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PREFACE 

Azo dyes are the largest and versatile group of dyes having wide range of 

applications in the textile, paper, food, leather, cosmetics and pharmaceutical 

industries. They are xenobiotic and toxic, and have high recalcitrance and stability 

in environment as a result create aesthetic and environmental problems. 

Conventional treatment of colored effluents by physical or chemical procedures 

suffers from formation of hazardous by-products, high cost and intensive energy 

requirements. Several microorganisms including algae, yeast, filamentous fungi 

and bacteria are reported to bring about azo dye decolorization and degradation. 

Various pure bacterial strains, mix cultures and acclimatized consortia have been 

isolated or enriched from diverse environments, although bacterial strains reported 

have not been limited to any specific taxa or niche. Azo dye decolorization and 

subsequent degradation require different biochemical and enzymatic machinery 

for breaking the azo bond and ring cleavage activity resulting in the complete 

mineralization of the dye molecule. Two steps bioprocess for dye removal from 

effluent include the reductive breakage of the azo bond under anaerobic/anoxic 

conditions followed by aerobic degradation of the aromatic amines. Often mixed 

cultures or microbial consortia are found to play efficient role in dealing with the 

azo dye bioremediation strategy.  Dye decolorization depends not only on the dye 

structure and properties but also on several nutritional factors under which the 

microbial decolorization is carried out. Acclimatized microbial consortia 

enrichment techniques have been largely performed by repeated transfers of the 

microbial population in dye containing media for adaptation with time. However 

systematic studies on enrichment procedure with respect to the sample type, 

medium composition and incubation conditions are lacking.  

Decolorization of dyes can be brought about by specifically isolated microbes by 

enzymatic mechanisms. There are two major groups of enzymes used by bacteria 

in the degradation of azo dyes: reductive or oxidative enzymes.  Laccases, lignin 

and manganese peroxidases, tyrosinase form the oxidative enzyme systems and 

are largely found in fungi whereas reductive enzymes are azoreductases which are 

classified as flavin dependent (FMN) or flavin independent, and could use NADH 

or NADPH or both as a cofactor are found in diverse groups of bacteria.  The 



 

 

necessity to isolate, identify and characterize new genes from different 

environment sources is vital as azo dyes with diverse structures are synthesized 

every year. Thus it is important to develop novel enzymatic clean-up operations as 

these can be used as tools for elimination of low molecular weight aromatics 

which are highly carcinogenic at a very low concentration. 

As azoreductases have high Km values for NADH as compared to the NADH 

peroxidase and other NADH: Quinone reductase systems, thus overall rate of dye 

decolorization may be impeded by this factor. To overcome this problem, a 

plausible strategy may be to increase in the overall NADH pool inside the cell by 

NADH regeneration system. 

Physiological function of azoreductases in bacteria is thought to be different than 

azo dye reduction. Azoreductases basically belong to quinone reductase family. It 

was shown that azoR is essential for the maintenance of cellular reduced 

glutathione (GSH) levels after addition of 2-hydroxy quinone, catechol, and 

menadione. Thus, azoR seems to be involved in resistance to thiol specific stress. 

This implicates the role of azoreductases under conditions of stress.  

Based on this background, the objectives of this work involved, 

1) Bacterial diversity and biodecolorization studies of Reactive violet 5R 

(RV5R) by microbial consortia 

2) Azoreductase (azoA) from Enterococcus sp. L2: cloning, heterologous 

expression and physiological role. 

3) Metabolic engineering for efficient azo dye decolorization by NADH 

regeneration system  

 Present study showed both pristine and dye contaminated samples could be 

used to enrich acclimatized bacterial consortia for decolorization of the azo dye 

reactive violet 5R (RV5R). Acclimatized consortia showed significant diversity 

profiles in their communities as analyzed by amplified rDNA restriction analysis 

(ARDRA) and denaturing gradient gel electrophoresis (DGGE). It may be 

concluded that the composition of the consortia is governed by nature of the 

sample, enrichment media composition and incubation conditions. The 

phylogenetic diversity in the consortia was correlated with different dye 



 

 

decolorization/degradation end products as revealed by Fourier transformed 

Infrared spectroscopy (FTIR) and GC- Mass spectroscopy analysis.  

Enterococcus sp. L2 was isolated as an efficient azo dye decolorizing strain 

during these studies. Further, enterococcal azoA gene was isolated, cloned and 

expressed in gram negative and positive host systems for enhanced azo dye 

decolorization. To justify the cofactor (NADH) requirement of AzoA, metabolic 

engineering approach was used to construct NADH regeneration system by NAD
+
 

dependent formate dehydrogenase from Mycobacterium vaccae N10. We were 

able to develop FDH-AzoA dual enzyme system for dye decolorization. At the 

same time, we showed the overexpression of azoA in enterococcal host lead to 

enhanced survival under oxidative stress by inhibiting the free radical formation 

and increased heavy metal resistance. 
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1 Introduction 
 

       With the boom in the worldwide textile industry in recent years, there has been a 

commensurate increase in the use of various dyes, and this has been accompanied by 

increase in the discharge of coloured wastewater from dye-manufacturing and dyeing 

units. It is estimated that 280,000 t of textile dyes effluent are discharged annually 

worldwide (Jin et al., 2007). Azo dyes make up approximately 70% of all dyestuffs 

