard deviation (SD) of three 

replicate experiments. 
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Table 3.1: Optimum parameters for maximum decolorization of reactive azo dyes, individually and in combination 

 

 

Parameter RB5 RG19 RR120 Dye combination 

Aeration Static Static Static Static 

pH 8 7 6 7 

Temperature (°C) 40 30 30 30 

Dye concentration (mg L-1) 50 50 50 50 

Medium strength (%) 100 100 100 100 

Carbon source Glucose Lactose Starch Starch 

Nitrogen source Yeast extract Yeast extract Yeast extract Yeast extract 

Electron donor Succinate/ Pyruvate Pyruvate Pyruvate Pyruvate 

NaCl concentration (%) 0 - 5 0 0 0 
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3.4 Discussion 

Of the 15 isolates sourced from mangroves and saltpan environments, Shewanella 

seohaensis NIO_14d was the most promising isolate with the ability to rapidly 

decolorize more than 90% of all the reactive azo dyes tested. This bacterial isolate was 

selected to study the optimum operational parameters for maximum azo dye 

decolorization. Microorganisms have undergone processes such as isolation, selection, 

mutation and genetic engineering to enable efficient bioremediation. These techniques, 

as highlighted by Renner (1997) and Pieper and Reineke (2000), have resulted in 

microorganisms with the enhanced capability to degrade persistent pollutants and exhibit 

improved rates of degradation for specific target substances.     

Time course of cell growth and color removal indicated that maximum decolorization by 

the isolate occurred in the first three hours of contact with the reactive dyes RB5, RG19 

and RR120. In contrast to previous findings by Wu et al. (2009), the bacterial strain 

isolated in the present study demonstrated highly efficient decolorization capabilities. 

Within a short time of 23 hours, it successfully decolorized over 90% of RG19, while 

RR120 was decolorized by more than 90% in just 6 hours. In the aforementioned study, 

Wu et al. observed that Shewanella oneidensis WL-7 achieved only 36% decolorization 

rate of 100 µM of RB5 in approximately 12 hours. The level of decolorization of 100 

mgL-1 reactive azo dye achieved by Shewanella seohaensis NIO_14d in this study is 

higher than that reported for other bacterial strains including Bacillus cereus, 

Trichosporon beigelii NCIM-3326, Pseudomonas aeruginosa, Micrococcus glutamicus, 

Exiguobacterium sp. and Streptomyces krainskii SUK-5 (Modi et al., 2010; Saratale et 

al., 2009a, b; Silveira et al., 2009; Dhanve et al., 2008). This indicates the potential of 

this isolate for use as an effective bioremediatory agent to treat azo dye containing 

wastewater.  

The isolate showed a higher percent decolorization when incubated under static 

conditions as compared to shaker conditions. This finding aligns with previous research 

by Oturkar et al. (2011). Bor-Yann (2002) proposed that this disparity is likely attributed 

to the lower activity of azoreductase under aerobic conditions. In a recent review by 

Pinheiro et al. (2022), various treatment methods for azo dyes under anaerobic, aerobic, 

or anaerobic-aerobic sequential conditions were explored. Interestingly, this study 

indicated that considerable dye decolorization occurred even under aerobic conditions 
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implying that the isolate may require a certain amount of oxygen, as was also observed 

for Pseudomonas luteola by Bor-Yann (2002). 

The pH value is a crucial factor in dye decolorization studies as it not only influences the 

decolorizing capacity but also affects color stability (Deng et al., 2008). The results from 

this study revealed that Shewanella seohaensis NIO_14d showed highest azo dye 

decolorizing activity within a pH range of 6 to 8. It was also observed that the isolate 

was capable of dye decolorization at pH 9. This observation highlights a desirable 

characteristic for microbial bioremediation systems especially considering that reactive 

azo dyes are bound to cotton fibers under alkaline dye bath conditions and high 

temperatures (Aksu, 2003). Additionally, as reported by Asad et al. (2007), it is pertinent 

to note that textile wastewaters are found to be typically alkaline in nature. Operational 

temperature in the mesophilic range (20 – 40 °C) did not impact the extent of dye 

decolorization. The combination of increased metabolic activity and improved growth at 

30°C likely synergistically contribute to the observed optimum temperature for 

maximum decolorization.  

The initial concentration of dye has a significant impact on the extent of dye 

decolorization by microbial isolates. In order to assess the decolorization ability of the 

isolate, it was subjected to reactive azo dyes in the concentrations ranging from 50 mgL-1 

up to 5000 mgL-1. At a dye concentration of 1000 mgL-1, more than 90% of color 

removal was observed. Moreover, at a higher dye concentration of 2000 mgL-1, the 

isolate could decolorize 90% of RB5 and RR120 and 85% of RG19. An exceptional 

strain, Shewanella seohaensis NIO_14d demonstrated remarkable tolerance to a dye 

concentration as high as 5000 mgL-1 while retaining its ability decolorize up to 93% of 

the reactive azo dyes individually within 24 hours. In contrast, a previous study by 

Kalyani et al. (2009) reported a longer duration of 114 hours required to remove 5000 

mgL-1 of azo dye. Asad et al. (2007), studied the growth of bacterial strains in a medium 

containing 10,000 ppm of Remazol Black B. However, they did not evaluate the 

decolorization rate at this concentration and suggested that a reduction in cell growth 

could be attributed to the toxicity of dyes which may inhibit metabolic activities. The 

findings of the study were in agreement with results reported by Sponza and Isik (2004) 

where rate of decolorization was inversely proportional to initial dye concentration.  
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Dye decolorization is a physiological process accompanying active cell growth. A full 

strength nutrient medium supported optimum growth of the isolate and consequently 

allowed maximum dye decolorization.  It is worth mentioning that when the nutrient 

strength reduced to 10%, the isolate could still decolorize more than 50% of the 

individual dyes and 42% of the dye combination. As reported by Senan and Abraham 

(2004), adaptability and survival of the microorganisms and activity of decolorizing 

enzymes influences the efficiency of decolorization. The resilience of the isolate in a low 

nutrient environment makes it suitable for use in treating nutrient-poor wastewater. The 

study evaluated the effect of various carbon and nitrogen sources on dye decolorization 

since azo dyes are chemically deficient as a nutrient source requiring supplementation of 

carbon and nitrogen in order to promote biodegradation (Nigam et al., 1995; Senan and 

Abraham, 2004). Carbon sources seemed to be less effective in promoting the 

decolorization process, even as the bacterial cells utilized the additional carbon sources 

instead of the dye compound as their primary carbon source (Saratale et al., 2011). 

Experimental results showed that medium containing starch was optimum for the 

decolorization of RR120 and a mixture of dyes. Tony et al. (2009) showed enhanced 

decolorization of azo dyes with the use of 1.3 gL-1 starch in the medium. Reports indicate 

that the presence of glucose in the medium are inhibitory to azo dye decolorization 

(Chung et al., 1978; Khalid et al., 2008; Oturkar et al., 2011). In contrast, Shewanella 

seohaensis NIO_14d decolorized 73% of RB5 in the presence of glucose. This could be 

explained by glucose providing an increased source of reducing equivalents for azo bond 

cleavage, and enabling better decolorization (Carliell et al., 1996). The findings provide 

evidence that the inclusion of organic or inorganic nitrogen sources had a significant 

impact on the rate of decolorization. It was ascertained that media supplemented with 

organic nitrogen sources were more conducive to azo dye decolorization as compared to 

inorganic co-substrates. Specifically, when the medium was supplemented with yeast 

extract, it showed the highest level of decolorization compared to the when amended 

with inorganic compounds. This emphasizes the importance of organic co-substrates for 

the process of dye decolorization. In a study conducted by Chen et al. (2003), various 

nitrogen source supplements, including peptone, tryptone, monosodium glutamate, meat 

extract, beef extract, yeast extract and urea were examined to determine their 

effectiveness in enhancing the decolorization rate of 50 mgL-1 azo dye C.I. Reactive Red 

198. The results revealed that yeast extract emerged as the most effective nitrogen source 

supplement. Further support for the impact of yeast extract on decolorization was 

https://www.sciencedirect.com/science/article/pii/S1319562X2030574X#b0260
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reported in various studies documented in the literature (Chang and Lin, 2000; Kodam et 

al., 2005; Moosvi et al., 2005). 

It is crucial to investigate the impact of different electron donors and acceptors on 

bacterial azoreduction since these compounds are consistently found in the environment 

(Gerritse et al., 1999; He and Sanford, 2003]. Sodium acetate, sodium formate, sodium 

succinate, sodium citrate, and sodium pyruvate are examples of electron donors that have 

been found to accelerate the decolorization rate in previous studies (Hong et al., 2007; 

Telke et al., 2009). The findings of this study indicate 85% of color removal in the 

presence of succinate and pyruvate compared to decolorization levels as low as 51% with 

acetate as an electron donor. Based on these observations, it can be inferred that during 

the enzymatic decolorization process, which involves the transfer of electrons in a 

reduction reaction, certain compounds like succinate and pyruvate are more favorable as 

electron transfer agents. These compounds facilitate the decolorization process by 

contributing to the reduction of the azo dye. 

The elevated levels of salt concentration arise as a result of batch processes utilized in 

both dye production and dye-consuming industries, reaching concentrations as high as 

15-20% (Manu and Chaudhari, 2003). In general, when the sodium concentration 

exceeds 3 g L−1, it can moderately impede various bacterial activities (De Baere et al., 

1984). In the present study, the effect on NaCl on the decolorization of azo dyes, both 

individually and in combination, was examined. Shewanella seohaensis NIO_14d 

isolated in this study was salt tolerant and capable of decolorizing more than 90% of 

reactive azo dyes at 10 g L-1 NaCl concentration. More than 50% of dye decolorization 

was achieved at 50 g L-1 NaCl concentration with average rates of decolorization 

drastically declining as NaCl concentrations were raised above 10% (w/v). These results 

were in contrast to reported findings by Anjaneya et al., 2011 which indicated maximum 

decolorization in samples containing 10 g L-1 NaCl. 

The isolate exhibited efficient azo dye decolorization of more than 80% in the presence 

of various heavy metals. This is in concurrence with previous reports of the ability of 

Shewanella species to reduce and detoxify heavy metals in its environment (Toes et al., 

2008; Kang and So, 2016).  Decolorization activity was observed to be lower in the 

presence of lead. This could be attributed to a possible inhibitory effect of lead on the 

growth of the bacterium and/or on the reducing activity of azoreductase. Textile dyeing 
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processes often involve the utilization of various heavy metals to stabilize the dye to the 

target surface, resulting in the presence of these toxic elements in textile wastewater 

(Rybicki et al., 2004; Murugesan et al., 2009). Consequently, it becomes crucial to have 

bioremediation agents that possess the ability to decolorize dyes even in the presence of 

these harmful heavy metals. This characteristic is imperative for effectively treating 

textile industry effluents and ensuring removal of both dyes and heavy metals from 

wastewater. A bacterial consortium capable of simultaneously bioaccumulating 80% of 

RB5 (59.3 mgL-1) and 90% of Cr (VI) was characterized by Kilic et al., (2007). Cetin et 

al., 2008 reported the ability of sulfate reducing bacteria to decolorize 25–30% of 50 mg 

L-1 reactive dyes and removal of 95% of chromate after 72 hours of incubation. The high 

efficiency of decolorization in the presence of several heavy metals in this study, 

suggests a resilient microbial strain, although, the heavy metal reduction potential of the 

isolate will have to be further determined.  

In summary, the findings derived from this study would help to provide a robust basis for 

further research on the development of a practical decolorization process using 

Shewanella seohaensis NIO_14d as a catalyst. These methods have been previously 

described by Chang and Lin (2000) for a fed-batch decolorization process and by 

Chang et al., 2001 for an immobilized cell system. Besides its durability and resilience, 

the isolate exhibits potential for further examination, suggesting the possibility of 

enhanced performance in industrial environments. However, a further evaluation is 

necessary to confirm this potential. The color removal rates observed in this study are 

notably high, on par with augmented strains or those obtained from contaminated 

environments. Consequently, the isolate holds significant value for bioremediation 

purposes, as it can be tailored to address specific contamination challenges. 
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Chapter 4 

Bioremediation and Detoxification of Reactive Azo 

Dyes 

 

4.1 Introduction 

The textile and dyestuff manufacturing industries are the primary contributors to the 

release of dyes into the environment (Tony et al., 2009). As these industries use a wide 

range of synthetic dyes, the pollution caused by their effluents has reached concerning 

levels. Typically, colors become visible when the dye concentration exceeds 1 mg L-1, 

and on average, effluents from textile manufacturing processes have been reported to 

contain concentrations of around 300 mg L-1 (O’Neill et al., 1999; Goncalves et al., 

2000). Azo dyes dominate the textile industry as the most prevalent class of synthetic 

dyes, constituting approximately 80% of all dyestuff used, followed by the anthraquinone 

type (Tony et al., 2009). As described by Sarkar et al. (2017), the chromogenic nature of 

azo dyes is contributed by its azo group (-N=N-) in conjunction with sulphonic groups 

(SO3-). Singh et al. (2014), proposed that azo dyes are electron-deficient xenobiotic 

compounds due to the presence of electron-withdrawing groups in their molecular 

structure. This leads to electron deficiency in the dyes, making them resistant to 

degradation. The anaerobic reduction of azo dyes leads to the formation of toxic aromatic 

amines. These dyes and their breakdown products have been reported to be carcinogenic 

and mutagenic and can persist in the environment, potentially bioaccumulate in 

organisms, and disrupt ecological balance (Myslak and Bolt, 1998; de Aragao 

Umbuzeiro et al., 2005). The release of aromatic amines from azo dyes, as well as their 

environmental impact, necessitates continuous research, regulation, and the adoption of 

safer alternatives. Amongst the various mechanisms for the removal of azo dyes by 

biological agents, the activity of reductive enzymes has been well studied (Pandey et al., 

2007; Shah et al., 2013; Singh et al., 2015). In the context of enzymatic decolorization 

and degradation of azo dyes, azoreductases and laccases are two prominent enzyme 

families that have demonstrated significant promise (Stolz, 2001; Bafana et al., 2008; 

Saratale et al., 2011; Tian et al., 2019). Laccases, in particular, exhibit remarkable 
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potential in effectively decolorizing a wide array of well-known industrial dyes 

(Rodriguez et al., 1999; Reyes et al., 1999). Additionally, other enzymes such as 

manganese peroxidase (MnP), lignin peroxidase (LiP), and polyphenol oxidase (PPO) 

also hold considerable potential in the process of decolorization and degradation of azo 

dyes (Mielgo et al., 2003; Gomare et al., 2008; Kaushik and Malik, 2009; Guo et al., 

2016).  

Various analytical techniques are employed to investigate the potential process of dye 

decolorization and identify the resulting metabolites generated by bacterial treatment of 

azo dyes. UV–vis spectroscopy (UV–vis) serves as the principal method for assessing 

and quantifying dye decolorization. Moreover, various chromatographic methods and 

Fourier transform infrared spectroscopy (FTIR) spectroscopy and Nuclear Magnetic 

Resonance (NMR) serve as valuable analytical tools in dye degradation studies and 

enable researchers to understand the mechanisms involved in the process of dye 

decolorization. (Saratale et al., 2011). To assess the effectiveness of the microbial-

mediated dye decolorization process, it is crucial to conduct diverse toxicity studies so as 

to monitor the characteristics of the decolorization and degradation byproducts. As 

detailed by Tan et al., (2005); Kalyani et al., (2008); Kalme et al., (2009) and Saratale et 

al., (2009c), the toxicity of the azo dye containing sample before and after treatment is 

assessed using various biological test organisms. 

 

4.2 Materials and Methods 

4.2.1 Decolorization of different dye classes 

The bacterial isolate under study, Shewanella seohaensis NIO_14d, was tested for its 

ability to decolorize various other azo dyes as well as other chemical classes of dyes. 

Erlenmeyer flasks (250 mL) containing 100 mL of sterile nutrient broth were amended 

with 200 mg L-1 of each of the test dyes (Sigma-Aldrich). The dyes belonging to the 

following classes were tested: azo, anthraquinone and triarylmethane (Table 4.1). Pre-

grown bacterial culture (1% [v/v]) was inoculated in the medium containing the 

respective dye and incubated at 28 ± 2 °C under static conditions. After 24 h, the samples 

were centrifuged at 12,000 rpm for 10 minutes at 4°C and the cell-free supernatant color 

was read spectrophotometrically (Shimadzu, Japan) at the wavelength of maximum 
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absorption of the dyes used. Decolorization was calculated in terms of % decolorization 

as follows: 

 

     Decolorization (%) =   Aλ,initial − Aλ,final   × 100 

                                                Aλ,initial 

 

where, Aλ, initial = initial absorbance and Aλ, final = absorbance after incubation. 

 

 

 

Table 4.1: Details of different classes of dyes used to check decolorization  

#CI Number not reported  

Dye Class Dye Name 

Color 

Index 

Number 

λmax (nm) Reference 

Triarylmethane Crystal Violet 42555 590 Güzel et al., 2014 

 Victoria Blue 44045 599 Gomaa et al., 2008 

Anthraquinone Poly R 478 NA# 520 
Enayatzamir et al., 

2009 

 
Remazol Brilliant 

Blue R (RBBR) 
61200 595 

Enayatzamir et al., 

2009 

Azo Direct yellow 27 13950 393 Adeel et al., 2015 

 Direct blue 71 34140 587 Hafshejani et al., 2014 

 
Reactive orange 

16 
17757 494 Won et al., 2004 

 Acid yellow 17 18965 400 Jaikumar et al., 2009 

 Acid red 114 23635 514 Sanghi et al., 2006 

 Methyl red 13020 520 Yang et al., 2013 

 Congo red 22120 488 Si et al., 2015 

 RB5 20505 597 Yu et al., 2010 

 RG19 20575 630 Petrucci et al., 2015 

 RR120 292775 522 Hafeez et al., 2018 
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4.2.2 Enzyme assays for analysis of dye decolorizing activity 

Assays were carried out to determine the presence and activity of three degradative 

enzymes known to be involved in dye decolorization viz. lignin peroxidase, laccase and 

azoreductase. 

Preparation of Cell free extract 

The pre-grown bacterial culture (1% v/v) was added to sterile nutrient broth medium 

containing the dyes RB5, RG19 and RR120 at a final concentration of 100 mg L-1 as well 

as to dye free nutrient medium. Cell free extracts were obtained by centrifugation at 

7,000 rpm for 15 min at 4°C. The cells were then suspended in 50 mM potassium 

phosphate buffer (pH 7.4) (Appendix C) and sonicated (Ultrasonicator model no. SKL 

250D) by keeping the sonicator at the output of 70 A. The conditions for sonication were 

maintained as 16 strokes each of 9 s, with 6 s interval for 4 min at 4°C. This homogenate 

was centrifuged, and supernatant was used as enzyme source (Kalme et al., 2007). 

Enzyme activity was then compared between the two samples (with and without dye).  

 

(a) Lignin peroxidase  

Assays were carried out in cuvettes (path length 1 cm) with a total volume of 1 ml. 

