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Abstract 

Azo dyes are widely used by different industries including the textile industry. In 

Pakistan, dye-containing industrial wastewater is commonly used to irrigate crops, which 

leads to the contamination of agricultural soils. These azo dyes may influence soil microbes 

adversely. Hence, a study was conducted to assess the persistence of azo dyes in soil and 

their impact on soil microbial community structural changes. Furthermore, biodegradation of 

these azo dyes by bacterial cells and enzyme azoreductase was examined in the liquid 

medium. Three azo dyes such as Direct Red 81, Reactive Black 5 and Acid Yellow 19 were 

added into 10 g soil at concentration of 160 mg kg-1 soil. Azo dyes were found to be quite 

stable and degraded slowly in the soil. A substantial amount of Direct Red 81 (63.5%), 

Reactive Black 5 (17.3%) and Acid Yellow 19 (24.6%) was recovered from soil upon 

treatment with a mixture of four solvents (water, methanol, acetone, chloroform, 1:1:1:1 v/v) 

after 14 days of spiking. Phospholipid fatty acid (PLFA) analysis showed significant changes 

in the soil microbial community structure after treatment of the soil with azo dyes compared 

to untreated soil. To prevent contamination of soil, dye-contaminated wastewater discharged 

by dyeing units requires treatment prior to its release into water streams and soil. For this 

purpose, thirty bacterial strains capable of degrading azo dyes were isolated from wastewater 

of textile industry. Isolate IFN4 was identified by 16S rRNA gene sequencing. It belonged to 

genus Shewanella and was named as Shewanella sp. strain IFN4. This bacterium was highly 

efficient in decolorizing four, structurally different azo dyes (200 mg L-1) individually as well 

as in mixture, and 72-99% decolorization was achieved just in 4 h under static incubation. 

Optimum pH and temperature for the decolorization of dye mixtures were 8.5 and 35 °C, 

respectively. Decolorization of the dyes was dependent on the presence of co-substrate in 

medium, and yeast extract was used preferably by the strain IFN4 as a co-substrate for the 

decolorization of dye mixtures compared to other co-substrates. Maximum decolorization 

occurred when the dye solution was supplemented with 6 g L-1 yeast extract. Moreover, 

azoreductase activity of strain IFN4 was significantly higher in the dye solution containing 2 

g L-1 yeast extract (4.19 U/mg proteins) than that observed without yeast extract (1.32 U/mg 

proteins). Michaelis-Menten kinetics was employed to calculate Km and Vmax values for crude 

proteins of strain IFN4, and were 0.062 g L-1 yeast extract and 4.44 U/mg proteins, 

respectively. Among the components (riboflavin, pyridoxine and thiamine) of yeast extract, 
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only riboflavin enhanced the decolorization of azo dyes by bacterial cells and azoreductase. 

Textile wastewater contains toxic heavy metals and salts, thus decolorizing activity of strain 

IFN4 and its azoreductase was evaluated in the presence of various metals and salts. The 

decolorization efficiency of Shewanella sp. strain IFN4 was not affected by the addition of 

Ni2+, Cr2+, Pb2+, Fe3+ and Mn2+ in liquid medium containing 200 mg L-1 Reactive Black 5. 

However, addition of Cu2+, Zn2+, Co2+ and Cd2+ substantially reduced the decolorization rate. 

Cd2+ was highly toxic as no decolorization was observed at concentration of 10 mg L-1. In 

contrast, strain IFN4 was able to decolorize Reactive Black 5 dye efficiently in the presence 

of metal ion mixture with concentration up to 15 mg L-1 dye solution. The results also 

revealed that Zn2+, Co2+, Cd2+ and Cu2+ inhibited bacterial growth while Fe3+ and Mn2+ 

enhanced it. The metal ions did not cause a significant inhibition in the azoreductase activity 

except Cu2+. Furthermore, strain IFN4 was able to decolorize Reactive Black 5 at salt 

concentration of 50 g NaCl L-1 and 60 g Na2SO4 L-1. However, this strain was unable to 

decolorize Reactive Black 5 in the presence of even 2 g NaNO3 L-1 medium. Azoreductase 

activity of strain IFN4 was not significantly decreased at salt concentration of 30 and 60 g L-1 

Na2SO4 and NaCl, respectively. However, a significant inhibition in the enzyme activity was 

observed above these concentrations. Moreover, azoreductase of strain IFN4 showed broad 

substrate specificity and maximum decolorization of azo dyes was observed at pH 8.0 and 45 

°C. Azoreductase activity was dependent on coenzymes (NADH or NADPH), flavin and 

quinone compounds as enzyme activity increased by their presence in the assay. The 

azoreductase of Shewanella sp. strain IFN4 had a molecular mass of 33±0.5 kDa and was 

identified as Na (+)-translocating NADH-quinone reductase subunit F. This study suggested 

that Shewanella sp. strain IFN4 and its azoreductase are the potential tools to treat textile 

wastewater. 
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Chapter # 1          
         Introduction 

 
Textile industry generates a huge volume of colored wastewater during dyeing 

process. Approximately, 15-50% of the azo dyes applied to fabric, is released into the 

wastewater and pollutes the surrounding water bodies and soil (McMullan et al., 2001; 

Pratum et al., 2011). About, 280,000 tons of dyes are released into water annually worldwide 

(Saratale et al., 2011). Release of these contaminants into water and soil is considered a 

potential threat to the environment because of their hazardous nature and anomalies they 

cause. Discharge of this colored wastewater into water bodies creates aesthetic problems and 

disturbs aquatic ecosystem. It reduces the rate of photosynthesis in aquatic plants by 

interrupting the light penetration into the water (Solmaz et al., 2006). It also obstructs oxygen 

transfer into these receiving water streams resulting in the suffocated environment.  

Use of azo dye contaminated wastewater of textile industry for irrigation purpose is 

very common practice in developing countries. These dyes may persist in the environment, 

because of their structural complexity and xenobiotic nature. As a result, substantial amount 

of these dyes is present in the textile wastewater and soil, particularly near to textile units. 

Average concentration of azo dyes reported in the surface soil of China near to dyeing and 

printing units was ranged between 456 mg kg-1 soil (Zhou, 2001). Dyes at high concentration 

inhibit plant growth (Khadhraoui et al., 2009) and adversely affect biological properties of 

soil (Topac et al., 2009). Therefore, there is a dire need to treat this water for the removal of 

dyes prior to its discharge into the water bodies and soil.  

A number of physico-chemical techniques have been employed to remove azo dyes 

from textile wastewater. These include adsorption, filtration, coagulation-flocculation, 

ozonation, Fe2+/H2O2, Fenton oxidation, UV/H2O2, UV/O3, UV/O3/H2O2, electrochemical 

oxidation, ultrasonic chemical oxidation and irradiational oxidation (Couto and Herrera, 

2006). These techniques are either expensive or produce huge amount of sludge which causes 

secondary pollution (Singh, 2006). Alternately, biodegradation may provide economically 

feasible and environment friendly methods for removal of dyes from wastewater streams. It 

involves the use of bacteria, fungi, yeast and algae, but the degradation efficiency of bacteria 
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is generally high because of their abilities to grow better in liquid environment. 

Mineralization of azo dyes through bacteria occurs in two sequential steps. In the first step, 

reductive cleavage of azo bond (-N=N-) takes place under anaerobic condition, generating 

colorless aromatic amines. This reduction (decolorization) is carried out mainly by 

azoreductase, which is a key enzyme involved in the azo dye reduction. This enzyme 

catalyzes the reductive cleavage of azo bond by utilizing reducing equivalents (NADH or 

NADPH) generated from the metabolism of organic compounds. Source of these reducing 

equivalents are azo dyes and/or co-substrate. Both whole bacterial cells and the enzyme 

azoreductase have been tested for their potential to degrade azo dyes (Liu et al., 2009; 

Kurade et al., 2013). However, it has been found that the degradation efficiency of bacterial 

culture and azoreductase depends on a number of operational and environmental factors. Azo 

dyes used in the textile industry are structurally diverse (Table 1.1), but are used 

simultaneously resulting in discharge of wastewater of extremely variable composition 

(Correia et al. 1994). Structure of an azo compound is a very important factor to be 

considered during the treatment of colored wastewater as it seriously affects the 

decolorization performance of microbial cultures. It has been documented that number of azo 

groups, position and type of substituent vary among azo dyes. These characteristics strongly 

influence the biodegradation of azo dyes (Zimmerman et al., 1982; Hsueh et al. 2009; Abo-

Farha, 2010). However, some bacterial strains and their enzyme system can degrade wide 

range of azo dyes, while others can degrade few dyes of similar structure. Furthermore, the 

dye degradation efficiency of bacterial cells and azoreductase depends on medium 

composition and operational conditions such as temperature, pH and dissolved oxygen. Azo 

dye degradation by bacteria requires co-substrate (Table 1.2), and there are only limited 

reports indicating that bacteria can degrade dyes in the absence of co-substrate (Kapdan et 

al., 2000; Cruz and Buitron, 2001; Ogugbue et al., 2012). Another important issue in dye 

decolorization is the shuttling of reducing equivalents to dye molecule which is considered a 

rate limiting step in bacterial as well as enzymatic decolorization of dyes. Moreover, textile 

wastewater contains salts and metal ions which may affect the decolorization efficiency of 

bacterial cells and azoreductase. Few bacterial species have shown the ability to tolerate high 

concentration of salts and heavy metals (Khalid et al., 2012; Kerin et al., 2006; Kathiravan et 

al., 2010), but most of them were found very sensitive to them. Salts and metals affect the 
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biodegradation of various pollutants by inhibiting their growth and/or reducing the enzyme 

activity (Sharma et al., 2008).        

 Since azo dyes and their metabolic products are highly toxic to the environment, so 

their degradation using whole bacterial cells or their enzyme system may be an effective 

strategy to degrade azo dyes and to prevent contamination of water and soil. So, the present 

study was planned with the following objectives.  

 Studying persistence of azo dyes in soil and their influence on soil microbial 

community structural changes. 

 Identification of bacterium capable of degrading azo dyes efficiently under optimal 

condition.  

 Investigating the role of co-substrate in enhancing rate of biodegradation of azo dyes 

by selected bacterial strain. 

 Evaluation of bacterial cells and azoreductase to degrade azo dyes in the presence of 

various metal ions and salts, and to further explore their mechanism of inhibition.  

 Purification and characterization of azoreductase from selected azo dye degrading 

bacterial strain.  

To achieve these objectives, a method was standardized to extract azo dyes from soil 

using different extracting agents. This method was employed to recover azo dyes from soil 

over time to determine their stability in soil. For assessment of toxicity of azo dyes to soil 

microbes, dyes were spiked into the soil and PLFA analysis was done after 28 days to 

determine dynamics in soil microbial population. For the safe discharge of textile wastewater 

into surrounding water bodies and soil, azo dye degrading bacteria were isolated from textile 

effluents using method described by Prasad and Rao (2011). Among the isolates, the most 

efficient azo dye degrading bacterium was selected. It was identified as Shewanella sp. by 

16S, rRNA gene sequencing. Various process parameters were optimized to further 

accelerate the degradation rate of the bacterial culture. Dye degradation potential of the 

bacterium was examined both in the presence and absence of the co-substrate in the medium. 

Comparative effect of different co-substrates on azo dye decolorization by whole bacterial 

cells and azoreductase was investigated. Furthermore, mechanism of the most effective co-

substrate was explored by conducting various studies with whole bacterial cells and 

azoreductase. Various metals and salts were spiked into the mineral salt medium to evaluate 



4 
 

the extent of suppression in the decolorization rate of the bacterium. Effect of these metal 

ions and salts on the growth of bacterium and azoreductase activity was determined to 

explore the mechanism of inhibition by metal ions and salts. At the end, azoreductase of 

bacterium was partially purified through ammonium sulfate precipitation and anion exchange 

chromatography. For determination of molecular weight of the azoreductase, sodium dodecyl 

sulfate polyacrylamide gel electrophoresis (Laemmli, 1970) was performed with partially 

purified proteins, and molecular marker of weight ranging from 10-220 kDa was used. 

Lastly, azoreductase of Shewanella sp. strain IFN4 was identified by mass spec method. 
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Table 1.1 Structure of various azo dyes used in the textile industry 

Reactive Black 5 

                                                

 

Direct Red 81 
 
 
 
 
 
 

 

Acid Red 88 
 

 

Disperse Orange 3 
  

Acid Yellow 19 
 
 
 
 
 

 

  

 
 

(Continued) 
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    Table 1.1 (Continued) 
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  Table 1.1 (Continued) 
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  Table 1.1 (Continued) 
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   Table 1.2 List of co-substrates used in the biodegradation of azo dyes 

Co-substrates  Reference  

Glucose and yeast extract (Jagwani et al., 2013) 

Sodium benzoate and sodium acetate (Murali et al., 2013) 

Mannitol glucose, yeast extract and maltose (Shah et al., 2013a) 

Glucose and yeast extract (Shah et al., 2013b) 

Glucose, starch and yeast extract (Shertate and Thorat, 2013) 

Glucose, sucrose, molasses, peptone and malt extract  (Kalme et al., 2010) 

Yeast extract  (Bayoumi et al., 2010) 

Tryptone yeast extract, peptone, lactose and beef extract (Saratale et al.,  2010) 

Ethanol (Bhattacharyya and Singh, 

2010) 

Glucose (Wang et al., 2009) 

Mannitol, yeast extract, peptone, sucrose, glucose, 

starch and sodium citrate 

(Telke et al., 2008) 

Starch, yeast extract, peptone, sucrose and dextrose (Gurulakshmi et al., 2008) 

Yeast extract (Khalid et al., 2008) 

Tryptone, peptone, beef extract and yeast extract (Nachiyar and Rajkumar, 2006) 

Glucose, lactose, sucrose and soluble starch  (Oranusi and Ogugbue, 2005) 

Glucose (Işik and Sponza, 2003) 

Glucose, starch, lactose, sewage and whey water (Padmavathy et al., 2003) 

Tryptone and yeast extract  (Chang et al., 2001) 

Glucose (Rajaguru et al., 2000) 
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Chapter # 2          
       Review of Literature  

     

Azo dye is one of the largest groups of the synthetic dyes containing one or more azo 

bonds (-N=N-) (Cui et al., 2011). They account for almost 80% of the total production of 

dyes worldwide and are commonly used as major colorants because of their high stability, 

low cost, and wide range of colors (Tripathy and Srivastava, 2011). During dyeing processes, 

a large quantity of these dyes does not bind to the fabric, and is released into the environment 

as wastewater (Boer et al., 2004). Among various types of industries, the dye manufacturing 

and textile processing units are the two dominant sources for the release of these dyes into 

the environment (Gill et al., 2002; Sharma et al., 2008). O’Neill et al. (1999) reported that 

concentrations of dye contained in the textile wastewater may range from 10-250 mg L-1. 

Average concentration of these dyes in surface soil near to textile units has been found in the 

range of 12-456 mg L-1 soil (Zhou, 2001). 

2.1 Harmful effects of azo dye contaminated wastewater to environment and biological   

      life  

Release of azo dyes into the environment is a serious environmental issue. Apart from 

aesthetic problems associated with contamination of water with colored dye residues, they 

reduce the rate of photosynthesis in aquatic plants by disrupting light penetration (Solmaz et 

al., 2006; Roy et al., 2010). Dissolved oxygen level in water is also lowered by the increase 

in total organic carbon, which results in increased biological oxygen demand (Saratale et al., 

2009). Certain azo dyes and their degradation products are also implicated as mutagenic and 

carcinogenic which threatens human and animal health (Alves de Lima et al., 2007; Carneiro 

et al., 2010). In developing countries, textile wastewater containing azo dyes is used to 

irrigate crops in nearby areas, which adds hazardous azo dyes to agricultural soils. Azo dyes 

are difficult to degrade because of their complex chemical structure. Biodegradation, 

partition, sorption and immobilization are the main processes that may affect the 

accumulation of azo dyes in soil. Soil is a biologically balanced system, and any drastic 

change in its environment can modify microbial populations and soil enzymatic activities. He 

and Bishop (1994) reported that Acid Orange 7 azo dye inhibited the nitrification process. 

Chung et al. (1998) and Pozo et al. (2000) studied the effect of 3, 3-diaminobenzidine on the 
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growth and nitrogenase activity of Azotobacter vinelandii and Azotobacter chroococcum, and 

reported negative effects of this compound on the growth of these free-living nitrogen-fixing 

bacteria. Topac et al. (2009) studied the effect of azo dyes on nitrogen transformation 

processes in soil and observed that nitrification potential, urease activity, arginine 

ammonification rate and number of ammonia oxidizing bacteria decreased up to 28% with 

sulfanilic acid azo dye and 20% with Reactive Black 5. A number of reports also revealed 

phytotoxic effect of azo dyes on plant growth (Dawkar et al., 2008: Khadhraoui et al., 2009; 

Saratale et al., 2009; Ayed et al., 2011).  

2.2 Strategies to remove color from the azo dye contaminated wastewater    

Above situation demands the treatment of the dye contaminated wastewater before its 

discharge into the environment. A number of physical, chemical and biological strategies 

have been employed to remove the dyes from the colored wastewater, which are discussed in 

the following sections. 

 2.2.1 Physical            

Various physical strategies such as adsorption, filtration and coagulation-flocculation, 

have been used to remove the azo dyes from wastewater (Saratale et al., 2011; Mittal et al., 

2013; Chengalroyen and Dabbs, 2013). The adsorbents including activated carbon, chitosan, 

chitin, alumina, silica gel, zeolite, clays, peat, sawdust, rice husk, maize cobs, orange peels, 

fly ash, red mud, bagasse pith etc. have been tested for their efficiency to remove dyes from 

wastewater (Gupta, 2009). Activated carbon is commonly used in the wastewater treatment 

system. Yakubu et al. (2008) observed 85-97% decolorization of textile effluent with 

activated carbon prepared from date seeds. Ahmad and Hameed (2010) also reported a 

significant reduction in color of real textile effluent with activated carbon. Although, 

activated carbon is effective in removing dyes from textile wastewater, but its preparation 

and regeneration cost limits its application in textile wastewater treatment (Robinson et al., 

2001). Keeping in view the cost associated with the use of activated carbon, some researchers 

had used low cost adsorbents such as agricultural and industrial waste materials for 

wastewater treatment. No doubt, these adsorbents are cheaper but their color removal 

efficiency is low than activated carbon. Moreover, disposal of these adsorbents after 

treatment is also of great concern from environmental safety point of view because they are 

considered as a source of secondary pollution. Role of fly ash as azo dye adsorbent has also 
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been investigated but unfortunately it contains toxic heavy metals. Different filtration 

techniques including ultrafiltration, microfiltration, nanofiltration and reversed osmosis have 

also been employed to remove dyes from textile wastewater (El-Latif et al., 2010; Ahmad et 

al., 2012). However, they require high initial investment cost and also lead to production of 

secondary wastewater streams (Dos Santos et al., 2007). Coagulation-flocculation technique 

works well for only those water contaminants which are insoluble in water (Gaehr et al., 

1994). Therefore, the dyes soluble in water are not easily removed by these methods 

(Southern, 1995). Further, production of sludge reduces its applicability for wastewater 

treatment (Vandevivere et al., 1998). Due to some environmental concerns and cost of 

treatment, physical techniques have limited practical applicability for removing dyes from 

textile effluents.     

2.2.2 Chemical           

Chemical approaches include ozonation, Fenton oxidation, electrochemical oxidation, 

ultrasonic chemical oxidation and irradiational oxidation (Couto et al., 2002). These methods 

have shown a huge potential to remove dyes from colored wastewater. For instance, Parsa 

and Abbasi (2007) documented 100% decolorization of textile effluent within 2 h by 

electrochemical oxidation. Schrank et al. (2007) used UV/H2O2 chemical process to remove 

dyes from textile wastewater discharged from the outlet of textile industry and observed 70% 

decolorization after 2 h. But these methods have limited application in the treatment of 

colored wastewaters because of high cost of UV radiations, electricity and ozone (Robinson 

et al., 2001; Pearce et al., 2003; Esteves and Silva, 2004). Further, ozone has low color 

removal efficiency for water insoluble dyes and has short half life of 20 min. Likewise, 

H2O2/UV method does not effectively remove disperse or vat dyes from water. Moreover, 

few chemical techniques are the source of secondary pollution. Fenton reagent generates 

huge quantity of sludge which limits its use because sludge requires additional treatment to 

make it safe for disposal (Robinson et al., 2001; Esteve and Silva, 2004; Ramya et al., 2007; 

Dayaram and Dasgupta, 2008). In brief, some chemical methods are efficient for dye removal 

from textile wastewater but they are costly and commercially unattractive. 

2.2.3 Biological           

Currently, use of biological approaches to eliminate the pollutants from water is a key 

research area in the environmental sciences. Biotreatment of wastewater involves the use of 
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microorganisms (bacteria, fungi, yeast and algae) and/or their enzymes to turn pollutants into 

non-toxic substances. Over the last two decades, role of microorganisms in eliminating dyes 

from colored wastewater has been widely investigated (Erkurt et al., 2010). There are a 

number of reports about the successful removal of dyes from wastewater by bacteria, fungi, 

algae and yeast (Khehra et al., 2005; Pandey et al., 2007), but bacteria have been the main 

focus for the researchers. Bacteria carry enzymatic system to cleave these toxic azo dyes. 

Biological treatment of the colored wastewater is a good alternative to physico-chemical 

approaches because of its low cost and environment friendly nature. Microbes have ability to 

mineralize the pollutants without any danger of secondary pollution (Banat et al., 1996; Rai 

et al., 2005).          