(Zollinger, 2004), making them the largest group of synthetic colorants and the most 

common synthetic dyes released into the environment (Chang et al., 2001; Zhao & 

Hardin, 2007). Many azo dyes, dye precursors and their amine constituents produced 

through biotransformation are carcinogenic in nature. Effluents containing dyes have 

the ability to impart colour in to large volume of natural aquatic sources and create a 

serious environmental problem and public health concern. Efficient colour removal 

and degradation process, specifically from textile industry effluents, has become great 

concern over the last few decades. The current physicochemical technologies for the 

treatment of wastewaters containing dyes include adsorption, precipitation, chemical 

oxidation, photo-degradation, or membrane filtration (Yeh & Thomas, 1995). These 

have serious restrictions as economically feasible methods for decolorizing textile 

wastewaters (such as high cost, formation of hazardous by-products or intensive 

energy requirements). According to one study in mid 90s, in India, dyestuff industry 

produces around 60,000 t of dyes, which is approximately 6.6% of total world output 

(Shenai, 1995). 

Biodegradation as eco-friendly and cost effective green process is the best alternative 

for the azo dye effluents treatment. Most of the synthetic dyes are recalcitrant and 

usually resist biodegradation in conventional sewage-treatment plants (Shaul et al., 

1991). Various specialised biological systems able to decolorize and metabolize azo 

dyes into less toxic compounds have been reported (Stolz, 2001) and this has 

tremendously fortified the biodegradation efforts. An important aspect of azo dye 

degradation is the reductive cleavage of the azo bond which results in dye 

decolorization and is considered as the bottle neck step in the degradation pathway. 

This work deals with the study of azo bond reduction by bacterial enzyme systems. 

Azo dye decolourization was studied in natural bacterial isolates and enriched 
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acclimatized microbial consortia. The dye decolorization process improvement was 

attempted by cloning and overexpression of the azoreductase gene along with cofactor 

regeneration system.  

The review of literature describes the important features of azo dyes, microbial 

systems known to carry out dye decolorization and degradation, the enzymatic 

machinery in microbial systems for azo dye decolorization with particular emphasis 

on the azoreductase enzyme and factors affecting its catalytic activity.  

1.1. Azo dyes 

Dyes are classified as anionic (direct, acid, and reactive dyes), cationic (basic dyes), 

and non-ionic (disperse dyes) (Chen, 2006). Anionic and non-ionic dyes mostly 

contain azo or anthraquinone type of chromophores. Azo dyes form a major class of 

chemically related compounds that are ubiquitously used in several industries. Azo 

dyes are the largest and most versatile class of dyes, and account for more than half of 

the annually produced amount of dyes (Stolz, 2001). They constitute the largest class 

of synthetic dyes used in commercial applications (Zollinger, 2004). 

Azo dyes are characterized by one or more R1-N=N-R2 (Azo or diimide) bonds, in 

which R1 and R2 can be either aryl or alkyl groups. The azo group of azo dyes links 

two sp2 hybridized carbon atoms. Often these carbons are part of aromatic systems 

but this is not always the case. Diethyldiazene is an aliphatic azo compound. Mainly 

aromatic side groups around the azo bond help to stabilize the -N=N- group by 

making it part of an extended delocalized system.  

Unlike most organic compounds, dyes possess colour because they 1) absorb light in 

the visible spectrum (400–700 nm), 2) have at least one chromophore (color –bearing 

group), 3) have a conjugated system, i.e., a structure with alternating double and 

single bonds, and 4) exhibit resonance of electrons, which is a stabilizing force in 

organic compounds. When any one of these features is lacking from the molecular 

structure the colour is lost. Azo dyes have the capacity to absorb light of specific 

intensity and thus are capable to give bright, high intensity colours. They have fair to 

good fastness properties, but not better than as the carbonyl and phthalocyanine 

classes.  Their biggest advantage it their cost-effectiveness, which is due to the ease in 

the processes involved in their synthesis. 
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1.2. Structures of azo dyes 

The color index (CI) number, developed by the Society of Dyers and Colourists (UK) 

and by the American association of Textile Chemists and Colourists (USA) is used for 

dye classification. The first word is the dye classification and the second word is the 

hue or shade of the dye. For example, CI Acid Yellow 36 (CI 13065) is a yellow dye 

of the acid type (Christie, 2001). Azo dyes are subdivided according to the number of 

azo bonds they possess i.e. mono-azo, di-azo, tri-azo & poly-azo (more than three azo 

bonds) (Chacko and Subramaniam, 2011). Structures of representative examples of 

members of different classes of azo dyes are shown in Table 1.1.  

By making a series of reactions and couplings it is possible to build up more than one 

azo group into a dye molecule, these structures are called poly-azo dyes. This concept 

is the basis for the manufacture of the main leather colours of brown and black. 