Lignin peroxidase activity was determined by monitoring the rate of oxidation of veratryl 

alcohol to veratraldehyde at 312 nm (Paszezynski et al.,1988). The reaction mixture was 

prepared with 2.5 mL of 40 mM veratryl alcohol, 20 mL of 150 mM d-tartaric acid buffer 

(pH 2.5) (Appendix C) and 2.5 mL of 8 mM H2O2. The final reaction mixture contained 

500 µL of the above prepared reaction mixture to which was added 500 µL of cell free 

enzyme sample (Kalyani et al., 2008). The kinetic reaction was measured 

spectrophotometrically at 312 nm (ε312, 9300 M-1 cm-1) for 1 min at 30 ± 2 °C. Reaction 

blanks were maintained containing all assay components except active enzyme.  The 

enzyme assays were run in triplicate, and the average values were taken to calculate a 

unit of enzyme activity.  
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(b) Laccase 

Laccase activity was determined by measuring the oxidation of the non-phenolic dye 

ABTS method (Naghdi et al., 2017). The ABTS is oxidized by laccase to a preferred 

state of the cation radical. The development of an intense blue-green color (λmax at 420 

nm) was considered as a measurement of the cation radical concentration which can be 

correlated to enzyme activity (Majcherczyk, et al., 1998). The reaction mixture (1 mL) 

containing 160 µL of ABTS (1.5 mM), 740 µL of 0.1 M sodium acetate buffer (pH 4.5) 

(Appendix C) and 100 µL of the cell free crude enzyme was incubated for 5 minutes. 

Oxidation of ABTS was monitored by estimating the increase in absorbance at 420 nm 

(ε420, 3.6 × 104 M-1 cm-1) against a suitable blank. One unit of enzyme (U) was defined 

as the amount of laccase that oxidized 1 μmol of ABTS substrate per min. 

 

(c) Azoreductase 

Azoreductase enzyme activity were measured during dye decolorization of the reactive 

dyes RB5, RG19 and RR120 by Shewanella seohaensis NIO_14d using the method by 

Punj and John (2009). Assays were carried out in cuvettes (path length 1 cm) with a total 

volume of 1 ml. All substances were dissolved in 50 mM phosphate buffer (pH 7.2). The 

reaction mixture contained 250 µL of the respective dye (100 mg L-1) prepared in 

phosphate buffer (Appendix B), resulting in a final concentration of 20 µM dye, 25 µL 

FMN (1mM) and 225 µL of cell free crude enzyme sample. The reaction was started by 

the addition of 0.5 mM NADH. The reduction in color absorbance was monitored 

photometrically in the first 5 minutes at λmax for each dye. The molar extinction 

coefficients for the dyes were 35000 M-1 cm-1 for RB5 at 597 nm, 23300 M-1 cm-1 for 

RG19 at 630 nm and 32500 M-1 cm-1 for RR120 at 522 nm. One unit (U) of enzyme 

activity was defined as the amount of enzyme that catalyzes the degradation of 1 µmol 

of the reactive azo dye per min (Punj and John, 2009). All the enzymatic reactions were 

carried out at 30 ± 2 °C where reference blanks contained all components except the 

enzyme. All enzyme assays were run in triplicate, and the average values were taken to 

calculate enzyme activity. 
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4.2.3 Biodegradation analysis 

4.2.3.1 Metabolite Extraction 

In order to monitor the biodegradation of the reactive azo dyes, the metabolites produced 

after dye decolorization were extracted in an organic solvent. Shewanella seohaensis 

NIO_14d was grown in Nutrient broth containing 500 mg L-1 of the azo dyes RB5, RG19 

and RR120. The biodegraded metabolites of reactive dyes after decolorization were 

extracted from the culture supernatant. After complete decolorization, the culture broth 

was centrifuged at 7000 rpm for 15 minutes at 4°C and an equal volume of ethyl acetate 

was used for extraction. The extract was dehydrated over anhydrous sodium sulphate 

(Na2SO4) and evaporated to dryness in a rotary vacuum evaporator (Equitron Roteva-

8763). The crystals obtained were dissolved in a small amount of HPLC grade methanol 

(Babu et al., 2013).  

 

 

4.2.3.2 FTIR 

The biodegraded metabolites of reactive azo dyes (RB5, RG19 and RR120) were 

characterized by Fourier-transform infrared spectroscopy (FTIR) (Nicolet 5700, Thermo 

Fischer Corporation, USA) as per the procedure described by Babu et al., 2013. The 

extracted treated decolorized sample was mixed with potassium bromide (KBr) to 

prepare a pellet and scanned in the range of 4,000–400 cm−1. The KBr pellet without 

sample was used as blank. 

 

4.2.4 Toxicity analysis 

4.2.4.1 Using Artemia salina 

The toxicity of the dyes and their degradation products were analyzed by a standard 

bioassay procedure using the brine shrimp, Artemia salina (Prasad and Rao, 2013). In 

order to determine the toxicity of the free dyes as well as the degraded products, 

Shewanella seohaensis NIO_14d was grown in Nutrient broth containing 500 mg L-1 of 

the azo dyes RB5, RG19 and RR120. After decolorization, the samples were centrifuged 

at 12,000 rpm for 10 min at 4°C and the supernatant was filter sterilized using a 0.22 µm 

pore size filter. The cell-free supernatant (1 mL) was added to each well of a 24-well 
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plate (Costar, USA).  The cysts of Artemia salina were hatched out in sterilized sea water 

(35 ppt) with aeration for 24 h to nauplii stage. Forty Artemia salina cysts or nauplii were 

added accordingly to the wells of the plate. The hatching of cysts and survival of nauplii 

was recorded after 24 hours of incubation at 30 °C. The bacteria-free dye samples were 

used as controls. Seawater was used as the positive control. Following incubation, the 

plates were checked to count the number of hatched cysts and surviving nauplii. 

Enumeration was carried out using a binocular microscope. 

 

4.2.4.2 Using Vigna radiata 

The phytotoxicity of the treated and untreated dye samples were measured using the seed 

germination assay as described by Singh et al., (2015). In order to determine the toxicity 

of the free dyes as well as the degraded products, Shewanella seohaensis NIO_14d was 

grown in Nutrient broth containing 500 mg L-1 of the azo dyes RB5, RG19 and RR120. 

After decolorization, the samples were centrifuged at 12,000 rpm for 10 min at 4°C and 

cell free supernatant was filter sterilized using a 0.22 µm pore size filter. The filtrate was 

used to determine phytotoxicity.  

Ten seeds of Vigna radiata were surface sterilized and placed in Petri plates on Whatman 

filter papers soaked in 5 mL of distilled water, untreated reactive dye and treated 

decolorized reactive dye respectively. The assay was carried out in triplicates and 

germination was monitored over 7 days. The phytotoxicity was assessed with respect to 

germination percentage, length of root and shoot after emergence. The following formula 

was used to calculate germination percentage: 

Germination (%)   =     number of seeds germinated in treatment    x 100 

                                      number of seeds germinated in control 

 

4.2.5 Decolorization of Textile effluent 

4.2.5.1 Laboratory simulated textile dye wastewater  

Synthetic simulated textile dye wastewater was prepared in the laboratory by adding 250 

mg L-1 of the individual dyes RB5, RG19 and RR120 to a solution of 10% NaCl solution.  

The pH of the solution was adjusted to 9 using 1N NaOH. The simulated dye wastewater 

was supplemented with 0.1% (w/v) yeast extract since previous studies indicated that an 
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organic nitrogen source boosts decolorization activity. Shewanella seohaensis NIO_14d 

was pre-grown in sterile nutrient broth and 1% of the inoculum was added to the 

simulated dye wastewater sample in Erlenmeyer flasks. The flasks were incubated at 

30°C under static condition. Following decolorization of the solution (after 24 hours 

incubation), suitable aliquots were taken, centrifuged at 12,000 rpm for 10 minutes at 

4°C and the resulting cell-free supernatant was used to determine the UV-visible 

absorption spectrum and measure the extent of decolorization. Uninoculated simulated 

textile dye wastewater was used as control. 

 

4.2.5.2 Raw Textile effluent obtained from Kanpur, India 

Effluent sample was collected from outside a textile mill located in Kanpur, India and 

transported in 10L cans. The physico-chemical parameters of the sample were 

characterized and the effluent sample was analyzed for decolorization by Shewanella 

seohaensis NIO_14d.  

Flasks containing effluent amended with 0.1% (w/v) yeast extract since previous studies 

indicated that an organic nitrogen source boosts decolorization activity. The pre-grown 

culture was inoculated (1% [v/v]) and incubated at 30°C under static condition. After 24 

hours incubation, suitable aliquots were taken, centrifuged at 12,000 rpm for 10 minutes 

at 4°C and the resulting cell-free supernatant was used to determine the UV-visible 

absorption spectrum and calculate the percentage of decolorization. 

 

4.2.6 Statistical analysis  

All experiments were carried out in triplicate. Basic descriptive statistics were applied to 

the raw data sets and the results were presented as mean ± standard deviation (SD). The 

data for enzyme assays was analyzed by one-way analysis of variance (ANOVA) with 

Tukey–Kramer multiple comparison test. 
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4.3 Results 

4.3.1 Decolorization of different dye classes 

Shewanella seohaensis NIO_14d was able to decolorize almost all the azo dyes tested 

except for Direct yellow 27 (Figure 4.1). The isolate also showed the ability to 

decolorize dyes belonging to other chemical classes. The color of the triarylmethane dye, 

Victoria blue, was reduced by 63.43% while, the anthraquinone dyes Poly R 478 and 

RBBR were decolorized 54% and 26.64% respectively. 

 

 

4.3.2 Enzyme assays for analysis of dye decolorizing activity 

The enzyme activity exhibited by Shewanella seohaensis NIO_14d varied for the three 

enzymes assayed as shown in Table 4.2. The isolate did not yield detectable levels of the 

enzyme laccase in response to exposure to reactive azo dyes. Very low levels of lignin 

peroxidase were measured in the medium after dye decolorization. However, a 

significant amount of the reductive enzyme azoreductase was produced by Shewanella 

seohaensis NIO_14d with a maximum of 0.48 ± 0.13 U min-1 ml-1 measured after 

decolorization of the dye RG19. 

 

 

4.3.3 Biodegradation analysis 

The FTIR spectrum, as observed in Figures 4.2(A), 4.2(B) and 4.2(C), showed a 

comparison between the peaks obtained from untreated control reactive dyes RB5, RG19 

and RR120 with the extracted metabolites after dye decolorization. The control showed 

specific peaks at 3448 cm-1 corresponding to the presence of medium N-H bond and 

peaks in the range of 1585 to 1604 cm-1 due to azo group (̶ N=N ̶) stretching. The 

asymmetric C–N stretching frequency appears in the range of 1289 to 1314 cm-1 due to 

the aromatic nature of the reactive dyes while symmetric stretching is seen at 2924 cm-1. 

The FTIR spectrum of the samples obtained after the treatment of the dyes with 

Shewanella seohaensis NIO_14d showed differences in the peak positions when 

compared to the control. The spectrum did not show a peak at 3448 cm−1 corresponding 

to N–H. This is indicative of the absence of secondary and tertiary amines in the 

decolorized samples.  
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Table 4.2: Activity of various enzymes during dye decolorization 

            Mean ± standard deviation of triplicates 

BDL: below detectable limit  

*P<0.05; significant level based on one-way ANOVA with Tukey–Kramer test 

a µmol of veratryl alcohol oxidized min-1 ml-1 

b μmol of ABTS oxidized min-1 ml-1 

c μmol of reactive dye reduced min-1 ml-1 

 

 

 

 

 

 

 

 

 

 

Sample 
Lignin 

peroxidasea 
Laccaseb Azoreductasec 

Dye free Control 0.002 ± 0.06 0.008 ± 0.04 0.017 ± 0.04 

RB5 after 

decolorization 
0.038 ± 0.07* BDL 0.381 ± 0.02* 

RG19 after 

decolorization 
0.002 ± 0.03* BDL 0.48 ± 0.13* 

RR120 after 

decolorization 
0.01 ± 0.01 BDL 0.439 ± 0.22* 
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Figure 4.1: Decolorization of various azo (  ), triarylmethane (   ) and  anthraquinone (   ) 

dyes by Shewanella seohaensis NIO_14d in nutrient broth amended with dye (100  

mgL-1).  Data are expressed as mean ± standard deviation (SD) of three replicate 

experiments. 
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Figure 4.2 (A): FTIR analysis of RB5 decolorized dye samples versus untreated reactive 

azo dye controls (500 mg L-1).   
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Figure 4.2 (B): FTIR analysis of RG19 decolorized dye samples versus untreated 

reactive azo dye controls (500 mg L-1).   
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Figure 4.2 (C): FTIR analysis of RR120 decolorized dye samples versus untreated 

reactive azo dye controls (500 mg L-1).   

 

%
 T

ra
n

sm
it

ta
n

ce
 

Wavenumber cm-1 

C 



Chapter 4 

103 
 

4.3.4 Toxicity analysis 

4.3.4.1 Using Artemia salina 

The reactive dyes and their decolorized metabolites were evaluated for their toxicity 

using the brine shrimp, Artemia salina. It was observed that the treated dye solution is 

less toxic to the hatching of Artemia salina cysts (Table 4.3). Amongst the dyes tested, 

the decolorized metabolites of RR120 did not affect hatching of the cysts with 100% 

hatching obtained. The decolorized metabolites of the other two dyes, RB5 and RG19, 

also did not impede cyst hatching with 84% and 77% hatching achieved in the presence 

of these dyes, respectively. In contrast, the untreated dye control was found to inhibit 

hatching indicating its toxic effects.  

The survival of Artemia salina nauplii was much higher in treated decolorized dye 

solution as compared to the original dye as seen in Table 4.4. More than 85% of the 

brine shrimp nauplii were found to survive even after 24 hours of exposure to the 

decolorized dye metabolites as opposed to the untreated dye. 

 

Table 4.3: Effect of reactive dyes and dye degraded metabolites on the hatching (%) of 

Artemia salina (brine shrimp) cysts after 24 hours 

Treatment RB5 RG19 RR120 

Sea water control 100 ± 0.12 100 ± 0.04 100 ± 0.37 

Untreated dye 6 ± 0.71 12 ± 0.42 4 ± 1.69 

Decolorized dye metabolites 84 ± 0.82 77 ± 1.12 100 ± 0.12 
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Table 4.4: Effect of reactive dyes and dye degraded metabolites on the survival of 

Artemia salina (brine shrimp) nauplii (%) after 24 hours 

Treatment RB5 RG19 RR120 

Sea water control 98 ± 0.74 99 ± 0.59 100 ± 1.52 

Untreated dye 18 ± 1.46 10 ± 0.77 12 ± 1.52 

Decolorized dye metabolites 88 ± 0.25 86 ± 0.03 90 ± 0.43 

 

 

4.3.4.1 Using Vigna radiata 

Phytotoxicity studies carried out using seeds of Vigna radiata (mung bean) showed 

higher toxicity of the untreated reactive dyes compared to the treated dye samples. The 

seeds exposed to the untreated dyes showed a poor germination rate of 14% for RB5, 6% 

for RG19 and 18% for RR120. The seeds exposed to the decolorized dye samples 

exhibited >85% germination after 7 days. Further, the average root and shoot length of 

the germinated seeds were comparable to that obtained with the distilled water control 

(Table 4.5). In sharp contrast, seeds exposed to the untreated dye samples RB5, RG19 

and RR120 showed root lengths of 0.3 cm, 0.5 cm and 0.7 cm respectively. Likewise, the 

shoot length measured in cm was also much smaller in seeds which were in contact with 

the untreated dyes. 
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 Table 4.5: Phytotoxicity studies of reactive dyes and dye degraded metabolites using  

 Vigna radiata 

 

 

4.3.5 Decolorization of Textile effluent 

4.3.5.1 Laboratory simulated textile effluent 

UV-Visible spectroscopic analysis (200 – 800 nm) carried out for the simulated textile 

effluent prepared in the laboratory is shown in Figure 4.3 (A). The peak observed in the 

spectrum at 600 nm was found to be drastically reduced after 24 hours of treatment 

following decolorization of the effluent sample by Shewanella seohaensis NIO_14d. 

Smaller peaks seen at 390 nm and 315 nm were also reduced after bacterial treatment. 
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100 ± 

0.74 

14 ± 

1.68 

85 ± 

1.04 

6 ±  

0.83 

89 ± 

0.96 

18 ± 

1.08 

86 ± 

1.14 

Root length 

(cm) 

3.7 ± 

0.74 

0.3 ± 

1.49 

2.2 ± 

0.39 

0.5 ± 

0.41 

2.3 ± 

0.97 

0.7 ± 

0.25 

1.9 ± 

1.84 

Shoot length 

(cm) 

2.9 ± 

0.74 

0.6 ± 

0.94 

1.8 ± 

0.07 

0.4 ± 

1.16 

1.9 ± 

0.82 

0.8 ± 

1.53 

2.1 ± 

1.06 
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Treatment of the laboratory simulated textile effluent with Shewanella seohaensis 

NIO_14d for 24 hours resulted in considerable decolorization of 89% (± 0.25 SD) of the 

sample as seen in Figure 4.5 (A). 

 

4.3.5.2 Textile effluent obtained from Kanpur, India 

The raw textile effluent collected from Kanpur, India (Figure 4.4) was treated with the 

bacterial isolate Shewanella seohaensis NIO_14d to determine its bioremediation 

potential. Interestingly, the isolate showed high potential in decolorizing the raw effluent 

to an appreciable extent of 73% (± 1.08 SD) as depicted in Figure 4.5 (B).  

The physico-chemical parameters of the effluent tested according to APHA protocols 

have been listed in Table 4.6. The raw textile effluent had a dark green color and a string 

offensive odor. The pH of the effluent was found to be 10.17. The levels of total solids, 

total suspended and dissolved solids found in the effluent were extremely high (TS: 

2833.33; TSS: 1340; TDS: 2750.48) and exceeded the permissible limits set by the 

Bureau of Indian Standards (BIS, 2009). BOD determined the amount of organic matter 

in the effluent and was much higher (420 mgL-1) than the prescribed BIS limit of 30 

mgL-1. The COD measured to determine the level of pollution was also found to be 

almost 7 times higher than the allowed limits.  The high amounts of COD, BOD, nitrates, 

nitrites, chlorides and total nitrogen observed were consistent with those in untreated 

effluents (Aslam et al., 2004). 

The UV-Visible spectrum of the raw effluent showed a noteworthy reduction in the 

observed peaks at approximately 550 nm and 620 nm after 24 hours of treatment with the 

bacterial culture Figure 4.3 (B). This was indicative of decolorization of the dark colored 

effluent to a lighter solution by the isolate. 
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Figure 4.3: Spectroscopic analysis (UV-Visible spectrum) of treated and untreated 

samples of (A) simulated textile dye wastewater and (B) Textile effluent from 

Kanpur, India 
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   Figure 4.4: Collection of effluent samples from outside a textile mill in Kanpur, India 

 

 

   

    

 

 

 

 

 

 

 

 

 

    Figure 4.5: Decolorization of Effluent samples by Shewanella seohaensis NIO_14d.    