2.3 Isolation and screening of azo dye degrading bacteria     

Microbial treatment of azo dye contaminated wastewater typically involves stepwise 

processes such as isolation, screening of effective strains, optimization of various factors 

affecting and finally wastewater is treated with these microscopic entities. Textile 

wastewater, sludge, contaminated soil and marine water have been used to isolate potential 

azo dye degraders (Mahmood et al., 2011; Khalid et al., 2012; Jain et al., 2012). A number of 

methods have been described by researchers to isolate azo dye degrading bacteria to achieve 

consistent and reproducible results. One of them is enrichment technique, which involves the 

addition of azo dye into the agar medium as the sole source of carbon and nitrogen for 

bacteria (Adedayo et al., 2004; Khalid et al., 2008; Fan et al., 2009). Bacterial strains capable 

of utilizing the dyes as source of carbon and nitrogen grow well on the agar medium. 

However, all the bacterial strains cannot utilize azo dyes as the growth substrate (Stolz, 

2001), thus some other organic compounds are added as a co-substrate along with the dye to 

support their growth. In this case, selection of azo dye degrading bacteria is done on the basis 

of decolorized zones around the colonies caused by the breakdown of azo dyes. Prasad and 

Rao (2011) added peptone, meat extract and yeast extract in isolation medium as co-

substrate. Morphologically distinct colonies, having clear zone around them were selected for 

purification and screening.  Similarly, Chen et al. (1999) used meat extract and peptone in 

the isolation medium and colonies surrounded by decolorized zone were picked.  Today, 

isolation of azo dye degrading bacteria on the basis of clear zones around the colonies is well 
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documented (Kalyani et al., 2008; Saraswathi and Balakumar, 2009; Wu et al., 2009). After 

isolation and purification, strains are screened to find efficient azo dye decolorizing isolates.  

2.4 Effect of co-substrate on bacterial degradation of azo dyes     

Azo dyes are xenobiotic compounds and are deficient in carbon content due to which 

they are resistant to microbial degradation. Most of the bacteria can’t directly metabolize 

these dyes. However, few strains have been found capable of decolorizing azo dyes in the 

absence of co-substrate (Oranusi and Mbah, 2008; Rajee and Patterson, 2011). However, rate 

of decolorization is generally more in the medium supplemented with co-substrate. Bayoumi 

et al. (2010) observed 50% decolorization of Acid Black (100 mg L-1) by Comamonas 

acidovorans-TM1 in liquid medium containing 1 g L-1 yeast extract, however, only 3% 

decolorization was achieved in the absence of yeast extract. Likewise, Wang et al. (2009) 

found >90% decolorization of Reactive Red 180 (200 mg L-1) in glucose supplemented 

medium while only 15% decolorization occurred when dye was used by the bacterium as sole 

source of carbon. Contrary to these, it has been reported that most of the bacterial strains did 

not degrade azo dyes in the absence of co-substrate. For instance, Saratale et al. (2010) found 

that bacterial consortium was not capable of degrading the dyes without additional organic 

source. Likewise, Sahasrabudhe and Pathade (2011) found that Enterococcus faecalis strain 

YZ 66 did not degrade the dye Reactive Orange 16 without co-substrate. Co-substrate is 

required by bacteria to build up their biomass and to generate reducing equivalents (NADH 

or NADPH). These reducing equivalent are utilized by the azoreductase to cleave the azo 

bond (Senan and Abraham, 2004).      

Different co-substrates have also been compared in order to examine their effect on 

bacterial decolorization of azo dyes and to achieve maximum rate of decolorization. For 

example, Nachiyar and Rajkumar (2006) observed faster decolorization with yeast extract 

spiked medium compared to peptone, tryptone and beef extract by Pseudomonas aeruginosa. 

Contrary to this, bacterial consortium consisting of Proteus vulgaris NCIM-2027 and 

Micrococcus glutamicus NCIM 2168, decolorized the azo dye at slower rate with yeast 

extract compared to peptone, lactose, tryptone and beef extract (Saratale et al., 2010). Chang 

et al. (2001) documented that dye-removal performance of Pseudomonas luteola was quite 

similar with equal concentrations of yeast extract and tryptone.     
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2.5 Effect of oxygen on bacterial degradation of azo dyes 

One of the important factors which can seriously affect the rate of decolorization of 

azo dyes through bacterial cells is the dissolved oxygen concentration in the water. Most of 

the azo dye degrading bacterial strains reported so far were able to decolorize azo dyes under 

anaerobic conditions with high efficiency compared to aerobic environment. Complete 

breakdown of azo dyes by bacterial cells occurs in two sequential steps. In the first step, 

colorless metabolites are produced by the reductive cleavage of azo bond under anaerobic 

condition. In the second step, these metabolites are broken down by various processes in the 

presence of oxygen. Thus, reduction of dye molecule is more favorable in anoxic 

environment. For example, Telke et al. (2008) observed only 6% decolorization of 

wastewater under shaking condition while 90% decolorization occurred under static 

incubation. Decolorization efficiency of Acinetobacter calcoaceticus NCIM 2890 cells was 

also much higher under static conditions compared to shaking as Direct Brown MR azo dye 

disappeared 91% under static condition while only 59% decolorization was observed under 

agitation after 48 h of biotreatment (Ghodake et al., 2009). Similar results have been 

documented with other bacterial strains such as Micrococcus glutamicus NCIM-2168, 

Proteus mirabilis, Pseudomonas sp. SUK1, Pseudomonas luteola and Proteus vulgaris 

NCIM-2027 (Chen et al., 1999; Chang et al., 2001; Kalyani et al., 2008; Saratale et al., 

2009). Under anoxic condition, reducing equivalents (NADH, NADPH) generated from the 

metabolism of co-substrate are transferred to azo bond to reduce the molecule. This reduction 

process is catalyzed by the azoreductase. In case of aerobic environment, oxygen competes 

with dye molecule for reducing equivalents (Chang et al., 2004), and inhibit the 

decolorization process.         

 A few bacterial species have been isolated that are capable of aerobically degrading 

azo dyes. Senan and Abraham (2004) developed a bacterial consortium of three species and it 

was very effective under aerobic condition. Flavobacterium sp. ATCC 39723 and Bacillus 

sterothermophilis, were also found to degrade azo dyes in the presence of oxygen (Cao, 

1993; Kulla et al., 1983).  Citrobacter sp. strain KCTC 18061P showed decolorization of the 

real textile effluent both under shaking and static conditions, but decolorization efficiency of 

the culture was higher in aerobic environment (Jang et al., 2007). Likewise, Ola et al. (2010) 

observed decolorization under both aerobic and anaerobic incubation with culture of Bacillus 
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cerus. Such bacterial strains might have oxidative enzymes like peroxidases, laccases other 

than azoreductase which are helpful in degrading dyes in the aerobic environment (Chivukula 

and Renganathan, 1995). For instance, Flavobacterium sp. ATCC 39723 was found to be 

highest peroxidase producing bacterium among nine peroxidase producing bacterial strains 

and was thought to be involved in dye breakdown in the oxygen rich environment. The 

consortium developed by Senan and Abraham (2004) was found to produce laccase as major 

oxidative enzyme involved in the azo dye degradation under aerobic environment.      

2.6 Effect of pH and temperature on bacterial degradation of azo dyes 

pH of the decolorizing medium is critical to achieve maximum decolorization activity 

of bacterial cultures. Textile effluents have substantial amount of various salts used during 

dyeing process due to which pH of wastewater is mostly high and is generally in the alkaline 

range. High pH associated with this wastewater is one of the hurdles in using bacteria for the 

biotreatment of real textile wastewater as microbial activities are highly sensitive to pH. 

Decolorization efficiency of bacteria is highest at optimum pH value, while it tends to 

decrease above and below this value. Therefore, before designing a bioreactor for the 

treatment of wastewater, pH should be optimized for a particular strain. Several studies have 

been conducted to examine the effect of pH on azo dye decolorization by bacterial strains. 

Bacterial cultures vary in their tolerance to pH. Clostridium bifermentans was able to 

decolorize Reactive Red 3B-A dye at pH ranged from 6 to 12. However, no decolorization 

occurred at pH 5. Maximum decolorization was observed at pH 10 (Joe et al., 2008). Rajee 

and Patterson (2011) found that Micrococcus sp. DBS 2 was capable of decolorizing the dye 

solution in the pH range of 4-10, but maximum decolorization occurred at pH 6. Moosvi et 

al. (2005) observed negligible decolorization with bacterial consortium RVM 11.1 at pH 

values less than 5.5. With increase in pH from 6 to 8.5, rate of decolorization enhanced from 

1.47 mg L-1 h-1 to 2.41 mg L-1 h-1, respectively. At pH >8.5, rate of decolorization was 

suppressed. Changes in pH of medium may have an impact on azo dye degradation through 

inhibition of the growth of bacteria or suppression in the activities of azo dye degrading 

enzymes. Cui et al. (2011) reported that azoreductase activity of Escherichia coli CD-2 was 

highly sensitive to changes in pH. The enzyme showed maximum decolorizing activity at pH 

6.5. Enzyme activity was drastically reduced at pH above and below 6.5. The activity of 

azoreductase from Bacillus badius was also significantly affected from pH changes as no 
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activity was detected at pH value of <5 and >9 (Misal et al., 2011). Similarly, activity of 

azoreductases purified from Pseudomonas aeruginosa and Bacillus subtilis was highly 

sensitive to pH (Nishiya and Yamamoto, 2007).    

 Temperature of wastewater is also very important for efficient removal of dyes by 

bacteria. High temperature is required for the fixation of dyes to fabric and to increase the 

fixation efficiency of dye. Thus, temperature of wastewater is high at water outlets of dyeing 

units. According to the reports of Abu-Ghunmia and Jamrah (2006), temperature of textile 

wastewaters may be as high as up to 70 ºC. High temperature of wastewater may suppress the 

microbial activities in the treatment plants. This reduction in decolorization activity is 

attributed to inhibition of microbial growth or denaturation of proteins (Chang et al., 2001; 

Telke et al., 2008; Saratale et al., 2009). The literature survey indicates that the 

decolorization efficiency of bacteria increases with rise in temperature up to certain limit, but 

beyond this temperature, rate of decolorization is slowed down. The temperature at which 

rate of decolorization is maximum is considered as optimal temperature for bacterial 

decolorization and this may correspond to highest growth of particular culture (Saratale et 

al., 2012). Some bacterial isolates can reduce the azo dyes over wider temperature range 

while others functions only in narrow limit of temperature. Most of the azo dye degrading 

species have shown better decolorization in the temperature range of 30-40 °C. For example, 

Alalewi and Jiang (2012) observed maximum decolorization at 35 °C by Comamanas 

acidovorns-TN1 and Burkholdera cepacia-TN5, while activity was substantially reduced 

above and below 35 °C. The growth of both strains also followed the same pattern of 

decolorfization. Microbial cultures having thermostable azo dye degrading enzymes may 

degrade the dyes at higher temperatures (Chang et al., 2001; Pearce et al., 2003). Maier et al. 

(2004) reported that Bacillus sp. strain SF can grow at temperature of 65 °C and produces 

thermostable azoreductase having maximum activity at 80 °C. Azoreductase from Bacillus 

badius was also thermostable and protein showed highest decolorizing activity at 60 °C 

(Misal et al., 2011). Contrary to these, azoreductase purified from Staphylococcus aureus 

was sensitive to temperature changes as optimum temperature was found to be between 35 

and 40 °C (Chen et al., 2005). 
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2.7 Effect of redox mediators on bacterial degradation of azo dyes 

Transfer of electrons from the electron donor to the dye molecule is considered the 

rate limiting step in azo dye degradation. Survey of literature shows that the presence of 

redox mediators in the dye solution increases the rate of bacterial azo dye reduction. This 

happens because of faster transfer of reducing equivalents to dye molecule. A number of 

redox mediators including flavin adenine dinucleotide (FAD), riboflavin, flavin 

mononucleotide (FMN), anthraquinone-2,6-disulfonate (AQDS), anthraquinone-2-sulfonate 

(AQS), ethyl viologen, methyl viologen, 2-hydroxy-1,4-naphthoquinone and lawsone 

(Kudlich et al., 1997; Rau et al., 2002; Dos Santos, 2007). Rau et al. (2002) observed a huge 

increase in decolorization rate by the addition of quinoid redox mediators (AQS and 

lawsone), both with bacterial cells and azoreductase. According to Encinas-Yocupicio et al. 

(2006), decolorization efficiency of anaerobic granular sludge was substantially increased 

with the addition of riboflavin, AQDS or lawsone. It was observed that Kd (-order rate 

constant of decolorization) values increased from 1.1-fold to 3.8-fold depending on the type 

of redox mediator applied. Kudlich et al. (1997) compared seven different redox mediator 

(ethyl viologen, methyl viologen, benzyl viologen, AQS, AQDS, lawsone and FAD) using 

amaranth as model dye by whole cells of Sphingomonas sp. strain BN6. Rate of 

decolorization was increased with all redox mediators except ethyl viologen. Decolorization 

rate increased from 0.2 to 2.3 µmol min-1 per g of proteins. The impact of redox mediators 

was in the following order AQS>lawsone> AQDS>Benzyl viologen≥ FAD> Ethyl viologen. 

Zhuo et al. (2009) reported that lawsone is an effective enhancer of azo dye decolorization by 

cells of Escherichia coli YB. In the presence of 0.2 mM lawsone 75% Amaranth (1 mM) can 

be decolorized in just 2 h.         

2.8 Effect of various salts on bacterial degradation of azo dyes 

Substantial quantities of salts are released into the colored wastewater of textile 

processing and finishing industries (EPA, 1997). Generally, NaNO3, NaCl and Na2SO4 are 

added in dye baths to improve fixation of the dyes on the fabric. Phugare et al. (2011) 

documented that effluent of Ichalkaranji, India had concentration of Na up to 89 mg L-1.  

2.8.1 NaCl salinity           

Sodium chloride is one of the common salts used in the textile dyeing process. It is 

added into the dyeing baths to develop ionic strength required for better fixation of dyes onto 
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the fiber. As a result, a large quantity of sodium and chloride ions is present in the textile 

wastewater. Ali et al. (2006) analyzed the textile effluent samples for chloride contents. 

These effluents were found to have chloride in the range of 1240-2460 mg L-1. Paul et al. 

(2012) also determined the chloride concentration in wastewater of six different units and it 

ranged from 950 to 2750 mg L-1. Presence of NaCl in the colored wastewater can affect the 

decolorization process by inhibiting bacterial growth and interacting with their enzymatic 

system. A number of studies have been conducted to investigate the effect of NaCl on 

decolorization efficiency of various microbial cultures. Yan et al. (2012) tested the 

decolorization potential of Staphylococcus cohnii at various concentrations (0-150 g L-1) of 

NaCl.  Strain removed the color of ARB dye up to 90% in 24 h incubation at 50 g L−1 NaCl. 

High concentration of NaCl (150 g L−1) was inhibitory to dye degradation as only 19% 

decolorization was observed. Khalid et al. (2012) documented that cultures of KS23 and 

KS26 were very effective to decolorize Reactive Black 5 at salt concentration up to 60 g L-1, 

but no decolorization was detected beyond 60 g L-1 NaCl.  Guo et al. (2008) reported that 

Halmonas sp. strain GTW needed salt for growth and they observed better decolorization in 

the presence of salts [10-20% NaCl (w/v)].                  

2.8.2 NaNO3 salinity          

Azo dyes are degraded both under aerobic and anaerobic environment, but most of 

the microbial species especially bacteria require anaerobic environment for initiation of 

degradation process. Degradation process is initiated by the reduction of azo dye molecule. If 

there is any compound more electrophilic than dye molecule, it may compete with dye 

molecule for electrons and inhibit the degradation process. Since nitrate is electrophilic and 

and thus may affect decolorization both by causing plasmolysis of cells and competing with 

dye molecule for electrons. Meng et al. (2012) investigated the effect of NaNO3 on 

decolorization of Acid Red 27 by cells of Shewanella aquimarina. It was observed that time 

of decolorization was increased from 4 h to 12 h by the addition of NaNO3 (0.43%). Carliell 

et al. (1998) observed a delay in the onset of decolorization of Reactive Red 141 with 

increasing concentration of NaNO3 in the decolorizing medium. Similarly, Yasar et al. 

(2012) also examined the effect of nitrate on azo dye degradation in anaerobic-aerobic 

sequencing batch reactor and observed highly adverse effect on anaerobic color removal 

efficiency in the presence of nitrate. Liu et al. (2012) also observed inhibition of dye 
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degradation in the presence of both nitrate (0.1-3.0 mM) and nitrite (0.3-1.2 mM) by culture 

of Shewanella oneidensis MR-1. Khalid et al. (2008) documented inhibition of degradation 

by the addition of NH4NO3 into the decolorizing medium. Nosheen et al. (2010) evaluated 

decolorization of Reactive Orange 16 by bacterial isolates. With increase in concentration of 

NH4NO3 from 0-10 g L-1, rate of decolorization was decreased. Contrary to these, reduction 

of Reactive Red 2 by mesophilic anaerobic sludge was not affected by the addition of nitrate 

(Dos Santos et al., 2007).                  

2.8.3 Na2SO4 salinity  

Along with chloride and nitrate, sulfate ions are also present in wastewater of textile 

industry. Effect of Na2SO4 on bacterial decolorization of azo dyes has been evaluated by 

researchers (Carliell et al., 1998; Panswad et al., 2001; Pourbabaee et al., 2011). Pourbabaee 

et al. (2011) tested the effect of Na2SO4 on decolorization of Cibacron Black w-55 dye by 

Halomonas axialensis. It was observed that 0.5 M Na2SO4 was not inhibitory to 

decolorization of Cibacron Black w-55 dye by Halomonas sp. IP8, but 1.5 M of Na2SO4 

completely inhibited the decolorization process. Carliell et al. (1998) tested effect of both 

nitrate and sulfate salts on microbial decolorization of Reactive Red 141 dye and found that 

reduction was dependent on the concentration of nitrate while presence of sulfate does not 

suppress the decolorizing activity. The order of reduction was nitrate>Reactive Red 

141>sulfate. Thus, they concluded that sulfate ions did not compete with the dye molecule 

for electrons because of lower redox potential of sulfate compared to the dye molecule. 

Similarly, Panswad et al. (2001) found that presence of sulfate did not show any impact on 

decolorization at the concentration tested.          

2.9 Effect of various metal ions on decolorization by bacteria 

The colored textile effluents contain toxic heavy metals. The amount of heavy metals 

present in a particular effluent is associated with use of metal complexed azo dyes, various 

metal containing salts and chemicals used during dyeing process (Correia et al., 1994, Li and 

Guthrie, 2010). According to an estimate, metal complex dyes are being used around 30% in 

wool dyeing and 40% in polyamide dyeing (Hunger, 2003). Therefore, these dyes are 

considered a major source of various metals like Cd, Cr, Co, Cu, Hg, Ni, Mg, Fe and Mn 

present in textile effluents (Saranraj et al., 2010). These metals have also been evaluated in 

terms of their impact on azo dye degradation through bacterial cells and azoreductase. 
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Gopinath et al. (2011) observed an inhibitory effect of Zn2+ on decolorization of Congo Red 

by Pseudomonas sp. mutant. At 0.025 g L-1 Zn2+, time to achieve 100% decolorization was 

increased from 27 to 36 h, while at 0.25 g L-1 Zn2+, dye decolorized in 87 h. According to 

Tan et al. (2009), complete inhibition of decolorization of Reactive Brilliant red X-3B by 

Exiguobacterium sp. was observed with 1mM Cu2+, however, Mg2+ and Ca2+ accelerated 

decolorization efficiency of Exiguobacterium sp. Likewise, Shewanella decolorationis S12 

was unable to reduce the dye molecule in the presence of only 5 µM Cu2+  in the decolorizing 

medium (Hong et al. 2007). Seesuriyachan et al. (2007) documented that the addition of 

Cu2+, Ca2+, Co2+, Fe2+, Fe3+, Mg2+, Mn2+ and Zn2+ (50 µM) to decolorizing medium inhibited 

the degradation through culture of Lactobacillus casei TISTR 1500.   

 However, some strains have shown resistance to metal toxicity and can degrade the 

azo dyes in the presence of metals. For instance,  strain HKUCC 4062, decolorized the dye in 

the presence of 0.1 mM Zn2+, Cu2+ and Cd2+ (Pointing et al., 2000). Likewise, white rot fungi 

Pleurotus ostreatus IBL-02 and Phanerochaete chrysosporium IBL-03 were capable of 

decolorizing the dye solution in the presence of 1 mM Zn2+, Cu2+, Cd2+, Fe2+ and Ca2+ (Kiran 

et al., 2012). Gopinath et al. (2011) found that Pseudomonas sp. mutant decolorized the dye 

solution of Congo Red unaffectedly up to 0.2 g L-1 which occurred because strain had 

chromium reductase activity. Simultaneous chromate reduction and azo dye decolorization 

by Brevibacterium casei was observed by Ng et al. (2010).  

2.10 Mechanism of inhibition of biodegradation of azo dyes caused by metal ions 

 Metal ions inhibit the biodegradation of azo dyes by suppressing microbial growth 

and/or reducing enzymatic activities (Sharma et al., 2008). These metal ions may also 

compete with the dye molecule for reducing equivalents. Gopinath et al. (2011) observed 

inhibition in growth of Pseudomonas sp. mutant with Zn2+ and Cu2+. There are number of 

reports indicating inhibition in activities of azo dye degrading enzymes. For instance, 

azoreductase from Escherichia coli CD-2 was deactivated by Co2+, while other metals like 

Cu2+, Mg2+, Al3+ and Zn2+ reduced the azoreductase activity compared to control (Cui et al., 

2011). Hong et al. (2007) observed that only 5 µM concentration of Cu2+ was inhibitory for 

azoreductase activity because it competed with the dye molecule for electrons. Stoilova et al. 