Normally, more the azo chromophores present, the more the colour tends towards 

brown or black, as the individual red, yellow, blue, etc. chromophores start to work 

together. Many of the major brown and black dyes for application to leather are 

polyazo compounds. Azo dye structures directly play significant role in determining 

its toxicity and biodegradation rate (Puvaneswari et al., 2006).  Addition of different 

sulphonate, amide, amine and hydroxyl groups to the aryl rings alters its ability to 

cross biological membranes based on its polar nature. Reductive cleavage of azo dyes 

sometimes leads to even higher toxic aromatic amines. These aromatic amines are 

characterized for their carcinogenic properties and oxidative damage to the cellular 

machinery. Tan et al., (2005) have shown that sulphonated aromatic amines, one of 

the major types of amines released after the reductive cleavage of azo dyes, are 

mainly degraded under aerobic conditions. Although the biodecolorization process 

widely considered as an anoxic or anaerobic process due to its oxygen sensitivity.   

Dyes owe much of their character to the presence of aromatic rings such as benzene 

and naphthalene. These aromatic rings usually have chloride, hydroxyl, sulphate or 

nitro groups attached to increase solubility in water and enhance interactions with the 

substrate. Various metals such as copper form a coordinates with different dye 

structures and delivers dyes higher stability. Thus different metal ions (electron poor, 

Cu
+2

ions) interact with electron donating nitrogen, oxygen groups or ligands to 

generate co-ordination complexes. 
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Table 1.1Structures of representative azo dyes 

Class Examples Structure 

Mono 

azo 

dyes 

Reactive 

violet 5R  

 

Methyl red 

CI 13020 

 

Di-azo 

dyes 

Sudan III 

 

Direct blue 

1 

 

Tri-azo 

dyes 

Direct 

green 6 

 

 

 

 

 

 



Chapter 1. Review of Literature 

 

Cloning and heterologous expression of genes involved in azo dye decolorization and metabolic engineering for efficient 

bioremediation Page 5 
 

1.3. Dye removal techniques 

Several methods for the reduction of azo dyes from textile effluents to achieve 

decolourization are depicted in Figure 1.1. Physical and chemical dye removal 

methods have the inherent drawbacks of being economically unfeasible (as they 

require more energy and chemicals), being unable to completely remove the 

recalcitrant azo dyes and/or their organic metabolites, generating a significant amount 

of sludge that may cause secondary pollution problems, and involving complicated 

procedures. Advantages and disadvantages of various methods are listed in Table 1.2. 

1.4. Microbial degradation of azo dyes 

The use of microbial or enzymatic treatment method for the complete decolorization 

and degradation of such dyes from textile effluent has the following advantages: (1) 

being environmentally-friendly, (2) being cost-competitive, (3) producing less sludge, 

(4) yielding end products that are non-toxic or have complete mineralization; and (5) 

requiring less water consumption compared to physicochemical methods. 

Bioremediation, or the use of microbial techniques to deal with pollution, is a key 

research area in the environmental sciences. In such approaches microbes acclimatize 

themselves to the toxic wastes and new resistant strains develop naturally, which then 

transform various toxic chemicals into less harmful forms. The mechanism behind the 

biodegradation of recalcitrant compounds in the microbial system is based on the 

action of the biotransformation enzymes. 
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        (Saratale et al., 2011) 

Figure 1.1 Different methods for removal of dyes from textile effluents 

Shaul et al. (1991) studied the efficacy of dye removal by conventional biological 

treatment systems. They spiked the raw wastewater influent with various commercial 

dyes in concentrations of either 1 or 5 mg l
-1 

and conducted dye analyses on the 

wastewater effluent and activated sludge. Data obtained from this study demonstrated 

that 11 of 18 dyes passed through an activated sludge process untreated, 4 adsorbed 

onto the activated sludge and 3 underwent biodegradation (Shaul et al., 1991). 

Different dye classes showed different grades of adsorption, which seems to depend 

on the dyes‘ solubility. For example, acid dyes with more sulphonic groups (higher 

solubility) tend to adsorb to a lesser degree (Shaul et al., 1991). Thus, the 

effectiveness of microbial decolorization depends on the adaptability and the activity 

of the microorganisms and specially selected strains need to be used in the process. 

 A variety of microorganisms are capable of decolorizing of a wide range of dyes 

including; bacteria, fungi, yeasts, actinomycetes, algae (Saratale et al., 2011). The 

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

riboflavin reductase, NADH DCIP reductase and aminopyrine N-demethylase, have 

been mainly utilized in the microbial decolorization/degradationof azo dyes (Stolz, 

2001; Chen, 2006; Saratale et al., 2011; Solís et al., 2012; Chengalroyen and Dabbs, 

2013). 
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Table 1.2Advantages and disadvantages of current methods of dye removal 

techniques. 

(Chacko et al., 2011 & Huber et al., 2012). 