    (A) simulated textile dye wastewater and (B) Textile effluent from Kanpur, India 
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Table 4.6: Physico-chemical characteristics of raw textile effluent from Kanpur, India  

Standard deviation, n=3 

  

 

 

 

Parameter 
Raw Textile 

effluent  

Permissible limits 

(BIS, 2009) 

pH 10.17 ± 0.00 5.5-9.0 

Salinity (ppt) 15 ± 0.01 - 

Total Solids (mgL-1) 2833.33 ± 24.03 2200 

Total Suspended Solids (mgL-1) 1340 ± 24.03 100 

Total Dissolved Solids (mgL-1) 2750.48 ± 29.19 2100 

BOD (mgL-1) 420 ± 12.56 30 

COD (mgL-1) 1700 ± 18.83 250 

Nitrates (mgL-1) 164.5 ± 6.31 10 

Nitrites (mgL-1) 1.73 ± 1.42 - 

Total nitrogen (mgL-1) 636 ± 28.74 100 

Chlorides (mgL-1) 1286.84 ± 18.17 200 
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4.4 Discussion 

The ability to decolorize, degrade and detoxify synthetic dyes is a key characteristic of 

microorganisms involved in the bioremediation of dye-containing wastewater. 

Shewanella seohaensis NIO_14d isolated in this study demonstrated the capability to 

decolorize a broad spectrum of synthetic dyes belonging to various chemical dye classes. 

Additionally, the isolate could detoxify the dye during the process of decolorization. 

Commercial textile dyeing processes utilize reactive dyes bearing chromophoric groups 

which are azo, anthraquinone and triphenylmethane in nature (Sudha et al., 2014). The 

large amount of unfixed dyes lost in the effluent have been reported to have an LD50 

value of more than 200 mg/kg (Won et al., 2004). The complex aromatic structures of 

synthetic dyes render them xenobiotic and extremely recalcitrant to degradation. Mishra 

and Maiti (2018) reviewed the efficiency and various mechanisms of bacterial 

decolorization of three major classes viz. azo, anthraquinone and triphenylmethane dyes 

from wastewater. The findings of the study indicate that the isolate possesses the 

necessary mechanisms to efficiently decolorize not only azo dyes but also dyes belonging 

to the anthraquinone and triphenylmethane classes. The inability to decolorize the azo 

dye Direct yellow 27 is possibly due to the toxicity conferred by the dye which interferes 

with the metabolic functioning of the isolate and requires further investigation.  

 

Oxido-reductive enzyme systems are the most common mechanism implicated in the bio-

decolorization of textile dyes by microorganisms (Saratale et al., 2011). In an attempt to 

identify the enzymes associated with azo dye decolorization by Shewanella seohaensis 

NIO_14d, the enzyme activity of three known dye degrading enzymes was determined. 

An increased azoreductase activity of 0.38 – 0.48 μmol of reactive dye reduced min-1 ml-

1 was found following dye decolorization by the isolate. There was no significant lignin 

peroxidase or laccase activity detected during the assay, possibly indicating that 

Shewanella seohaensis NIO_14d does not produce these enzymes to reduce and 

decolorize reactive azo dyes. Contrastingly, Telke et al., (2010) reported a laccase from 

Pseudomonas sp. SU-EBT responsible for Congo red decolorization. Lignin peroxidases 

for dye decolorization are best studied in white-rot basidiomycetes (Ollikka et al., 1993; 

Levin et al., 2004; Gomaa et al., 2008; Hadibarata et al., 2013; Rekik et al., 2019). 

However, there do exist few reports of bacterial lignin peroxidases capable of dye 
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decolorization (Gomare et al., 2008; Dawkar et al., 2009; Ghodake et al., 2009; Kalyani 

et al., 2011).  

 

The FTIR spectral analysis facilitates the recognition of interaction types and strengths 

present in azo dyes, which encompass diverse functional groups. By examining the FTIR 

spectra after bacterial biodegradation, researchers can obtain valuable insights into the 

alterations and interactions occurring within the dye molecules. This process offers 

valuable information about the degradation process itself and the disintegration of 

chemical bonds (Saratale et al., 2011). The changes in observed peaks in the FTIR 

spectra following azo dye decolorization are a suggestive of successful degradation of the 

reactive azo dyes by Shewanella seohaensis NIO_14d. The absence of a peak at 3448 

cm−1 corresponding to N–H is indicative of the absence of secondary and tertiary amines 

in the decolorized samples. Further, absence of the peaks of azo bond (̶ N=N ̶) stretching 

at 1585 to 1604 cm-1 indicates the possible reductive cleavage of these bonds during the 

dye decolorization process. 

 

 It is crucial to assess the toxicity of the substances generated during the bacterial 

degradation of dyes in order to evaluate the quality of the treated wastewater and its 

potential impact on the environment. This evaluation is necessary before the effluent is 

ultimately released into the environment or water bodies. Since synthetic dyes have a 

profound impact on flora, fauna and human health, using various biotic organisms as 

indicators to determine the toxicity of the effluent is of significance. This study analyzed 

the toxicity of the dye samples before and after bacterial treatment using Artemia salina 

and Vigna radiata. The toxicity of the untreated reactive dyes compromised the hatching 

of Artemia salina (brine shrimp) cysts while post bacterial treatment, the metabolites of 

dye degradation allowed a high hatching percentage. In addition, when the Artemia 

salina nauplii were exposed to the decolorized metabolite, they exhibited a survival rate 

of over 85%. In contrast, the presence of the untreated dye resulted in a low survival rate 

ranging from 10% to 18%. These findings support the conclusion that the products of 

biodegradation of RB5, RG19 and RR120 are not toxic to Artemia salina. Similar 

conclusions on the toxicity of reactive dyes and their metabolites were drawn in studies 

carried out by Almeida and Corso (2016) and Sreedharan et al., (2021). The reduced 

toxicity of the secondary metabolites formed after decolorization of the reactive azo dyes, 

by the isolate, is evident from the results of the phytotoxicity studies. Low rates of 
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germination of Vigna radiata seeds could be attributed to the inhibitory effects of the 

toxic azo dyes as compared to 85% of germination seen in seeds exposed to treated dye 

samples. Similarly, the germinated seedlings showed enhanced root and shoot length 

following contact with treated dye metabolites in sharp contrast to the poor growth in 

presence of reactive dyes. It is evident that bacterial treatment effectively reduces the 

toxicity of the dyes and leads to the production of safer by-products. Kalyani et al., 

(2009) report comparable results on the non-toxic effects of the degradation products of 

azo dye reactive red 2 on seeds of S. vulgare and P. mungo. 

 

UV-Visible (UV-Vis) spectroscopy (200-800 nm) is a powerful tool to analyze dye 

decolorization (Knapp and Newby, 1995). UV-Vis studies carried out on laboratory 

simulated textile effluent as well as raw effluent obtained from Kanpur showed a 

significant reduction in the sharp peak observed at λmax. The decrease in the peak without 

a shift in λmax indicates degradation of the dye molecules during decolorization and 

removal of the dark colored dye solution to a lighter solution with consequent decrease in 

color intensity. Similar results were observed by Babu et al. (2013) and Almeida and 

Corso (2016) when studying the microbial mediated decolorization of Victoria Blue B 

and Acid Blue 161 respectively. Additionally, as reported by Saratale et al., (2009a), an 

increase in absorbance towards the UV region is further evidence of the removal of the 

dye. The physico-chemical analysis of raw textile effluent obtained from Kanpur, India 

indicated a highly colored and alkaline wastewater likely due to the use of silica and 

sodium hydroxide in the textile dyeing process. The levels of various parameters 

including BOD, COD, nitrates, chlorides, TS, TSS and TDS in the effluent significantly 

exceeded permissible limits rendering the effluent unsafe for discharge into the 

environment. Although, the ability of Shewanella seohaensis NIO_14d to reduce these 

parameters was not analyzed in this study, the isolate was able to withstand the hostile 

nature of the raw textile effluent and achieve a measurable reduction in color intensity. In 

a previous study, Kurade et al., (2012) reported a bacterial-yeast consortium capable of 

reducing the BOD and COD of textile effluent samples. To enhance the bioremediating 

potential of the isolate in this study, further research is warranted to investigate its 

capabilities in reducing other polluting characteristics of the effluent. 
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The focus on artificial textile wastewater in research remains limited, despite the 

preparation and testing of various components to simulate actual wastewater from textile 

factories. Additionally, there is a lack of a comprehensive reference that summarizes and 

evaluates the reported wastewater constituents. Synthetic wastewater is essential for 

pilot-scale studies and when stable effluents from real sources are unavailable (Yaseen 

and Scholz, 2019). Notwithstanding these constraints, this study highlights the reactive 

azo dye decolorization and degradation potential of Shewanella seohaensis NIO_14d and 

its application in in situ bioremediation strategies. Thus, this study has added a marine 

bacterial isolate capable of efficiently decolorizing textile effluent and detoxifying 

reactive azo dyes. This can contribute to the efforts to mitigate pollutants using microbial 

bioremediative technologies. 
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Chapter 5 

Proteomic Characterization of Dye Decolorizing Bacteria 

5.1 Introduction 

The understanding of synthetic dye decolorization, degradation, and detoxification by 

marine organisms has been rapidly expanding. However, there remains a significant gap in 

exploring the functional aspects of their abilities, particularly regarding species-specific 

deviations in well-established dye-microbe interactions and/or the resulting end products. 

Leveraging proteomics can offer valuable insights by elucidating the proteins and pathways 

involved in enzymatic degradation of synthetic azo dyes and facilitating biotransformation 

in specific species or strains. It remains pertinent to understand the mechanisms of aromatic 

dye decolorization to aid the development of effective bioremediation strategies. Proteins 

are both a structural and functional component of the cell and are fundamental to living 

systems, contributing to both molecular and metabolic intra-cellular events (Hassan et al., 

2022). Bacterial proteome analysis is a widely recognized approach for obtaining a wealth 

of biological insights as cellular protein expression is linked to numerous unexplored 

biological processes. This makes it highly valuable for advancing functional proteomics in 

various biological systems (Patterson and Aebersold, 2003). Notably, proteomics has 

proven instrumental in identifying numerous natural gene products produced by 

microorganisms (Bumpus et al., 2009), as well as facilitating the development of novel 

halophilic enzymes (Choi et al., 2005).  

Bacterial species employ numerous strategies to eliminate or discolor azo compounds from 

their surroundings including biosorption, bioaccumulation, reduction, oxidation, and 

sequential reduction-oxidation processes (Mahmood et al., 2016). Among various bacterial 

species, Shewanella stands out due to its diverse respiratory metabolic pathways, making it 

a promising candidate for bioremediation (Heidelberg et al., 2002). To gain valuable 

insights, it is crucial to comprehend and assess the changes in the organism's proteome 

during its growth. For instance, Zhao and Poh (2008) elucidate how different cellular 
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protein components of bacteria react differently to different environmental stimuli. Proteins 

may be either up- or down-regulated in response to exposure to various stresses in the 

environment (Gao et al., 2004). An et al., (2020) adopted an integrated metagenomic and 

metaproteomic analyses to investigate the functional genes and proteins involved in the 

decolorization of Direct Black G by thermophilic microflora. Proteomic analyses help to 

establish stress-response mechanisms in bacteria under dye exposure, critical for the 

evolution of more robust and effective decolorization strains. Proteomic data has further 

unveiled the interconnected pathways involved in dye decolorization, such as electron 

transport chain and secondary metabolite biosynthesis pathways, providing deeper insights 

into the bacterial metabolic machinery (Chen et al., 2020, Zhang et al., 2022). It is 

important to understand complex biological activities and interactions in order to reveal the 

molecular mechanisms involved in microbial remediation of environmental pollutants. This 

would aid in the development of increasingly promising bioremediation strategies. 

This study used a gel-free proteomic approach to evaluate the changes in protein expression 

of Shewanella seohaensis NIO_14d during the decolorization of three reactive dyes, 

Reactive Black 5 (RB5), Reactive Green 19 (RG19) and Reactive Red 120 (RR120). A 

Liquid Chromatography Mass Spectrometry - Quadrupole Time of Flight (LCMS-QToF) 

system was employed to identify the differential expression of proteins and measure their 

abundance during dye decolorization. 
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5.2 Materials and Methods 

5.2.1 Microorganism and growth conditions 

The protein expression profile of the dye decolorizing bacterial isolate collected from an 

estuarine location in Goa, India was analyzed in this study. The strain NIO_14d was 

identified by 16S rDNA gene sequencing as Shewanella seohaensis (GenBank Acc. No.: 

KR922404) as discussed in Section 3.2.5. The culture was purified on seawater nutrient 

agar (SWNA containing [l-1]: peptic digest of animal tissue 5.0 g, sodium chloride 5.0 g, 

beef extract 1.5 g, yeast extract 1.5 g, agar 15 g, distilled water 500 mL, sea water 500 mL, 

pH 7.4 ± 0.2) and a loopful of seed culture from an isolated colony was pre-cultured in 10 

mL nutrient broth. For proteomic analysis, overnight grown culture was inoculated in 

sterile NB and grown until mid-exponential phase (O.D600 ~ 0.4; time taken ca. 6h). This 

freshly prepared primary inoculum (1% (v/v)) was added to Erlenmeyer flasks (250 mL) 

containing 100 mL of sterile nutrient broth amended individually with 100 mg L-1 of the 

reactive dyes RB5, RG19 and RR120 (Sigma-Aldrich). Cells were harvested by 

centrifugation at 14,000 rpm at 4°C for 10 min. Cell pellets were washed twice with 1X 

Phosphate Buffer (PB containing [l-1]: disodium hydrogen phosphate 1.42 g, potassium 

dihydrogen phosphate 0.24 g, distilled water 1000 mL, pH 7.4 ± 0.2) to ensure removal of 

media containing dyes. Inoculated dye-free NB was processed under the same conditions 

and used as control. 

 

5.2.2 Cellular protein extraction 

The cell pellets of Shewanella seohaensis NIO_14d, obtained at the time points 7 hours and 

24 hours following dye decolorization, were washed twice with 1X PB and resuspended in 

1 mL of protein extraction buffer along with zirconia beads and homogenized in a Fast-

Prep®24 homogenizer (MP Biomedicals, USA) at 6.5 m/s for 40 seconds. The tubes were 

held on ice for rest duration (5min) between each homogenization step. Whole cell proteins 

were extracted using a urea-thiourea (UT) buffer containing [ml-1]: urea 0.42 g, thiourea 

0.15 g, CHAPS 0.4 g, IPG buffer (Immobilized pH gradient) 80 µL, Dithiothreitol (DTT) 

0.03 g and 1M tris solution 200 µL. The bacterial cells and debris were then centrifuged at 
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14,000 rpm for 20 min at 4°C, and supernatant transferred to a fresh microcentrifuge tube. 

Residual proteins were further extracted by adding another 500 µL of urea-thiourea buffer 

to the cell debris in the zirconia bead bashing tube and re-homogenized. The supernatants 

were pooled and proteins in suspension were maintained in extraction buffer. Aliquots as 

required were used for proteomic analysis and the remaining protein samples were stored at 

-20°C for further use. 

 

5.2.3 Protein estimation and methanol precipitation 

A volume of 50 µL of the supernatant obtained from protein extraction was taken and 1:9 

(v/v) 100% methanol (Fluka, MS grade) was added and incubated at 4°C for a minimum of 

1h. Tubes were then centrifuged at 14,000 rpm for 20 min at 4°C and supernatant discarded 

followed by addition of 90% methanol (Friedman, 2007). After incubation and 

centrifugation, pellets were vacuum dried for 20 min at 30°C (care was taken not to over-

dry). The vacuum dried samples were resuspended in 1 mL of TE buffer (pH 8.3) 

(Appendix D) containing 10 µL of 1X protease inhibitor (Serva, Germany). 

Protein estimation was carried out following the standard procedure (Lowry et al., 1951). 

To 1mL of sample, 5ml of Reagents A+B (Appendix D) were added and incubated at room 

temperature for 10 min. To this, 0.5mL of Folin and Ciocalteau's Phenol reagent was added 

and tubes were incubated in the dark for 30 min. Following dark incubation, absorbance 

was read at O.D660 with protein extraction buffer used as blank and Bovine serum albumin 

as standard for calibration. Absorbance readings were used to estimate protein content in 

each sample. Based on the calculations, suitable volumes were dispensed and used for 

methanol precipitation containing a fixed concentration of protein (for each sample). This 

was to ensure equal amount of protein was represented in each sample in subsequent tests 

 

5.2.4 Gel electrophoresis 

The bacterial proteins present in the extracts were resolved using Sodium dodecyl sulfate -

Polyacrylamide gel electrophoresis (SDS-PAGE) in a Mini-Protean electrophoresis unit 

(Bio-Rad Laboratories), according to Laemmli (1970). Precipitated total protein samples 
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(100µg µL-1 each) resuspended in sample solubilizing buffer (15µL) (Appendix D) were 

heated in a dry bath at 95°C for 5min before being loaded on to a 6% stacking gel overlying 

a 12% resolving gel (Appendix D). A medium range protein molecular weight marker 

(97.4 - 14.3 kDa) (Perfect protein marker, GeNei) was prepared similarly. The tubes were 

subjected to a short spin to ensure the entire sample volume is loaded. Electrophoresis was 

carried out in 1X running buffer (Appendix D) at 90V for two hours. Gels were treated 

with fixative (Appendix D) for 1-2h, and stained using silver stain technique following the 

protocol described by Heukeshoven and Dernick, (1985). The stained gels were visualized 

(G-Box F3 Gel Documentation System, Syngene, UK) to check the quality of proteins 

before processing them further. 

 

5.2.5 In-solution digestion 

The quality of the protein samples was assessed based on visual appearance of protein 

bands obtained on SDS gels. In-solution digestion of the proteins was carried out using 

trypsin digestion following a method modified from Kinter and Sherman, (2000). 

Precipitated protein sample pellets were reconstituted using 6M urea as a chaotropic agent 

along with 200mM DTT and 200 mM iodoacetamide as reducing and alkylating agents, 

respectively. The mixture was incubated in dark conditions at room temperature. The urea 

concentration was diluted by adding 500µL of 50mM Tris-HCl. The extracted protein 

sample (100 µg) was digested with 1 mg mL-1 trypsin (20µg Proteomic grade Trypsin from 

porcine pancreas dissolved in 20µL of 1mM HCl, Sigma T6567, USA) at 37°C for 15 

hours. After digestion, the samples were acidified to a pH of 2-3 using 100% formic acid 

(MS grade) before subjecting to mass spectrometry. 

 

5.2.6 Mass Spectrometry and Protein Identification 

5.2.6.1 LC/MS-QToF analysis 

Aliquots (60 µL) of acidified tryptic digests were transferred to autosampler MS vials, 

sealed and analyzed using the in-house LCMS-QToF facility (6538 UHD Accurate Mass 

QTOF LC/MS, Agilent Technologies, USA). Eight µL sub-volumes of the digested 
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samples were injected into the auto-sampler in quadruplets on a Prot ID Chip 150 II 300A 

C18 150 mm column. The LC separations were carried out using deionized water (aqueous 

phase) and HPLC grade acetonitrile (ACN; organic phase) across a gradient elution with 

0.1% Formic acid used as an adduct in both the aqueous and organic phases. The peptides 

were eluted using a standardized 71-minute protocol with a with a linear gradient of 

increasing acetonitrile concentration (2 to 90% for 50 min, 90% for 10 min and 90 to 2% 

for 3 min). The MS/MS spectra for the separated ions were acquired in the range of 50 to 

2000 m/z in positive mode at 2 ppm accuracy. The spectral data was acquired using Mass 

Hunter Software ver. B.06.00 (Agilent Technologies, USA) (de Souza et al., 2019) 

 

5.2.6.2 Identification of Proteins 

The spectra obtained through Mass Hunter were used for protein identification and 

quantification using Spectrum Mill software ver. B.04.01.141 (Agilent Technologies, USA) 

by following the manufacturer’s instructions. The MS/MS spectra acquired were searched 

against the genus-specific UniProtKB/Swiss-Prot database for Shewanella. The search was 

carried out at an accuracy of 50 ppm for MS and 100 ppm for MS/MS. In addition, a 

maximum of 2 missed cleavages was allowed. Auto-validation was carried out for the 

database matches using the default settings with a False Discovery Rate (FDR) of 1.2% to 

generate the protein and peptide summary files. Significant proteins had cut-off peptide 

scores in protein mode >1 with a scored peak intensity (SPI) of >10% for peptides.  