(2010) found complete loss of laccase activity of Trametes versicolor in the presence of 

Cu2+, Fe2+ and Fe3+ after 30 min of incubation. Similarly, reduction in azoreductase activity 
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has also been observed with different metal ions (Moutaouakkil et al., 2003).     

2.11 Localization of azoreductase involved in azo dye degradation by bacteria  

Localization of the enzymatic system involved in azo dye degradation is very 

important in order to understand the mechanism of degradation of bacteria. A number of 

bacterial enzymes like lignin peroxidase, Mn peroxidase, tyrosinase, NADH-DCIP reductase, 

azoreductase, and riboflavin reductase have been reported to be involved in azo dye 

degradation, but azoreductase is considered the main azo dye degrading enzyme. Yang et al. 

(2011) found that azoreductase produced by Pseudomonas putida was secreted outside the 

cell where it took part in reducing X-3B azo dye. Rafii and Cerniglia (1993) also documented 

release of azoreductase outside the cell membrane without accumulation inside the cells of 

Clostridium perfringens. In case of Shewanella oneidensis MR-1, azoreductase activity was 

mainly associated with membranes and no reducing activity was observed with intracellular 

proteins. According to the report of Kudlich et al. (1997), Sphingomonas sp. strain BN6 had 

dual decolorizing activity, distributed in cytoplasm and membranes. Deng et al. (2008) also 

found the location of azoreductase produced by Bacillus cereus. It was observed that enzyme 

was localized inside the cell envelope as all the activity was only limited to cytoplasmic 

fraction, while membrane fraction and supernatant of culture did not show any azoreductase 

activity. Liu et al. (2009), also detected azoreductase activity in the cytoplasm of Escherichia 

coli YB. Jadhav et al. (2009) and Telke et al. (2010) observed dual activity inside and 

outside the cells of Rhizobium radiobacter MTCC 8161 and Galactomyces geotrichum 

MTCC 1360, but there was no membrane bound activity.   

  2.12 Characteristics of bacterial azoreductase      

Azoreductase activity depends on the presence of NADH or NADPH in the reaction 

mixture, however, azoreductase isolated from different bacterial species had preference one 

over the other. For example, Cui et al. (2011) reported that azoreductase from Escherichia 

coli CD-2 could efficiently decolorize Methyl Red with both NADH and NADPH as electron 

donors. Similar response was also observed by some other researchers (Wang et al., 2007; 

Punj and John, 2009; Matsumoto et al., 2010) with NADH and NADPH. All bacterial strains 

are unable to utilize both NADH and NADPH as electron donor. Azoreductase from 

Staphylococcus aureus did not decolorize the dye with NADH, all the activity was NADPH 

dependent (Chen et al., 2005). Azoreductase activity of Escherichia coli and Xenophilus 
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azovorans KF46F, (Hayashi et al., 1990; Blumel et al., 2002.) were NADH dependent. 

Likewise, activity of azoreductase has also been observed as flavin and quinone dependent. 

For example, Kudlich et al. (1997) observed increase in activity of azoreductase with flavin 

and quinone compounds. Liu et al. (2009) also recorded increment in enzymatic activity with 

quinone compounds and there was direct relation between quinone reductase and 

azoreductase activity.         

 Azoreductase of single bacterium is not helpful to degrade all the dyes with same 

efficiency. Careful review of the literature shows that azoreductase of different bacterial 

cultures vary in their substrate specificity (Moutaouakkil et al., 2003; Nachiyar and 

Rajakumar, 2005; Liu et al., 2007). Along with substrate specificity, thermal stability of the 

azoreductase is very important for its application for the treatment of wastewater. It has been 

documented that Shigella dysenteriae Type I (Ghosh et al., 1992) and Bacillus sp. (Ooi et al., 

2007), Pigmentiphaga kullae K24 (Chen et al., 2010) azoreductase showed maximal activity 

in the temperature range of 40-45 °C, whereas azoreductase from Pseudomonas aeruginosa 

showed maximal activity at 35	 °C. Similarly, azoreductase from Pseudomonas cepacia 

exhibited maximal activity at 37 °C (Idaka et al., 1987), and in alkali-thermophilic bacterium 

80 °C (Maier et al., 2004). Incubation of proteins at elevated temperatures denature the 

proteins, as a result, proteins lose their activities. Azoreductase purified from different 

bacterial strains have different molecular masses. Molecular masses of 22 and 21 kDa were 

reported for azoreductases from Pigmentiphaga kullae K24 and Pseudomonas sp. (Chen et 

al., 2010; Zimmermann et al., 1984) and a mass of 61.6±1.4, and 28 kDa was reported for 

Bacillus strain SF and Enterobacter agglomerans (Maier et al., 2004; Moutaouakkil et al., 

2003). 
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Chapter # 3          
      Materials and Methods  

 

A number of laboratory experiments were conducted at the Institute of Soil and 

Environmental Sciences, University of Agriculture Faisalabad and Department of 

Environmental Sciences, University of California Riverside, to evaluate the toxicity of 

various azo dyes and their degradation by intact bacterial cells and the enzyme azoreductase. 

3.1 Materials and chemicals 

Azo dyes such as Reactive Black 5 (dye content 55%), Direct Red 81 (dye content 

50%), Acid Red 88 (dye content 75%), Disperse Orange 3 (dye content 90%) and Acid 

Yellow 19 (dye content 60%) were used in this study and purchased from Sigma Aldrich, 

USA. Chemical structure of these azo dyes is shown in the table 1.1. Three redox mediators 

(riboflavin, AQDS and AQS) were used to enhance the azoreductase activity and 

biodegradation of azo dyes by whole bacterial cells. The coenzymes, NADH and NADPH 

(Calbiochem, USA) were used as electron donors for measuring azoreductase activity. 

Ethylenediaminetetraacetic acid (EDTA), dithiothreitol (DTT), pyridoxine, thiamine and all 

other chemicals used in this study were of analytical grade.     

 French press (Thermo IEC) was used to rupture bacterial cells. Cytoplasm and 

membranes of ruptured cells were separated through ultracentrifugation (Beckman, Model: 

J2-21M). Phospholipid fatty acid analysis of soil was done by using gas chromatography 

(Hewlett Packed HP 6890 Series). For extraction of azo dyes from soil, homogenizer (Fisher 

Scientific, FS110H) was used to disperse soil particles. PD-10 desalting columns (Biorad 

Company) were used to remove salts from protein solutions during purification of 

azoreductase. Other material used in this study include Q sepharose FF anion exchanger, 

rotary evaporator, N2 gas apparatus, shaking incubator, Freeze drier, NH2-SPE columns and 

spectrophotometer.               

3.2 Recovery of azo dyes from soil by various extracting substances 

Direct Red 81 (DR 81) azo dye was used to establish method for maximum recovery 

of azo dyes from soil. For this purpose, 10 g air dried soil was taken in 50 mL Erlenmeyer 

flask and autoclaved. Four milliliters of DR 81 azo dye solution containing 400 mg L-1 dye 

were added into the autoclaved flask and covered with parafilm. The concentration of dye 
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was 160 mg kg-1 soil. In case of control, 4 mL of autoclaved distilled water were added into 

the soil, instead of the azo dye solution. Flasks were incubated at 28 °C for one week. For the 

extraction of DR 81 from soil, 16 mL of each extracting agent (water, acetone, methanol, 

chloroform and their mixture) were added into the soil. Flasks were incubated at 28 °C under 

shaking at 120 rpm for 60 min to mix the extracting agents uniformly with soil particles. 

Then contents of the flasks were sonicated for 15 min to disperse the soil particles. 

Thereafter, soil suspension was centrifuged at 10,000×g for 10 min at 4 °C and supernatant 

was collected in plastic bottles. The soil in flask was again treated with extracting agents, and 

in this way, extraction process was repeated thrice to remove maximum amount of the dye 

from soil. The dye recovered from soil was concentrated by evaporating the organic solvents 

by using rotary evaporator. Final volume of the dye solution was made 25 mL by adding 

deionized water. Absorbance was measured at 505 nm (λmax for DR 81). Absorbance of the 

control was deducted from the absorbance of dye solution. Calibration curve was used to 

determine the concentration of DR 81 recovered by each treatment.               

Based on the maximum recovery of the dye from soil, a mixture of water, methanol, 

acetone and chloroform (1:1:1:1, v/v) was used to extract other dyes from soil. Three 

structurally different azo dyes (RB 5, AY 19 and AR 88) were spiked into the soil and dyes 

were extracted using the procedure as described above.  

3.3 Stability of various azo dyes in sterilized and non-sterilized soil   

In order to assess the stability of azo dyes in soil over period of time, three azo dyes 

(RB 5, DR 81 and AY 19) were added to the sterilized and non-sterilized soil. For this, 10 g 

soil was taken in Erlenmeyer flasks and 4 mL of azo dye solution were added. Four milliliters 

of water were added to the flask as control. Each treatment was replicated four times. Dyes 

were extracted from both sterilized and non-sterilized soil after 7, 14 and 28 days of 

incubation. Concentration of each dye was determined to estimate its degradation rate in soil. 

Difference in recovery of dye content from sterilized and non-sterilized soil was assumed to 

be equivalent to biodegradation.      
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3.4 Assessment of toxicity of azo dyes                 

3.4.1 Effect of azo dyes on bacterial biomass production in dye-containing liquid  

          medium  

To assess the toxicity of various azo dyes on bacteria, tryptic soy broth containing azo 

dyes at the rate of 400 mg L-1 was inoculated with the culture of previously isolated plant 

growth promoting rhizobacteria (PGPR), Pseudomonas fluorescens and Bacillus magaterium 

(Nadeem et al., 2012). Medium without dye, but inoculated with PGPR was used as a 

control. Flasks were placed in shaking incubator at 28 °C for 48 h. Bacterial cells were 

harvested by centrifugation and then bacterial pellets were kept in a hot air oven to get dry 

weights (Kim et al., 2012a).  

3.4.2 Effect of azo dyes on soil microbial community structural changes       

To examine the effect of azo dyes (RB 5, AY 19 and DR 81) on soil microbial 

community structure, 250 g moist garden soil was taken in 500 mL plastic beakers and it was 

saturated by applying 50 mL of azo dye solution (400 mg L-1)1. In case of control, 50 mL of 

autoclaved deionized water were applied to soil. Soil was kept moist by applying dye 

solution and water after every 7 days. Five gram soil sample was taken after 28 days and 

analyzed for different microbial PLFAs to estimate the effect of azo dyes on soil microbes. 

For this purpose, PLFAs were extracted first by adding 4 mL of 50 mM phosphate buffer (pH 

7.4), 10 mL methanol and 5 mL chloroform into 5 g freeze dried soil. Forty microliters of 0.5 

M internal standard (19:0) were added after sonication for 15 min. Thereafter, samples were 

incubated at room temperature with end-over-end shaking for 2 h. Samples were centrifuged 

and supernatant was transferred to 30 mL test tubes with Teflon-lined screw cap. After this, 5 

mL of each chloroform and deionized water were added to the supernatant and shaken 

vigorously on vortex for 10 sec per sample and kept it overnight in the dark. Next day, 

aqueous phase at the top was aspirated using vacuum chamber and organic phase at the 

bottom was evaporated using N2 gas. This dried extract containing PLFAs was stored at -20 

°C.           

 Next morning, the above extract was dissolved in 250 µL of chloroform and 

transferred to the NH2-SPE columns equilibrated with 5 mL of chloroform. Columns were 

rinsed thrice with 250 µL chloroform. After this, neutral lipids and glycolipids were eluted 

with 5 mL chloroform and 10 mL acetone, respectively. Phospholipids were eluted slowly 
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with 5 mL methanol into the 10 mL glass test tubes. Methanol was evaporated with N2 gas. 

Then, 1 mL of solution (1:1 methanol: toluene) and 1 mL of freshly prepared 0.2 M 

methanolic KOH were added into these glass test tubes and mixed on vortex and then placed 

in water bath at 37 °C for 15 min. After cooling, 2 mL hexane, 0.3 mL 1 M acetic acid and 2 

mL deionized water were added. Samples were centrifuged for 10 min at 1000 rpm after 

vortex. Top phase was transferred to clean screw cap test tubes. Extraction was repeated 

twice with 2 mL hexane. Organic phase was combined and evaporated under N2 and stored at 

-20 °C. For running the samples on GC, DP vials were labeled and then inserted one micro 

sert with the blue line at the top into each vial. DI reagent (1:1 chloroform: methanol) was 

added to the sample. Solution was transferred to the DP vials putting the liquid in the micro-

sert tubes. Cap blue line at the top was applied and samples were run on the GC (Fig. 3.1).

 Concentration of different types of bacterial PLFAs was determined and categorized 

into different groups to measure changes in population of gram negative bacteria compared 

to gram positive and general bacteria. The branched phospholipids (15:0 iso, 16:0 iso 

and15:0 anteiso) were used as indicators of gram positive bacteria while PLFAs viz. 16:1ω7c, 

17:0 cyclo, 19:0 cyco c11-12, 16:1ω5c and 16:1ω 9c were considered as indicator of gram 

negative bacteria (Wilkinson, 1988; Zhang et al., 2010). All other bacterial PLFAs (15:0, 

16:0, 17:1ω8c, iso 17:1 G, 17:0 iso, 17:0 anteiso, 17:1 ω8c, 17:0 and 16:1OH) were 

categorized as general bacterial PLFAs. Percent reduction in PLFAs for each group of 

bacteria was determined in the dye treated soil in comparison to dye untreated soil. 

Moreover, PLFAs were grouped into fungal and bacterial PLFAs to test their sensitivity to 

azo dyes. Nineteen PLFAs viz. 15:0, 15:0 iso, 15:0 anteiso, 16:1ω7c, 16:1ω9c, 16:0 iso, 

16:1ω5c, 16:0, 16:1 OH, 17:0 cyclo, 17:1 ω8c, iso 17:1 G, 17:0 iso, 17:0 anteiso, 17:0, 19:0 

cyco c11-12 were used as representatives of bacteria (Frostegard et al., 1993; Wilkinson, 

1988; Hill et al., 2000) while three PLFAs including 18:1 ω9t alcohol, 18:2 ω6c and 18:1 

ω9c were used to estimate fungal PLFAs concentration (Donald et al., 2006). Percent 

reduction in fungal and bacterial PLFAs were calculated in dye treated soil compared to dye 

untreated soil.                        

3.5 Isolation and screening of azo dye degrading bacteria   

 Dye-contaminated wastewater was collected from different textile dyeing units 

located in Faisalabad district, Pakistan and stored at 4 °C. Isolation was done according to the 
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method described by Prasad and Rao (2011). The composition of mineral salt medium 

(MSM) used for the isolation of bacteria was (g L-1): NaCl (1.0), CaCl2·2H2O (0.1), 

MgSO4·7H2O (0.5), KH2PO4 (1.0), Na2HPO4 (1.0), yeast extract (4.0), RB 5 dye (0.2) and 

agar (18.0). Thirty morphologically distinct colonies having clear zones around them on solid 

agar medium containing RB 5 azo dye were selected. Isolates were purified by streaking 

thrice on fresh agar medium by picking isolated colonies from the respective plate. 

Furthermore, these isolates were screened for their potential to decolorize RB 5 azo dye 

using MSM containing 200 mg L-1 RB 5 dye and 1 g L-1 yeast extract.   

 For screening purpose, the pure cultures of all isolates were grown in 250 mL 

Erlenmeyer flasks containing 100 mL sterilized MSM supplemented with 4 g L-1 yeast 

extract. These flasks were incubated at 28 °C under shaking conditions. Bacterial isolates 

were grown till an optical density (OD) of 0.8 was achieved at 600 nm. Dye solution was 

spiked into the autoclaved MSM to make final concentration of RB 5 as 200 mg L-1. 

Experiment was done in 10 mL glass tubes and bacterial inoculum (OD600=0.8) was added 

into the decolorizing medium at the rate of 1 mL per 10 mL MSM and then incubated at 28 

°C under static condition. Uninoculated MSM containing dye was incubated under similar 

conditions as a control to check for abiotic decolorization. Each treatment was repeated 

thrice. The strain exhibiting highest decolorizing ability was selected for subsequent studies. 

 For measuring decolorization, one milliliter aliquot was taken from each glass tube 

after 4 h, centrifuged at 10,000×g for 15 min at 4 °C to remove the cells. The supernatant was 

analyzed spectrophotometrically at λmax of RB 5 (597 nm) against uninoculated medium. The 

percentage decolorization was calculated as follows (Saratale et al., 2006) 

% Decolorization =    (Ainitial - Atime) ×100 

       Ainitial   

  

3.6 Decolorization of structurally different azo dyes by cells of strain IFN4 

In this study, the potential of bacterial strain IFN4 to decolorize different azo dyes 

(DR 81, AR 88, RB 5 and AY 19) and their mixture was tested in liquid MSM (pH 7.2) with 

and without yeast extract (1 g L-1). Concentration of individual dyes and their mixture was 

maintained as 200 mg L-1 medium. For making a mixture of dye solution of equal 
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concentration, each dye was added at the same ratio (1:1:1:1, v/v). Experiment was 

performed by following the same procedure described above.  

3.7 Optimization of dye decolorization process by cells of strain IFN4  

Mixture of three azo dyes (DR 81, AR 88 and RB 5) was used to optimize the 

incubation and to achieve the highest decolorization rate of dyes. The efficiency of strain 

IFN4 to decolorize mixture of azo dyes was examined over a wide range of pH (5-10). 

Desired pH of the medium was adjusted with 0.5 N HCl or NaOH. Effect of temperature (20-

50 °C) on decolorization rate was determined at optimal pH level. To find out the impact of 

aeration on the azo dye decolorization, experiment was laid out in 50 mL flasks which were 

incubated at three different incubation conditions (static, shaking, shaking plus static). For 

agitation plus static treatment, flasks were placed for 2 h under shaking and next 2 h under 

static condition. In all three cases, growth of bacteria was also measured. Azo dye 

decolorization and growth of bacteria were determined simultaneously. Bacterial biomass 

was determined by measuring absorbance of the suspension at 600 nm before and after 

centrifugation. The difference in absorbance was equivalent to bacterial growth.                

 To assess the influence of inoculum rate, decolorizing medium was inoculated by 1, 

2, 4, 6, 8, 10 and 15% (v/v) bacterial culture (OD600=0.8). This experiment was performed 

under optimal pH (8.5) and temperature (35 °C) under static condition. All the subsequent 

experiments on azo dye decolorization by IFN4 cells were performed under optimal 

conditions. 

3.8 Comparative effect of different co-substrates on azo dye decolorization by cells of 

strain IFN4 

In this study, nine different co-substrates such as glucose, starch, sucrose, fructose, 

lactose, mannitol, peptone, tryptone and beef extract were compared with yeast extract to 

assess their impact on decolorisation of mixture of azo dyes. Each co-substrate was used at 

the rate of 1 g L-1 MSM. The medium without any co-substrate was used as control. The pH 

of each medium was adjusted to 8.5 after addition of co-substrate and sterilized at 121 °C for 

15 min and cooled to ambient temperature before addition of azo dyes and inoculum. 

Decolorization of mixture of dyes was determined after 4 h of incubation.   

 Based on maximum decolorization rate, yeast extract was added at various 

concentrations in MSM. This test was performed to optimize concentration of yeast extract 
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for efficient azo dye decolorization. For this, MSM was supplemented with various levels of 

yeast extract ranging from 0-10 g L-1. Furthermore, role of various components of yeast 

extract such as riboflavin, pyridoxine and thiamine in azo dye decolorization was 

investigated. The impact of these compounds on azo dye decolorization was assessed 

individually as well as in combination with yeast extract (1 g L-1). Each of these compounds 

was added into the decolorizing medium at the rate of 25 mg L-1, while all other conditions 

were the same for all treatments. Experiment was performed under optimal conditions as 

mentioned earlier. Based on this experiment, various concentrations of riboflavin were used 

to find out its concentration dependent effect on decolorization of mixture of azo dyes 

3.9 Localization of azoreductase involved in azo dye decolorization by strain IFN4 

Mineral salt medium containing 4 g L-1 yeast extract was autoclaved in Erlenmeyer 

flask of 4 L (fig. 3.1) and inoculated by adding 1 mL inoculum of strain IFN4. The flasks 

were incubated at 35 °C under static condition. After 24 h of incubation, medium was spiked 

with mixture of three dyes (DR 81, AR 88 and RB 5) making final concentration of the dyes 

as 100 mg L-1. Each dye was added at equal concentration. The dye-containing bacterial 

culture was further incubated at 35 °C till complete decolorization of the dye was achieved. 