Methods  Advantages  Disadvantages  

Non-destructive methods  

Adsorption  Good removal of wide 

variety of dyes  

Very expensive  

Exchanger needs to be 

regenerated  

Membrane filtration  Removes all dye types  Concentrated sludge 

production  

Electrochemical 

coagulation  

Economically feasible  High sludge production  

Destructive methods  

Electrochemical 

destruction  

Breakdown compounds 

are non -hazardous  

High cost of electricity  

Fenton‘s reagent  Effective decolorization 

of both soluble and 

insoluble dyes  

Sludge generation  

Ozonation  Applied in gaseous state 

: no alteration of volume  

Short half –life (20 min)  

Photochemical  No sludge production  Formation of by-

products  

Irradiation  Effective oxidation at 

lab scale  

Requires a lot of 

dissolved oxygen  

 

There are two major groups of enzymes used by microorganisms in the degradation of 

azo dyes: reductive or oxidative enzymes (Saratale et al., 2011). Examples of the 

oxidative enzyme activities reported are lignin and manganese peroxidase, laccase 

and tyrosinase (Saratale et al., 2011). Very few studies have reported activity of 

oxidative enzymes in bacteria, e.g. Streptomyces (Dos Santos, 2007) and 

Sphingomonas which produce an extracellular enzyme peroxidase (Stolz, 2001). The 

lignolytic enzyme system is found in the white-rot fungi. The reductive enzymes, 
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azoreductases are found in bacterial systems. Azoreductases carry out reductive 

cleavage of the azo bond(s) leading to production of aromatic amines concurrent with 

dye decolorization. These oxidoreductive enzymes possess the ability to accept azo 

compounds as substrates at catalytic site and are responsible for biotransformation. 

Electron withdrawing groups such as –NH2 and –OH decrease the electron density 

around the –N=N– bond and facilitate the reduction of the azo group with a 

simultaneous release of an aromatic amine. Also, placing an electron donor substitute 

in an ortho position in relation to the azo group increases tendency for reductive 

cleavage of the azo bond. A similar effect is observed for water-soluble dyes i.e., 

those with groups such as –SO3Na and –COOH in their structure (Chen, 2006). 

Microbial decolorization of azo dyes may occur under conventional anaerobic, 

facultative anaerobic and aerobic conditions by different groups of organisms. Some 

consideration of microbes and their enzymatic activities in the bioremediation 

treatment process is due to their sensitivity to impurities such as heavy metal and 

organic solvents and salts.  

1.4.1. Degradation of azo dyes by filamentous fungi and yeasts 

White rot fungi can degrade many complex compounds by producing extracellular 

hydrolytic enzymes. It has been shown that Phanerochaete chrysosporium, 

Geotrichum candium, Trametes modesta, Bjerkandera adusta, Penicillium spp., 

Pleurotus ostreatus, Pycnoporus cinnabarinus, and Pyricularia oryzae are able to 

degrade complex azo dyes. Most of the azo dye degrading enzymes are oxidases and 

peroxidases with a very high oxidative capacity. It has been suggested that these 

enzymes could oxidize the azo dyes to form compounds of lower molecular weights. 

Among these enzymes, manganese peroxidase (MnP), lignin peroxidase (LiP), and 

laccase are most frequently applied to azo dye degradation. 

Lignin peroxidase (LiP) is an H2O2-dependent enzyme which contains a heme 

prosthetic group, and was demonstrated to oxidize a range of lignin model 

compounds. LiPs are able to oxidize nonphenolic aromatic compounds. 

Manganese peroxidases (MnP) preferentially oxidize Mn²⁺ to Mn³⁺ and the Mn³⁺ is 

responsible for the oxidation of many phenolic compounds. LiPs and MnPs show a 

similar reaction mechanism through initiating free-radical production which oxidizes 
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other chemicals including azo dyes. These enzymes are considered to be the core of 

the lignin-degrading system of white rot fungi. Both LiP and MnP are produced by 

Phanerochaete, Bjerkandera, and Trametes species and some other white rot fungi. 

Trametes versicolor showed the best biodegradation performance among these fungi. 

Laccase is a multicopper enzyme which catalyses the oxidation of phenolic and non-

phenolic compounds. Electrons received from the substrate are subsequently 

transferred to oxygen, which is reduced to water. Laccase is able to decolorize several 

textile azo dyes. The decolorization efficiency can be improved remarkably in the 

presence of mediators. 

Several ascomycetes yeast strains display similar decolorizing behaviours. In 

Saccharomyces cerevisiae, the ferric reductase system participates in the extracellular 

reduction of azo dyes. The ferric reductase I (FRE1) deleted Saccharomyces 

cerevisiae mutant strain showed much-reduced decolorizing capabilities(Dias et al., 

2010). 

Although white rot fungi are able to stably decolorize azo dyes, currently there are 

several problems which interfere with the utilization of lignolytic fungi for the 

treatment of dye-containing wastewaters: 

 Wastewater treatment plants are not the natural habitat of lignolytic fungi and 

therefore special care has to be taken to establish these fungi in a wastewater 

treatment system. 

 The lignolytic enzymes of the white rot fungi are thought to be expressed in 

most cases only during secondary metabolism following growth when carbon and/or 

nitrogen sources become limiting. Neither lignin nor any of the pollutants degraded 

by the enzymes has been shown to be utilized as a carbon or energy source, and a 

separate carbon source is required for the cultivation of the organisms. 

 The observed degradation rates are usually rather low. In typical experiments 

about 50–150 mg of the dyes per liter were decolorized within 5–10 days  

 Lignin peroxidases are very unspecific for the oxidation of aromatic and 

xenobiotic compounds. Therefore, in the presence of complex substrate mixtures such 

as those observed in industrial sewage-treatment systems some will remain 

unattacked, also other substrates will be oxidized by lignin peroxidases. 
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 Lignin peroxidases exhibit a pH-optimum at pH 4.5–5. Therefore a rather acid 

pH of the wastewater treatment system is required, which may inhibit the growth of 

several other useful microorganisms (Swamy and Ramsay, 1999; Stolz, 2001; Salame 

et al., 2010). 