 

5.2.6.3 Statistical analyses 

Mass Profiler Professional (MPP) software ver. 14.5 (Agilent Technologies, USA) was 

used to analyze the protein hits generated in Spectrum Mill. The study was a high 

throughput discovery proteomics experiment and samples were run as four technical 

replicates. The proteins were identified in each of the replicates and grouped for each 

sample viz. dye-free control, RB5, RG19 and RR120. Each identified protein entity in the 

sample was filtered based on the frequency of occurrence in at least one condition. The 

differential significance was determined using a p-value cut-off of 0.2 and a fold- change 
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cut-off of 2.0 when comparing dye-free control samples versus dye-amended samples. The 

protein matches satisfying the cut-off criteria were cross-referenced with their UniProtK 

Accession numbers and classified based on their functions using the Kyoto Encyclopedia of 

Genes and Genomes, ver. 37 (KEGG) pathways database. Venn diagrams were created to 

identify proteins which were up-regulated during dye decolorization and categorize proteins 

found to be common to all the conditions. 

 

5.3 Results 

5.3.1 Gel electrophoresis 

Proteins that were differentially regulated during azo dye decolorization by Shewanella 

seohaensis NIO_14d were analyzed in this study. The protein profile differed when the 

isolate was grown in the presence and absence of the azo dyes as seen from the intensity of 

the different bands in SDS-PAGE (Figure 5.1). The SDS-PAGE fragments for proteins 

suppressed or induced when the isolate was initially exposed to the azo dyes were found to 

be distinctly different from the proteins expressed by Shewanella seohaensis NIO_14d in 

decolorized dye samples after 24 hours. The protein profiles for the decolorized dye 

samples were found to be visually similar to the proteins produced by the isolate in dye-free 

NB with the exception of the possible induction of two protein fragments corresponding to 

21 kDa and 17 kDa in size.  

 

5.3.2 Protein identification 

The proteomic profile of Shewanella seohaensis NIO_14d during azo dye decolorization 

was examined. The numbers of proteins expressed in medium with dyes was compared to 

that expressed in the dye-free control in order to determine the changes in the protein 

profile accompanying dye decolorization. The accession numbers of the identified proteins 

were referenced using the UniProtKB database (www.uniprot.org). Approximately, a total 

of 1182 functionally different protein hits were obtained from the data acquired using the 

MPP software ver. 14.5 (Agilent Technologies, USA). Of these, 507 entities were obtained 
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from the culture grown in the absence of the dyes (control), whereas, 423, 417 and 677 

proteins were detected in Shewanella seohaensis NIO_14d grown in medium with RB5, 

RG19 and RR120, respectively. These proteins were inclusive of those detected at 7h as 

well as 24h during the process of dye decolorization. 

 

5.3.3 Functional characterization of expressed proteins  

The proteins identified from the UniProtKB database belonged to broad functional 

categories and were accordingly classified as shown in Figure 5.2. All the differentially 

expressed proteins were segregated into 15 broad categories based on their physiological 

functions assigned using the Kyoto Encyclopedia of Genes and Genomes, ver. 37 (KEGG) 

metabolic pathways (https://www.genome.jp/kegg/pathway.html) and Clusters of 

Orthologous Groups (COG) database. This allowed a comparative analysis of the proteins 

expressed between control and dye treatment. It was observed that the number of proteins 

differentially expressed during dye decolorization did not vary much compared to the dye 

free control. The maximum number of proteins identified were those involved in translation 

(84 for RR120, 62 for RG19, 71 for RB5 and 84 for dye-free NB) which made up ~15% of 

the total classified proteins. Following this, the largest group of proteins were those 

involved in energy metabolism (10.5%), amino acid metabolism (10.25%), cellular 

processes (9.4%) and membrane transport (9.3%). 

 

The minimum numbers of identified proteins were those involved in the metabolism of 

other molecules including terpenoids, polyketides, flavonoids and secondary metabolite 

biosynthesis, accounting for only 0.6% of the total classified proteins. A fraction of the 

proteins did not have annotated matches in the UniProt database and were consequently 

grouped as proteins with “Miscellaneous & Unknown function”. 

 

 

5.3.4 Comparison of differentially expressed proteins 

Quantitative analysis of the protein profiles revealed significant differences in protein 

expression of Shewanella seohaensis NIO_14d exposed to reactive azo dyes. At 7 hours of 
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incubation of the isolate with the dyes, 176, 113 and 231 proteins were up-regulated during 

the decolorization of RB5, RG19 and RR120 respectively (Figure 5.3A). Further, at 24 

hours following dye decolorization as many as 138, 219 and 520 proteins were up-regulated 

in Shewanella seohaensis NIO_14d grown in RB5, RG19 and RR120 respectively as 

compared that grown in the dye-free control (Figure 5.3B). As many as 29 (~5%) proteins 

were uniquely up-regulated for all the conditions compared in the early stages of dye 

decolorization (7 hours). As the dye decolorization progressed, 17 (~2%) commonly up-

regulated proteins were identified at 24 hours. Each dye condition revealed a unique set of 

proteins with the most number of proteins observed when the isolate was grown in the 

presence of RR120 (Figure 5.3). 

 

5.3.5 Dye decolorization induced changes in abundance of expressed proteins 

Prominent proteins expressed by Shewanella seohaensis NIO_14d during the 

decolorization of RB5 are listed in Table 5.1. Similarly, up-regulated proteins identified 

during decolorization of Reactive Green 19 and Reactive Red 120 are summarized in 

Tables 5.2 and 5.3 respectively. It was observed that during dye decolorization, many 

proteins predominantly up-regulated played a role in energy metabolism, especially the 

cellular oxidoreductases. Proteins commonly expressed in all three dye decolorizing 

conditions were an oxidoreductase FAD/NAD (P)-binding domain protein (SwissProt ID: 

A8GZW1) and an alkyl hydroperoxide reductase (SwissProt ID: A9KY42). At 24 hours of 

exposure, the alkyl hydroperoxide reductase was up-regulated by 1.54, 1.25 and 7.68 folds 

under RB5, RG19 and RR120 dye decolorizing conditions respectively. This 

oxidoreductase protein complex uses either NADH or NADPH as an electron donor for 

direct reduction of redox dyes or of alkyl hydroperoxides. It functions in cellular response 

to oxidative stress and was notably absent in the control sample without dye. 

Additionally, multiple proteins with annotated roles in electron transport were found to be 

up-regulated during reactive azo dye decolorization. A fumarate reductase flavoprotein 

subunit (SwissProt ID: P83223) was up-regulated by 1.29, 16.00 and 1.66 in RB5, RG19 

and RR120 decolorizing conditions respectively. Cytochrome c protein (SwissProt ID: 

A9L5Q8) which is also an electron transport protein, was identified in all three dye-
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challenged samples as well as in dye-free control with a fold change of 1.18 (in RR120 

decolorizing condition) and 16.00 (in RB5 and RG19 decolorizing conditions). Two NADH 

dependent oxidoreductases (SwissProt ID: B0TT30 and Q8EI38) were significantly up-

regulated when compared to the isolate exposed to the dye-free control. An important 

observation revealed the detection of an FMN-dependent NADH-azoreductase obtained 

under RG19 decolorizing condition.  

Shewanella seohaensis NIO_14d showed increased expression of two transport proteins 

during dye decolorization conditions. These were Na (+)-translocating NADH-quinone 

reductase subunit A detected during decolorization of RG19 (fold change of 16.00) and 

RR120 (fold change of 1.36) and TRAP dicarboxylate transporter (fold change of 16.00) 

detected during decolorization of RB5. A membrane protein with 3.59-fold increase, 

reported to be involved in aromatic hydrocarbon degradation was identified in RB5 

decolorizing condition at 7 hours 
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Figure 5.1: SDS-PAGE protein profiles for Shewanella seohaensis NIO_14d 

grown in the presence and absence of reactive azo dyes. Lanes M, Medium range 

protein molecular marker (14.3 - 97.4 kDa); 1, isolate grown in RB5 at 0h; 2, 

isolate grown in RG19 at 0h; 3, isolate grown in RR120 at 0h; 4, isolate from 

decolorized RB5 at 24h; 5, isolate from decolorized RG19 at 24h; 6, isolate from 

decolorized RR120 at 24h; 7, isolate grown in dye-free NB. Arrows indicate 

major proteins expressed during dye decolorization. Molecular weight of protein 

standards in kDa are shown on the left side of gel. 
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Figure 5.2: Functional classification of identified proteins expressed in dye-free nutrient 

broth compared to those expressed during decolorization of the reactive dyes: RR120, 

RG19 and RB5. Lowercase letters along the y-axis refer to the following categories of 

functional roles: (a) Carbohydrate metabolism; (b) Amino acid metabolism; (c) Lipid 

metabolism; (d) Nucleotide metabolism; (e) Cofactors and vitamins metabolism; (f) Energy 

metabolism; (g) Other metabolic processes; (h) Signal transduction; (i) Cellular process; (j) 

Transport; (k) Replication and repair; (l) Transcription; (m) Translation; (n) Protein 

folding, sorting and degradation; (o) Miscellaneous & Unknown function. (KEGG 

metabolic database, https://www.genome.jp/kegg/) (de Souza et al., 2019) 
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Figure 5.3: Venn diagrams comparing up-regulated proteins entities in dye 

challenged Shewanella seohaensis NIO_14d versus control (without dye). (A) Up-

regulated entities at 7 hours; (B) Up-regulated entities at 24 hours of exposure to 

dyes (de Souza et al., 2019) 
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Table 5.1: Proteins up-regulated during decolorization of Reactive Black 5 azo dye (de Souza et al., 2019) 

 

a Functions are reported according to KEGG2 metabolic database (http://www.genome.jp/kegg/kegg2.html) 
b Percent amino acid coverage  
c Fold change compared to dye free control 

 

Swiss-

Prot ID 
   Protein name 

Gene based on 

protein ID 

Protein 

Mass (Da) 

Functional 

categorya 

MS/MS 

search 

score 

Number 

of 

distinct 

peptides 

% 

coverageb 

Fold 

changec 

A9L5Q8 Cytochrome c prime Sbal195_1300 16506.6 
energy 

metabolism 
18.9 1 14.7 16.00 

P83223 Fumarate reductase flavoprotein  SO_0970 62903.3 
energy 

metabolism 
129.43 8 24.6 1.29 

A8GZW1 
Oxidoreductase FAD/NAD(P)-

binding domain protein 
Spea_0520 26730 

energy 

metabolism 
6.84 1 2.9 1.08 

Q8EI38 
NADH-quinone oxidoreductase, 

subunit K 
nuoK 11211.3 

energy 

metabolism 
3.61 1 12.7 16.00 

A9KY42 
Alkyl hydroperoxide reductase/  

Thiol specific antioxidant 
Sbal195_1777 22160.7 

peroxiredoxin 

activity 
49.09 4 24.8 1.54 

A1S369 Alkyl hydroperoxide reductase Sama_0617 20943.4 
peroxiredoxin 

activity 
56.8 4 29.1 16.00 

Q8EI86 
Alkyl hydroperoxide reductase  

peroxiredoxin component AhpC 
ahpC 20971.4 

peroxiredoxin 

activity 
60.75 4 33.3 16.00 

A4Y8D8 
TRAP dicarboxylate transporter,  

DctP subunit 
Sputcn32_2500 38006 

membrane 

transport 
5.6 1 7.6 16.00 

A9KTX7 
Membrane protein involved in 

aromatic hydrocarbon degradation 

Sbal195_2866 

 
46196.6 cellular process 35.54 2 8.7 3.59 
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Table 5.2: Proteins up-regulated during decolorization of Reactive Green 19 azo dye (de Souza et al., 2019) 
 

a Functions are reported according to KEGG2 metabolic database (http://www.genome.jp/kegg/kegg2.html) 
b Percent amino acid coverage 
c Fold change compared to dye free control 

Swiss-

Prot ID 
   Protein name 

Gene based on 

protein ID 

Protein 

Mass (Da) 

Functional 

categorya 

MS/MS 

search 

score 

Number 

of 

distinct 

peptides 

% 

coverageb 

Fold 

changec 

A9L5Q8 Cytochrome c prime Sbal195_1300 16506.6 
energy 

metabolism 
12.92 1 14.7 16.00 

A8GZW1 
Oxidoreductase FAD/NAD(P)-

binding domain protein 
Spea_0520 26730 

energy 

metabolism 
6.49 1 2.9 2.94 

A8FPZ7 
FMN-dependent NADH-

azoreductase 
azoR 21205.9 

energy 

metabolism 
8.31 1 9.6 16.00 

P83223 
Fumarate reductase flavoprotein 

subunit 
SO_0970 62903.3 

energy 

metabolism 
26.5 2 4.1 16.00 

B0TT30 
NADH:flavin 

oxidoreductase/NADH oxidase 
Shal_2030 74360.4 

energy 

metabolism 
5.19 1 3.8 1.49 

A9KY42 
Alkyl hydroperoxide reductase/ 

Thiol specific antioxidant 
Sbal195_1777 22160.7 

peroxiredoxin 

activity 
41.25 4 35.3 1.25 

A8FYW2 
Na (+)-translocating NADH-

quinone reductase subunit A 
nqrA 47902.9 

membrane 

transport 
38.55 3 9 16.00 

B1KNE0 
TRAP dicarboxylate transporter, 

DctP subunit 
Swoo_1732 39527.3 

membrane 

transport 
4.79 1 7.5 16.00 
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Table 5.3: Proteins up-regulated during decolorization of Reactive Red 120 azo dye (de Souza et al., 2019) 
 

a Functions are reported according to KEGG2 metabolic database (http://www.genome.jp/kegg/kegg2.html) 
b Percent amino acid coverage 
c Fold change compared to dye free control 

Swiss-

Prot ID 
   Protein name 

Gene based 

on protein ID 

Protein  

Mass (Da) 

Functional 

categorya 

MS/MS 

search 

score 

Number 

of 

distinct 

peptides 

% 

coverageb 

Fold 

changec 

A9L5Q8 Cytochrome c prime Sbal195_1300 16506.6 
energy 

metabolism 
12.96 1 14.7 1.18 

A8GZW1 

Oxidoreductase 

FAD/NAD(P)-binding  

domain protein 

Spea_0520 26730 
energy 

metabolism 
6.61 1 2.9 3.32 

P83223 
Fumarate reductase 

flavoprotein subunit 
SO_0970 62903.3 

energy 

metabolism 
65.37 4 12.4 1.66 

BOTT30 

NADH:flavin 

oxidoreductase/NADH 

oxidase 

Shal_2030 74360.4 
energy 

metabolism 
4.85 1 3.8 16.00 

A9KY42 

Alkyl hydroperoxide 

reductase/ Thiol specific 

antioxidant 

Sbal195_1777 22160.7 
peroxiredoxin 

activity 
58.04 4 35.3 7.68 

Q8EI86 
Alkyl hydroperoxide reductase 

peroxiredoxin component  
ahpC 20971.4 

peroxiredoxin 

activity 
73.18 5 48.1 16.00 

A4Y3Y6 
Na (+)-translocating NADH-

quinone reductase subunit A 
nqrA 47856.1 

membrane 

transport 
77.97 6 23.1 1.36 
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5.4 Discussion 

In this study, expressional proteomics was used to examine the protein expression during 

decolorization of reactive azo dyes. SDS-PAGE was carried out on whole cell protein 

extracts of Shewanella seohaensis NIO_14d grown in the presence and absence of three 

reactive dyes, RB5, RG19 and RR120. SDS-PAGE results revealed a differential protein 

profile before and after the decolorization of azo dyes. The gel electrophoresis observations 

indicate a preliminary induction of low molecular weight proteins. These up-regulated 

proteins are possibly representing a regulatory function in response to azo dye challenge in 

Shewanella seohaensis NIO_14d. There have been reports of oxidative and reductive 

bacterial enzymes being actively up-regulated (Liu et al., 2009b; Ryan et al., 2010; Zhang et 

al., 2013; Joshi et al., 2020), during the process of dye decolorization. These enzymes have 

been described to play a key role in the pathways of dye degradation and color removal.  

In this study, SDS-PAGE allowed for visualization of protein profiles from whole-cell 

extracts during reactive azo dye decolorization. In solution LC-MS/MS analysis was used to 

further understand expressional proteomic differences in Shewanella seohaensis NIO_14d 

and investigate possible cellular metabolic components with pivotal roles in the 

decolorization pathway. The 1182 proteins identified were grouped into COG functional 

groups corresponding to 33% of the predicted 3545 protein coding ORF’s within Shewanella 

seohaensis (Proteome ID: UP001062925). From the functional classification of identified 

proteins, it was observed that the presence of azo dyes did not significantly impact the 

number of detected proteins. Despite the dye challenge and decolorization process, essential 

cellular processes remained unaffected as evidenced by robust growth of the culture and 

expression of major metabolic proteins in all three dye challenged conditions. The presence 

of proteins without a predicted function highlights that there may still be uncharacterized 

proteins whose functions are yet to be annotated. Characterizing these proteins may offer 

suggestions to their potential role in metabolic and cellular pathways including dye 

degradation. This can be possible by adopting improved MS/MS search parameters or 

investing in improved metagenomic, metaproteomic and transcriptomic studies (An et al., 

2020) 
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Shewanella strains have gained recognition as excellent candidates for bioremediation due to 

their ability to use a wide range of electron donors and acceptors, which helps mitigate the 

toxic effects of various contaminants (Hong and Gu, 2010). Their potential in bioremediation 

is attributed to specific cellular proteins, including cellular oxidoreductases, c-type 

cytochromes, and peroxiredoxins, which play crucial roles in the reductive metabolism of 

Shewanella species. Some of these proteins have also been implicated in the decolorization 

of azo dyes, as proposed by Chen et al., (2010). Numerous studies have focused on 

identifying and characterizing the molecular components involved in the dye decolorization 

process (Hong et al., 2007b; Brigé et al., 2008; Wu et al., 2009; Wang et al., 2010). Notably, 

the bacterial electron transport chain was first proposed to be involved in azo dye reduction 

by Kudlich et al., (1997). Peroxiredoxins, a class of enzymes with antioxidant protective 

functions, were also suggested to play a protective role in cells by Dubbs and Mongkolsuk 

(2007). The up-regulation of relevant oxidoreductases (oxidoreductase FAD/NAD(P)-

binding domain protein) and peroxiredoxins (ahpC gene encoded alkyl hydroperoxide 

reductase) in dye-exposed Shewanella seohaensis NIO_14d indicates their potential 

involvement in the dye decolorization process. However, experimental validation of these 

proteins was not conducted in this discovery proteomic experiment. 