After decolorization, bacterial cells were collected by centrifugation at 10,000×g for 15 min 

at 4 °C. The supernatant was used to examine extracellular azoreductase activity using the 

method described by Chen et al. (2011). Bacterial pellet was used to study cytoplasmic and 

membrane bound azoreductase activity. For this, bacterial pellet was washed twice with tris-

HCl buffer (pH=8.0, 100 mM). After this, bacterial pellet was resuspended in the same tris-

HCl buffer containing 1mM DTT, 1mM EDTA, and 5% (w/w) glycerol. Cell suspension was 

passed through French press at 125 MPa. Cell debris and unbroken cells were removed by 

centrifugation at 5,000×g for 1 h (Hong et al., 2007). The resulting stuff contained mixture of 

both cytoplasm and membranes. Cytoplasm and membranes were separated by 

ultracentrifugation at 200,000×g for 1 h at 4 °C. The supernatant was as such tested for 

cytoplasmic activity. The membranes collected at the bottom of the tube were suspended in 

buffer and washed twice to remove any adsorbed cytoplasmic proteins. In the next step, 

membranes were treated with 0.1% triton X100 (20%, w/w) and incubated at 4 °C for 1 h to 

elute membrane bound proteins. Membrane free supernatant was obtained by 

ultracentrifugation and tested for azoreductase activity.  
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Fig. 3.1 Steps involved in the collection of membranes and cytoplasm of bacterial cells  

Step 1. Bacteria were grown under static 
condition in MSM supplemented with yeast 
extract for 24 h 

Step 2. Bacterial pellet was collected by 
centrifugation at 10,000×g for 10 min 

Step 3. Cell membrane of bacteria was 
ruptured by passing bacterial suspension 
through french press 

Step 4. Cytoplasm and membranes were 
separated by ultracentrifugation 



32 
 

Activity of the extracellular, cytoplasmic, membrane bound and mixture of 

cytoplasmic and membrane bound proteins was tested using procedure described by 

Zimmermann et al. (1982). Reaction was run in glass cuvettes (path length 1 cm) with a total 

volume of 1 mL. The reaction mixture consisted of anaerobic buffer solution, coenzyme 

(NADH or NADPH), AR 88 dye and protein solution. Anaerobic buffer solution was created 

by boiling the water for 2 h and then flushing with N2 gas. Concentration of coenzyme and 

AR 88 in the reaction mixture was 1 mM and 50 µM, respectively. A UV-visible 

spectrophotometer was used for monitoring changes in absorbance at 508 nm. The change in 

absorbance per min was used to calculate azoreductase activity based on the molar extinction 

coefficients of s7.8 mM-1 cm-1. One unit (U) is equivalent to amount of enzyme required to 

breakdown 1 µM of the dye per min. Protein concentration was determination by method of 

Bradford (1976) using serum albumin as a standard protein.     

 Mixture of cytoplasmic and membrane bound proteins was used in combination in 

subsequent studies to examine the effect of various factors on azoreductase activity   

3.10 Comparative effect of various co-substrates on azoreductase activity of strain IFN4  

A higher concentration (1000 mg L-1) stock of each co-substrate such as yeast extract, 

glucose, starch, sucrose, fructose, lactose, mannitol, peptone, tryptone and beef extract was 

prepared in deionized water. Assay contained NADH (1 mM), tris-HCl buffer (pH 8.0 100 

mM), AR 88 (50 µM), co-substrate (2 g L-1) and enzyme solution. For control, none of the 

above mentioned compounds was added into the reaction mixture. Among the different co-

substrates, yeast extract showed the highest azoreductase activity and its concentration effect 

was further studied on the azoreductase activity. Yeast extract was added into the enzyme 

assay at concentrations ranging from 0-10 g L-1 and Vmax and Km values for yeast extract were 

determined using Michaelis-Menten  kinetics. Like whole cells, impact of riboflavin, 

pyridoxine and thiamine was also tested on azoreductase activity using NADH as electron 

donor than yeast extract. Each compound was added into azoreductase assay at the rate of 25 

mg L-1. Furthermore different concentrations (0-200 µg mL-1) of riboflavin were also added 

in the azoreductase assay.  
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3.11 Flavin reductase activity and correlation between flavin reduction and azo dye  

reduction        

Flavin reductase activity was determined using the method described by Moller et al. 

(2010). The reaction mixture was composed of tris-HCl buffer (pH 8.0, 100 mM), FAD (0-

100 µM), enzyme solution and NADH (1 mM). Reaction was started by the addition of 

NADH and changes in absorbance at 454 nm (λmax for FAD) were measured. Various 

concentrations of FAD (0-100 µM) were used in this study. To estimate the effect of FAD 

concentration on azo dye reduction, AR 88 was added into the reaction mixture used to 

measure FAD reduction, and changes in absorbance were noted at 508 nm (λmax). Further, 

correlation was determined between flavin reduction and azo dye reduction at each 

concentration of FAD.  

3.12 Influence of metal ions on biodecolorization of RB 5 and growth of bacterium 

In the first step, decolorization potential of strain IFN4 was assessed in liquid medium 

containing metal ions such as Cu2+, Ni2+, Cd2+, Fe3+, Fe2+, Co2+
, Zn2+, Cr2+, Mn2+

 and Pb2+. 

The concentration of each metal ion was ranged from 0-10 mg L-1. Higher concentration 

stock of each metal (1000 mg L-1) was prepared in deionized water using salts such as CuCl2. 

2H2O, NiCl2
, CdCl2, FeCl3, CoCl2, ZnCl2, CrCl2, MnCl2 and (CH3COO)2Pb. Mineral salt 

medium of pH 8.5 containing 2 g L-1 yeast extracts, 1 g L-1 NaCl and 200 mg L-1 RB 5 dye 

was used. Other components of the MSM (Khalid et al., 2008) were excluded from medium 

to avoid metal precipitation. Medium was autoclaved and RB 5 was spiked into the medium 

from stock solution, making final concentration of the dye as 200 mg L-1. Medium was 

transferred to 10 mL glass tubes having caps. Metal concentrations of 2.5, 5 and 10 mg L-1 

were maintained in total of 10 mL MSM by adding 25, 50 and 100 µL of each metal solution 

(1000 mg L-1).  For control, autoclaved deionized water was added to the medium instead of 

metal solution. Bacterial inoculum having OD600= 0.80 was applied and tubes were incubated 

at 35 °C under static condition. Percent decolorization was determined periodically after 1, 2, 

4 and 12 h of incubation. After that, influence of mixture of metal ions (0-30 mg L-1) on the 

decolorization efficiency of the cells of strain IFN4 was tested. A stock solution containing 

1000 mg L-1 of mixture of metal ions was prepared by taking equal volume from stock 

solution (1000 mg L-1) of each metal ion. It was used to make the required concentration in 

the MSM.           
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 For the estimation of effect of metals ions on bacterial biomass, dye-deficient MSM 

was used. After inoculation, initial OD was determined at 595 nm using micro plate reader 

and tubes were incubated at 35 °C under static condition. After 12 h, again optical density 

was measured. Difference in OD595 between 0 and 12 h was equivalent to growth rate of the 

bacteria. Relative growth rate was calculated at different concentrations of each metal ion by 

taking absorbance of control (inoculated but no metal) as 100.     

 3.13 Influence of various salts on biodecolorization of RB 5 and growth of bacterium 

Strain IFN4 was examined for its ability to decolorize RB 5 azo dye and to grow in 

the presence of three different salt viz., NaCl (0-80 g L-1), Na2SO4 (0-80 g L-1) and NaNO3 

(0-10 g L-1). Medium of similar composition was used for both decolorization and growth 

study, but medium was spiked with dye while studying the effect of salts on 

biodecolorization.  pH of the medium was adjusted to 8.5 and then autoclaved. Tubes were 

sealed tightly after inoculum addition and incubated under optimal conditions as described 

above. For measuring decolorization, absorbance was determined spectrophotometrically at 

597 nm at various times of incubation to monitor changes in dye disappearance with time. To 

measure bacterial growth, absorbance at 595 nm was recorded after 0 and 12 h using micro 

plate reader and then relative growth rate was estimated.  

3.14 Influence of metal ions and salts on azoreductase activity of strain IFN4 

Azoreductase activity was tested in the presence of 0, 2.5, 5.0 and 10 mg L-1 of 

individual metal ions (Cu2+, Ni2+, Cd2+, Fe3+, Fe2+, Co2+, Zn2+, Cr2+, Cr6+, Mn2+ and Pb2+) and 

0-30 mg L-1 of metal ions mixture by using equal concentration of each metal ion. 

Azoreductase activity was also assessed in the presence of NaCl, Na2SO4 and NaNO3 in the 

assay. NaCl and Na2SO4 were added into the assay at concentration ranging from 0-80 g L-1 

while NaNO3 was added at concentration between 0-10 g L-1. For measuring azoreductase 

activity at various levels of metal ions and salts, concentration of NADH (1 mM), RB 5 (50 

µM) and enzyme solution were kept constant. The change in absorbance at 597 nm per min 

was used to calculate azoreductase activity based on the molar extinction coefficients of 35.5 

mM-1 cm-1.  
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3.15 Effect of triton X-100 on activity of membrane bound azoreductase of strain     

         IFN4 

A stock of triton X-100 {20% (w/v)} was prepared and used to make different 

concentrations ranging from 0-1% in tris-HCl buffer (pH 8, 100 mM). Membranes were 

treated with different concentrations of triton-X 100 while gently stirring on ice. After 1 h, 

supernatant was obtained by ultra-centrifugation at 200,000×g for 1 h at 4 °C. Then, 

azoreductase activity of the each protein was tested using azoreductase assay. The reaction 

components of the assay include tris-HCl buffer (pH 8, 100 mM), NADH (1mM), RB 5 (50 

µM) and protein solution (100 µL). In case of control, activity of untreated membranes was 

determined. Based on the high specific activity at 0.1% triton-X100, it was used in the further 

studies to collect membrane bound proteins. 

3. 16 Characteristics of membrane bound azoreductase of strain IFN4  

To measure substrate specificity of the membrane bound azoreductase, activity of the 

protein was examined by using six dyes as a substrate at equimolar concentration. 

Concentration of NADH and membrane bound proteins was kept constant with all the dyes. 

The decrease in optical density was measured at λmax of each dye [RB 5 (597), DR 81 (505), 

AR 88 (508), DO 3 (443), AY 19 (223) and RB 4 (595)] using spectrophotometer. Molar 

extinction coefficient (mM-1 cm-1) of each dye (RB 5 35.5, DR 81 55.2, AR 88 7.8, DO-3 

29.21, AY 19 61.29 and RB 4 33.21) was used to determine the specific activity of the 

proteins. For thermal stability, the enzyme samples were pre-incubated with 100 mM tris-

HCl buffer (pH 8.0) at different temperatures between 10 and 80 °C for 30 min. After this, 

protein samples were brought to 4 °C by keeping on ice and azoreductase activity was 

measured. Effect of temperature on azoreductase activity was studied by conducting the 

azoreductase assay at temperature ranging from 10 to 80 ◦C. The influence of pH on the 

azoreductase activity was studied over a wide range of pH (from 5 to 10) using a mixture of 

different buffers adjusted to the same ionic strength (carbonate, sodium phosphate, tris-HCl 

and sodium acetate). Activity of the azoreductase was also assessed in the presence of three 

redox mediators (riboflavin, AQDS and AQS) in azoreductase assay. Each redox mediator 

was added at concentration of 25 µM in the reaction mixture.               
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3.17 Purification of azoreductase                   

Crude membrane bound proteins were collected according to the procedure described 

in the section 3.9. The crdue protein solution was subjected to fractionated ammonium 

sulfate precipitation at 25% saturation to remove impurities, followed by 70% saturation in a 

second step to precipitate the highly specific proteins. The proteins after the second 

precipitation step were collected by centrifugation, and the protein pellet was dissolved in the 

tris-HCl buffer. The solution was desalted by using PD-10 desalting column. These proteins 

were loaded on pre-equilibrated Q sepharose FF column  (2 cm×10 cm). The column was 

thoroughly washed with equilibrating buffer to remove unbound proteins. Thereafter, 

proteins were eluted with different concentrations of  NaCl (0, 100, 200, 300, 400 and 500 

mM) in tris-HCl buffer. Five fractions each of 1 mL were collected with each NaCl 

concentration and numbered from 1-25. These all fractions were tested for azoreductase 

activity. Fractions showing good azoreductase activity were deslalted and pooled together. 

To estimate extent of purifcation, sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE) was performed using 5% stacking and 10% resolving polyacrylamide gel as 

described by Laemmli (1970). Protein Molecular Marker (BenchMark™ Protein Ladder, 

Invitrogen, 10-220 kDa) was used for the determination of molecular weight of azoreductae 

of strain IFN4. Gel was stained for proteins with Coomassive blue G dye. 

3.18 Determination of molecular mass and identification of the protein 

Polyacrylamide gel electrophoresis was carried out with partially purified proteins 

collected from ion exchanger to identify the band responsible for azoreductase (Lameli et al., 

1976). For this, polyacrylamide gel electrophoresis was carried out with some modification 

for native gel, i.e., both the detergent component sodium dodecyl sulfate (SDS) and 2-

mercaptoethanol were omitted. Polyacrylamide gel (7.5%) was casted. Gel was run on ice by 

keeping the gel cold to prevent the loss of activity. Partially purified protein sample (2:1) was 

added in two lanes and electrophoresis was run. Then one lane of gel was cut into 10 

fragments and each of them was tested for azoreductase activity. The other lane was stained 

using Coomassive blue G dye to make different bands visible. The band on native PAGE for 

azoreductase was cut from the gel and suspended in 500 µL of sample buffer for half an 

hour. Sample buffer was prepared by mixing 2.5 mL tris-HCl (pH= 6.8, 0.5 M), 4 mL SDS 

(10%), 2 mL glycerol, 2 mg bromophenol, 0.31 g DTT and Mili Q water was added to make 
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volume 10 mL.  Lane one was used for SDS-PAGE protein molecular marker (BenchMark™ 

Protein Ladder, Invitrogen, 10-220 kDa), 2nd and 3rd lanes were used for partially purified 

protein and band, respectively. Gel was run and stained using Coomassive blue G. Target 

band was excised with a razor blade. Mass spec method was used to identify the protein.  

3.19 Bacterial identification  

Strain IFN4 was identified by morphological and molecular characteristics. The strain 

was Gram negative and color of its old culture was orange to brick red (Fig. 3.1), which is a 

characteristic of species of genus Shewanella. Moreover, 16S rRNA gene analysis was 

performed. Genomic DNA was extracted using whole-cell lysates from pure culture using 

PCR-LYSETM solution (Epicenter) as described by the manufacturer. The 16S rRNA genes 

were amplified using forward {27F (GAGCTCAGAGTTTGATCMTGGCTCAG)} and 

reverse {1492R (ACGGYTACCTTGTTACGACTT)} primers. The PCR products were 

purified using a QIAGEN-QIA quick PCR purification kit and sequenced by Sanger method. 

Nucleotide sequences were determined by sequencing (ABI PRISM® 377 DNA sequencer, 

USA). The partial sequence (fig. 3.2) was aligned and compared with other sequences in the 

NCBI database using BLASTn. The strain IFN4 showed >96% homology with other 

bacterial strains belonging to genus Shewanella. The sequence of strain IFN4 was submitted 

to NCBI GenBank and accession number (KF840161) was obtained. To confirm 

identification, strain IFN4 was also identified using Biolog identification system 

(MicrologTM system release 4.2, Hayward, CA, USA). 

3.20 Statistical methods  

Data of each experiment was analyzed separately. For few experiments, standard 

deviation was employed to compare the treatments while other data were statistically 

analyzed for significant effect of various treatments according to completely randomized 

design (CRD). Significant treatment means were compared using least significance 

difference (LSD) method (Steel and Torrie, 1980) at p≤0.05. Furthermore, PCA was used to 

compare PLFA profiles of four soils treated with four azo dyes.  All analyses were conducted 

using Minitab 14 (Analytical Software Minitab Inc., State College, PA) statistical software. 
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Fig. 3.2: Partial 16S rRNA sequence of Shewanella sp. strain IFN4 

TGAGCGCCCCCCGAGGTTAAGCTACCCACTTCTTTTGCAGCCCACTCCCATGGTGTGA

CGGGCGGTGTGTACAAGGCCCGGGAACGTATTCACCGTGGCATTCTGATCCACGATT

ACTAGCGATTCCGACTTCATGGAGTCRAGTTGCAGACTCCAATCCGGACTACGACAAG

CTTTGTGAGATTAGCTCCACCTCGCGGCTTTGCAACCCTCTGTACTCGCCATTGTAGCA

CGTGTGTAGCCCTACTCGTAAGGGCCATGATGACTTGACGTCGTCCCCACCTTCCTCC

GGTTTATCACCGGCAGTCTCCCTAGAGTTCCCACCATTACGTGCTGGCAAATAAGGAT

AGGGGTTGCGCTCGTTGCGGGACTTAACCCAACATTTCACAACACGAGCTGACGACA

GCCATGCAGCACCTGTCTCACAGTTCCCGAAGGCACAACCGCATCTCTGCAGTCTTCT

GTGGATGTCAAGAGTAGGTAAGGTTCTTCGCGTTGCATCAAATTAAACCACATGCTCCA

CCGCTTGTGCGGGCCCCCGTCAATTCATTTGAGTTTTAACCTTGCGGCCGTACTCCCC

AGGCGGTCTACTTAATG 
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Graphical overview of the experiments 
 
 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 

 

Collection of wastewater samples from the outlets of textile units 

Isolation of azo dye degrading bacteria from wastewater samples and testing them 
for dye degradation potential  

Optimization of operational parameters for Shewanella sp. strain IFN4 for faster 
degradation of azo dyes 

Investigating the role of co-substrates in azo dye degradation by conducting 
various studies with whole bacterial cells and azoreductase  

Development of protocol to extract azo dyes from dye contaminated soil samples 

Estimation of stability of azo dyes in soil and evaluating their toxicity to soil 
microbes through PLFA analysis 

Estimation of site of action of azoreductase during dye degradation 

Selection and identification of most efficient azo dye degrading bacterium 
(Shewanella sp. strain IFN4) 

Estimating the influence of various metal ions and salts on rate of dye degradation 
and exploring their mechanism of inhibition  

Purification, characterization and identification of membrane azoreductase of 
Shewanella sp. strain IFN4 

Conclusions and Recommendations 
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Chapter # 4          
           Results   

 

Results regarding the stability of various azo dyes in soil, their toxicity and 

degradation by whole cells of bacteria, isolated from wastewater of textile units and the 

enzyme azoreductase are presented here.  

4.1 Recovery of DR 81 azo dye from soil by various extracting substances 

Four solvents were used alone as well as in all possible combinations to extract DR 

81 azo dye from soil. Data regarding the dye recovery efficiency of various extracting 

substances are shown in Fig. 4.1. Maximum amount (92%) of the applied dye was recovered 

from soil in case where all four extractants (water, methanol, acetone and chloroform) were 

used together. Other combinations (aceton+water, methanol+water, acetone+methanol and 

chloroform+water+methanol) also resulted in high recovery of the dye from the soil ranging 

from 82.17-87.57%. Extraction of the azo dye with single extractant such as water, 

chloroform or acetone was significantly (p≤0.05) lower than the combined treatments. The 

amount of the dye recovered from water, acetone and chloroform was 32.6, 4.89 and 2.4%, 

respectively. However, treatment with methanol alone recovered the dye up to 65.67% from 

the soil. 

4.2 Recovery of structurally different azo dyes from soil 

Based on the recovery efficiency, a combination of four solvents (water, methanol, 

chloroform and acetone) was used to extract the structurally different azo dyes (AR 88, RB 5 

and AY 19) from soil. It was found that percent recovery of all three dyes was significantly 

(p≤0.05) different from each other. Results showed maximum recovery of AR 88 (82%) from 

soil which differed significantly (p≤0.05) from the recovery of other two dyes such as RB 5 

and AY 19. Recovery of RB 5 and AY 19 was 52 and 59%, respectively (Fig. 4.2). 
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Fig. 4.1: Recovery (%) of DR 81 azo dye from soil by various extractants. Bar  
 showing different alphabets are statistically (p≤0.05) different from 
others 
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 Fig. 4.2:  Recovery (%) of structurally different azo dyes from soil using mixture 
of water, chloroform, acetone and methanol. Bar showing different 
alphabets are statistically (p≤0.05) different from others 
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4.3 Assessment of stability of azo dyes in soil 

The dose of dye recovered from the unsterilized soil compared to sterilized soil 

showed the amount of dye that does not degraded by soil microorganisms over a period of 

time.  It was observed that amount of dye recovered from the unsterilized soil was much less 

than the sterilized soil (Table 4.1).  After 7 days of incubation, the recovery of DR 81, RB 5 

and AY 19 from sterilized soil was 91.75, 50.81 and 57.29%, respectively. It decreased to 

only 85.71, 41.41 and 48.75% after 28 days. In case of the unsterilized soil, recoveries of DR 

81, RB 5 and AY 19 from sterilized soil were 85.85, 22.90 and 32.60, respectively after 7 

days which decreased to 35.60, 1.00 and 5.90% after 28 days. Thus, the difference in 

recoveries between the sterilized and unsterilized soil widened over time because of 

microbial degradation of azo dyes in unsterilized soil.  

4.4 Effect of azo dyes on biomass production of plant growth promoting  

      rhizobacteria  

Data on the toxicity of various azo dyes to Pseudomonas fluorescens and Bacillus 

megaterium, isolated from the Avocado rhizosphere are summarized in the Fig. 4.3. It was 

observed that Pseudomonas fluorescens was more sensitive to azo dyes than Bacillus 

megaterium. Dry biomass of Pseudomonas fluorescens was 490 mg in dye deficient medium 

after 48 h which decreased to 371, 430, and 405 mg in the medium containing AY 19, RB 5 

and DR 81, respectively. In case of Pseudomonas fluorescens dry biomass produced in the 

absence of dye was 536 mg which decreased to only 525, 505 and 522 mg with AY 19, RB 5 

and AR 88, respectively. 