Primary decolorization is further degraded via different ring cleavage pathways, 

wherein initial substitution reactions proceed by dehalogenation and hydroxylation to 

allow the aromatic amines to enter in various degradation pathways. Aromatic rings 

with substituents such as hydroxyl, amino, acetamido, or nitro functions were 

mineralized to greater extent than unsubstituted rings in case of Phanerochaete 

chrysosporium (Spadaro et al., 1992).White-rot fungus Pyricularia oryzae is reported 

to degrade phenolic azo dyes without the formation of aromatic amines (Chivukula 

and Renganathan, 1995). 

1.4.2. Bacterial decolorization and degradation of azo dyes 

Bacterial decolorization of azo dyes is normally faster compared to fungal systems 

with regard to the decolorization and mineralization kinetics. The mechanism of 

microbial degradation of azo dyes involves the reductive cleavage of azo bonds or 

direct ring cleavage pathway. Similar to the oxidoreductive enzymes of fungal 

systems, different bacterial origin lignin peroxidase, laccases, tyrosinase, 

azoreductase, riboflavin reductase, NADH-DCIP reductase and aminopyrine N-

demethylase (Kagalkar et al., 2009; Kalyani et al., 2009; Olukanni et al., 2013), have 

been mainly utilized in the bacterial decolorization and degradation of azo dyes. Azo 

dyes undergo initial reductive cleavage which results in the decolorization of the dye 

molecule forming corresponding aromatic amines. Subsequently, aerobic organisms 

like Pseudomonas, Rhodococcus and Sphingomonas degrade aromatic amines by 

introducing hydroxyl groups on the benzene, naphthalene and anthracene structure to 

allow it to undergo gentisic pathway or β-ketoadipate pathway for complete 

mineralization of azo dyes. The bacterial decolorization and degradation of azo dyes 

has been of considerable interest since it can achieve a higher degree and broad 

spectrum of biodegradation and mineralization, is cost-effective and environmentally-

friendly, and produces less sludge (Khehra et al., 2005; Rai et al., 2005; Saratale et al., 

2009b). Both pure cultures as well as mixed cultures have been reported for 

decolorization of azo dyes.  
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1.4.2.1. Azo dye decolorizing bacteria 

Continuous efforts to isolate pure bacterial cultures able of degrading azo dyes started 

in the1970s with reports of  Aeromonas hydrophila and Bacillus (Mechsner and 

Wuhrmann, 1982; Olukanni et al., 2013). Pure culture system ensures reproducible 

data, and thus interpretation of experimental observations becomes easier with various 

analytical and biological investigations on the mode of dye breakage mechanisms. 

Statistical optimization for azo dye degradation/ decolorization possible as shown by 

Pseudomonas oleovorans PAMD_1 possessing a defined enzyme system 

(azoreductase) (Aranganathan et al., 2013). It becomes easier to determine the 

bacterial strategy for biodegradation using the tools of biochemistry and molecular 

biology, and this information could be utilized to regulate the enzyme system in order 

to produce genetically modified strains with enhanced activities. It is also feasible to 

analyze and model the kinetics of azo dye decolorization by a particular pure bacterial 

culture (Chang and Kuo, 2000).  Azo dyes decolorization and azoreductase activity 

has been reported primarily from prokaryotes although they are also present in lower 

eukaryotes, plants and animals including humans. Bacteria decolorizing azo dyes 

belong to different phyla of Eubacteria such as Proteobacteria, Firmicutes, 

Actinobacteria, mycoplasmas and Cyanobacteria (Puvaneswari et al., 2006). National 

Center for Biotechnology Information (NCBI) data bank possesses total 1077 genes 

entries for putative and annotated azoreductases, which is an important determinant 

for the biological decolorization of azo dyes. Figure 1.2.shows the taxonomic 

distribution and abundance (number of entries) for azoreductase genes in diverse taxa 

of biological systems (1061 entries for bacteria and 16 for eukaryotes). Bacterial pure 

cultures studied for azo dye decolorization and degradation are mentioned in Table 

1.3.
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Table 1.3 Dye decolorizing bacterial strains and mixed culture studies. 

Name of strain Name of the dye 

and concentration 

Conditions (pH, 

temp (
o
C), 

agitation 

conditions) 

Time (h) Decolorization 

(%) 

Mechanism References 

Pseudomonas sp.  Reactive Blue 13, 

(200mg/L) 

7.0, 35, static 70 83.2 NA Lin et al., 2010 

Micrococcus glutamicus 

NCIM 2168 

Reactive Green 19 

A; (50mg/L) 

6.8, 37, static  42  100  Oxidoreductase  Saratale et al., 2009a 

Enterobacter EC3 Reactive Black, 

(1g/L)  

7.0, 37, anaerobic  36  92.56  NA  Wang et al., 2009a; Wang 

et al., 2009b; Wang et al., 

2009c 

Mutant Bacillus sp. 