Telke et al., (2009) and Thakur et al., (2014) have shown azo dye decolorization to proceed 

through a reductive enzymatic pathway. Moreover, Leelakriangsak, and Borisut (2012), and 

Mahmood et al., (2017), have well documented the activity of NADH-ubiquinone: 

oxidoreductase and FMN dependent NADH-azoreductase in the azo dye detoxification 

process. An increased expression of NADH:flavin oxidoreductase/NADH oxidase and 16 

fold up-regulation of FMN-dependent NADH-azoreductase in Shewanella seohaensis 

NIO_14d was observed. Azoreductases have been described to utilize NADH and/or 

NADPH as an electron donor, and decolorize azo dyes into corresponding aromatic amines 

by reductive cleavage of azo bonds (Chen, 2006).  

Quinones are widespread in nature, functioning as metabolites or byproducts of various 

organisms. They are capable of engaging in harmful redox cycling, resulting in an increased 

build-up of reactive oxygen species (ROS). The intracellular synthesis of these species, such 

as superoxide, hydrogen peroxide (H2O2), and hydroxyl radicals, can damage lipids, proteins, 
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and nucleotides (Deller et al., 2008). Moreover, electrophilic quinones can react with cellular 

thiols via Michael addition, a reaction that forms S-adducts through covalent bonds. This 

reaction leads to the exhaustion of cellular thiols, subsequently triggering thiol-specific stress 

within cells (Rodriguez et al., 2005).  The use of quinone compounds to immobilize quinone-

reducing microorganisms is considered a promising approach to enhance the anaerobic 

decolorization of xenobiotic azo dyes. Despite its potential, there is limited knowledge about 

how these microorganisms respond to immobilized quinones in the presence of azo dyes. 

Zhang et al., (2013) have investigated the response of quinone reducing Escherichia coli 

strain to immobilized anthraquinone-2-sulfonate reduction and acid red 18 dye 

decolorization. Contrastingly, Liu et al., (2009b) described an azoreductase which does not 

contribute to in vivo dye reduction but instead serves to protect against thiol-specific stress. 

Studies described by Ryan et al., (2010) proposed a novel mechanism of NADH quinone 

oxidoreductase to explain the contradiction of how the same enzyme can reduce both azo and 

quinone substrates. Two significantly up-regulated proteins Alkyl hydroperoxide reductase/ 

Thiol specific antioxidant and Na (+) translocating NADH-quinone reductase, observed in 

this study, could probably be attributed to exert such a dual role. In doing so, these proteins 

could have a likely role in color removal as well as a protective response to thiol specific 

stress. However, this warrants further investigation to establish a more objective relationship 

between the two processes. 

Studies by Hong and Gu (2010), Hong et al., (2007b), and Wang et al., (2010) have 

demonstrated that fumarate reductase enhances decolorization by transferring electrons 

during bacterial azo reduction. In line with these findings, the analysis of results from this 

study shows a significant up-regulation of the fumarate reductase flavoprotein subunit, 

suggesting its similar role in Shewanella seohaensis NIO_14d. This protein constitutes a part 

of the bacterial energy metabolism and is expressed during the decolorization of all three 

reactive azo dyes in this study. It is likely that energy metabolism and the shuttling of 

electrons concomitantly occur during dye decolorization and may play an active role in the 

process. 

Transport proteins also play a vital role in the response of bacteria to environmental 

contaminants, including azo dyes and heavy metals. A transport protein, namely TRAP 
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dicarboxylate transporter, was found to be up-regulated in Shewanella seohaensis NIO_14d, 

indicating the probable involvement of this protein in transferring reducing electrons to the 

azo dye during the decolorization process, as previously described by Tang et al., (2007). 

Furthermore, cytochrome c proteins have been observed to be crucial components of the 

electron transport chain involved in reducing dye molecules and facilitating the 

decolorization process, as reported by Brigé et al., (2008). Consistent with these findings, 

multiple up-regulated cytochrome c proteins were identified in Shewanella seohaensis 

NIO_14d associated with the decolorization of the three reactive azo dyes. During 

decolorization of samples containing the azo dye RB5, a membrane protein involved in 

aromatic hydrocarbon degradation was identified. Gene Ontology (GO) annotation indicated 

that this 46.197 kDa polypeptide functions in membrane transport associated with the 

catabolism of aromatic hydrocarbons. The identification of this protein was based on the 

similarity hit to the polypeptide found in Shewanella baltica (strain OS195). Studies aimed at 

ex-situ expression of this and other up-regulated proteins would be highly valuable. 

In summary, expressional proteomics enables a comprehensive investigation into alterations 

in protein makeup, along with the identification of proteins that are part of the reaction in a 

specific physiological condition (Vasseur et al., 1999). Utilizing this method provides a 

global perspective and a strategy to explore the molecular mechanisms underlying 

bioremediation, particularly the cellular responses to external stresses or stimuli. The protein 

profiles obtained from this study highlight the up-regulation of cellular oxidoreductases that 

likely function in electron transfer during azo dye decolorization. However, to fully 

comprehend the specific metabolic pathways in which these proteins operate, further 

investigations combining computational and other 'omics' techniques will be necessary. 

These integrated approaches will provide a deeper understanding of the molecular 

mechanisms underlying the efficient decolorization and detoxification processes performed 

by Shewanella seohaensis NIO_14d, making it a promising candidate for azo dye 

bioremediation. 
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Chapter 6 

Molecular Characterization of Genes involved in Dye 

Decolorization  

6.1 Introduction 

Synthetic azo dyes constitute a significant heterogeneous environmental contaminant and 

present a serious threat to both, global environment and human health. The prevalence of 

these dyes in the environment has led to an increased interest in biological systems for the 

treatment of these pollutants. Many bacterial strains capable of facilitating the 

decolorization and complete mineralization of azo dyes under various conditions have been 

isolated and investigated (Sudha et al., 2018; Tang et al., 2018; Srinivasan et al., 2019; 

Chen et al., 2020; Neihsial et al., 2022). These studies have mainly focused on the 

characterization of dye degrading microorganisms and speculated on the pathways of dye 

degradation based on analysis of degradation products (Chen et al., 2020). Azo dye 

decolorization is largely driven by an enzymatic breakdown of the dye molecule. The 

various oxido-reductive enzymes with key functions in azo dye decolorization and 

degradation have been summarized by Singh et al., (2015) and Pinheiro et al., (2022).  

During the bioremediation process, the organisms undergo rapid genetic changes that 

enable them to acquire new metabolic pathways for the breakdown of xenobiotic 

substances (Igiri et al., 2018). It is thus important to identify the specific functional genes 

involved in microbial dye decolorization and understand their role in the degradation 

pathway. Consequently, conducting in-depth investigations into the crucial enzymes and 

functional genes involved in the degradation of azo dyes by bacteria can significantly 

enhance our comprehension of the gene regulation mechanisms employed by these bacteria 

during dye decolorization. This, in turn, could offer valuable theoretical insights to 

optimize the bioremediation of azo dyes effectively. Genomics tools have given new 

impetus to examine and identify key elements in microbial responses to azo dyes. Ooi et 

al., (2007), Mendes et al., (2011), Joshi et al., (2020) reported azo dye decolorization 
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related genes and how they contribute to color removal.  The genes encoding azoreductases 

have been observed in multiple bacterial genera such as Pseudomonas, Pigmentiphaga, 

Bacillus, Geobacillus, Enterococcus, Escherichia and Clostridium (Leelakriangsak, 2013). 

The detection and molecular characterization of these genes is possible by specific primers 

designed to target and amplify the template. In recent years, there has been a widespread 

utilization of transcriptomics and quantitative real-time polymerase chain reaction (qRT-

PCR) to investigate changes in gene expression in organisms when they are exposed to 

external stimuli (Sharma et al., 2022).  

In this study, the azoreductase gene in Shewanella seohaensis NIO_14d was detected using 

gene specific primers and the gene expression was quantitatively analyzed by Real Time - 

quantitative PCR (RT-qPCR) during the decolorization of reactive azo dyes.  

 

6.2 Materials and Methods 

6.2.1 Bacterial strain and culture conditions  

Shewanella seohaensis NIO_14d isolated and identified in Chapter 3 was selected for gene 

expression studies based on its high azo dye decolorizing potential and proteomic profile 

analysis in previous chapters.  

 

6.2.2 PCR amplification and sequencing of azoreductase gene 

The bacterial isolate was examined for the presence of genes involved in azo dye 

decolorization using specific PCR primers (Table 6.1). Genomic DNA was extracted 

(extraction procedure outlined in Section 3.2.5) and used as template. The PCR reaction 

mixture (25 µl) contained 2 µl template DNA (30-50 µg DNA µl-1), 1 µl each of forward 

and reverse primer (10 pmol) and 12 µl of PCR Master Mix (Thermo, USA). The volume 

was made up with nuclease-free water. Amplicons were obtained using the PCR program 

of initial denaturation at 94°C for 2 min, followed by 35 cycles at 94°C for 1 min 

(denaturation), 57°C for 30 sec (annealing), and 72°C for 2 min (extension). Final 
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elongation was at 72°C for 7 min. The reaction was carried out in a 96 well Thermal Cycler 

plate (Veriti 9902, Applied Biosystems, USA). The PCR product was detected on 1% 

agarose gel. The amplified product was cleaned up using GenElute™ PCR clean-up kit 

(Sigma-Aldrich, USA) as per the manufacturer’s instructions. Gene sequencing was carried 

out using the Taq Dye Deoxy Terminator 32 cycle sequencing kit (Perkin-Elmer, USA) and 

analyzed in 373A automated DNA sequencer (3130x/Genetic analyzer, Thermo Fisher 

Scientific, USA). The sequence obtained was analyzed through the GenBank database.  

 

6.2.3 Quantitative analyses of the azoreductase gene expression using Real Time - 

quantitative PCR (RT-qPCR)  

6.2.3.1 Culture conditions for gene expression studies   

Bacterial cells were grown in NB containing each of the reactive azo dyes RB5, RG19 and 

RR120 added at a concentration of 50 and 500 mgL-1. Culture was sampled for analysis at 

the following time intervals during growth and decolorization: 0 h, 3 h, 6 h, 12 h and 24 h. 

Dye-free NB inoculated with Shewanella seohaensis NIO_14d was maintained as the 

control. Azoreductase activity and gene expression of azoR gene was studied at each 

sampling stage. 

 

6.2.3.2 Dye decolorization and Azoreductase assay 

The percentage of dye decolorization and the production of the azoreductase enzyme during 

decolorization was measured following the protocols as outlined in Sections 4.2.1 and 5.2.2 

respectively. Protein concentrations were quantified using the Bradford method with 

Bovine Serum Albumin (BSA) as the standard (Bradford, 1976).  

 

6.2.3.3 Total RNA extraction and cDNA synthesis  

The bacterial cells sampled at each time interval were pelleted by centrifugation at 7,000 

rpm for 15 min at 4°C. Total RNA was extracted using Pure Link RNA Mini kit (Ambion, 

Life technologies). The cell pellet was resuspended in lysis buffer containing 1% of 2-

mercaptoethanol and homogenized. The solution was centrifuged at 10,000 rpm for 5 min 

to obtain a clear supernatant. The homogenate was taken in fresh RNase-free 
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microcentrifuge tubes and 100% ethanol was added to form a visible precipitate. The 

sample was then loaded onto the binding columns provided in the RNA mini kit and further 

steps were followed as per the manufacturer’s instructions. RNA was eluted out by addition 

of RNase-free water and stored at -20 °C.  The extracted RNA was checked for purity and 

quantified using NanoDrop. The A260/A280 ratio measured was approximately 2.0 indicating 

pure RNA. The RNA obtained was then converted to cDNA using the GenElute™ mRNA 

Miniprep Kit (Sigma-Aldrich). mRNA was converted to cDNA by using ReadyScript 

cDNA Synthesis Mix (Sigma-Aldrich). The final reaction mixture contained 4 µL 

ReadyScript cDNA Synthesis Mix, 1 µL of ~1μg RNA template, 15 µL of PCR grade water 

to give a total volume of 20 µL. The components were mixed gently and incubated in a 

thermal cycler with initial temperature of 25 °C for 5 min, followed by 42 °C for 30 min 

and finally at 85 °C for 5 min. 

 

 

6.2.3.4 Real Time-qPCR quantification of azoreductase gene expression  

Analysis of azoreductase gene expression was carried out using real time quantitative PCR 

(RT-qPCR). The rpoB gene encoding DNA-directed RNA polymerase, beta subunit was 

maintained as the internal control during the RT-qPCR run since there was hardly any 

change in the mean threshold cycle (Ct) values of rpoB gene expression over the growth 

period of the bacterial isolate from 0 h (Ct = 16.4) to 24 h (Ct = 16.3). The primers used in 

the study are listed out in Table 6.1. The efficiency of all the PCRs were determined and 

found to be between 97 and 100%. Amplification was carried out for three technical 

replicates in 96-well plates (total reaction volume of 20 µL) containing 1 µL cDNA, 200 

nM of each gene specific primer pair and 5X qARTA Green qPCR mix (QARTA Bio) with 

the volume made up with nuclease-free water. PCR cycles were run using the cycling 

parameters of 95 °C for 15 min, followed by 40 cycles of 95 °C for 15 min and 60 °C for 1 

min. The relative fold of induction was determined using the 2-ΔΔCt method (Livak and 

Schmittgen, 2001). 
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6.3 Results 

6.3.1 PCR amplification and sequencing of azoreductase gene 

The target azoreductase gene was successfully amplified by PCR from chromosomal DNA 

as the PCR template to yield a PCR product of ~500 bp in size (Figure 6.1). Using the 

primers for the gene SO3585, positive amplification was achieved for the gene in 

Shewanella seohaensis NIO_14d. This gene encodes an FMN dependent azoreductase in 

Shewanella oneidensis MR-1 (Mugerfeld et. al., 2009). The partial nucleotide sequence 

obtained was compared to the protein sequences in GenBank. The results indicated that the 

gene sequence from Shewanella seohaensis NIO_14d (GenBank Accession number 

OQ383380) showed 98.31% similarity to an NAD(P)H oxidoreductase from Shewanella 

sp. MR-4 (GenBank Accession number WP_011623745). As shown in Figure 6.2, the 

gene sequence obtained in this study showed a high similarity with NAD(P)H dependent 

oxidoreductases from Shewanella species as well as with NAD(P)H-FMN and ferric 

reductase (azoreductase) from Bacillus subtilis.  

 

6.3.2 Quantitative analyses of the azoreductase gene expression 

 

6.3.2.1 Dye decolorization and Azoreductase assay 

Strain Shewanella seohaensis NIO_14d was challenged with concentrations of 50 and 500 

mg L-1 of reactive azo dyes RB5, RG19 and RR120. At lower dye concentrations, the 

isolate rapidly achieved 98% of color removal for RB5 and RR120 and 92% for RG19 

within the initial 3 hours of growth. This was accompanied by a concurrent peak in 

azoreductase activity (Figures 6.3(a), 6.4(a) and 6.5(a)). A gradual decline in the enzyme 

activity was seen once maximum decolorization was attained. Contrastingly, on exposure to 

a higher concentration of azo dye (500 mgL-1), decolorization proceeded at a slower rate. 

Maximum decolorization was seen following 24 hours incubation with the dye. However, 

highest azoreductase activity was detected at 12 hours of growth of the isolate in dye 

containing medium (Figures 6.3(b), 6.4(b) and 6.5(b)). The azoreductase activity 

measured at 12 hours was 0.147, 0.173, and 0.403 U/mg protein during decolorization of 
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RB5, RG19 and RR120 respectively. Following this, a decrease in azoreductase activity 

was observed even as the isolate continued to decolorize the azo dye. 

 

 

6.3.2.2 Real Time-qPCR quantification of azoreductase gene expression  

The expression of the genes for azoreductase activity during the dye decolorization process 

was examined by measuring the levels of azoreductase specific gene expression in the cell 

culture as well as simultaneously determining the extent of dye decolorization and enzyme 

activity. The gene expression levels obtained by real time quantitative PCR (RT-qPCR) 

were normalized to that of the rpoB gene which encodes the beta subunit of DNA-directed 

RNA polymerase in the bacterial cell. The rpoB gene was selected as the internal control 

since its expression levels was found to be invariant during growth and decolorization of 

Shewanella seohaensis NIO_14d exposed to different dye concentrations. Quantitative 

values were obtained by using the comparative threshold cycle (ΔΔCT) method 

recommended by Applied Biosystems. The relative expression of the azoreductase gene 

(so3585) was determined three times in each of the experimental RNA samples and is 

expressed as the fold difference in the quantity of cDNA molecules present at different 

growth and decolorization stages. In samples containing 50 mg L-1 RB5 dye, azoreductase 

gene (so3585) expression drastically increased to show a 3.9-fold increase at 6 hours for a 

concentration of 50 mg L-1 of RB5 (Figure 6.6). As shown in Figure 6.7, at 6 hours after 

dye challenge, a 3.5-fold increase in gene expression was observed in Shewanella 

seohaensis NIO_14d exposed to RG19. A fold increase of 4.2 was seen in the gene 

expression during decolorization of 50 mgL-1 RR120 (Figure 6.8). In comparison, during 

decolorization of 500 mg L-1 of reactive azo dyes, the relative expression of the gene was 

up regulated at 12 hours corresponding to the peak in enzyme activity. The highest increase 

in fold change of 4.07 was seen in the decolorization of RR120. This time course study of 

gene expression shows that azoreductase gene (so3585) was differentially expressed in 

Shewanella seohaensis NIO_14d during different growth and decolorization stages and also 

at different dye concentrations. 
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Figure 6.1: Agarose gel electrophoresis (1%) of PCR products of total 

genomic DNA from Shewanella seohaensis NIO_14d with primer for gene 

so3585. Lane M: 100 bp DNA ladder (Marker); Lane 1: amplified PCR 

product of Shewanella seohaensis NIO_14d 
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Figure 6.2: Phylogenetic relationship of NAD(P)H dependent oxidoreductase from 

Shewanella seohaensis NIO_14d obtained in this study with NAD(P)H dependent 

oxidoreductase from other bacterial species. The tree was constructed using neighbour-

joining (NJ) method with bootstrap values (1000 replicates) as percentages at the branch 

nodes.  