4.5 Effect of azo dyes on soil microbial community structural changes  

Results of phospholipids fatty acid analysis of soil showed that azo dyes changed the 

soil microbial community structure. Principal component analysis of PLFAs clearly 

distinguished different microbial community structure in soil with azo dyes compared to 

untreated soil (Fig. 4.4). Scores of water treatment occupied different ordinal spaces 

compared to dyes which indicate that microbial community differed among the treatments 

(water, AY 19, RB 5 and DR 81). Composite score of PLFAs in case of water occupied 

positive portion of both PC1 and PC2 while composite score for AY 19 azo dye occupied 

positive and negative portion of PC1and PC2. Scores for RB 5 and DR 81 appeared in 

negative and positive portion of PC1 and PC2.  
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Table 4.1: Recovery (%) of azo dyes from sterilized and unsterilized soil over  
 time using mixture of water, chloroform, acetone and methanol  

 

Azo 

Dyes 

Recovery (%) 

7 days 14 days 28 days 

Sterilized 
soil 

Unsterilized 
soil 

Sterilized 
Soil

Unsterilized 
soil

Sterilized 
Soil 

Unsterilized 
soil

DR 81 91.68±2.37a 85.82±1.40b 87.75±1.90 ab 63.5±1.01c 85.71±1.45b 35.6±1.74h 

RB 5 50.75±1.33ef 22.9±0.78i 47.71±0.64f 17.3±0.58 j 41.46±2.01g 1±0.31l 

AY 19 57.95±1.91 d 32.6±1.39h 54.47±1.16de 24.6±1.92i 48.75±0.99f 5.9±1.37k 

Data are shown as means±SE of three replicates. Values showing different alphabets are 
statistically (p≤0.05) different from others 
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Fig. 4.3: Effect of azo dyes on dry biomass (mg) production of plant growth  
promoting rhizobacteria grown in dye-containing liquid medium. Data 
are shown as means±SE of three replicates 
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Fig. 4.4: PCA plot of microbial community structure of soil treated with  
      different azo dyes (W: Water, AY: Acid Yellow, DR: Direct Red,    
      RB: Reactive Black) 
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Principal component analysis indicated that there was no difference between RB 5 and DR 

81 azo dye because their scores appear at almost same ordinal spaces, but the microbial 

community structure differed in case of these dyes compared to AY 19 dye and water. 

Twenty nine different PLFAs were detected in soil ranging from 14 carbons to 22 

carbons (Table 4.2). PLFA profile showed that soil was dominated with 16:0, 15:0 iso, 

16:1ω7c, iso17:1G, 18:1ω9c, and 19:0 cyclo c11-12 PLFAs. Contrary to this, concentration 

of 14:0, 15:0 iso, 17:0 and 18:1ω9t alcohol was very low. Total PLFAs concentration of soil 

varied among the treatments, and it was in the order of water<AY 19<DR 81=RB 5 (Fig. 

4.5). Phospholipids fatty acid profile revealed that out of 29 different fatty acids used to 

assess the microbial community structure, concentration of 23 PLFAs was significantly 

reduced by azo dyes. Concentration of three fatty acids (20:0, 21:1ω3c and 22:0) was higher 

in soil spiked with the azo dyes while concentration of 14:0 iso, 15:0 anteiso and 15:0 were 

not significantly (p≤0.05) affected from the azo dyes. It was noticed that AY 19 azo dye was 

least toxic for the microbes while microbial community was more badly affected by the 

presence of RB 5 and DR 81 dye in the soil. Furthermore, it was noticed that AY 19 did not 

significantly (p≤0.05) reduce the concentration of 12 PLFAs (14:0 iso, 15:0 anteiso, 15:0, 

16:1ω9c, 17:1ω8c, 18:1ω9t alcohol, 18:2ω6c, 18:1ω9c, 20:0, 21:1ω3c and 22:0). In case of 

RB 5, concentration of only 8 PLFAs (14:0 iso, 15:0 anteiso, 15:0, 18:2ω6c, 20:0, 21:1ω3c 

and 22:0) was not reduced. Concentration of 7 PLFAs (14:0 iso, 15: iso G, 15:0 anteiso, 15:0, 

20:0, 21:1ω3c and 22:0) was not decreased significantly (p≤0.05) by DR 81 azo dye.

 Fig. 4.6 shows the effect of azo dyes on gram negative (16:1ω7c, 17:0 cyclo, 19:0 

cyco c11-12, 16:1ω 5c and 16:1ω9c), gram positive (15:0 iso, 16:0 iso and15:0 anteiso) and 

general bacterial PLFAs (15:0, 16:0, 17:1w8c, iso 17:1 G, 17:0 iso, 17:0 anteiso,17:1ω8c, 

17:0 and 16:1OH ). It was observed that concentration of gram negative bacterial PLFAs was 

more reduced by the azo dyes than gram positive and general bacterial PLFAs. With AY 19, 

reduction in the concentration of gram positive, gram negative and general bacterial PLFAs 

was 8.28, 9.38 and 7.96%, respectively. In case of RB 5, concentration of gram positive, 

gram negative and general bacterial PLFAs was reduced to 11.12, 17.28 and 14.38% , 

respectively while percent reductions were 9.59 (gram positive), 17.98 (gram negative) and 

15.98 (general bacteria) in case of DR 81. 
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Fig 4.5: Phospholipids fatty acids concentration (nmol/g soil) of azo dye  
                    treated and untreated soil. Bar showing different alphabets are  

          statistically (p≤0.05) different from others 
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Table 4.2: Impact of azo dyes on concentration (nmol/g soil) of various  
        PLFAs in soil  

 

PLFAs 
PLFAs concentration (nmol/g soil) 

Water Acid Yellow19 Reactive Black 5 Direct Red 81

14:0 iso 0.71 a 0.72 a 0.69ab 0.70 ab 
14:0 1.52 a 1.36 b 1.30 b 1.36 b 
15:1 iso G 0.54 a 0.45 bc 0.44 c 0.50 ab 
15:0 iso 7.03 a 6.17 b 6.04 b 5.94 b 
15:0 anteiso 3.62 a 3.48 ab 3.41ab 3.64 a 

15:0 0.72 a 0.70 a 0.69 a 0.70 a 

16:0 iso 3.26 a 3.12 b 2.92 c 3.00 c 
16:1ω9c 1.50 a 1.47 a 1.28 b 1.28 b 
16:1ω7c 7.14 a 6.61 b 5.28 c 5.72 d 
16:1ω5c 4.14 a 3.82 b 3.54 c 3.32 d 

16:0 15.23 a 13.91bc 12.90 c 13.43 b 
17:1ω8c 1.24 a 1.18 ab 1.07 b 1.10 b 

iso 17:1 G 13.84 a 12.78 b 12.02 b 10.70 c 

17:0 iso 2.48 a 2.25 b 2.01 c 1.97 c 

17:0 anteiso 2.59 a 2.43 b 2.19 c 2.29 d 

17:1ω8c 1.24 a 1.18 ab 1.07 b 1.10 b 
17:0cyclo 2.94 a 2.74 b 2.32 c 2.46 d 
17:0 0.97 a 0.87 b 0.83 b 0.86 b 
16:1 2OH 1.41 a 1.25 b 1.13 c 0.98 d 
18:1ω9t alcohol 0.75 a 0.70 ab 0.66 b 0.67 b 
18:2ω6c 1.34 a 1.25 a 1.05 ab 1.34 b 

18:1ω9c 10.53 a 9.84 ab 8.99 b 9.20 b 

18:0 4.83 a 4.15 b 4.12 b 4.18 b 

19:1 (ω 8?) alcohol 2.54 a 2.37 b 2.13 c 2.15 c 

19:0 cyclo c11-12 12.03 a 10.50 b 10.54 b 9.97 b 

20:4ω6c 1.16 a 0.98 b 0.92 bc 0.86 c 
20:0 1.54 d 2.26 b 1.91  c 2.10 a 
21:1ω3c 1.32 c 2.27 a 1.85 b 2.05 ab 
22:0 1.21 b 1.79 a 1.68 a 1.74 a 
Data are shown as means of four replicates Values showing different alphabets within the 
each row are significantly different (p≤0.05) from others 
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Fig. 4.6: Effect of azo dyes on gram positive, gram negative and general bacterial             
     PLFAs. Data are shown as means±SE of four replicates 

 

 

 

 

 

 

 

 

 

 

 

 

0

2

4

6

8

10

12

14

16

18

20

Gram positive Gram negative General bacteria

AY-19
RB-5
DR-81



51 
 

Fig. 4.7 shows the effect of azo dyes on bacterial (16:1 ω 7c, 17:0 Cyclo, 19:0 cyco 

c11-12, 16:1ω 5c and 16:1ω 9c, 15:0, 16:0, 17:1 w8c, iso 17:1 G, 17:0 iso, 17:0 anteiso,17:1 

w8c, 17:0 and 16:1 OH, 15:0 iso, 16:0 iso and15:0 anteiso) and fungal PLFAs (18:1 w9t 

Alcohol, 18:2w6c and 18:1w9c). Concentration of bacterial PLFAs was higher than fungal 

PLFAs. There was no difference in percent reduction of bacterial and fungal PLFAs with AY 

19 dye while in case of RB 5, fungal PLFAs were more substantially affected than bacterial 

PLFAs. Percent reduction in bacterial FLFAs was more with DR 81 dye than fungal PLFAs.  

4.6 Isolation and screening of azo dye decolorizing bacteria  

Thirty bacterial isolates exhibiting decolorization on agar plates were selected to 

study their decolorization potential in liquid medium containing 200 mg L-1 RB 5 azo dye. 

The results are summarized in Table 4.3. All the bacterial isolates showed potential to 

decolorize RB 5 in liquid MSM, but their decolorization efficiency varied substantially. 

Strain IFN4 was the most efficient RB 5 decolorizer as 92.5% decolorization was achieved in 

just 4 h of incubation under static condition. However, isolates such as IFN2, IFN6, IFN7, 

IFN13, IFN20, IFN27 and IFN28 were found slow degrader of RB 5 azo dye as only 10.5, 

12.8, 2.7, 7.04, 13.8, 12.2 and 14.8% decolorization was recorded, respectively. 

4.7 Decolorization of structurally different azo dyes by cells of strain IFN4  

 On the basis of maximum decolorization rate, bacterial strain IFN4 showing the 

highest decolorization potential was further tested to decolorize structurally different azo 

dyes as well as their mixture (200 mg L-1). Rate of decolorization of azo dyes by whole cells 

of IFN4 was much greater in the medium supplemented with yeast extract than the medium 

having no yeast extract (Table 4.4). Color of three azo dyes such as DR 81, RB 5 and AR 88 

was almost completely removed in 4 h under static incubation. However, AY 19 decolorized 

up to 72% during the same time. Contrarily, negligible decolorization of all four dyes was 

observed in MSM deficient in yeast extract. Moreover, it was noticed that initial rate of 

decolorization of different dyes was significantly different from each other. The azo dye RB 

5 decolorized about 50% in 1 h incubation, while decolorization ranged from 21.0 to 39% 

with other dyes. Strain IFN4 was also effective in removing color from MSM having mixture 

of azo dyes (RB 5, AR 88, DR 81 and AY 19) and 82% decolorization was achieved in 4 h. 
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Fig. 4.7: Comparative effect of azo dyes on bacterial and fungal PLFAs.  

     Data are shown as means±SE of four replicates 
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Table 4.3: Potential of various bacterial isolates to decolorize RB 5 (200 mg L-1) azo  
       dye in the liquid medium  

 

Isolates 
Decolorization 

(%) 
Isolates 

Decolorization 
(%) 

IFN1 60.57±1.45 IFN16 40.78±2.43 
IFN2 10.47±1.17 IFN17 16.25±1.15 
IFN3 23.33±1.72 IFN18 24.96±1.42 
IFN4 92.35±2.20 IFN19 78.82±1.82 
IFN5 83.58±0.87 IFN20 13.75±1.05 
IFN6 12.82±0.81 IFN21 22.26±1.72 
IFN7 02.65±0.43 IFN22 52.20±1.55 
IFN8 18.70±0.88 IFN23 55.64±1.76 
IFN9 54.56±1.21 IFN24 81.55±0.87 
IFN10 81.76±2.01 IFN25 61.59±2.01 
IFN11 64.08±1.16 IFN26 67.58±1.18 
IFN12 41.91±1.75 IFN27 12.24±0.57 
IFN13 07.04±0.61 IFN28 14.84±0.91 
IFN14 18.16±1.08 IFN29 23.25±1.14 
IFN15 25.71±1.40 IFN30 75.24±1.72 

Data are shown as means±SE of three replicates 
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Fig. 4.8 Phylogenetic tree showing inter-
relationship of bacterial strain IFN4 with 
closely related species of the genus 
Shewanella inferred from 16S rRNA 
sequences.  
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Table 4.4: Azo dye decolorization efficiency of strain IFN4 with and without  
       yeast extract  

 

Azo dyes 
Yeast 

extract 
Decolorization (%) 

1 h 2 h 3 h 4 h 

DR 81 
N 05.3±1.11 10.8±0.82 10.9±0.07 10.9 ±0.86 

Y 36.8±0.99 87.5±1.64 95.2±1.12 99.2 ±0.06 

RB 5 
N 06.2±0.44 09.2±0.61 09.2± 0.15 09.3 ±0.47 

Y 49.5±1.41 71.5 ±1.31 82.1 ±1.18 89.7 ±1.16 

AR 88 
N 09.0±0.06 11.7±0.55 11.7±0.56 11.8 ±0.62 

Y 33.8±0.75 59.1±1.10 78.1±0.58 93.9 ±0.77 

 
AY 19 

N 04.2±0.51 07.0 ±0.17 07.9±0.85 08.7 ±0.26 

 Y 21.1±1.32 39.2 ±1.56 47.25±0.51 72.2+2.12 

Mixture 
N 05.5±0.62 09.2±0.81 09.3±1.05 09.6±0.86 

Y 22.1± 0.87 53.0 ±1.73 68.5±1.34 82.0±1.16 

Data are shown as means±SE of three replicates  
N: No yeast extract, Y: yeast extract 
(LSD value= 2.75) 
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4.8 Effect of operational conditions and inoculum rate on azo dye decolorization by cells  

of strain IFN4  

Both biotic and abiotic conditions were optimized to achieve maximum removal of 

azo dyes from liquid medium. Fig. 4.9 shows the variation in decolorization rate of mixture 

of dyes with respect to pH. Strain IFN4 was moderately sensitive to changes in pH. Strain 

IFN4 degraded the azo dyes at all pH values (5-10), but with different efficiency. Maximum 

decolorization of the mixture of azo dyes was recorded at pH 8.5. A sharp decrease in 

decolorization was observed above pH 9, however, decolorization rate decreased gradually 

towards acidic pH (<7.0).  Like pH, strain IFN4 also decolorized the dyes over a range of 

temperature (20-50 °C). Rate of decolorization rapidly increased when temperature increased 

from 20-25 °C, while with further increment in incubation temperature, a slight increase in 

the dye decolorization was observed. The highest decolorization was recorded at 35 °C. A 

sharp decrease in the dye decolorization was observed after 45 °C (Fig. 4.10). Fig. 4.10 

depicts the color removal efficiency of the strain IFN4 under static, shaking and shaking plus 

static incubation for the mixture of azo dyes. Under static incubation, decolorization of the 

mixture of azo dyes started immediately after inoculation and color removed up to 83% after 

2 h while other treatments caused negligible decolorization during the same incubation 

period. However, in case of shaking plus static treatment, when flasks were placed in the 

static incubator after 2 h of shaking, abrupt decolorization of mixture of azo dyes occurred. 

Finally, more than 95% of the color was removed within 4 h under static culture while 30 and 

87% decolorization was observed under shaking and shaking plus static incubations, 

respectively. It implies that decolorization efficiency of bacterial strain was higher under 

static incubation. Contrary to this, maximum growth of bacteria was recorded under shaking 

condition while minimum with static incubation (Fig. 4.12). There were 227, 133 and 80% 

increase in OD600 under shaking, shaking plus static and static incubation, respectively. Rate 

of decolorization and growth of bacteria were negatively correlated to each other.  

 Results regarding the effect of different concentrations of bacterial cells on the rate of 

decolorization are shown in Fig. 4.13. Initial rate of decolorization (after 1 h) was 

significantly influenced from the initial cell concentration, while the difference in 

decolorization narrowed down after 4 h incubation. After 1 h, percent decolorization was  
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Fig. 4.9: Effect of pH on decolorization of mixture of azo dyes (200 mg L-1) by  
     cells of strain IFN4. Data are shown as means±SE of three replicates 
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Fig. 4.10: Effect of temperature on decolorization of mixture of azo dyes (200  
mg L-1) by cells of strain IFN4. Data are shown as means±SE of 
three replicates  
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Fig. 4.11a: Effect of oxygen on decolorization of mixture of azo dyes (200 mg  

         L-1) by cells of strain IFN4. Data are shown as means±SE of three  
        replicates 
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Fig. 4.11b: Effect of oxygen on decolorization of mixture of azo dyes (200 mg  

        L-1) by cells of strain IFN4 
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Fig. 4.12: Effect of oxygen on growth of strain IFN4. Data are shown  

       as means±SE of three replicates 
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2.4, 15.2, 22.4, 25.3, 31.3, 36.2, 49.6, and 57.4 with 1, 2, 3, 4, 5, 7.5, 10, and 15% (v/v) 

inoculum rate, respectively. After 4 h 80.2, 88.2, 92.3, 93, 92.6, 95.3, 95.3 and 96.5% 

decolorization was recorded. 

4.9 Comparative effect of different co-substrates on decolorization activity of cells of  

      strain IFN4  

Results regarding the decolorization of mixture of azo dyes in the presence of various 

co-substrates are presented in the Fig. 4.14. Yeast extract was found to be a better co-

substrate for cells of IFN4 to degrade the mixture of dyes compared to other co-substrates. 

With yeast extract, 95% decolorization was achieved within 4 h treatment. Decolorization 

efficiency of the strain was less with other co-substrates as only 40, 47, 35, 57, 24, 26, 56, 64 

and 50% decolorization was observed with glucose, starch, fructose, sucrose, mannitol, 

lactose, peptone, tryptone and beef extract, respectively.  

4.10 Rate of azo dye decolorization at various concentrations of yeast extract by cells of  

        strain IFN4   

Fig. 4.15 shows the effect of various concentrations (0-10 g L-1) of yeast extract on 

azo dye decolorization by whole cells of strain IFN4. Decolorization of the mixture of azo 

dyes was dependent on the concentration of yeast extract as increase in concentration of yeast 

extract from 0 to 6 g L-1 showed increase in the decolorization of the mixture of azo dyes and 

beyond this concentration, its addition did not further increase the activity. Further, it was 

noticed that difference in percent decolorization at various concentrations of yeast extract 

was more prevalent after 1 h of inoculation, but later strain IFN4 decolorized the mixture of 

azo dyes effectively at all tested concentrations.   

4.11 Effect of different components of yeast extract on azo dye decolorization by cells of  

         strain IFN4   

Riboflavin, pyridoxine, and thiamine are also present in the yeast extract in small 

amount, so their effect was investigated in accelerating the decolorization of azo dyes in 

addition to yeast extract. Addition of these compounds alone (without yeast extract) to MSM 

did not show significant increase on the rate of dye decolorization, however, combined 

application of yeast extract and riboflavin significantly increased the decolorization of azo 

dyes and about 80% of dye color disappeared in just 1 h. In contrast, decolorization of 

mixture of azo dyes was only 42.1 and 43.2 due to combined effect of yeast extrac+pyridoxine 
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Fig. 4.13: Effect of inoculum rate on decolorization of mixture of azo dyes (200  
 mg L-1) by cells of strain IFN4. Data are shown as means±SE of three       
 replicates  
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Fig. 4.14: Effect of different co-substrates on decolorization of mixture of 
        azo dyes (200 mg L-1) by cells of strain IFN4. Data are shown as  
       means±SE of three replicates  
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Fig. 4.15: Color removal of mixture of azo dyes (200 mg L-1) in liquid medium  
by strain IFN4 at different yeast extract levels (0-10 g L-1). Data are 
shown as means±SE of three replicates 
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 and yeast extract+thiamine after 1 h and it was almost equivalent (41.5) to the effect of yeast 

extract alone (Fig .4.16).      

4.12 Effect of various concentrations of riboflavin on the decolorization of mixture of  

         azo dyes by cells of strain IFN4 

 Effect of different concentrations of riboflavin on the decolorization of azo dyes was 

examined and it was found that increasing riboflavin (0-40 mg L-1) in the decolorizing 

medium improved the decolorization efficiency of the cells, but its more addition did not 

further promote decolorization (Fig. 4.17). After 1 h of incubation, dye removal increased 

from 34 to 82% with 40 mg L-1 riboflavin. At 200 mg L-1 riboflavin, percent decolorization 

was almost at par with control. Thus, strain decolorized the mixture of azo dyes maximum 

with 40 mg L-1 riboflavin in the decolorizing medium. 

4.13 Localization of azoreductase involved in azo dye decolorization 

This study was carried out to find out the location of azoreductase from Shewanella 

sp. strain IFN4. Data on azoreductase activity of membrane bound, cytoplasmic and 

extracellular proteins are presented in Table 4.5. Azoreductase activity was observed with 

both membrane bound and cytoplasmic proteins. However, specific activity of membrane 

bound proteins was much more than the cytoplasmic proteins. Furthermore, azoreductase of 

strain IFN4 used both NADH and NADPH as electron donor to reduce the dye molecule, but 

the enzyme had preference for NADH over NADPH. Release of azoreductase enzyme 

outside the cell was not detected as no decolorization was observed with supernatant of the 

bacterial culture. 

4.14 Effect of NADH concentration on azoreductase activity    

 To standardize the azoreductase assay, NADH was added into the assay at various 

concentrations ranging from 0-3 mM. Activity of the target protein increased when NADH 

was applied between 0.2 to 1 mM, while there was no further acceleration in the 

azoreductase activity at 1.5, 2 and 3 mM NADH (Fig. 4.18). 
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Fig. 4.16: Color removal of mixture of azo dyes (200 mg L-1) in liquid medium  
 by strain IFN4 with yeast extract components. Data are shown as   
 means±SE of three replicates  
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Fig. 4.17: Color removal of mixture of azo dyes (200 mg L-1) in liquid medium  
        by cells of strain IFN4 at different riboflavin levels (0-200 mg L-1).  
        Data are shown as means±SE of three replicates  
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Table 4.5: Localization of azoreductase involved in anaerobic degradation of  
       azo dyes by strain IFN4 

 

Treatments  

Azoreductase activity 

(U/mg proteins) 

NADH NADPH 

Supernatant  ND ND 

Cytoplasm  0.71±0.04 0.50±0.09 

Membrane bound  protein  1.40±0.07 0.87±0.0.03 

Cytoplasm + membrane  1.32±0.08 0.98±0.04 

Data are shown as means±SE of three replicates  
ND= not detected 
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Fig. 4.18: Effect of NADH on azoreductase activity while enzyme and dye  
            concentrations were kept constant. Data are shown as means±SE   
           of three replicates  
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4.15 Effect of various co-substrates on azoreductase activity of strain IFN4 

Effect of yeast extract and other co-substrates on the azoreductase activity was 

assessed. None of the co-substrate enhanced the enzyme activity except yeast extract (Fig. 