ACT2  

Congo Red; (3 g /L)  7.0, 37, static  37–48  12–30  Reductive  Gopinath et al., 2009 

Lactobacillus 

acidophilus and 

Lactobacillus 

fermentum 

Water and oil 

soluble azo dyes; 

(6mg/L) 

NA, 37, anaerobic  36  86–100  NA  Chen et al., 2009b 

Geobacillus 

stearothermophilus 

(UCP 986) 

Orange II; 

(0.050mM)  

5–6, 50, aeration 

(150 rpm) 

24  96–98  NA  Evangelista-Barreto et al., 

2009 

Aeromonas hydrophila  Reactive Red 198, 

Reactive Black 5, 

Reactive Red 141, 

Reactive Blue 171, 

Reactive Yellow 84 

7.5, 30, agitation 

(125 rpm) 

60.2; 80.9; 

66.5;36.0; 

33.7a 

- Reductive Hsueh et al., 2009 
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(300mg/L) 

Aeromonas hydrophila  Reactive Red 141; 

(3.8 g/ l)  

7.0, 30, 200 rpm, 

Chemostat pulse 

technique 

48  

  

100  NA  Chen et al., 2009a 

Bacillus sp. VUS  Navy Blue 2GL; 

(50mg/L)  

7.0, 40, static  18  94  Oxidative and 

reductive  

Dawkar et al., 2009 

Citrobacter sp. CK3  Reactive Red 180;  

(200mg/L)  

7.0, 32, anaerobic  36  96  NA  Wang et al., 2009a; Wang 

et al., 2009b; Wang et al., 

2009c 

Acinetobacter 

calcoaceticus NCIM-

2890 

Direct Brown MR; 

(50mg/L)  

7.0, 30, static  48 91.3 Oxidative and 

reductive  

  

Ghodake et al., 2009 

Bacillus sp. C.I. Reactive 

Orange 16; 

(100mg/L) 

7–8, 30, static  24 88 Reductive  Telke et al., 2009 

Pseudomonas 

aeruginosa  

Remazol Orange; 

(200mg/L)  

7.0, 30, static 24  94 Reductive  Sarayu & Sandhya, 2010 

Pseudomonas sp. SUK1  Reactive Red 2; (5 

g/L)  

6.2–7.5, 30, static  6  96  Oxidative and 

reductive 

Kalyani et al., 2009 

Enterococcus 

gallinarum  

Direct Black 38; 

(100mg/L) 

NA, NA, static  20 days  100  Reductive Bafana et al., 2009 

Pseudomonas sp. SU-

EBT  

Congo red; (1 g /L)  8.0, 40, static 12  97  Oxidative  Telke et al., 2009 

Brevibacillus 

laterosporus MTCC 

2298 

Golden Yellow 

HER; (50mg/L)  

7.0, 30, static  48  87  Oxidative and 

reductive 

Gomare & Govindwar, 

2009 
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Rhizobium radiobacter 

MTCC 8161 

Reactive Red 141; 

(50mg/L)  

7.0, 30, static  48  90  Oxidative and 

reductive 

Telke et al., 2008 

Comamonas sp. UVS  Direct Red 5B; (1.1 

g/L)  

6.5, 40, static  13  100  Oxidative Jadhav et al., 2008) 

Exiguobacterium sp. 

RD3  

Navy Blue HE2R; 

(50mg/L) 

7.0, 30, static  48  91  Oxidative and 

reductive 

Dhanve et al., 2008 

Proteus mirabilis  RED RBN; (1 g/L)   

  

6.5–7.5, 30–35, 

static  

  

20  

  

95 

  

Reductive 

followed by 

biosorption 

Chen et al., 1999 

Aeromonas hydrophila  Red 

RBN;(3000mg/L)  

5.5–10.0, 20–35, 

NA 

8  90  NA  Chen et al., 2003 

Pseudomonas 

aeruginosa NBAR12  

Reactive Blue 172; 

(500mg/L)  

7.0–8.0, 40, static  42  83  Oxidative and 

reductive 

Bhatt et al., 2005 

Bacillus sp.  Congo Red; (100–

300mg/L) 

7.0, 37, NA 24–27b 12c 100b 100c Effect of 

sonication  

Gopinath et al., 2009 

Klebsiella pneumoniae 

R5-13  

Methy1 Red; 

(100mg/L)  

6.0–8.0, 30, 

200rpm  

168  100  Reductive  Wong & Yuen, 1996 

Rhodopseudomonas 

palustris AS1.2352 

Reactive Brilliant 

Red; X-3B; 

(50mg/L) 

8, 30–35, 

anaerobic  

24  90  Reductive  Liu et al., 2006 

Shewanella 

decolorationis S12  

Acid Red GR; 

(150mM) 

NA, 30 68d 100d Reductive Xu et al., 2007 

Paenibacillus 

azoreducens sp. nov.  