 

 

 

 

 CP106874.1 Shewanella xiamenensis FH-1 NAD(P)H dependent oxidoreductase 
 CP031775.3 Shewanella decolorationis Ni1-3 NAD(P)H dependent oxidoreductase 
 CP000446.1 Shewanella sp. MR-4 NAD(P)H dependent oxidoreductase 
 LR134303.1 Shewanella putrefaciens NCTC12093 NAD(P)H dependent oxidoreductase 

 NC 000964.3 Bacillus subtilis 168 NAD(P)H-FMN and ferric reductase (azoreductase) 
 CP104900.1 Shewanella seohaensis KCTC 23556 NAD(P)H dependent oxidoreductase 
 CP069350.1 Shewanella sp. LZH-2 NAD(P)H dependent oxidoreductase 
 OQ383380.1 Shewanella seohaensis NIO 14d NAD(P)H dependent oxidoreductase 

 CP022358.1 Shewanella bicestrii JAB-1 NAD(P)H dependent oxidoreductase 
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Table 6.1: List of primer sets used for PCR amplification of azoreductase gene 

 

Target 

gene 

AS# 

(bp) 
Organism 

Primer sequence  

(5’ - 3’) 
F Forward R Reverse orientation 

AT* 

(°C) 
Reference 

SO3585 
615 

 

Shewanella oneidensis 

MR-1 

 

F 5′-ATGAAGTTACTCATCGTCAGCA CC-3′ 

R 5′-TTACATACCGTAGCAGTATTCCTGC-3′ 

 

57 
Mugerfeld et 

al., 2009 

For RT-qPCR 

SO3585 615 

 

Shewanella oneidensis 

MR-1 

 

F 5′-ATGAAGTTACTCATCGTCAGCA CC-3′ 

R 5′-TTACATACCGTAGCAGTATTCCTGC-3′ 

 

57 
Mugerfeld et 

al., 2009 

rpoB 72 
Shewanella psychrophila 

WP2 

F 5′-CCGGTTCGCATGCTGAAG -3′ 

R 5′-TGCTGGTGTAGCAATCGGAAT-3′ 
60 

Liu et al., 

2018 

# Amplicon size in base pairs 

* Annealing temperature 
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Figure 6.3: Dye decolorization (%) and azoreductase activity of Shewanella seohaensis 

NIO_14d during decolorization of RB5 at a concentration of (a) 50 mgL-1 and (b) 500 

mgL-1 
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Figure 6.4: Dye decolorization (%) and azoreductase activity of Shewanella seohaensis 

NIO_14d during decolorization of RG19 at a concentration of (a) 50 mgL-1 and  

(b) 500 mgL-1 

 

0

0.04

0.08

0.12

0.16

0.2

0

20

40

60

80

100

0 6 12 18 24

A
zo

re
d

u
ct

a
se

 a
ct

iv
it

y
 (

U
/m

g
 p

ro
te

in
)

D
y

e 
d

ec
o

lo
ri

za
ti

o
n

 (
%

)

Time (h)

Dye decolorization (%) Azoreductase activity  (U/mg protein)

0

0.04

0.08

0.12

0.16

0.2

0

20

40

60

80

100

0 6 12 18 24

A
zo

re
d

u
ct

a
se

 a
ct

iv
it

y
 (

U
/m

g
 p

ro
te

in
)

D
y
e 

d
ec

o
lo

ri
za

ti
o
n

 (
%

)

Time (h)

Dye decolorization (%) Azoreductase activity  (U/mg protein)

(a) 

(b) 



Chapter 6 
 

152 

 

 

 

 

 

Figure 6.5: Dye decolorization (%) and azoreductase activity of Shewanella seohaensis 

NIO_14d during decolorization of RR120 at a concentration of (a) 50 mgL-1 and  

(b) 500 mgL-1 
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Figure 6.6: Relative expression (RQ) of the azoreductase gene (SO3585) gene of 

Shewanella seohaensis NIO_14d in the presence of Reactive Black 5 (RB5). Gene 

expressions in dye-challenged and dye-free control samples are normalized with respect to 

the internal control gene rpoB.  
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Figure 6.7: Relative expression (RQ) of the azoreductase gene (SO3585) gene of 

Shewanella seohaensis NIO_14d in the presence of Reactive Green 19 (RG19). Gene 

expressions in dye-challenged and dye-free control samples are normalized with respect to 

the internal control gene rpoB.  

 

 

 

 

 

 

 

 

0

0.5

1

1.5

2

2.5

3

3.5

4

0 h 6 h 12 h 18 h 24 h

R
Q

Sample

RG19 (50 mg/L)

RG19 (500 mg/L)



Chapter 6 

157 
 

 

 

 

 

 

 

Figure 6.8: Relative expression (RQ) of the azoreductase gene (SO3585) gene of 

Shewanella seohaensis NIO_14d in the presence of Reactive Red 120 (RR120). Gene 

expressions in dye-challenged and dye-free control samples are normalized with respect 

to the internal control gene rpoB.  
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6.4 Discussion 

Investigating azo dye decolorizing enzymes and understanding the expression of their 

functional genes is a crucial precursor to elucidate the molecular mechanisms involved. In 

this study, the differential expression levels of the gene encoding azoreductase enzyme 

putatively involved in the biodegradation of three reactive azo dyes was determined. Azo dye 

decolorization proceeds through enzymatically driven redox reactions by bacterial strains 

and suggests the role of genetic precursors in dye decolorizing bacteria (An et al., 2020). A 

previously reported gene, SO3585, with a putative azoreductase function was described 

(Mugerfeld et al., 2009). A positive amplification of this gene was detected in Shewanella 

seohaensis NIO_14d capable of decolorizing azo dyes RB5, RG19 and RR120. SO3585 is a 

well-studied gene encoding a putative flavin mononucleotide dependent azoreductase and 

showing 28% sequence similarity to azoreductase from Bacillus subtilis as reported by 

Mugerfeld et al., (2009).  Brown et al., (2006) demonstrated conserved regions in the derived 

amino acid sequence of SO3585 from Shewanella oneidensis with characteristics of 

NADH_dh2 family of NAD(P)H oxidoreductases. Bafana and Chakrabarti (2008) reported 

the residues involved in NAD(P)H binding to be highly conserved across azoreductases in 

bacterial species. Various investigations have been carried out demonstrating the role of 

NAD(P)H dependent oxidoreductases in reductive transfer of electrons for dye 

decolorization (Chen et al., 2005; Punj and John, 2009; Mahmood et al., 2017; Abbas et al., 

2020). In concurrence with these findings, the azoreductase gene amplified in this study 

showed high sequence similarity to NAD(P)H dependent oxidoreductase in Shewanella 

species as well as with NAD(P)H-FMN and ferric reductase (azoreductase) from Bacillus 

subtilis reported by Deller et al., (2006). This suggests the potential role of an NAD(P)H 

dependent oxidoreductase in Shewanella seohaensis NIO_14d in the azo dye decolorization 

pathway. 

Azoreductase gene expression levels were quantitatively analyzed in the presence of varying 

concentrations of the test reactive azo dyes. It was observed that at lower dye concentrations, 

enzyme activity as well as dye decolorization was maximal at 3 hours of growth of the 

isolate followed by a gradual decline in activity. Interestingly, at a higher dye concentration, 

the enzyme activity peaked at 12 hours of growth despite maximum color removal being 
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achieved only after 18 hours. This possibly indicates the role of azoreductase in the initial 

stages of the multi-step azo dye degradation mechanism. This observation is in agreement 

with the known mechanisms of azoreduction as reviewed by Misal and Gawai (2018). 

Bacteria undertake a range of strategies to carry out decolorization and degradation of 

various synthetic azo dyes. The process is determined by complex regulatory network, which 

further controls the expression of target genes. Thus, in order to understand this process, it is 

important to understand signaling and the response of the cells to xenobiotic molecules like 

azo dyes in their environment. Studying the azo dye decolorization process in Shewanella 

species using mRNA gene expression by RT-qPCR has not been extensively investigated. 

Töwe et al., (2007) reported the regulation of an azoreductase gene in Bacillus subtilis while 

Liu et al., (2009a) described the involvement of AzoR in resistance to thiol-specific stress 

caused by electrophilic quinones. Further, Ryan et al., (2010b) studied the expression of 

azoreductase genes during growth on different azo compounds using RT-PCR. More 

recently, a global transcription regulator cAMP receptor protein (Crp) (Gao et al., 2012), was 

found to be essential for the decolorization of azo dyes in Shewanella putrefaciens CN32 

(Liu et al., 2020).  The results from this study exhibited the up-regulation of azoreductase 

specific gene expression levels by real time quantitative PCR (RT-qPCR) when normalized 

to rpoB gene during azo dye decolorization. The functional gene was differentially expressed 

by Shewanella seohaensis NIO_14d over the time course of dye exposure. The increased 

fold change of azoreductase (SO3585) expression seen later, at 12 hours, when decolorizing 

higher dye concentrations was probably because of the adaptive influence exerted by 

increasing dye concentrations on bacterial growth and decolorizing ability. 

The altered expression of genes and enzymatic activity involved in dye decolorization can be 

studied by identifying the contributing genetic determinants. The changes in gene mRNA 

levels directly reflect the dynamics of changing environment during the decolorization 

process. It would be appealing to extend this approach to identify and explore other genes 

playing roles in the pathway of dye decolorization and degradation to understand the 

complete process. Designing targeted primers to detect genes with implications in dye 

metabolism either in culture, in consortium or in environmental samples is a highly effective 

tool towards improving bioremediation strategies involving microorganisms. 
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The key strategy used in this work was to induce, measure, and track the expression of 

microbial dye decolorizing gene, while growing in culture conditions to eventually mimic the 

interactions in bioremediation environment. A synergistic approach of whole genome 

sequencing, transcriptome sequencing and qRT-PCR technology would provide critical 

contributions to identifying and understanding the cleanup of environmental contaminants.  

Although this method may be outside the scope of this study, it holds great promise in 

predicting metabolic processes of organisms in polluted environments and anticipating the 

microbial-facilitated reduction of contaminants, thereby expediting the bioremediation 

process.  
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Chapter 7 

Summary and Conclusions 

 

Investigations on dye decolorizing microbial species are imperative for understanding and 

developing microbe mediated solutions to combat synthetic dye pollution. Preliminary 

studies on various bacterial species capable of decolorizing synthetic dyes reveal the 

detoxification abilities of numerous environmental isolates across different ecotypes. Indeed, 

microbial dye decolorization in general and azo dye degradation in particular is modulated 

through enzymatically driven reduction and oxidation mechanisms. As earlier reported, the 

environmental impact of pollution and synthetic dye-related waste disposal is extensive. 

Aquatic and coastal systems, in particular, are especially vulnerable to the presence of toxic 

substances. This study was carried out with the objective of isolating salt tolerant, azo dye 

decolorizing bacterial isolates and elucidating the proteomic and genomic characteristics 

accompanying dye decolorization. The hypotheses put forth were whether salt tolerant 

marine bacterial isolates could rapidly and effectively decolorize and detoxify high 

concentrations of reactive azo dyes in a measurable manner and whether any specific 

proteins and genes associated with dye decolorization were differentially regulated.  

The following are some of the significant features from this work: 

• Water and sediment samples obtained from Choraõ and Divar mangroves and 

Ribandar saltpans located in Goa yielded 81 bacterial isolates with the potential to 

decolorize 50 mg L-1 of reactive azo dyes. Further screening at a higher dye 

concentration gave 15 isolates exhibiting significant azo dye decolorization. These 

isolates were subjected to extensive biochemical characterization and belonged to the 

genera Aeromonas, Acinetobacter, Pseudomonas and Shewanella as identified from 

16S rDNA gene sequencing and analysis. 

 

• Of the isolates tested, Shewanella seohaensis NIO_14d, (GenBank Accession number 

KR922404), a gram-negative bacterium, obtained from Divar mangrove sediment 
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showed the highest dye decolorizing ability of >98% of three reactive azo dyes viz. 

Reactive Black 5, Reactive Green 19 and Reactive Red 120.  

 

• This isolate was selected for further studies to optimize maximum dye decolorization. 

Shewanella seohaensis NIO_14d was capable of rapid and efficient decolorization of 

azo dyes as evidenced from more than 75% color removal occurring in the first three 

hours of contact with the reactive dyes RB5, RG19 and RR120. 

 

• Optimization studies revealed that aeration had no negative effect on the ability of the 

isolate to decolorize reactive dyes. This is of significance as studies have shown that 

azo dye decolorization occurring under purely anaerobic conditions might lead to 

formation of toxic aromatic amines.  

 

• The optimum operational temperature for decolorization was in the range 30 - 40 °C.  

Although the optimum pH for decolorization by the isolate was 7 – 8, the potential to 

decolorize the test dyes even up to pH 10 is a useful characteristic in the treatment of 

alkaline dye-containing wastewater. 

 

• S. seohaensis NIO_14d is capable of decolorizing reactive azo dyes ranging in 

concentration from 5 mg L-1 to 5000 mg L-1. Maximum decolorization was achieved 

in medium supplemented with yeast extract as a nitrogen source and starch as a 

carbon source.  S. seohaensis NIO_14d efficiently decolorizes reactive dyes as well 

as a mixture of dye in the presence of electron donors such as succinate and pyruvate. 

 

• The salt tolerant isolate obtained in this study, efficiently decolorized reactive dyes 

individually and in combination at NaCl concentrations of 0 to 5%. When NaCL 

concentration was further increased to 10%, decolorization drastically reduced. 

 

• S. seohaensis NIO_14d displayed the ability to decolorize >80% reactive azo dyes in 

the presence of heavy metals like chromium, cadmium, lead, nickel and copper. This 

finding is of significance as textile effluents are known to contain intense amounts of 

heavy metals.  
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• When tested for its ability to decolorize alternative chemical classes of dyes and other 

azo dyes, S. seohaensis NIO_14d successfully decolorized a broad spectrum of dyes 

belonging to other chemical classes such as triarylmethane and anthraquinone dyes. 

The isolate also showed efficient color removal of various structurally different azo 

dyes. 

 

•  Enzyme assays indicated an increased production of azoreductase during dye 

decolorization by S. seohaensis NIO_14d as compared to enzyme in dye free nutrient 

broth. There was no significant lignin peroxidase or laccase activity detected 

although these enzymes have also been implicated in dye decolorization.  

 

• Metabolite analysis showed the absence of secondary and tertiary amines post dye 

decolorization. S. seohaensis NIO_14d was able to decolorize the reactive azo dyes 

and mitigate their toxicity as corroborated by the hatching of Artemia salina cysts and 

survival of Artemia salina nauplii in the treated dye solution as compared to the 

original dye. Phytotoxicity studies showed a higher germination percent when seeds 

of Vigna radiata were exposed to the treated dye sample following decolorization by 

S. seohaensis NIO_14d as compared to untreated reactive azo dye. 

 

• Both, laboratory simulated textile effluent as well as raw effluent obtained from 

Kanpur, India showed a sharp reduction in peak intensity at λmax during UV-vis 

spectroscopic analysis. It can thus be concluded that the isolate shows potential to 

remove the color from the darkly colored wastewater. 

 

• Expressional proteomic analysis revealed a set of up-regulated proteins (mainly 

cellular oxidoreductases) with potential roles in decolorization of azo dyes. 

Oxidoreductases, cytochrome c proteins and transport proteins identified in this study 

potentially help in transferring electrons during the reductive metabolism of azo dyes. 

Additionally, peroxiredoxins and quinone reductases detected in S. seohaensis 

NIO_14d could play a role in decolorization as well as function in response to 

cellular oxidative and thiol specific stress. 
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• Genomic analysis of S. seohaensis NIO_14d revealed an azoreductase gene (so3585) 

showing similarity to NAD(P)H oxidoreductase and having azoreductase activity. 

RT-qPCR analysis of the azoreductase gene expression levels during dye 

decolorization showed an increase in fold change at 6h during decolorization of 50 

mgL-1 of dye and a fold increase at 12h in presence of 500 mgL-1 reactive dye. This 

increase in gene expression correlates to the time of maximum dye decolorization. 

 

In conclusion, the findings of this study yielded a salt tolerant bacterial strain capable of 

efficiently decolorizing and detoxifying a very high concentrations of reactive textile azo 

dyes. The molecular characterization of the proteome and gene expression analysis carried 

out in this study has important implications in understanding the mechanism of azo dye 

decolorization by Shewanella seohaensis NIO_14d. This knowledge contributes to our 

understanding of the mechanism of decolorization of textile dyes and will aid in developing 

efficient bioremediation steps for treating textile industry effluents, designing strategies for 

understanding biodegradation and mineralization pathways and holistically improve the 

bioremediation process. 

 

 

 

Future Prospects 
 

 

While the utilization of marine microbes for remedial applications and biodiscovery is 

constrained by the challenge of accurately replicating natural conditions, marine bacteria still 

present several advantages. More detailed studies would give newer insights into the 

mechanisms adopted by microorganisms in degrading synthetic dyes in textile wastewaters. 

Studies aimed at ex-situ expression of proteins up-regulated during dye decolorization would 

be highly valuable. Delving deeper into understanding the regulation of azoreductase gene 

expression will lead to the use of strategies for targeted gene manipulation such as site 

directed mutagenesis to generate bacterial strains with higher biotransformation potential. 

Notwithstanding the limitations of this study, cloning and overexpressing the azoreductase 

gene could further promote the development of more robust microbial strains to tackle 

environmental pollutants. The advances in high-throughput ‘omics’ technologies have 
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significantly enhanced our ability to determine the efficacy of microbial bioremediation 

strategies and gain insights into the concomitant changes in microbial physiology and 

metabolism. A more detailed study of proteins coupled with metabolomics would act as a 

powerful tool to further determine the dye degradation mechanisms adopted by such dye 

decolorizing bacterial strains and provide insights into the interactions of regulatory factors 

participating in the decolorizing process. This would be helpful in evolving more efficient 

bioremediation efforts.  
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A. Chemical estimation 
  

Winkler’s Titration (Parsons et al. 1984) 

Sodium thiosulphate solution (0.0025M) 

Sulphuric acid conc. 

Winkler solution 1 (manganous sulfate) 

Winkler solution 2 (alkaline-iodide) 

 

Winkler solution 1 and 2 were added to samples collected in bottles to sequester 

dissolved oxygen in the sample. The precipitate formed on inverting the stoppered 

bottle is dissolved with sulphuric acid and titrated against Sodium thiosulphate 

solution using starch solution as an indicator. 

 

Biochemical oxygen demand (BOD) 

Phosphate buffer: 8.5 g KH2P04, 21.75 g K2HP04, 33.4 g Na2HP04•7H20, and 1.7 g 

NH4Cl was dissolved in 1L distilled water 

Magnesium sulfate: 22.5 g MgSO4•7H20 was dissolved in 1 L reagent water. 

Calcium chloride: 27.5 g CaCl2 was dissolved in 1 L distilled water 

Ferric Chloride: 0.25 g FeCl3•6H20 dissolved in reagent water. Dilute to 1 L. 

 

 

B. Media Composition 

Mineral Salt Medium  

       NaCl                   1.0 g 

                   CaCl2•2H2O       0.1 g 

                   MgSO4•7H2O     0.5 g 

                   KH2PO4             1.0 g 

                   Na2HPO4           1.0 g 

 

      Dissolved in 1000 mL double distilled water (d/w) 

      pH adjusted to 7.2 with 1N NaOH 
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Nutrient broth 

                  Peptone             10.0 g 

                  Beef extract        3.0 g 

                  NaCl                   5.0 g 

Luria Bertani broth  

                    Tryptone              10.0 g 

                   Yeast extract         5.0 g 

                   NaCl                    10.0 g 

      

     Dissolved in 1000 mL double distilled water (d/w) 

      pH adjusted to 7.0 with 1N NaOH 

 

C. Stains and Buffers 

C.1 Stains 

Gram stain reagents 

Crystal violet 

Solution A- 2g of crystal violet in 20mL ethanol 

Solution B- 0.8g ammonium oxalate dissolved in 80mL d/w 

 

Gram’s Iodine 

Dissolve 1g iodine and 2g Potassium iodide in 300mL d/w, filter through 

Whatman filter paper No. 1 

 

Safranine 

2.5g Safranine was dissolved in 10mL ethanol, and volume made up to 100mL 

with d/w and filtered through Whatman filter paper No. 1 

 

 

 C.2 Buffers 

0.1M Sodium acetate buffer (pH 4.5)  

Solution A (0.1M Sodium acetate trihydrate): 1.361 g CH3COONa • 3H2O 27.22 in 

100 mL d/w 

Solution B (0.1M acetic acid): 0.572 mL glacial acetic acid make the volume to 100 

mL with d/w 

For pH 4.5 

Solution A (37mL) + solution B (63mL) =100mL 0.1M sodium acetate buffer 
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Phosphate buffer (pH 7.4)  

Solution A (0.2M monobasic di-hydrogen phosphate): 2.76g NaH2PO4 in 100mL d/w 

Solution B (0.2M dibasic hydrogen phosphate): 2.84g Na2HPO4 in 100mL d/w 

For pH 7.4 

Solution A (19mL) + solution B (81mL) =100mL 0.2M phosphate buffer 

 

Tartaric acid buffer (pH 2.5)  

Tartaric acid                               1.13 g 

Sodium tartrate dihydrate           0.58 g 

Add distilled water to make up to 1 L. 