4.19). Azoreductase activity in the absence of any co-substrate was 1.32 U/mg proteins, 

while it increased to 4.19 U/mg proteins (3 fold increase) on supplementing assay with yeast 

extract at concentration of 2 g L-1. Compared to yeast extract, other co-substrates (glucose, 

starch, fructose, sucrose, lactose and mannitol) did not significantly (p≤0.05) enhance the 

azoreductase activity. However, activity of the enzyme was significantly reduced (p≤0.05) 

when peptone, tryptone and beef extract were added into the assay. 

4.16 Effect of yeast extract components on azoreductase activity of strain IFN4 

Fig. 4.20 indicates the effect of various compounds reported to be present in the yeast 

extract, on the azoreductase activity. Like bacterial cells, there was no significant (p≤0.05) 

effect of pyridoxine and thiamine on azoreductase activity as decolorization rate was 

statistically at par with control. Addition of riboflavin (25 mg L-1) into the azoreductase assay 

significantly increased the enzyme activity and it increased from 1.31 to 8.60 U/mg proteins. 

It was around 8 fold increment in the enzyme activity over control.  

4.17 Kinetic studies with yeast extract 

Azoreductase activity was tested at concentration of 0-10 g L-1 yeast extract. It was 

observed that azoreductase activity increased with increase in yeast extract concentration in 

the reaction mixture up to 8 g L-1 yeast extract, but above this concentration (8-10 g L-1 yeast 

extract), no further significant enhancement in the azoreductase activity was found (Fig. 

4.21). In the concentration range of 0-1 g L-1, azoreductase activity was enhanced 

substantially and it increased from 1.32-3.12 U/mg proteins. Above this concentration, rate of 

increase in azoreductase activity with increase in yeast extract slowed down. Michaelis-

Menten kinetics was employed to calculate Km and Vmax values for crude proteins of strain 

IFN4 and were 0.062 mg mL-1 yeast extract and 4.44 U/mg proteins, respectively (Fig. 4.22). 
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Fig. 4.19: Effect of different co-substrates on azoreductase activity of strain  

       IFN4. Data are shown as means±SE of three replicates 
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Fig. 4.20: Effect of various components of yeast extract on azoreductase  

       activity of strain IFN4. Data are shown as means±SE of three  
       replicates 
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Fig4.21: Effect of different concentrations of yeast extract on azoreductase  

     activity of strain IFN4. Data are shown as means of three replicates 
 

 
 
Fig. 4.22: Kinetics of enzymatic activity of azoreductase of strain IFN4 were  

      determined by varying the concentrations of yeast extract while AR  
      88, NADH and enzyme concentrations were kept constant 
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4.18 Effect of different concentrations of riboflavin on azoreductase activity of strain  

         IFN4 

Fig. 4.23 shows that activity of the azoreductase was dependent on riboflavin as its 

activity was increased from 1.26 to 39.36 U/mg proteins by the addition of riboflavin into the 

azoreductase assay. It was observed that with increase in riboflavin from 0-160 mg L-1, 

enzymatic activity was increased, while further addition of riboflavin in azoreductase assay 

had no effect on the azoreductase activity.    

4.19 Flavin reductase activity and correlation between flavin reduction and azo dye  

reduction 

Since riboflavin increased the decolorization rate of both whole bacterial cells of 

strain IFN4 and its azoreductase, it was tested for its flavin reductase activity. It was found 

that strain IFN4 was able to reduce the flavin and rate of flavin reduction (ΔA/min at 454 nm) 

was increased with increasing concentration of FAD in the assay. The ΔA/min at 454 nm was 

only 0.12 with 10 µM FAD, while it increased to 0.45 with 100 µM FAD (Fig 4.24). 

Moreover, reduction rate of AR 88 dye (ΔA/min at 508 nm) was also dependent on FAD 

concentration. The reduction rate of AR 88 dye (The ΔA/min at 508 nm) was increased from 

0.012 to 0.31 ΔA/min at 508 nm by increasing concentration of FAD from 10 to 100 µM 

FAD in the assay.  There was a significant correlation between flavin reduction and azo dye 

reduction (Fig. 4.25).  
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Fig. 4.23:Effect of riboflavin concentration (0-200 mg L-1) on azoreductase  
      activity of strain IFN4, while NADH and enzyme concentrations  
      were kept constant. Data are shown as means±SE of three replicates 
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Fig. 4.24: Effect of FAD concentrations (0-100 µM) on flavin and azo dye  
       reduction. Data are shown as means±SE of three replicates 

 

Fig. 4.25: Correlation between flavin reduction and azo dye reduction. Data are  
      shown as means of three replicates 
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Fig 4.26: Proposed mechanism of azo dye decolorization with and without  
                yeast extract by Shewanella sp. strain IFN4 
 
CS: Co-substrate 
OP: Oxidized product 
YE: Yeast extract 
MYE: Metabolizable yeast extract 
MB azoreductase: Membrane bound azoreductase 
RMS: Redox mediator substance 
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4.20 Influence of various metal ions on the decolorization of RB 5 azo dye by cells of  

        strain IFN4          

 Table 4.6 shows the decolorization of RB 5 azo dye by cells of strain IFN4 at various 

concentrations (0, 2.5, 5 and 10 mg L-1) of nine metal ions over an incubation period of 12h. It 

was observed that strain IFN4 was capable of decolorizing the dye in the presence of majority of 

the metal ions, but presence of few metal ions increased the time to achieve complete 

decolorization of RB 5 (200 mg L-1). Three metal ions such as Ni2+, Cr2+ and Pb2+ did not 

significantly suppress the decolorization efficiency of strain IFN4 at all concentrations, while 

Mn2+ and Fe3+
 slightly enhanced the rate of decolorization. Contrarily, presence of Cu2+, Zn2+ and 

Co2+ in the dye solution was inhibitory to the decolorization process. In the absence of metal 

ions, 96% decolorization was achieved after 4h of incubation. At 2.5 mg L-1 Cu2+, Zn2+, Co2+, dye 

was decolorized up to 49, 87 and 89%, respectively. However, after 12h, color was removed 

more than 97%. Suppressive effect of these metal ions was increased with increase in metal ion 

concentration as only 6.6, 46 and 83.6% decolorization of RB 5 was observed at 10 mg L-1 Cu2+, 

Zn2+ and Co2+, respectively after 4h.  Dye was decolorized to 70.2, 58 and 88.7% with Cu2+, Zn2+ 

and Co2+ after 12h. Compared to all metal ions, Cd2+ was found to be the most inhibitory  to the 

decolorization process. Dye was only decolorized to 55.5 and 26.6% at 2.5 and 5 mg L-1 Cd2+ 

after 12h of inoculation while no decolorization occurred at 10 mg L-1. Contrary to Cd2+, Cu2+, 

Zn2+ and Co2+, decolorization efficiency of culture of strain IFN4 was enhanced in the presence 

of Mn+2 and Fe3+ in the dye solution. Initial rate of decolorization was slightly higher at all 

concentrations of both metal ions. The order of toxicity of metal ions on decolorization process 

was Cd2+> Cu2+> Zn2+ > Co2+> Ni2+> Cr2+ >Pb2+> Fe3+> Mn2+.                

4.21 Influence of mixture of metal ions on decolorization of RB 5 by cells of strain IFN4

 Results regarding the effect of mixture of metal ions (0-30 mg L-1) on decolorization 

efficiency of strain IFN4 are presented in the Fig 4.27. It was found that the strain IFN4 

decolorized the RB 5 effectively up to 15 mg L-1, but rate of decolorization was sharply reduced 

beyond this concentration. Presence of metal ions in the dye solution decreased the rate of 

decolorization, but cells of Shewanella sp. strain IFN4 were able to decolorize the dye at all 

tested concentrations. After 4h, up to 96.12, 87.9, 83.5, 72.5, 33.8, 11.4, and 2.1% decolorization 

was achieved with 0, 2.5, 5, 10, 15, 20 and 30 mg L-1 metal ions mixture, respectively.
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Table 4.6: Effect of different metal ions (0-10 mg L-1) on decolorization of RB 5 by whole cells of strain IFN4 
 

Metal ions Metal salt 
2.5 mg L-1 5.0 mg L-1 10 mg L-1 

1 h 2 h 4 h 12 h 1 h 2 h 4 h 12 h 1 h 2 h 4 h 12 h 

Control - 47.1 69.33 96.1 97.5 - - - - - - - - 

Cu2+ CuCl2. 2H2O 21.6 32.14 49.2 97.3 2.7 8.6 12.8 83.1 1.5 2.3 6.6 70.2 

Ni2+ NiCl2 46.7 66.29 95.8 96.9 33.9 70.5 91.6 96.1 23.1 70.1 85.4 98.3 

Cd2+ CdCl2 14.7 32.84 51.0 55.5 2.9 10.11 15.25 26.6 ND ND ND ND 

Fe3+ FeCl3 50.2 72.29 95.0 96.7 52.5 73.8 94.8 97.8 52.8 71.7 96.3 98.3 

Co2+ CoCl2 43.5 68.00 94.6 97.6 37.5 67.7 83.2 94.3 21.9 68.3 83.6 92.7 

Zn+2 ZnCl2 35.1 67.00 86.8 97.8 30.3 42.6 73.6 90.0 12.3 19.2 45.9 58.0 

Cr2+ CrCl2 46.8 67.29 95.2 96.2 48.1 71.4 94.0 98.5 48.1 71.9 87.7 95.5 

Mn2+ MnCl2 51.02 72.35 95.5 98.4 52.9 72.7 93.2 98.3 53.1 73.0 97.0 98.8 
Pb2+ (CH3COO)2Pb 46.9 68.25 95.2 98.9 48.3 72.8 94.2 98.0 48.3 72.9 89.3 96.9 

Data are shown as means of three replicates 

 LSD=2.54,  
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Fig. 4.27:Effect of mixture of metal ions (0-30 mg L-1) on rate of decolorization  
 of RB 5 (200 mg L-1) by strain IFN4. Data shown as means±SE of three     
 replicates 
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4.22 Effect of different concentrations of metal ions on growth of bacterial cells 

 Effect of different concentrations (0, 2.5, 5.0, 10.0 mg L-1) of metal ions on the 

growth of azo dye degrading bacterial strain IFN4 was evaluated (Table 4.7). Four metals 

including Cu2+, Zn2+, Co2+ and Cd2+ showed negative effect on growth of bacterium while an 

accelerated growth rate was observed in the presence of Mn2+ and Fe3+. There was no 

inhibition in the bacterial growth with Cr2+ and Pb2+, while Ni2+ slightly reduced the bacterial 

growth. At 2.5 mg L-1 Cu2+, Zn2+, Co2+ and Cd2+, bacterial growth was inhibited by 17.8, 3.7, 

9.0 and 8.9%, respectively. Suppressive effect of these metal ions increased with increase in 

concentration. At 10 mg L-1 Cu2+, Zn2+, Co2+ and Cd2+, growth was reduced by 100, 43.3, 

32.4 and 35.3%, respectively. Ni2+, Cr2+ and Pb2+ did not suppress the bacterial growth 

significantly. Mn+2 and Fe3+ increased the growth rate of bacterial cells, and this increase in 

growth was more in case of Mn+2 than Fe3+. At 10 mg L-1, increase in growth with Mn2+ and 

Fe3+ was 16.83 and 29.71%, respectively. Overall, different metals inhibited the bacterial 

growth in the order of Cd2+> Zn2+ > Co2+ > Cu2+> Ni2+> Cr2+ > Fe3+>Mn2+. 

4.23 Influence of different concentrations of individual metals ions and their  

        mixture on azoreductase activity of strain IFN4  

Table 4.8 shows the effect of different concentrations (0-10 mg L-1) of nine metal 

ions on azoreductase activity. Six metal ions such as Cd2+, Ni2+, Cr2+ , Fe3+, Pb2+ and Mn+2 

had no significant (p≤0.05) effect on the azoreductase activity, while it was slightly reduced 

by the presence of Co2+ and Zn2+ in the reaction mixture. Cu2+ was the most inhibitory to 

azoreductase activity. Inhibitory effect of Co2+, Zn2+ and Cu2+ increased with increasing 

concentration of these metal ions. In case of control, azoreductase activity was 3.54 U/mg 

proteins. At concentration of 10 mg L-1 Co2+, Zn2+ and Cu2+, azoreductase activity was 

reduced to 3.27, 3.28 and 2.52 U/mg proteins, respectively. Mixture of metal ions did not 

suppress the azoreductase activity significantly (p≤0.05) up to 15 mg L-1 (Fig. 4.27). Slight 

reduction in azoreductase activity was recorded at higher concentrations (20-30 mg L-1) of 

metal ions. Azoreductase activity was decreased from 3.54 to 3.2 and 3.1 U/mg proteins at 20 

and 30 mg L-1 metal ions mixture, respectively.  
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Table 4.7: Effect of different concentrations of metal ions (0-10 mg L-1) on  
        relative growth of strain IFN4 in liquid medium 

 

Metal ions Metal salt 
Metal concentration (mg L-1) 

2.5 5.0 10 

Control - 100±1.23ef - - 

Cu
2+

 CuCl2. 2H2O 091±0.85g 080 ±1.38h 065±0.91i 

Ni
2+

 NiCl2 98 ±2.31ef 097 ±0.41f 093±1.73g 

Cd
2+

 CdCl2 082 ±4.2 h 010±0.59k 000 ±0.02l 

Fe
3+

 FeCl3 109±1.76d 110±2.35d 117 ±2.36c 

Co
2+

 CoCl2 091 ±0.60g 082±0.61h 064± 0.53i 

Zn
2+

 ZnCl2 096 ±1.17f 090 ±1.24g 055±1.77j 

Cr
2+

 CrCl2 099±1.73ef 100 ±0.80ef 102±2.02e 

Mn
2+

 MnCl2 119 ±1.08c 123 ±1.12b 129±1.35a 

Pb
2+

 (CH3COO)2Pb 101±2.29e 100. ±1.01e 098±1.03ef 

Values showing different alphabets are significantly (p≤0.05) different from each other. 
(LSD=3.8020) 
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Table 4.8: Effect of different concentrations (0-10 mg L-1) of metal ions on  
        azoreductase activity of strain IFN4 

 

Metal ions Metal salt 
Metal concentration (mg L-1) 

2.5 5.0 10.0 

Control - 3.54±0.03ab - - 

Cu2+ CuCl2. 2H2O 3.53±0.06ab 3.32±0.08de 2.52±0.02f 

Ni2+ NiCl2 3.50±0.07ab 3.50±0.04ab 3.48±0.02abc 

Cd2+ CdCl2 3.54±0.06ab 3.46±0.06abcd 3.41±0.06bcde

Fe3+ FeCl3 3.54±0.09ab 3.51±0.11ab 3.48±0.04abc 

Co2+ CoCl2 3.43±0.04bcd 3.28±0.08e 3.27±0.04e 

Zn2 ZnCl2 3.51±0.07ab 3.33±0.04cde 3.28±0.01e 

Cr2+ CrCl2 3.53±0.01ab 3.49±0.09abc 3.47±0.02abcd

Mn2+ MnCl2 3.58±0.02a 3.54±0.11ab 3.52±0.05ab 

Pb2+ (CH3COO)2Pb 3.55±0.09ab 03.51±0.04ab 3.47±0.03abcd

Values showing different alphabets are significantly (p≤0.05) different from each other 
(LSD=0.1469) 
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Fig. 4.28: Effect of mixture of metal ions (0-30 mg L-1) on azoreductase  
activity of strain IFN4. Data are shown as means±SE of three  
replicates 
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4.24 Effect of NaCl on decolorization of RB 5 by cells of strain IFN4   

Fig. 4.29a shows the decolorization of RB 5 (200 mg L-1) in the presence of 0-80 g L-

1 NaCl in the dye solution. Bacterial strain IFN4 was able to decolorize RB 5 with the salt 

concentration of 0-50 g NaCl L−1, while beyond this salt concentration (≥60 g NaCl L−1), no 

decolorization was observed. Lower concentrations as 5 and 10 g L-1 NaCl accelerated the 

decolorization process and 53.16 and 54.5% decolorization was achieved at 5 and 10 g L-1 

NaCl after 1 h, whereas in case of control (no salt), 48% decolorization occurred. However, 

after 4 h, rate of decolorization was similar with control. Strain IFN4, almost completely 

(>95%) decolorized the dye in 4 h in the absence of NaCl in the dye solution. No significant 

reduction in the decolorization rate was observed up to 20 g L−1 NaCl. At 30 g L-1 NaCl, rate 

of decolorization was slightly reduced, however, stain decolorized the dye in 4 h. A lag phase 

of 1-4 h was also observed at salt concentration ranging from 40 to 50 g L-1 NaCl and 

complete decolorization (>95) of the dye was achieved in 8 and 16 h, respectively.  

4.25 Effect of Na2SO4 on decolorization of RB 5 by cells of strain IFN4 

 The Data regarding effect of Na2SO4 concentration on decolorization of RB 5 by 

bacterial strain IFN4 showed that strain was able to decolorize RB 5 (200 mg L-1) in the 

presence of Na2SO4 in the dye solution ranging from 0-80 g L-1 (Fig. 4.30). Addition of 

Na2SO4 (5-20 g L-1 Na2SO4) into the dye solution promoted decolorization rate of RB 5 by 

strain IFN4. At salt concentration of 0, 5, 10, and 20 g Na2SO4 L-1, dye was decolorized to 

48.5, 54.3, 55.2 and 52.1%, respectively after 1 h. Strain IFN4 was able to almost completely 

decolorize (>95%) the dye within 4 h of incubation at salt concentration ranging from 0-30 g 

L-1 Na2SO4. The strains IFN4 showed a slight decrease in the decolorization rate at 40 g L-1 

Na2SO4 compared to control, however, beyond this concentration, decolorization efficiency of 

strain IFN4 was reduced drastically. At salt concentration of 50 and 60 g L-1 Na2SO4, 

decolorization (at par with control) of the dye was achieved in 8 and 12 h, respectively. There 

was lag phase of 2 and 4 h at 60 and 80 g L-1 Na2SO4. Up to 35% decolorization was observed 

in 16 h, in the presence of 80 g Na2SO4 L-1 medium.  
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Fig. 4.29a: Color removal of RB 5 (200 mg L-1) azo dye in liquid medium  
         by strain IFN4 at different NaCl levels (0-80 g L-1). Data are   
         shown as means±SE of three replicates 
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Fig 4.29b: Color removal of RB 5 (200 mg L-1) azo dye in liquid medium  

by strain IFN4 at different NaCl levels (0-80 g L-1). Data are 
shown as means±SE of three replicates 
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Fig. 4.30: Color removal of RB 5 (200 mg L-1) azo dye in liquid medium by  
strain IFN4 at different Na2SO4 levels (0-80 g L-1). Data are shown as 
means±SE of three replicates 
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4.26 Effect of NaNO3 on decolorization of RB 5 by whole cells of strain IFN4 

In contrast to Na2SO4 and NaCl, NaNO3 exerted strong inhibition on decolorization of RB 

5 by strain IFN4 (Fig. 4.31). In the absence of NaNO3, 96% decolorization was achieved in 4 h 

while dye was decolorized only 21 and 10% at 1 and 2 g L-1 NaNO3, respectively during the same 

incubation time.  After 48 h, 90 and 40% decolorization at 1 and 2 g L-1 NaNO3, respectively was 

achieved and beyond this concentration very negligible decolorization occurred.    

4.27 Effect of salts on azoreductase activity and growth of cells of strain IFN4

 Azoreductase activity and bacterial growth of strain IFN4 was measured at NaCl 

concentration ranging from 0-80 g L-1 (Fig 4.32). Azoreductase activity of 3.56 U/mg proteins 

was observed in the absence of any salt in the reaction mixture. Azoreductase activity was 

increased from 3.56-3.97 U/mg proteins at concentration ranging from 0-30 g L-1 NaCl. 

However, further addition did not promoted the azoreductase activity. At concentration between 

40-60 g L-1 NaCl, azoreductase activity was less than 30 g L-1, but more than control. Above this 

concentration azoreductase activity was sharply decreased. At 80 g L-1 NaCl, azoreductase 

activity reduced to 3.05 U/mg proteins. Compared to azoreductase activity, NaCl had more 

inhibitory effect on bacterial growth. At concentration between 20-50 g L-1 NaCl, bacterial 

growth was reduced from 19-82%. Complete inhibition of bacterial growth was observed at 60 

and 80 g L-1 of NaCl. However, growth of bacterial strain IFN4 was higher at concentration of 5 

and 10 g L-1 of NaCl than control.        