Remazol Black B; 

(0.1 g/L) 

NA, 37, static  24  98  NA  Meehan et al., 2001 

Bacteroides fragilis  Amaranth, Orange 

II and Tartrazine; 

8, 35, static  NA  95  NA  Bragger et al., 1997 
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  (0.1mM) 

Desulfovibrio 

desulfuricans  

Reactive Orange 96 

and Reactive Red 

120 

NA, 28, 

Anaerobic 

2  95  Reductive  Yoo et al., 2001 

Bacillus  fusiformis 

KMK5  

Disperse Blue 79 

and Acid Orange 

10; (1.5 g/L each) 

9, 37, anoxic 48  100  Reductive  Kolekar et al., 2008 

Alishewanella sp. strain 

KMK6 

mixture of textile 

dyes (0.5–2.0 g/L)  

Anoxic and 

subsequently 

shaking condition 

8h >90 Azoreductase Kolekar et al., 2013 

Aeromonas hydrophila 

var 24 B  

Various azo dyes; 

(10–100mg/L)  

NA  24  50–90  Reductive  Idaka et al., 1978 

Sphingomonas sp. BN6  Acid azo dyes, 

Direct azo dyes and 

Amaranth; (0.1mM) 

NA  NA  NA Flavin Reductase Russ et al., 2000 

 

NA: Information not available. 
a
: Decolorization mg/L/h/ODU, 

b
: Without sonication pretreatment, 

c
: With sonication pretreatment,   

d
: Anaerobic condition. 
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Figure 1.2 Presence of azoreductase genes in different biological systems. 

(Bracket number denotes the total numbers of entries at particular taxonomic unit) 

(http://www.ncbi.nlm.nih.gov/gene/?term=azoreductase on 9
th

 September, 2013) 

 

1.4.3. Azo dye decolorization by bacteria under anaerobic condition 

Decolorization of azo dyes under anaerobic conditions is thought to be a relatively 

simple and non-specific process. Azo dyes act as an oxidising agent for the reduced 

flavin nucleotides of the microbial electron chain and are reduced and decolorised 

concurrently with oxidation of the reduced flavin nucleotides. Additional carbon source 

such as glucose, acetate, starch, ethanol, etc. is required in order for decolorisation to 

proceed at a viable rate. This additional carbon is converted to methane and carbon 

dioxide, releasing electrons. Anaerobic degradation of textile dyes yields only azo 

reduction, in most of the cases mineralisation does not occur (Santos et al., 2007). 

http://www.ncbi.nlm.nih.gov/gene/?term=azoreductase
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It has been reported that under anaerobic conditions a low redox potential (≤50 mV) 

forms which causes the effective decolorization of the azo dyes (Knapp et al., 2000). It 

was observed that the presence of oxygen usually inhibits the azo bond reduction 

activity, since aerobic respiration may dominate utilization of NADH, thus impeding 

the electron transfer from NADH to azo bonds (Chang et al., 2001). It was also reported 

that anaerobic azo dye decolorization is a fortuitous process, where azo dye might act as 

an electron acceptor supplied by the carriers of the electron transport chain (Knapp et 

al., 2000; Stolz, 2001; Chen, Xu, et al., 2010). Species of Bacillus, Pseudomonas, 

Aeromonas, Proteus, Micrococcus and purple non-sulphur photosynthetic bacteria were 

found to be effective in the anaerobic degradation of a number of azo dyes, and 

although many of these cultures were able to grow aerobically, decolorization was 

achieved only under anaerobic or anoxic conditions (Stolz, 2001). 

Alternatively, decolorization might be attributed to nonspecific extracellular reactions 

occurring between reduced compounds generated by the anaerobic biomass. It was also 

reported that in anaerobic conditions the permeation of the azo dyes through biological 

membrane into the microbial cells acts as the principal rate-limiting factor for the 

decolorization (Soojhawon et al., 2005). It was suggested that reduction of these dyes 

could occur through mechanisms that are not dependent on their transport into the cell. 

There are now many reports on the role of redox mediators in azo bond reduction by 

bacteria under anaerobic conditions. Figure 1.3 represents the different mechanisms of 

anaerobic azo dyes reduction. 

 

Figure 1.3  Mechanism of anaerobic azo dye reduction. 

RM redox mediator; ED electron donor; b bacteria (enzyme) 
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Azo dye reduction by Shewanella strains is coupled to the oxidation of electron donors 

and linked to the electron transport and energy conservation in the cell membrane 

(Hong and Gu, 2010).  Under anaerobic conditions the bacterium tends to utilize 

unconventional electron acceptors such as azo dyes, which lead to the decolorization 

phenotype by Shewanella. Various components of electron transport chains are 

involved for the transport the electrons up to the azo compounds via redox mediators or 

directly by membrane bound reductases as depicted in Fig. 1.4.    

 

 

Figure 1.4 Chemiosmotic model of the azorespiration electron transport chain in 

Shewanella decolorationis S12. 

(Chen et al., 2010) 

1.4.3.1. Role of redox mediators in azo dye decolorization 

Redox mediators are compounds that accelerate the electron transfer from a primary 

electron donor to a terminal electron acceptor, which may increase the reaction rates by 

one to several orders of magnitude. Flavin-based compounds like FAD, FMN and 

riboflavin, as well as quinone- based compounds like anthraquinone sulphonate (AQS), 

anthraquinone 2,6 disulphonate (AQDS) and lawsone, have been extensively reported 
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as redox mediators during azo dye reduction (Keck et al., 2002; Stolz, 2002; dos Santos 

et al., 2003; Albuquerque et al., 2005; Van der Zee and Cervantes, 2009). Reductive 

decolorisation of azo dyes in the presence of redox mediators occurs in two distinct 

steps, the first step being a non-specific enzymatic mediator reduction, and the second 

step being a chemical reoxidation of the mediator by the azo dyes. Theoretically, 

feasible redox mediators for biological azo dye reduction must have redox potentials 

between the half reactions of the azo dye and the primary electron donor. Figure 1.5 

shows the E‘0 values for both quinone-based and non-quinone-based redox mediators. 