 

TE buffer 

10mL 0.11M Tris-HCl (pH 8.0) was diluted with 90mL d/w. To this 0.0372g 

EDTA was added. pH was adjusted to 8. 

 

 

D. Reagents for molecular techniques 

Protein extraction: Urea-Thiourea extraction buffer (5mL) 

 
CHAPS-Cholamidopropyl dimethylammonio- 

                       

               1-propanesulfonate 

DTT – Dithiothreitol 

IPG – ampholyte containing buffer 

 

 

 

 

 

Cell cultures were pelleted and the growth medium was discarded. To the pellet, 

500µL of extraction buffer was added, homogenized and centrifuged. The 

supernatant was transferred to a fresh microfuge tube and held at 4°C. 

 

 

 

 

 

7M Urea  2.102g 

2M Thiourea  0.761g 

4% CHAPS  0.2g 

0.8% IPG buffer  40 µL 

20mM DTT  0.01542g 

1M Tris HCl (pH 8.0)  100µL 
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Folin lowry’s method for Proteins estimation (Lowry et al., 1951) 

 
 

 

 

 

 

 

 

To 100µL of protein sample, 900µL d/w + 5mL of Reagent C was added and 

incubated at room temperature for 10min. To this mixture, 0.5mL of Reagent D 

was added and the tubes were incubated for 30min in dark. Optical densities were 

measured at 660nm with protein extraction buffer used as blank. Concentrations 

were determined from standard graph using Bovine serum albumin as the 

standard. 

 

 

SDS-PAGE 

Stock solutions 

Reagents  Preparation 

Acrylamide/Bis 

acrylamide solution 

29.2% acrylamide and 1.2% (w/v) was dissolved in d/w. 

pH was adjusted to 7.0 and stored at 4°C 

Resolving gel buffer 

(1.5M TrisHCl, pH 8.8) 

18.615g Tris base was dissolved in 100mL d/w. pH was 

adjusted to 8.8 with 6N HCl 

Stacking gel buffer 

(0.5M TrisHCl, pH 6.8) 

12.11g Tris base was dissolved in 100mL d/w. pH was 

adjusted to 6.8 with 6N HCl 

Ammonium persulfate 

(10%)  
0.1g APS was dissolved in 1mL d/w (fresh) 

 

 

 

 

Reagents  Preparation 

Reagent A  2% Na2CO3 in 0.1N NaOH 

Reagent B  0.5% CuSO4 in 1% potassium sodium tartarate 

Reagent C  
Mixture of Reagent A + Reagent B (50 + 1mL), made 

prior use 

Reagent D  Folin and Ciocalteau’s phenol reagent (1:2, with d/w) 

Standard bovine serum 

albumin solution  
0.1mg BSA in 1mL d/w 
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Electrophoresis buffer (1X) 

Tris base       3.0 g 

Glycine        14.4 g 

SDS (10%)   10 mL 

d/w                1L 

pH                 8.3 

 

Sample buffer  

0.5M Tris-HCl (1M, pH 6.8)      1.25 mL 

Glycerol                                       2.5 mL 

10% SDS                                     2 mL 

0.5% (w/v) bromophenol blue     0.2mL 

d/w                                               3.55 mL 

Gel running buffer (10X) 

Tris base       30.3 g/L 

Glycine        144 g/L 

SDS (10%)   10 g/L 

1X used for electrophoresis 

 

 

Gel monomer preparation (Monomer - Acrylamide/Bis-acrylamide solution) 

Composition of resolving and stacking gel is as follows: 

Gel %  d/w  Monomer  Gel buffer  
10% 

SDS  

10% 

APS  
TEMED 

Resolving 

gel (12%)  
3.4mL  4mL 

2.5mL 

resolving 

gel buffer 

0.1mL  50µL  5µL 

Stacking 

gel (6%)  
5.4mL  2.0mL 

2.5mL 

stacking 

gel buffer 

0.1mL  50µL  10µL 

 

 

Silver staining 

Silver stain  

silver nitrate    0.2% 

formaldehyde  0.75µL 

d/w              100mL 

 

 

Developer  

Na2CO3                  6 g 

formaldehyde   50 µL 

10% Na2S2O3    40µL 

d/w               100mL 

 

Hydrator 

10% Na2S2O3   1mL 

 d/w                49mL 
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Reagents for in solution digestion 

 

 

 

 

 

 

 

 

 

 

 

1mM HCl, Trypsin (1µg/ µL), Formic acid (MS grade) 

 

Methanol precipitated protein pellet was dissolved in urea, treated with DTT and IAA for 

reduction and alkylation, in dark. The mixture was then treated with trypsin to digest 

proteins/peptides in solution, overnight. The mixture was acidifed with formic acid and 

transferred in to a MS autosampler vial for LC-MS QToF 

 

 

 

 

 

 

 

 
 

 

 
 
 

 

 

 

Reagents  Preparation 

6M urea in 50mM Tris HCl 

(pH 8.0)  
0.36g was dissolved in 1mL nanopure water 

50mM Ammonium 

bicarbonate 

0.395g of Ammonium bicarbonate was dissolved in 

100mL nanopure water 

200mM DTT  
30.86mg DTT in 1mL of 50mM Ammonium 

bicarbonate 

200mM IAA  
22mg IAA was dissolved in 0.6mL 50mM 

Ammonium bicarbonate 
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Abstract: Background: Microbial remediation is an ecologically safe alternative to controlling 
environmental pollution caused by toxic aromatic compounds including azo dyes. Marine bacteria 
show excellent potential as agents of bioremediation. However, a lack of understanding of the entailing 
mechanisms of microbial degradation often restricts its wide-scale and effective application.  

Objective: To understand the changes in a bacterial proteome profile during azo dye decolorization.  

Method: In this study, we tested a Gram-negative bacterium, Shewanella seohaensis NIODMS14 isolated 
from an estuarine environment and grown in three different azo dyes (Reactive Black 5 (RB5), Reactive 
Green 19 (RG19) and Reactive Red 120 (RR120)). The unlabeled bacterial protein samples extracted during 
the process of dye decolorization were subject to mass spectrometry. Relative protein quantification was de-
termined by comparing the resultant MS/MS spectra for each protein. 

Results: Maximum dye decolorization of 98.31% for RB5, 91.49% for RG19 and 97.07% for RR120 
at a concentration of 100 mg L-1 was observed. The liquid chromatography-mass spectrometry - Quad-
rupole Time of Flight (LCMS-QToF) analysis revealed that as many as 29 proteins were up-regulated 
by 7 hours of growth and 17 by 24 hours of growth. Notably, these were common across the decolor-
ized solutions of all three azo dyes. In cultures challenged with the azo dyes, the major class of up-
regulated proteins was cellular oxidoreductases and an alkyl hydroperoxide reductase (SwissProt ID: 
A9KY42). 

Conclusion: The findings of this study on the bacterial proteome profiling during the azo dye decolori-
zation process are used to highlight the up-regulation of important proteins that are involved in energy 
metabolism and oxido-reduction pathways. This has important implications in understanding the 
mechanism of azo dye decolorization by Shewanella seohaensis. 
 

 
Keywords: Azo dye, decolorization, mass spectrometry, proteomics, Shewanella seohaensis, up-regulation. 

1. INTRODUCTION 

 Currently, there are over 100,000 different synthetic dyes 
in use worldwide [1]. They find useful applications in textile, 
pharmaceutical, leather, paper, cosmetic and food industries 
[2, 3] and are classified by their chemical composition or by 
the types of fibers to which they can be applied [4]. Chemi-
cal classification system groups synthetic dyes based on the 
nature of their chromophores. As such, the various classes of 
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industrially significant dyes include azo, anthraquinone, dia-
zonium, sulfur, indigoid, triarylmethane, triphenylmethyl 
(trityl), nitro and phthalocyanine derivatives [5]. 

 In India, the dye manufacturing industry contributes to 
almost 6.6% of the global dye production [6]. The textile 
industry accounts for two-thirds of the total dyestuff market. 
The process of dyeing of one kilogram of fiber with reactive 
dyes utilizes 70 to 150 L water, 0.6 to 0.8 kg NaCl and about 
30 to 60 g dyestuff [7]. Depending on the class of dye used, 
the dyeing process discharges approximately 2% to 50% of 
dye into wastewater [8, 9]. Reactive dyes used for dyeing of 
cellulosic fibers, wool and silk have low rates of fiber fixa-
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tion [10]. Consequently, textile effluents contain large 
amounts of unbound dye which enter aquatic bodies directly 
and impart intense coloration. It is estimated that 280,000 
tons of textile dyes are discharged in industrial effluents per 
year worldwide [11]. Disposal of large volumes of azo dyes 
in textile industrial effluent poses an environmental and or-
ganismic health hazard. If left untreated, the deeply colored 
water causes a reduction in the penetration of sunlight to 
subsurface layers of the receiving water bodies. This leads to 
decreasing photosynthetic activity and increasing biological 
oxygen demand [12]. Oliveira et al. [13] and Shah [14] re-
ported that many mutagenic and carcinogenic synthetic dyes 
which are resistant to microbial degradation can become 
highly persistent in natural water bodies leading to ecosys-
tem degradation and implicit hazards of various kinds. 

 Azo dyes typically contain one or more azo (-N=N-) 
groups and are the most extensively used textile dyes [15]. A 
complex chemical structure and synthetic nature make these 
dyes xenobiotic and recalcitrant to biodegradation [16]. The 
toxic nature of certain azo dye breakdown products has 
prompted the European Union to impose a ban on the use of 
certain azo dyes [17]. 

 Many of the world’s textile industry hubs are present in 
developing countries. However, due to a lack of stringent 
monitoring and inadequate environmental management con-
trols, effluents are discharged without proper treatment di-
rectly into water bodies [18]. 

 High economic costs coupled with low efficiency and 
limited application make conventional physicochemical 
treatments of dye-containing wastewater less appealing. Bio-
logical systems capable of degrading and decolorizing azo 
dyes are therefore of great significance in bioremediation 
efforts. Various mechanisms of dye decolorization by micro-
organisms have been proposed in recent times [19]. How-
ever, bacteria receive attention for their ability to decolorize 
a wide range of structurally different dyes. Many species of 
bacteria adopt a number of mechanisms to remove or decol-
orize azo compounds from the environment including 
biosorption, bioaccumulation, reduction, oxidation and se-
quential reduction-oxidation processes [20]. Among them, 
Shewanella species are reported to possess diverse respira-
tory metabolic pathways and are indeed known potential 
agents for bioremediation [21]. In this regard, understanding 
and evaluating the changes in the proteome of an organism 
during its growth would prove pivotal. For instance, Zhao 
and Poh [22] describe how different cellular protein compo-
nents of bacteria are known to respond differently to various 
environmental stimuli.  

 The ease and reliability of reproducible proteome analy-
ses are facilitating large-scale descriptions of proteins from 
various organisms. Essentially, the expression of proteins by 
the bacterium exposed to synthetic dyes under experimental 
alterations helps to elucidate the possible expression of per-
tinent proteins. As Linsen et al. [23] suggest, differential 
protein expression analysis enables the identification of pro-
teins and the pattern of their expression under different con-
ditions of growth. This is implicit of the fact that the proteins 
expressed differentially are useful to discern their functional 
involvement in a given process. In this regard, their identifi-

cation would contribute to recognize the role of specific pro-
teins in the pathway of dye decolorization. Such a compre-
hensive understanding would enable selective alteration of 
certain proteins for targeted development of strains with 
maximum efficiency of dye decolorization. 

 In this study, a gel-free proteomic approach was used to 
evaluate the changes in protein expression of Shewanella 
seohaensis NIODMS14 during the decolorization of three 
reactive dyes, Reactive Black 5 (RB5), Reactive Green 19 
(RG19) and Reactive Red 120 (RR120). We used a Liquid 
Chromatography-Mass Spectrometry - Quadrupole Time of 
Flight (LCMS-QToF) system to identify the proteins ex-
pressed and to measure their abundance with respect to dif-
ferential regulation. This was done to understand the contrast 
in the expression of proteins when Shewanella seohaensis 
NIODMS14 is grown in a medium with an azo dye versus 
growth in the dye-free medium. The results demonstrate dif-
ferences in the proteome of Shewanella seohaensis 
NIODMS14 during the decolorization process of the three 
azo dyes. 

2. MATERIALS AND METHODS 

2.1 Microorganism and Culture Conditions 

 The proteomic profiles of a Gram-negative, salt tolerant 
bacterial isolate collected from an estuarine location in Goa, 
India were analyzed in this study. The strain NIODMS14 
was identified as Shewanella seohaensis on the basis of 16S 
rRNA gene sequencing and the sequence was submitted to 
GenBank with the accession number KR922404. The pure 
culture of the isolate was deposited at the Microbial Type 
Culture Collection (MTCC) of the CSIR-Institute of Micro-
bial Technology, Chandigarh, India, under the accession 
number MTCC 25079. The culture was purified on seawater 
nutrient agar (SWNA containing [l-1]: peptic digest of animal 
tissue 5.0 g, sodium chloride 5.0 g, beef extract 1.5 g, yeast 
extract 1.5 g, agar 15 g, distilled water 500 mL, sea water 
500 mL, pH 7.4 ± 0.2) and a loopful of seed culture from an 
isolated colony was pre-cultured in 10 mL nutrient broth 
(NB, containing [l-1] 5.0 g peptone and 3.0 g yeast extract) at 
pH 7.0 for 12 hours at 30°C, 120 rpm on a shaker incubator. 
Fresh NB (100 mL) was further inoculated with 1% (v/v) of 
the pre-cultured broth and grown under the same conditions. 
This was then used as the inoculum for decolorization ex-
periments. Stock solutions of the dyes (10 g L-1) were pre-
pared and sterilized by membrane filtration using a 0.2-µm 
pore size membrane filter (Axiva, Delhi). All chemicals used 
in this study were of analytical grade. 

2.2. Decolorization Assay and Growth Profiles 

 Decolorization experiments using three commercial reac-
tive azo dyes, viz. RB5, RG19 and RR120 (Sigma-Aldrich), 
were performed by growing the culture in 500 mL Erlen-
meyer flasks containing 250 mL of sterile nutrient broth 
supplemented with dyes added at a concentration of 100 mg 
L-1. Flasks were incubated at 30°C and samples were ali-
quoted every 3 hours until decolorization was complete. The 
samples were then centrifuged at 20,000 g for 10 minutes at 
4°C. The cell-free supernatant color was read at the wave-
length of maximum absorption of the dyes used, i.e. 597 nm 
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for RB5, 630 nm for RG19 and 522 nm for RR120, using a 
Shimadzu UV-1800 spectrophotometer (Kyoto, Japan). Con-
trols without dye and/or inoculum were maintained under 
identical conditions. The cell pellets were further used for 
protein extraction. 

 The decolorization efficiency was expressed using the 
following equation [24]: 

Decolorization (%) = (Ainitial − Afinal)/ Ainitial× 100 

where Ainitial is the initial absorbance and Afinal is the absor-
bance after time t. 
 Bacterial growth was measured by determining the ab-
sorbance of culture samples at 600 nm [24]. 

2.3. Extraction of Proteins 

 The cell pellets, obtained at the time points 7 hours and 
24 hours, were washed twice with 1X Phosphate Buffer (PB 
containing [l-1]: disodium hydrogen phosphate 1.42 g, potas-
sium dihydrogen phosphate 0.24 g, distilled water 1000 mL, 
pH 7.4 ± 0.2) and resuspended in 1 mL of protein extraction 
buffer along with zirconia beads and homogenized in a Fast-
Prep24 homogenizer (MP Biomedicals, USA) at 6.5 m/s for 
40 seconds. Whole cell proteins were extracted using a urea-
thiourea buffer containing [ml-1]: urea 0.42 g, thiourea 0.15 
g, CHAPS 0.4 g, IPG buffer (Immobilized pH gradient) 80 
microL, Dithiothreitol (DTT) 0.03 g and 1M tris solution 
200 microL. Cell debris was removed by centrifugation at 
20,000 g at 4°C for 20 minutes. The proteins in the super-
natant were precipitated using methanol [25]. The vacuum 
dried samples were resuspended in 1 mL of TE buffer (pH 
8.3) containing 10 µL of 1X protease inhibitor (Serva, Ger-
many). The protein concentration was estimated using the 
Folin-Lowry method [26]. Based on this concentration, suit-
able aliquots were made and stored at -20°C until further 
processing. 

2.4. Preparation of In-solution Digests 

 The method of in-solution trypsin digestion for the solu-
bilization of proteins was followed (modified from Kinter et 
al. [27]). 6M urea was used as a chaotropic agent along with 
200mM DTT and 200 mM iodoacetamide as reducing and 
alkylating agents, respectively. 100 µg of the extracted pro-
tein sample was digested with 1 mg mL-1 trypsin (20µg Pro-
teomics grade Trypsin from porcine pancreas dissolved in 
20µL of 1mM HCl, Sigma T6567, USA) at 37°C for 15 
hours. After digestion, the samples were acidified to a pH of 
2-3 using 100% formic acid (MS grade) before subjecting to 
mass spectrometry. 

2.5. Mass Spectrometry and Protein Identification 

 Proteins were identified using the in-house LCMS-QToF 
facility (6538 UHD Accurate Mass QTOF LC/MS, Agilent 
Technologies, USA). Sub-volumes of 8 µL tryptic digests 
were injected into the auto-sampler. The LC separations 
were carried out on a Prot ID Chip 150 II 300A C18 150 mm 
column using water and 9:1 (v/v) acetonitrile: water. 0.1% 
Formic acid in water (1:999 v/v) was used as adduct in both 
the aqueous and organic phases (acetonitrile). The peptides 

were eluted using a standardized 71-minute protocol with a 
linear gradient of increasing acetonitrile concentration (2 to 
90% for 50 min, 90% for 10 min and 90 to 2% for 3 min). 
The MS/MS spectra for the separated ions were acquired in 
the range of 50 to 2000 m/z in positive mode at 2 ppm accu-
racy. The spectral data was acquired using Mass Hunter 
Software ver. B.06.00 (Agilent Technologies, USA). 