 In case of Na2SO4, azoreductase activity was increased in the range of 0-30 g L-1 Na2SO4, 

but after that enzyme activity was drastically reduced (Fig 4.33). Enzyme activity increased from 

3.56-3.87 U/mg proteins by the increasing the concentration of Na2SO4 from 0-30 g L-1 in the 

reaction mixture. Azoreductase activity was decreased in the range of 30-80 g L-1 Na2SO4. At salt 

concentration of 40, 50, 60 and 80 g L-1 Na2SO4, azoreductase activity was 3.33, 3.04, 2.99 and 

2.47 U/mg proteins, respectively. Na2SO4 was also inhibitory to bacterial growth but extent of 

inhibition was less compared to NaCl. Bacterial growth was decreased between 7-57% with the 

addition of 20-50 g L-1 Na2SO4. Strain IFN4 was able to survive and grow at 60 and 80 g L-1
 

Na2SO4, however, growth rate was very slow. NaNO3 did not suppress the azoreductase activity 

and growth of bacteria at tested concentrations ranging from 1-10 g L-1 NaNO3 (Fig. 4.34).  
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Fig. 4.31: Color removal of RB 5 (200 mg L-1) azo dye in liquid medium 
          by train IFN4 at different NaNO3 levels (0–10 g L-1). Data are  
          shown as means±SE of three replicates 
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Fig. 4.32: Effect of NaCl (0-80 g L-1) on bacterial growth and azoreductase  
       activity. Data are shown as means±SE of three replicates 
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Fig. 4.33: Effect of Na2SO4 (0-80 g L-1) on growth and azoreductase activity  
      of strain IFN4. Data are shown as means±SE of three replicates  
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Fig.4.34: Effect of NaNO3 (0-10 g L-1) on growth and azoreductase  
      activity of strain IFN4. Data are shown as means±SE of  
      three replicates  
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4.28 Effect of Triton-X100 on membrane bound azoreductase of strain IFN4 

 Fig. 4.35 depicts the effect of various concentrations of triton-X100 (0-1%) on the 

amount of proteins released from the bacterial membranes and azoreductase activity of these 

proteins. Triton-X100 treatment reduces the azoreductase activity, while an increase in the 

release of protein was observed with the increase in triton X-100 concentration. Up to 0.1% 

triton X-100, there was no substantial decrease in the azoreductase activity, however, it 

decreased drastically when membranes were treated with triton X-100 at concentration above 

0.1%. Azoreductase activity was 3.71 U/mg proteins in case of control (no treatment of 

membranes with triton X-100) and it reduced to 3.35 and 1.85 U/mg proteins upon treatment 

with 0.1 and 1% triton X-100. Based on these findings, membranes were treated with 0.1% 

triton-X100 to collect membrane bound proteins for use in subsequent studies.  

 4.29 Substrate specificity of membrane bound azoreductase of strain IFN4 

Decolorization activity of the azoreductase was tested by using five structurally 

different azo dyes and one non-azo dye (Table 4.9). Enzyme exhibited a broad specificity and 

decolorized (reduced) all five azo dyes, however, no activity was detected with non-azo dye 

(RB 4). The specific activity (U/mg proteins) was highest for RB 5 (3.56) and it was 

followed in descending order by DO 3 (1.56), AR 88 (1.26), DR 81 (0.97), AY 19 (0.09) and 

RB 4 (0). 

4.30 Temperature optima and thermal stability of membrane bound azoreductase of  

        strain IFN4 

 Effect of temperature on azoreductase activity and its thermal stability was 

examined, and the results are summarized in Fig. 4.36. The enzyme reduced the azo bond 

over a temperature range of 5-80 °C. The enzymatic activity was increased linearly up to 45 

°C, but further increase in the temperature suppressed the azoreductase activity. The activity 

of the enzyme increased from 1.73 U/mg proteins at 4 °C to 3.55 U/mg proteins at 45 °C 

after which there was a sharp drop in the activity to 0.13 U/mg proteins at 80 °C. Enzyme 

showed stability up to 45 °C when it was subjected to thermal treatment for 30 min prior to 

study its activity. Activity of the enzyme decreased substantially at temperature more than 45 

°C. 
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Fig. 4.35: Effect of triton X-100 on release of membrane bound proteins and  
specific activity of azoreductase of strain IFN4. Data are shown as 
means±SE of three replicates 
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Table 4.9: Substrate specificity of azoreductase with different substrates  

Substrate 
Λmax 
(nm) 

Azoreductase 
activity (U/mg 

proteins) 

Extinction coefficient  

(mmol
-1

cm
-1

) 

Acid Red 88 505 1.26 7.8 

Reactive Black 5 597 3.29 35.5 

Direct Red 81 508 0.97 55.7 

Disperse Orange 3 443 1.56 29.21 

Reactive Blue 4 595 ND 33.21 

Acid Yellow 19 223 0.09 61.29 

Data are shown as means of three replicates 
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Fig. 4.36: Effect of temperature on stability and activity of membrane bound  
azoreductase of strain IFN4. Data are shown as means±SE of three 
replicates 
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4.31 Effect of pH on azoreductase activity of strain IFN4     

 pH of the reaction mixture had significant effect on the azoreductase activity (Fig. 4.37). 

Maximum azoreductase activity was detected at pH 8.0. A drastic reduction in the azoreductase 

activity was observed both more than pH 8.0 and less than pH 8.0.          

   4.32 Effect of redox mediators on azoreductase activity of strain IFN4   

 Fig. 4.39 shows the azoreductase activity in the presence of three redox mediators in the 

azoreductase assay. All three redox mediators (riboflavin, AQDS and AQS) enhanced the 

azoreductase activity. Maximum azoreductase activity (9.35 U/mg proteins) observed in case of 

AQS. Azoreductase activity was 8.34 U/mg proteins with AQDS while the least activity (6.47 

U/mg proteins) detected in case of riboflavin.          

 4.33 Enzyme purification        

 Table 4.10 depicts the partial purification of membrane bound azoreductase from 

Shewanella sp. strain IFN4. The azoreductase was partially purified by a combination of 

ammonium sulfate precipitation and anion-exchange chromatography to an overall purification 

level of 39-fold. Proteins collected by 0-25% saturation of crude proteins with ammonium 

sulphate showed low specific activity (3.30 U/mg proteins) compared to crude proteins (3.55 

U/mg proteins) and those obtained with 25-70% saturation (9.59 U/mg proteins). Specific 

activity of proteins collected by 25-70% saturation was 2.7 fold more than specific activity of the 

crude proteins. Specific activity of the proteins  by Q Sepharose anion exchanger incresed from 

3.55 to 139.63 U/mg protein. Purification is evident from figure 4.40, several bands appeared on 

SDS-PAGE gel in case of crude proteins while few bands appeared with partially purified protein 

from Q Sepharose anion exchanger.       

 Partially purified protein was run on native PAGE and gel was cut into 10 fragments 

(each 1 cm) from top to bottom. These fragments were used separately for measurement of 

azoreductase activity (Fig.4.41). Results indicated that fragment no. 9  showed azoreductase 

activity and compeletely decolorized the RB 5 solution. None of the other fragment showed 

azoreductase activity. Results of stained gel showed the presence of a strong band at the height of 

fragment no. 9. So this strong band at the bottom was assumed to be involved in azo dye 

decolorization. Molecular weight of this protein was found to be 33±0.5 kDa (Fig. 4.42). Protein 

showed homology with already purified protein, Na (+)-translocating NADH-quinone reductase 

subunit F) present in other Shewanella sp., and Pseudoalteromonas strain TAC125 (Table 4.11).  
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Fig. 4.37: Effect of pH on azoreductase activity of strain IFN4. Data are  

       shown as means±SE of three replicates  
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Fig. 4.38: Effect of redox mediators on dye degradation by azoreductase                          
                 of strain IFN4. Data are shown as means of three replicates 
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Fig. 4.39: Effect of redox mediators (riboflavin, AQDS and AQS) on azoreductase  

       activity of strain IFN4. Bars showing different alphabets are statistically  
       (p≤0.05) different from each other 
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Table 4.10: Purification of azoreductase from Shewanella sp. strain IFN4 

Purification steps 
Specific activity 
(U/mg proteins) 

Purification  
(fold) 

Crude Extract 3.55 1.0 

Amm. Sulfate precipitation (0-25%) 3.30 0.93 

Amm. Sulfate precipitation (25-70%) 9.59 2.7 

Ion exchange chromatography 139.63 39.3 

         Data are shown as means of three replicates 

 
 
 
 
 
 



 

104 
 

 
 
 
Fig. 4.40: SDS –PAGE pattern of azoreductase Lane A: protein marker,  

       Lane B: Crude protein, Lane C: Q Sepharose fraction (partially  
       purified protein). Gel was stained by Coomassive blue G 
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Fig. 4.41: Localization of azoreductase activity on native PAGE. Azoreductase  
    activity of 10 pieces of native PAGE cut from top to bottom(a) and  

              stained native PAGE (b)          
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Fig. 4.42: SDS–PAGE pattern of azoreductase (lane C). Lane A: Protein  

       Molecular Markers. Lane B: Partially purified protein.  
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Table 4.11: Protein identification  
 
gi|120600026 Na(+)-translocating NADH-quinone reductase subunit F [Shewanella sp. W3-18-1] 
gi|24372692 Na(+)-translocating NADH-quinone reductase subunit F [Shewanella oneidensis MR-1] 
gi|91792347 Na(+)-translocating NADH-quinone reductase subunit F [Shewanella denitrificans OS217] 

 
gi|15214167 

RecName: Full=Na(+)-translocating NADH-quinone reductase subunit F; Short=Na(+)-translocating NQR subunit F; Short=Na(+)-NQR 
subunit F; AltName: Full=NQR complex subunit F; AltName: Full=NQR-1 subunit F 

gi|167625094 Na(+)-translocating NADH-quinone reductase subunit F [Shewanella halifaxensis HAW-EB4] 
gi|77361159 Na(+)-translocating NADH-quinone reductase subunit F [Pseudoalteromonas haloplanktis TAC125] 

 
gi|15214169 

RecName: Full=Na(+)-translocating NADH-quinone reductase subunit F; Short=Na(+)-translocating NQR subunit F; Short=Na(+)-NQR 
subunit F; AltName: Full=NQR complex subunit F; AltName: Full=NQR-1 subunit F 

gi|494485 Chain A, Crystal Structure And Ligand Binding Studies Of A Screened Peptide Complexed With Streptavidin 
gi|34809981 Chain A, Streptavidin Mutant S27a With Biotin At 1.6a Resolution 
gi|143924 ATP-synthetase beta-subunit [Bacteroides fragilis] 
gi|113476898 F0F1 ATP synthase subunit beta [Trichodesmium erythraeum IMS101] 
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Chapter # 5          
          Discussion  
     

Textile manufacturing and dye products industries consume huge amounts of water 

that is subsequently discharged into the environment as a wastewater (Andleeb et al., 2010). 

During dyeing process, a substantial amount of azo dyes applied to fabric is released into the 

wastewater. This colored wastewater contaminates water bodies and soil. Since azo dyes are 

toxic xenobiotic compounds, their presence in the environment may affect soil health, 

particularly soil microbial community structure. However, no work has been conducted to 

study the impact of textile dyes on soil microbial composition. Thus, an experiment was 

conducted to evaluate the biodegradation of azo dyes in soil and their influence on soil 

microbial community structure. It was observed that a significant quantity of the applied azo 

dyes (DR 81, RB 5 and AY 19) was present in soil after 14 days of incubation, however, 

negligible quantity of the dye RB 5 and AY 19 was recovered from soil after 28 days of 

incubation (Table 4.1). Compared to these dyes, DR 81 was more persistent in soil as 35.6% 

of the applied dye was still present in the soil after 28 days of incubation. It implies that azo 

dyes degrade slowly and remain in the soil for several days. Previously, it was reported that 

about 98% Congo Red azo dye was adsorbed on soil particles (Qu et al., 2008; Islam et al., 

2009). Breakdown of azo dyes is difficult due to their complex polyaromatic structure and 

recalcitrant nature (Tantak et al., 2006; Lodha and Chaudhari, 2007). Different azo dyes are 

degraded by the bacteria at different rates because of structural variation as biodegradation of 

azo dyes is highly dependent on the structure of the azo dye (Abo-Farha, 2010).   

To evaluate the toxicity of azo dyes to soil microbes, PGPR were first grown in azo 

dye-containing liquid medium and then azo dyes were spiked into the soil to examine 

changes in soil microbial community structure. It was found that growth of Pseudomonas 

fluorescens was suppressed significantly (p≤0.05) in dye-containing liquid medium. In 

contrast, growth of Bacillus megaterium was slightly affected. Probably, Bacillus 

megaterium was able to degrade the dyes as color intensity reduced at the end of incubation 

period (data not shown). Very recently, Pan et al. (2012) reported an inhibitory effect of 

textile dyes on the growth of Clostridium perfringens, Bifidobacterium catenulatum, 

Escherichia faecalis, Escherichia coli and Peptostreptococcus magnus. 
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Results related to effect of azo dyes on soil microbial community structure showed 

that azo dyes caused changes in soil microbial composition. Concentration of three fatty 

acids (20:0, 21:1 ω3c and 22:0) was higher in soil treated with azo dyes, while concentration 

of 14:0 iso, 15:0 anteiso and 15:0 was not changed significantly (p≤0.05). Probably, microbes 

possessing these PLFAs had capability to degrade azo dyes to obtain carbon, nitrogen and 

energy as their population was not suppressed by the addition of azo dyes to soil. However, 

concentration of 23 different microbial PLFAs was significantly reduced in azo dye treated 

soil compared to untreated soil. This premise is also supported by Tan et al. (2010), they  

observed a shift in soil microbial community in sequencing batch reactors in the presence of 

azo dyes (Reactive Brilliant Red K-2G and KE-3B). Azo dyes are toxic to cellular activity 

(Ferraz et al., 2012).  Furthermore, gram negative bacteria were more severely affected by 

the azo dyes than gram positive or general bacteria (Fig. 4.5). This shows that azo dyes are 

more toxic for gram negative bacteria than the other groups of bacteria. Likewise, it has been 

reported that 2,4-D butyl ester and copper had more inhibitory effect on  the concentration of 

gram negative bacteria than  gram positive bacteria (Yang et al., 2000; Ekelund et al., 2003 

Zhang et al., 2010). Gram negative bacteria are known to change with environmental stress 

(Byss et al., 2008), while gram positive bacteria are considered to be stress tolerant because 

of their relatively thick wall and ability to form spores (Huang et al., 2009). Like bacterial 

PLFAs, fungal PLFAs were also affected by the presence of azo dyes in soil. Reactive Black 

5 azo dye had more negative effect on fungal PLFAs than bacterial PLFAs. Probably, reactive 

types of dyes are more toxic to fungi due to its greater adsorption to fungal mycelium, thus, 

inhibiting their growth. 

The above results clearly illustrate that there is urgent need to develop suitable 

strategy to remove dye contaminants from industrial colored wastewater to minimize the risk 

to the environment. Bioremediation is considered one of the most viable options to remove 

dyes from colored wastewater (Khalid et al., 2010). Several bacterial strains capable of 

degrading azo dyes were isolated on the basis of their ability to remove dye from agar media. 

This method can be used to isolate dye decolorizing bacterial strains efficiently. In general, 

these bacterial strains showed a variable potential to decolorize RB 5 azo dye in liquid 

medium. The strain IFN4 was the most efficient decolorizing bacterium and was able to 

decolorize the RB 5 dye under static condition in just 4 h. The strain was identified as 
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Shewanella sp. Strains belonging to Shewanella sp. have shown activity to reduce metal ions 

and organic compounds including azo dyes (Beliaev and Saffarini, 1998; Liu et al., 2001; 

Kim et al., 2012; Xiao et al., 2012). A wide variety of bacteria have been reported to degrade 

dyes with different efficacy (Nakanishi et al., 2001; Blumel and Stolz, 2003; Maier et al., 

2004; Chen et al., 2005; Khalid et al., 2008). 

Structure of an azo compound is a very important factor to be considered while 

choosing biological remediation of azo dye contaminated wastewater as dyes vary widely in 

their structure (Chen et al., 2011). Bacterial enzyme azoreductase may be substrate specific 

and thus various bacteria vary in their decolorization potential depending on the structure of 

the dye molecule (Ogugbue and Sawidis, 2011). Results regarding the decolorization of azo 

dyes (RB 5, DR 81, AR 88 and AY 19) and their mixture revealed that strain IFN4 was 

capable of degrading structurally different azo dyes and mixture efficiently in liquid medium.  

These findings imply that the strain had a broad enough substrate specificity to degrade a 

wide range of azo dyes. Contrary to our findings, Bacillus cereus showed narrow substrate 

specificity as CBPSG azo dye decolorized 88% under anaerobic conditions while CRP4G, 

RTB, DY, ROH3R dyes were decolorized only 65, 35, 32 and 23%, respectively under the 

same set of conditions. Likewise, Bayoumi et al. (2010) reported negligible decolorization of 

Reactive Red compared to Acid Orange by bacterial isolates. Furthermore, the decolorization 

efficiency of the strain IFN4 was found to be co-substrate dependent as negligible 

decolorization was observed in the medium deficient in yeast extract. Like our findings, 

Saratale et al. (2010); have also reported that a bacterial consortium (Proteus vulgaris 

NCIM-2027 and Micrococcus glutamicus NCIM-2168) could not degrade the dyes without 

co-substrate. Decolorization of Orange II, AO 8, and AR 88 by Sphingomonas sp. strain ICX 

was also dependent on the co-substrate (Coughlin et al., 1999). Bacteria probably utilized the 

yeast extract to obtain carbon, nitrogen and to generate reducing equivalents. These reducing 

equivalents donate electrons to dye molecules to cleave azo bonds with the aid of 

azoreductase (Oturkar et al., 2012). 

It has been documented that optimization of various factors including pH, 

temperature and oxygen is critical to achieve the high treatment efficiency in the bioreactor 

(Tripathi and Srivastava, 2011). Bacterial strain IFN4 was capable of removing dyes from the 

medium over wide pH (5-10) and temperature ranges (20-50 °C), however, optimal 
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biodegradation of the azo dyes was observed at pH 8.5 and temperature 35 °C. Contrary to 

this, culture of Clostridium bifermentans SL186 was not capable of decolorizing the Reactive 

Red 3B-A azo dye at pH 5 (Joe et al., 2008), but maximum decolorization of azo dye 

occurred at pH 10. Moosvi et al. (2005) observed negligible decolorization with bacterial 

consortium RVM 11.1 at pH less than 5.5. The reason might be that the temperature and pH 

changes may inhibit  the rate of dye degradation as they can suppress either the growth of 

bacteria or deactivate the proteins (Popa et al., 2005; Cetin and Donmez, 2006; Dexilin et al., 

2013). Presence of oxygen in the medium also had a significant effect on the decolorization 

of azo dyes. The bacterial culture exhibited maximum biodecolorization under static 

(partially reduced) condition compared to shaking condition. Previously, Telke et al. (2008) 

observed only 6% decolorization of wastewater under agitation condition while 90% 

decolorization was observed under static condition. Similarly, the decolorization efficiency 

of Acinetobacter calcoaceticus NCIM 2890, Pseudomonas putida, Bacillus sp. YZU1 and 

Kocuria rosea MTCC 1532 was also reported to be sensitive to high oxygen concentration 

(Ghodake et al., 2009; Leebana et al., 2012; Wang et al., 2012; Parshetti et al., 2010). Very 

few studies showed that degradation of azo dye is greater under aerobic conditions than static 

condition (Jang et al., 2007; Ayed et al., 2011). The results clearly indicated that 

decolorization was not dependent on biomass concentration but significantly correlated with 

the dissolved oxygen concentration. This could be due to competition of abundant oxygen 

and the azo dyes for the reduced electron carriers generated from the metabolism of co-

substrate (Asad et al., 2007; Kalme et al., 2007).        

 In this study, yeast extract was the most efficient co-substrate to facilitate 

decolorization process compared to all the co-substrates (glucose, starch, sucrose, fructose, 

lactose, mannitol, peptone, tryptone and beef extract) tested. Nachiyar and Rajkumar (2006) 

also observed faster decolorization with yeast extract than peptone, tryptone and beef extract 

with cells of Pseudomonas aeruginosa. Likewise, the decolorization efficiency of Rhizobium 

radiobacter was also high in the medium containing yeast extract (Telke et al., 2008). 

However, Chang et al. (2001) found no difference in the decolorization efficiency of 

Pseudomonas luteola in the presence of yeast extract and tryptone. Previously, it has been 

documented that azo dye degraders breakdown the dye molecule at faster rate in the presence 

of co-substrate because it serves as a source of reducing equivalents, which are required for 
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the reduction of the dye molecule (Ong et al., 2012). However, we observed that yeast 

extract not only acted as a source of reducing equivalents, but it also enhanced the shuttling 

of electrons from the electron donor to the dye molecule, as azoreductase activity increased 

up to four fold. Vmax and Km values were 4.44 U/mg proteins and 0.062 mg mL-1 yeast extract. 

Addition of other co-substrates (glucose, starch, fructose, sucrose, mannitol, lactose, peptone, 

tryptone and beef extract) into the azoreductase assay did not significantly enhance the 

enzymatic activity. Redox mediator property of yeast extract was possibly associated with its 

riboflavin content, which was not present in the other co-substrates. When riboflavin, 

pyridoxine and thiamine (components of yeast extract) were added into the decolorizing 

medium, the decolorizing efficiency of the Shewanella sp. strain IFN4 was not affected at all 

by pyridoxine and thiamine, but azoreductase activity was increased substantially with 

riboflavin (Fig. 4.20). Like bacterial cells, decolorizing activity of azoreductase increased 

substantially with riboflavin, and there was no effect of pyridoxine and thiamine on 

azoreductase activity. These results indicate that riboflavin, present in yeast extract, could be 

the one giving redox mediator properties to yeast extract.    

 Based on the above findings, decolorizing mechanism of Shewanella sp. strain IFN4 

in the presence of yeast extract and other co-substrates was proposed. Sulphonated polar azo 

dyes did not enter the cell of bacteria as cell membrane is not permeable to these dyes (Russ 

et al., 2000; Stolz 2001; Blumel et al., 2002). Since Reactive Black 5, DR 81 and AR 88 are 

high molecular weight polar sulfonated azo dyes, and are not supposed to enter the cell by 

crossing the cell envelope, their reduction possibly may not occur inside the cell. Co-

substrates (other than yeast extract) are metabolized by the bacteria resulting in the 

production of reducing equivalents (NADH or NADPH). These reducing equivalents are 

probably utilized by the membrane bound azoreductase to reduce the azo bond. Contrary to 

this, when yeast extract was added into the MSM, it possibly separated into redox mediator 

substance and metabolizeable yeast extract (Fig 4.26). Reducing equivalents generated from 

metabolism of yeast extract might have been used to reduce the redox mediator substance 

(riboflavin) via membrane bound azoreductase and electrons were subsequently transferred 

from the reduced riboflavin to dye molecule to enhance the rate of dye reduction. Thus, 

riboflavin most likely acted like a bridge between source of electrons and dye molecule. 

Riboflavin is oxidized and reduced, but not consumed during the decolorization process 
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(Maier et al., 2004).         

 The wastewater of textile units contain substantial amount of salts and toxic heavy 

metals (Wan Ngah and Hanafiah, 2008). Presence of metal ions and salts in dye-containing 

wastewater may adversely affect the rate of dye degradation. Therefore, before designing a 

bioreactor to treat the dye contaminated wastewater, efficacy of the biotreatment system must 

be tested in the presence of metals and salts. Shewanella sp. strain IFN4 was able to 

decolorize the RB 5 in the presence of Ni2+, Cr2+, Pb2+, Fe3+ and Mn+2. However, presence of 

Cu2+, Zn2+, Co2+ and Cd2+ in the dye solution suppressed the decolorization, and this 

suppressive effect was increased with increasing concentration (from 0 to 10 mg L-1). Cd2+ 

was found to be the most inhibitory to decolorization process as its addition into the dye 

solution beyond 2.5 mg L-1 dramatically reduced the decolorization rate, and no decolorizing 

activity was detected at 10 mg L-1. Furthermore, ddition of mixture of nine metal ions in the 

dye medium inhibited the decolorization, however, strain IFN4 was able to decolorize RB 5 

dye efficiently in the presence of metal ion mixture at concentration <15 mg L-1. Previously, 

Hong et al., (2007) reported complete loss of decolorizing activity of Shewanella 

decolorationis S12 by the addition of only 5 µM Cu2+ in the medium. Gopinath et al. (2011) 

also observed inhibitory effect on the decolorization of Congo Red by Pseudomonas sp. 

mutant in the presence of Cu2+, Zn2+ and Cr2+ in the dye solution. This reduction in 

decolorization rate was accompanied by decrease in growth of cells. Pointing et al. (2000) 

reported that culture of Phanerochaete chrysosporium (IMI 284010) did not decolorize the 

dye solution with very low concentration (0.1 mM) of Zn2+, Cu2+ and Cd2+. Indeed, metal 

ions cause microbial growth inhibition and denaturation of proteins, and consequently loss of 

enzyme activity occurs (Sharma et al., 2008). In our study, Zn2+, Co2+, Cd2+ and Cu2+ 

suppressed the growth of bacteria, but they did not substantially affect the azoreductase 

activity. Contrary to this, activity of azoreductase isolated from Escherichia coli CD-2 was 

significantly reduced by the presence of Co2+, Cu2+ and Zn2+ in the dye solution (Cui et al., 

2011). Likewise, azoreductase from Enterobacter agglomerans was sensitive to Cd2+, Zn2+ 

and Cu2+ ions (Moutaouakkil et al., 2003). Thus, suppression in the rate of decolorization 

efficiency of strain IFN4 in the presence of Zn2+, Co2+, Cd2+ and Cu2+ was possibly 

associated with their inhibitory effect on growth of bacteria. Moreover, it was observed that 

dye decolorization was slightly higher in case of Fe2+ and Mn2+ than control, and also 
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showed a linear positive correlation with growth rate of bacterial cells. However, both metals 

did not exert any influence on the azoreductase activity. All other metals had no effect 

(positive or negative) on the dye decolorization, growth and azoreductase activity. Gopinath 

et al. (2011) reported that decolorization efficiency of the cells of Pseudomonas sp. mutant in 

Cr+6 treated medium containing 200 mg L-1 Cr+6  was almost similar to untreated medium 

because strain had chromium reductase activity which helped the bacteria to tolerate such 

elevated concentration of chromium.        

 Cells of Shewanella sp. strain IFN4 were also able to degrade RB 5  azo dye in the 

presence of up to 50 g L-1 NaCl and 60 g L-1 Na2SO4 in the dye solution. However, extremely 

low concentration (1 g L-1) of NaNO3 significantly reduced the rate of dye decolorization. 

Meng et al. (2012) reported that in the presence of 8% NaCl in the dye solution, only 30% 

dye disappeared in 12 h, while complete color removal was observed in the presence of 8% 

Na2SO4. In contrast, Pourbabaee et al. (2011) reported more inhibitory effect of Na2SO4 than 

NaCl on Cibacron Black w-55 decolorization by Halomonas axialensis. However, Panswad 

and Luangdilok (2000) and Carliell et al. (1998) documented that sulphate is less inhibitory 

in comparison to nitrate for dye decolorization. Salt may cause plasmolysis of bacterial cells 

and reduce their growth rate (Manu and Chaudhari, 2003; Gopinath et al., 2011) or compete 

with dye molecule for electrons (Meng et al., 2012). In our study, NaCl and Na2SO4 salts 

suppressed the growth of bacteria beyond 10 g L-1, but enzymatic activity was not influenced 

up to 60 g L-1 NaCl and 30 g L-1 Na2SO4.  At concentrations up to 60 g L-1 NaCl and 30 g L-1 

Na2SO4, azoreductase activity was higher compared to control (no salt). These results are in 

the accordance with Meng et al., (2012), they observed stimulation of growth and 

azoreductase activity of Shewanella strains at lower concentrations of NaCl, whereas higher 

concentration of NaCl had deleterious effects on their growth and azoreductase activity. 

Likewise, Liu et al. (2012) also observed acceleration in the activity of azoreductase from 

Shewanella at lower concentrations of NaCl. Thus, reduction in decolorization rate of RB 5 

by strain IFN4 at higher concentration of NaCl and Na2SO4 may possibly be associated with 

growth inhibition, while NaNO3 suppressed the decolorization probably by competing with 

dye molecule for electrons (Cirik et al., 2013). Like oxygen molecule, nitrate is also more 

electrophilic than azo dyes and has strong affinity for electrons. Azoreductase is considered 

the main azo dye degrading enzyme produced by the bacteria. Azoreductases are very diverse 
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in nature and are involved in the reductive cleavage of azo bond (-N=N-) of the dye 

molecule. Azoreductase is localized in the cytoplasm (Jalandoni–Buan et al., 2010) or bound 

to the plasma membrane (Kudlich et al., 1997) or secreted outside the bacterial cell (Dafale 

et al., 2008; Chen et al., 2011). In this study, both cytoplasmic and membrane bound proteins 

of Shewanella sp. IFN4 showed azoreductase activity, while no activity was detected with 

extracellular proteins. There is very limited work on the purification and characterization of 

membrane bound azoreductase from bacterial isolates, therefore membrane bound 

azoreductase was selected. Substrate specificity of azoreductase is a very important 

characteristic to be considered for application in bioremediation of textile wastewater, which 

is composed of structurally different azo dyes. Azoreductase from Shewanella sp. strain IFN4 

showed broad substrate specificity as it reduced all five azo dyes. However, azoreductase did 

not decolorize the non-azo dye RB 4 (Table 4.8). Reactive Black 5 was found to be the best 

substrate for the enzyme as maximum activity of the target protein was detected with this 

dye. Likewise, azoreductase from Bacillus badius also showed activity with all the azo dyes 

tested (Misal et al., 2011). In contrast, azoreductase of Caulobacter subvibrioides strain c7-D 

was highly substrate specific as no activity was detected with Acid Orange 52, Acid Red 27, 

Acid Yellow 9 and Acid Orange 10, while activity was observed with other tested dyes. 

Several studies have shown that substrate specificity of azoreductase is related to chemical 

structure of dye molecule (Moutaouakkil et al., 2003; Nachiyar and Rajakumar, 2005; Liu et 

al., 2007). Along with substrate specificity, thermal stability of the azoreductase is also very 

critical for its application for the treatment of real colored wastewaters. It was found that the 

azoreductase was highly thermostable as azoreductase activity was detected at even 80 °C. 

However, maximum azoreductase activity was measured at 45 °C. Azoreductase activity was 

increased as the temperature increased from 4 to 45 °C, but beyond this temperature, an 

inhibition in the enzyme activity was observed (Fig. 4.36) Previously, Pseudomonas KF 46 

(Zimmermann et al., 1982), K 24 (Zimmermann et al., 1982), Escherichia coli (Ghosh et al., 

1993), Shigella dysenteriae Type I (Ghosh et al., 1992) and Bacillus sp. (Ooi et al., 2007), 

Pigmentiphaga kullae K24 (Chen et al., 2010) azoreductases showed maximal activity in the 

temperature range of 40-45 °C whereas azoreductase from Pseudomonas aeruginosa showed 

maximal activity at 35 °C. Similarly, azoreductase from Pseudomonas cepacia exhibited 

maximal activity at 37 °C (Idaka et al., 1987) and in alkali-thermophilic bacterium, optimum 
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temperature for azoreductase activity was 80 °C (Maier et al., 2004). Results of this study 

and reports of previous work indicate that the azoreductase is a thermostable protein.  

 Azoreductase of strain IFN4 was moderately sensitive to pH changes. Maximum 

azoreductase activity was measured at pH 8.0. However, enzyme activity was detected at all 

tested pH (5-10) values. Azoreductase of Bacillus cereus KTSMD-03 and Pseudomonas 

putida Wly showed maximum azoreductase activity at pH 7 (Cai et al., 2012; Dexilin et al., 

2013). Moreover, it was observed that activity of the azoreductase was highly dependent on 

flavin and quinone compounds as azoreductase activity increased substantially by the 

addition of these substances into the azoreductase assay. Azoreductase activity of membrane 

bound azoreductase from Sphingomonas sp. strain BN6 was also dependent on these 

substances (Kudlich et al., 1997). Similarly, Liu et al. (2009) also observed an increase in 

azoreductase activity with quinone compounds. These flavin and quinone compounds are 

reduced by accepting electrons from electron donor and oxidized when they donate electrons 

to dye molecule (Liu et al. 2009) and in this way they accelerate the decolorization process. 

It was found that azoreductase of strain IFN4 also requires cofactors (NADH and NADPH) 

to reduce the azo bond. However, NADH was the preferred coenzyme for membrane bound 

azoreductase of Shewanella sp. strain IFN4. Previously, azoreductase from Pigmentiphaga 

kullae K24 showed preference for NADPH over NADH (Chen et al., 2010). Literature 

provides evidence that bacterial species can either utilize NADH or NADPH as electron 

donors (Hayashi et al., 1990; Blumel et al., 2002; Chen et al., 2005). Azoreductase of strain 

IFN4 was monomer as single band was observed in native and SDS-PAGE. Azoreductases 

isolated from Pigmentiphaga kullae K24, Bacillus badius, Shewanella oneidensis MR-1 and 

Pseudomonas aeruginosa were also composed of one polypeptide (Nachiyar and Rajakumar, 

2005; Chen et al., 2010; Misal et al., 2011; Yang et al., 2012). Azoreductase protein of 

Clostridium perfringens and Escherichia coli K12 were dimmeric molecules (Raffi and 

Cerniglia, 1990; Ghosh et al., 1993). Molecular weight of the purified azoreductase of strain 

IFN4 was 33±0.5 kDa (Fig. 4.42). Previously, molecular masses of 22 and 21 kDa were 

reported for azoreductases from Pigmentiphaga kullae K24 and Pseudomonas sp. (Chen et 

al., 2010; Zimmermann et al., 1984) and a mass of 61.6±1.4, and 28 kDa was reported for 

Bacillus strain SF and Enterobacter agglomerans (Maier et al., 2004; Moutaouakkil et al., 

2003). Molecular mass of this protein was very close to the azoreductase purified from 
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Pseudomonas sp (30 kDa) and E. coli K12 (28 kDa) (Zimmerman et al., 1982; Ghosh et al., 

1993). This protein showed good homology with already purified protein from other 

Shewanella species and Pseudoalteromonas haloplanktis TAC125. The azoreductase of 

strain IFN4 showed homology with Na (+)-translocating NADH-quinone reductase subunit F 

of Shewanella amazonensis SB2B, Shewanella sp. W3-18-1, Shewanella oneidensis MR-1, 

Shewanella denitrificans OS217, Shewanella halifaxensis HAW-EB4 and 

Pseudoalteromonas haloplanktis TAC125. 
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Summary 
    

Huge quantity of azo dyes is present in textile effluents that are released in water during 

dyeing process. Dye-contaminated water is directly released (without treatment) into water 

streams or used by the farmers for irrigation purpose in the surroundings of industrial units. 

So, a study was designed to assess the stability and biodegradation of various textile azo dyes 

in soil. Effect of these dyes on the growth of two bacterial species capable of promoting plant 

growth was investigated in liquid medium under controlled conditions. Similarly, changes in 

microbial composition in soil treated with dyes were examined via phospholipids fatty acid 

analysis. Since azo dyes are toxic to the environment, several bacteria capable of degrading 

azo dyes were isolated from the wastewater of textile processing units, in order to devise a 

strategy for the treatment of textile effluents at the outlets of industrial units to prevent 

contamination of water and soil. These bacterial isolates were tested for their ability to 

degrade RB 5 azo dye in liquid medium. Based on decolorization efficiency, a strain (IFN4) 

having close resemblance to Shewanella sp. was selected and used to optimize the 

decolorization process. To achieve maximum decolorization rate, pH, temperature, aeration 

and inoculum rate were optimized. Furthermore, various co-substrates were compared to 

enhance the decolorization rate of azo dyes by whole bacterial cells and enzyme 

azoreductase. In addition, efficacy of the strain IFN4 and enzyme azoreductase to decolorize 

azo dye in the presence of various metal ions (Cu2+, Ni2+, Cd2+, Fe3+, Fe2+, Co2+, Zn2+, Cr2+, 

Mn2+ and Pb2+) and salts (NaCl, Na2SO4 and Na2NO3) was tested. Inhibitory effect of metal 

ions and salts on the growth of bacteria was also evaluated. Finally, mechanism of 

decolorization of selected bacterium was proposed and membrane bound azoreductase of the 

selected bacterium was characterized. The key findings are summarized as under. 

1. Azo dyes were found to be quite stable and degraded slowly in the soil, but rate of 

their degradation varied with type of the azo dye. Direct Red 81 was the most stable 

(63.5% residues after 14 days) in soil followed by AY 19 and RB 5.   

2. Azo dyes (400 mg L-1) inhibited the growth of PGPR such as Pseudomonas 

fluorescens and Bacillus megaterium in liquid medium. However, azo dyes had more 

inhibitory effect on the growth of Pseudomonas sp. than Bacillus sp. Addition of azo 

dyes into the soil also suppressed the growth of soil microbes. Phospholipids fatty 
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acid analysis of soil showed more reduction of gram negative bacteria in dye treated 

soil than gram positive bacteria. It was further observed that both fungal and bacterial 

PLFAs were almost equally affected by the DR 81 and AY 19 azo dyes, however, RB 

5 azo dye had more inhibitory effect on the fungi than bacteria.   

3. To treat the azo dye contaminated water and to prevent contamination of soil, thirty 

bacterial strains able to decolorize RB 5 on agar plates were isolated from the 

wastewater collected from textile dyeing units. Strain IFN4 identified as Shewanellas 

sp. was highly efficient in decolorizing structurally different four azo dyes (RB 5, DR 

81, AR 88 and AY 19) individually as well as in mixture and 72-99% decolorization 

of 200 mg L-1 dye was achieved within 4 h under static condition. This bacterial strain 

was able to decolorize mixture of azo dyes over wider pH (5-10) and temperature 

ranges (20-50 °C), however, maximum decolorization rate was observed at pH 8.5 

and temperature 35 °C under static condition. 

4. Decolorization of azo dyes by strain IFN4 was dependent on the co-substrate. The 

highest (95%) decolorization was observed with yeast extract, while decolorization 

ranged from 40-64% in the presence of other co-substrates such as glucose, starch, 

sucrose, fructose, lactose, mannitol, peptone, tryptone and beef extract. Optimal level 

of yeast extract for decolorization of mixture of azo dyes by strain IFN4 was found to 

be 6 g L-1.  

5. Azoreductase assay revealed that activity of the azoreductase of strain IFN4 was 

significantly higher in dye solution containing 2 g L-1 yeast extract (4.19 U/mg 

proteins) than that observed without yeast extract (1.32 U/mg proteins). None of the 

other co-substrate had significant effect on the azoreductase activity. Michaelis-

Menten kinetics was employed to calculate Km and Vmax values for crude proteins of 

strain IFN4, which were 0.062 mg mL-1 yeast extract and 4.44 U/mg proteins, 

respectively. 

6. Riboflavin, pyridoxine and thiamine are also present in minor concentrations in yeast 

extract. Thus, their individual effect on the decolorization by whole cells and 

azoreductase was studied. Only riboflavin enhanced the decolorization of the dye and 

decolorization of mixture of azo dyes increased from 41.5 to 80% at 25 mg L-1 
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riboflavin, while activity of azoreductase increased from 1.31 to 8.60 U/mg proteins 

with riboflavin. 

7. The Decolorization efficiency of Shewanella sp. strain IFN4 was not affected by the 

addition of  Ni2+, Cr2+, Pb2+, Fe3+ and Mn+2 into the RB 5 solution (200 mg L-1 ) at 

concentration ranging from 0-10 mg L-1. However, Cu2+, Zn2+, Co2+ and Cd2+ reduced 

the decolorization rate of RB 5. Strain IFN4 was able to decolorize RB 5 dye 

efficiently in the presence of metal ion mixture at concentration <15 mg L-1. Four 

metal ions, Zn2+, Co2+, Cd2+ and Cu2+ suppressed the growth of bacterial cells while 

Fe3+ and Mn+2 enhanced the growth rate. In contrast, metal ions did not substantially 

reduce the azoreductase activity except Cu2+.  

8. The strain IFN4 was able to decolorize 200 mg L−1 RB 5 at high concentration of 

NaCl (50 g L−1) and Na2SO4 (60 g L−1), however time required for complete 

decolorization of RB 5 varied with concentration of NaCl and Na2SO4. In contrast, 

strain IFN4 did not decolorize RB 5 at low concentration (2 g L−1) of NaNO3. 

Azoreductase activity of strain IFN4 was not significantly reduced up to 30 and 60 g 

L−1 Na2SO4 and NaCl, respectively but an inhibition in the enzyme activity was 

measured above these concentrations. Both Na2SO4 and NaCl inhibited the growth of 

bacterium IFN4 at concentration above 10 g L-1 and percent inhibition between 20-50 

g L−1 NaCl was ranged as 19-81% while it ranged 7-58% in case of Na2SO4. There 

was no inhibitory effect of NaNO3 on growth of bacteria and azoreductase activity at 

tested concentration of 10 g L−1. 

9. Membrane bound azoreductase of strain IFN4 had broad substrate specificity and a 

thermostable protein. Protein was active up to 45 °C without any significant reduction 

in the activity. 

10. Azoreductase enzyme of strain IFN4 utilized both NADH and NADPH as cofactor, 

but it preferred NADH over NADPH. Further, activity of the enzyme was flavin and 

quinone dependent as activity of the enzyme increased substantially in the presence of 

these compounds. 

11. Purified protein had a molecular weight of 33±0.5 kDa, exhibiting good homology 

with previously purified proteins from Shewanella amazonensis SB2B, Shewanella sp. 

W3-18-1, Shewanella oneidensis MR-1, Shewanella denitrificans OS217, Shewanella 
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halifaxensis HAW-EB4, Pseudoalteromonas haloplanktis TAC125. This protein was 

possibly Na (+)- translocating NADH-quinone reductase subunit F. 

Concluding Remarks and Future Perspectives   
 Discharge of azo dye-containing wastewater of textile industry to water bodies and 

soil is not environmentally safe practice. Azo dyes are quite stable in the soil and degraded 

slowly in the soil environment, however rate of degradation of azo dyes by soil microbes 

depends upon the structure of the dye molecule. Azo dyes in soil were found to be toxic to 

soil microflora as they changed the soil microbial community structure. One of the viable 

approaches is the removal of the azo dyes from textile wastewater through biodegradation 

before its release into the environment. Microorganisms, particularly bacteria carry a lot of 

potential to degrade azo dyes and could be used to develop a biotreatment system for 

addressing the problem of azo dyes in the wastewater.  Results of this study demonstrated 

that the intact bacterium, Shewanella sp. strain IFN4 and its azoreductase were found to be 

highly effective to degrade structurally different azo dyes. In this dissertation research for the 

fist time, role of yeast extract as redox mediator was explored during dye decolorization. 

High rate of decolorization achieved under high saline condition and in the presence of 

various toxic metal ions implied that the bacterial strain IFN4 and its enzymatic system are 

the potential tools to treat the colored wastewater of different textile industries containing 

substantial amount of salts and metals by developing bioreactors. Moreover, azoreductase of 

strain IFN4 was more resistant to the presence of salts and metals in the dye solution 

compared to intact bacterial cells. Therefore, azoreductase of strain IFN4 could be used to 

develop biofilters by immobilizing these proteins on some solid materials to achieve faster 

decolorization of wastewater.  
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