2.6. LC-MS/MS Data Analyses and Interpretation 

 Protein identification and quantification were performed 
using Spectrum Mill software ver. B.04.01.141 (Agilent 
Technologies, USA). The MS/MS spectra acquired were 
searched against the genus-specific UniProtKB/Swiss-Prot 
database for Shewanella. The following search criteria were 
used: minimum matched peak intensity of 50%, precursor 
mass tolerance of 50 ppm and product mass tolerance of 100 
ppm. In addition, a maximum of 2 missed cleavages was 
allowed. Carbamidomethylation of cysteine residues was 
included as the fixed modification. The study was a high 
throughput discovery proteomics experiment and samples 
were run as four technical replicates. 

2.7. Statistical Analyses 

 Mass Profiler Professional (MPP) software ver. 14.5 (Ag-
ilent Technologies, USA) was used to analyze the protein 
hits generated. The proteins were identified in each of the 
replicates and grouped for each sample (dye-free control, 
RB5, RG19 and RR120). Each identified protein entity in the 
sample was selected based on the frequency of occurrence in 
at least one condition. Auto-validation was carried out for 
the database matches using the default settings with a False 
Discovery Rate (FDR) of 1.2% (Supplemental file 1). Sig-
nificant proteins had peptide scores in protein mode >1 with 
a scored peak intensity (SPI) of >10% for peptides. The dif-
ferential significance between control samples (dye-free) and 
dye-amended samples was determined with a p-value cut-off 
of 0.2 and a fold-change cut-off of 2.0. The protein hits satis-
fying the cut-off criteria were functionally classified based 
on the Kyoto Encyclopedia of Genes and Genomes, ver. 37 
(KEGG) pathways. Venn diagrams were created to identify 
proteins exclusively up-regulated during decolorization of 
different dyes and proteins common to all the dye conditions. 

3. RESULTS  

3.1. Cell Growth and Decolorization Assay 

 The growth assay of Shewanella seohaensis NIODMS14 
and extent of decolorization of the three reactive dyes in dye-
amended nutrient broth suggest rapid decolorization (Fig. 1). 
The culture decolorized all three reactive dyes substantially. 
Dye decolorization was visible in the initial 3 hours of con-
tact with the dye itself. In case of RB5, rapid decolorization 
(84.33%) was seen within the initial 3 hours and a maximum 
of 98.31% was achieved by 20 hours. Similarly, for RG19, 
decolorization of 78.5% was seen after 3 hours incubation of 
the culture with the dye whereas a maximum of 91.49% was 
achieved in 23 hours. Maximum decolorization of 97.07% of 
RR120 happened within 17 hours. It was observed that color 
reduction of the reactive dyes occurred concomitantly with 
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active cell growth and considerable decolorization occurred 
in the early stages of growth. 

 

 
 
Fig. (1). Growth curve (solid line) and decolorization percent 
(dashed line) of Shewanella seohaensis NIODMS14 in nutrient 
broth amended with 100 ppm of (A) Reactive Black 5 (B) Reactive 
Green 19 (C) Reactive Red 120. Data are expressed as mean ± 
standard deviation (SD) of three replicate experiments. 
 

3.2. Protein Identification 

 The numbers of expressed proteins in Shewanella 
seohaensis NIODMS14 in the medium with and without 

dyes (control) were compared to discern the changes in the 
protein profiles during dye decolorization. The accession 
numbers of the identified proteins were referenced using the 
UniProtKB database (www.uniprot.org). 

 Approximately, a total of 1182 functionally different 
protein hits were obtained from the data acquired using the 
MPP software ver. 14.5 (Agilent Technologies, USA). Of 
these, 507 entities were obtained from the culture grown in 
the absence of the dyes (control), whereas, 423, 417 and 677 
proteins were detected in S. seohaensis NIODMS14 grown 
in medium with RB5, RG19 and RR120, respectively (Sup-
plemental file 2). 

3.3. Functional Characterization of Expressed Proteins 

 The identified proteins had a broad functional distribu-
tion and were classified as such. According to the physio-
logical functions assigned using the Kyoto Encyclopedia  
of Genes and Genomes, ver. 37 (KEGG) metabolic path-
ways and Clusters of Orthologous Groups database 
(https://www.genome.jp/kegg/pathway.html), the proteins 
were classified into 15 functional categories (Fig. 2). This 
allowed a comparison of differentially expressed proteins 
between control and dye treatment. It was observed that the 
number of proteins detected did not vary much with or with-
out the presence of azo dyes. Major cellular processes were 
not affected during decolorization as the culture grew well 
and essential proteins were expressed in all three dye-
challenged conditions. Proteins involved in the process of 
translation were maximal, contributing to 25% of the total 
classified proteins. The minimum numbers of proteins identi-
fied were those involved in the metabolism of other mole-
cules including terpenoids, polyketides, flavonoids, etc., ac-
counting for only 13% of the total classified proteins.  

3.4. Comparison of Differentially Expressed Proteins 

 Significant differences in protein profiles were observed 
in S. seohaensis NIODMS14 grown in the presence of 
reactive azo dyes. At 7 hours of incubation, 176, 113 and 

Table 1. Proteins up-regulated during decolorization of Reactive Black 5 azo dye. 

Swiss-Prot ID Protein Name Gene Based on 
Protein ID Protein Mass (Da) Functional Categorya Fold Changeb 

A9L5Q8 Cytochrome c prime Sbal195_1300 16506.6 Energy metabolism 16.00 

P83223 Fumarate reductase flavoprotein SO_0970 62903.3 Energy metabolism 1.29 

A8GZW1 Oxidoreductase FAD/NAD(P)-binding domain 
protein Spea_0520 26730 Energy metabolism 1.08 

Q8EI38 NADH-quinone oxidoreductase, subunit K nuoK 11211.3 Energy metabolism 16.00 

A9KY42 Alkyl hydroperoxide reductase/  
Thiol specific antioxidant Sbal195_1777 22160.7 Peroxiredoxin activity 1.54 

A4Y8D8 TRAP dicarboxylate transporter,  
DctP subunit Sputcn32_2500 38006 Membrane transport 16.00 

A9KTX7 Membrane protein involved in aromatic hydro-
carbon degradation Sbal195_2866	
   46196.6 Cellular process 3.59 

aFunctions are reported according to KEGG2 metabolic database (http://www.genome.jp/kegg/kegg2.html). 
bFold change compared to dye free control. 
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Fig. (2). Functional classification of identified proteins expressed in dye-free nutrient broth (light grey shaded bar) compared to those ex-
pressed during decolorization of the reactive dyes: RR120 (black shaded bar), RG19 (white shaded bar) and RB5 (dark grey shaded bar). 
Lowercase letters along the x-axis refer to the following categories of functional roles: (a) Carbohydrate metabolism; (b) Amino acid metabo-
lism; (c) Lipid metabolism; (d) Nucleotide metabolism; (e) Cofactors and vitamins metabolism; (f) Energy metabolism; (g) Other metabolic 
processes; (h) Signal transduction; (i) Cellular process; (j) Transport; (k) Replication and repair; (l) Transcription; (m) Translation; (n) Protein 
folding, sorting and degradation; (o) Miscellaneous & Unknown function. (KEGG metabolic database, http://www.genome.jp/kegg/). 
 
231 proteins were up-regulated during the decolorization of 
RB5, RG19 and RR120 respectively. Further, at 24 hours, as 
many as 138, 219 and 520 proteins were up-regulated in S. 
seohaensis NIODMS14 grown in RB5, RG19 and RR120 
respectively as compared that grown in the dye-free control 
(Fig. 3). As many as 29 up-regulated proteins were found to be 
common to all the three dyes at the early stages of the 
decolorization process (7 hours) while 17 commonly up-
regulated proteins were identified in the samples after 24 hours 
of incubation (Fig. 3). Of these, some prominent proteins 
expressed during the decolorization of Reactive Black 5 are 
listed in Table 1 along with their fold change and functional 
categorization. Similarly, up-regulated proteins identified during 
decolorization of Reactive Green 19 and Reactive Red 120 are 
summarized in Tables 2 and 3 respectively.  

3.5. Changes in Abundance of Expressed Proteins Ac-
companying Dye Decolorization 

 Many proteins functioning in energy metabolism were 
predominantly up-regulated in the bacterium during dye 
decolorization, especially the cellular oxidoreductases. 
Proteins commonly expressed in all three dye decolorizing 
conditions were an oxidoreductase FAD/NAD (P)-binding 
domain protein (SwissProt ID: A8GZW1) and an alkyl hy-
droperoxide reductase (SwissProt ID: A9KY42). At 24 hours 
of exposure, the alkyl hydroperoxide reductase was up-
regulated by 1.54, 1.25 and 7.68 folds under RB5, RG19 and 
RR120 dye decolorizing conditions respectively. This pro-
tein complex has oxido-reductase activity and can use either 
NADH or NADPH as an electron donor for direct reduction 
of redox dyes or of alkyl hydroperoxides. It functions in cel-
lular response to oxidative stress and were notably absent in 
the control sample without dye.  

 
 
Fig. (3). Venn diagrams comparing up-regulated proteins entities in 
dye challenged Shewanella seohaensis NIODMS14 versus control 
(without dye). (A) Up-regulated entities at 7 hours; (B) Up-
regulated entities at 24 hours of exposure to dyes. 
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Table 2. Proteins up-regulated during decolorization of Reactive Green 19 azo dye. 

Swiss-Prot ID Protein Name Gene Based on 
Protein ID Protein Mass (Da) Functional Categorya Fold Changeb 

A9L5Q8 Cytochrome c prime Sbal195_1300 16506.6 Energy metabolism 16.00 

A8GZW1 Oxidoreductase FAD/NAD(P)-binding domain 
protein Spea_0520 26730 Energy metabolism 2.94 

A8FPZ7 FMN-dependent NADH-azoreductase azoR 21205.9 Energy metabolism 16.00 

P83223 Fumarate reductase flavoprotein subunit SO_0970 62903.3 Energy metabolism 16.00 

B0TT30 NADH:flavin oxidoreductase/NADH oxidase Shal_2030 74360.4 Energy metabolism 1.49 

A9KY42 Alkyl hydroperoxide reductase/ Thiol specific 
antioxidant Sbal195_1777 22160.7 Peroxiredoxin activity 1.25 

A8FYW2 Na(+)-translocating NADH-quinone reductase 
subunit A nqrA 47902.9 Membrane transport 16.00 

B1KNE0 TRAP dicarboxylate transporter, DctP subunit Swoo_1732 39527.3 Membrane transport 16.00 
aFunctions are reported according to KEGG2 metabolic database (http://www.genome.jp/kegg/kegg2.html). 
bFold change compared to dye free control. 
 
Table 3. Proteins up-regulated during decolorization of Reactive Red 120 azo dye. 

Swiss-Prot ID Protein Name Gene Based on 
Protein ID Protein Mass (Da) Functional Categorya Fold Changeb 

A9L5Q8 Cytochrome c prime Sbal195_1300 16506.6 Energy metabolism 1.18 

A8GZW1 Oxidoreductase FAD/NAD(P)-binding domain 
protein Spea_0520 26730 Energy metabolism 3.32 

P83223 Fumarate reductase flavoprotein subunit SO_0970 62903.3 Energy metabolism 1.66 

BOTT30 NADH:flavin oxidoreductase/NADH oxidase Shal_2030 74360.4 Energy metabolism 16.00 

A9KY42 Alkyl hydroperoxide reductase/ Thiol specific 
antioxidant Sbal195_1777 22160.7 Peroxiredoxin activity 7.68 

A4Y3Y6 Na(+)-translocating NADH-quinone reductase 
subunit A nqrA 47856.1 Membrane transport 1.36 

aFunctions are reported according to KEGG2 metabolic database (http://www.genome.jp/kegg/kegg2.html). 
bFold change compared to dye free control. 
 
 Proteins functioning in electron transport were observed 
to be up-regulated during dye decolorization. A fumarate 
reductase flavoprotein subunit (SwissProt ID: P83223) was 
up-regulated by 1.29, 16.00 and 1.66 in RB5, RG19 and 
RR120 decolorizing conditions respectively. Cytochrome c 
protein (SwissProt ID: A9L5Q8) which is also an electron 
transport protein, was identified in all three dye-challenged 
samples as well as in dye-free control with a fold change of 
1.18 (in RR120 decolorizing condition) and 16.00 (in RB5 
and RG19 decolorizing conditions). The up-regulation of 
these two proteins points to their role in dye reduction and 
decolorization by electron transfer. NADH: flavin oxi-
doreductase/NADH oxidase (SwissProt ID: B0TT30) was 
up-regulated by 1.49 fold in RG19 decolorizing condition 
and by 16.00 fold in RR120 decolorizing condition. Another 
protein with similar function, NADH-quinone oxidoreduc-
tase, subunit K found in the RB5 decolorized sample was up-
regulated with a high fold change of 16.00. An FMN-
dependent NADH-azoreductase was also obtained under 
RG19 decolorizing condition.  

 Two transport proteins were notably up-regulated 
wherein, Na (+)-translocating NADH-quinone reductase 
subunit A (SwissProt ID: E6XLW6) was detected during 
decolorization of RG19 (fold change of 16.00) and RR120 
(fold change of 1.36) and TRAP dicarboxylate transporter 
(SwissProt ID: A4Y8D8; fold change of 16.00) was detected 
in S. seohaensis NIODMS14 decolorizing RB5 and RG19 
and was not detected in the dye-free control. A membrane 
protein with 3.59 fold increase, reported to be involved in 
aromatic hydrocarbon degradation was identified in RB5 
decolorizing condition at 7 hours. Gene Ontology (GO) an-
notation indicated that this 46.197 kDa polypeptide functions 
in membrane transport associated with the catabolism of 
aromatic hydrocarbons. The protein was identified based on 
amino acid similarity hit to the polypeptide present in She-
wanella baltica (strain OS195). Studies aimed at ex-situ ex-
pression of this and other up-regulated proteins would be 
highly valuable.  
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4. DISCUSSION 

 Shewanella strains have the ability to use a range of elec-
tron donors and acceptors, thereby reducing the toxic effects 
of many contaminants which have earned them the reputa-
tion of being excellent candidates for bioremediation [28]. 
Various cellular proteins which play a role in the reductive 
metabolism of Shewanella species include cellular oxi-
doreductases as well as c-type cytochromes and peroxiredox-
ins. Chen et al. [29] propose that some of these proteins have 
also been implicated in azo dye decolorization.  

 Various species of bacteria are known to accomplish de-
colorization and detoxification of azo dyes [30]. Pearce et al. 
[31] observed the lower efficiency of decolorization in case 
of complex structured and high molecular weight dyes such 
as azo dyes. However, in this study Shewanella seohaensis 
NIODMS14 exhibited rapid and efficient decolorization of 
three reactive diazo dyes at a concentration of 100 mg L-1. In 
fact, complete decolorization of the dye RB5 was achieved 
within 24 hours. The strain also effectively decolorized more 
than 90% of RG19 and RR120 in a short time of 23 hours 
and 6 hours respectively. This is in contrast to previous re-
ports by Wu et al. [32] where Shewanella oneidensis WL-7 
was found to decolorize only 36% of 100 µM of RB5 in 
about 12 hours.  

 There are many studies aimed at identifying and charac-
terizing the molecular components of the dye decolorization 
process [28, 33, 34, 35]. Kudlich et al. [36] first proposed the 
involvement of the bacterial electron transport chain in azo 
dye reduction. Dubbs and Mongkolsuk [37] suggested perox-
iredoxins as a class of enzymes that play an antioxidant pro-
tective role in cells. The up-regulation of pertinent oxido-
reductases (oxidoreductase FAD/NAD(P)-binding domain 
protein) and peroxiredoxins (alkyl hydroperoxide reductase) 
in dye-exposed Shewanella seohaensis NIODMS14 points to 
the involvement of these proteins in the dye decolorization 
process. Experimental validation of these proteins was not 
carried out as this was a discovery proteomic experiment. 

 As described by Hong and Gu [28], Hong et al. [33] and 
Wang et al. [35] fumarate reductase enhances decolorization 
by transferring electrons during bacterial azo reduction. The 
analysis of results showed a significantly up-regulated fu-
marate reductase flavoprotein subunit suggesting it plays a 
similar role in Shewanella seohaensis NIODMS14.  

 Transport proteins constitute an integral part of the re-
sponse mechanism of bacteria to heavy metals and other 
environmental contaminants including azo dyes. The up-
regulation of two transport proteins (Na (+) -translocating 
NADH-quinone reductase and TRAP dicarboxylate trans-
porter) in Shewanella seohaensis NIODMS14 points to their 
possible involvement in transferring reducing electrons to 
the azo dye during the decolorization process (also described 
by Tang et al. [38]).  

 Brigé et al. [34] observed the involvement of cytochrome 
c proteins in the reduction of reactive dyes. These crucial 
components of the electron transport chain function in reduc-
ing dye molecules and thereby facilitating the decolorization 
process. In concurrence with these findings, multiple up-
regulated cytochrome c proteins were observed in Shewan-

ella seohaensis NIODMS14 associated with decolorization 
of the three reactive azo dyes. 

 The protein profiles generated from this study reveal the 
up-regulation of cellular oxidoreductases which may func-
tion in electron transfer during azo dye decolorization. How-
ever, it is necessary to further deduce the specific metabolic 
pathways in which these proteins function. This can be 
achieved by integrating computational and other ‘omics’ 
techniques. 

CONCLUSION 

 Using a discovery proteomic approach, this study pro-
vides an insight into the induction, expression and catabolic 
pathway of certain proteins of Shewanella seohaensis 
NIODMS14 which rapidly decolorized three reactive azo 
dyes. Results obtained are used to directly correlate the func-
tion of various proteins to the process of azo dye decoloriza-
tion based on observed differential regulation and/or expres-
sion and accompanying fold change values. During dye de-
colorization, the study identifies proteins in oxido-reduction 
pathways (for example, oxidoreductase FAD/NAD (P)-
binding domain protein, NADH: flavin oxidoreductase/ 
NADH oxidase, alkyl hydroperoxide reductase and FMN-
dependent NADH-azoreductase) to be up-regulated. Syner-
gistic up-regulation of these proteins coupled with mem-
brane transport proteins (Na (+)-translocating NADH-
quinone reductase and TRAP dicarboxylate transporter) and 
electron transport (by fumarate reductase and cytochrome c 
proteins) serves to rapidly and efficiently decolorize azo 
dyes by Shewanella seohaensis NIODMS14.  

 Our results provide additional information to support that 
the electron transfer pathway contributes to azo dye recogni-
tion, metabolism and finally decolorization. This information 
has useful implications for targeted manipulation of specific 
dye decolorizing proteins in order to augment their activity 
and further design bioremediation strategies using Shewan-
ella seohaensis in particular and other decolorizing bacterial 
strains in general. 

LIST OF ABBREVIATIONS 

DTT = Dithiothreitol 

FDR = False Discovery Rate 

GO = Gene Ontology 

IPG = Immobilized pH gradient 

KEGG = Kyoto Encyclopedia of Genes and Ge-
nomes 

LCMS-QToF = Liquid Chromatography-Mass Spectrome-
try - Quadrupole Time of Flight  

MPP = Mass Profiler Professional  

MTCC = Microbial Type Culture Collection  

NB = Nutrient broth 

PB = Phosphate buffer 

RB5 = Reactive Black 5 
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RG19 = Reactive Green 19 

RPM = revolutions per minute 

RR120 = Reactive Red 120 

SPI = scored peak intensity 

SWNA = Sea water nutrient agar 

TE = Tris-EDTA 
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