1.4.4. Azo dye decolorization under aerobic condition 

Under aerobic conditions, the enzymes mono- and di-oxygenase catalyse the 

incorporation of oxygen from O2 into the aromatic ring of organic compounds prior to 

ring fission (Madigan, M.T., Martinko, J.M., Parker, 2003). In most monooxygenases, 

the electron donor is NADH or NAD(P)H, even though the direct coupling to O2 is 

through a flavin that is reduced by the NADH or NAD(P)H donor. The substituents of 

azo dyes, mainly nitro and sulfonic groups, are recalcitrant to aerobic bacterial 

degradation (Claus et al., 2002). This fact is probably related either to the electron-

withdrawing nature of the azo bond and their resistance to oxygenases attack, or 

because oxygen is a more effective electron acceptor, therefore having more preference 

for reducing equivalents than the azo dye (Hans-Joachim Knackmuss, 1996; Keck et al., 

1997).

 

Figure 1.5E’0  values both for quinone-based redox mediators and non-quinone-

based redox mediators. 

(Santos et al., 2007) 
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P. kullae K24 was first described to contain oxygen-insensitive flavin free azoreductase. 

This soil bacterium was isolated by long-term adaptation in the chemostat for growth on 

Orange I as the sole source of carbon and energy .(Zimmermann et al., 1984). In the 

presence of specific oxygen-tolerant enzymes azoreductases, some aerobic bacteria are 

able to reduce azo compounds and produce aromatic amines (Stolz, 2001). The aerobic 

azo reductases are able to use both NAD(P)H and NADH as cofactors and reductively 

cleave not only the carboxylated growth substrates of the bacteria, but also the 

sulfonated structural analogues. This type of azoreductase activity was found in 

Xenophilus species strains K22 and KF46. These bacteria cannot utilize azo dye as the 

growth substrate, and require additional organic carbon sources (Stolz, 2001). 

Moreover, there are few bacteria that are able to grow on azo compounds as the sole 

carbon source. These bacteria cleave azo (–N=N–) bonds reductively and utilize amines 

as the source of carbon and energy for their growth. Such organisms are specific 

towards their substrate. Examples of bacterial strains with this trait are Xenophilus 

azovorans KF 46 (previously Pseudomonas sp. KF46) and Pigmentiphaga kullae K24 

(previously Pseudomonas sp. K24), which can grow aerobically on carboxy orange I 

and carboxy orange II, respectively (McMullan et al., 2001).  

1.5. Factors affecting azo dye degradation 

In biological treatment processes, various physicochemical operational parameters, such 

as the level of agitation, oxygen, temperature, pH, dye structure, dye concentration, 

supplementation of different carbon and nitrogen sources, electron donor and redox 

mediator, directly influence the bacterial decolorization performance of azo dyes. Apart 

from this, availability of NADH is an important limiting factor which will determine the 

overall rate of dye decolorization. Table 1.4 describes different azo dye degradation 

studies and analytical methods used to identify the end products of the biodegradation. 

Most of the biodegradation and decolorization studies analysed their end products by 

Uv-visible, Fourier transformed Infrared spectroscopy (FTIR), Gas-Chromatography 

Mass spectroscopy (GC-MS), Liquid-Chromatography Mass spectroscopy (LC-MS), 

H
1
-NMR (Nuclear magnetic resonance) and High pressure liquid chromatography 

(HPLC).  
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1.6. Bacterial azoreductases 

Azoreductases are the enzymes which catalyze the reductive cleavage of azo bonds to 

produce colorless aromatic amine products (Chang et al., 2001). They are cytoplasmic 

enzymes and belong to quinone reductase family. Based on function, azoreductases are 

categorized as either flavin-dependent azoreductases (Nakanishi et al., 2001; Chen et 

al., 2005) or flavin-independent azoreductases (Stolz, 2003). The flavin-dependent 

azoreductases are further organized into three groups: NADH-preferring flavin 

reductases (FRD), NADPH-preferring flavin reductases (FRP), and general flavin 

reductases (FRG). Azoreductases belonging to all three groups (FRD, FRP, and FRG) 

have been found in bacteria. Azoreductases can broadly be divided into two groups 

depending on oxygen tolerance. Those from Enterococcus faecalis (Chen et al., 2004), 

P. kullae K24 (Stolz, 2003), Rhodobacter sphaeroides (Bin, 2004), X. azovorans KF46 

(Knackmuss and Stolz, 2002), Bacillus sp. OY1-2 (Suzuki et al., 2001), Escherichia coli 

(Nakanishi et al., 2001)and rat liver (Elliott, 1984) have been shown to decolorize azo 

dyes in the presence of oxygen. Azoreductase from yeast have been shown to possess 

weak activity under oxic conditions (Liger et al., 2004).However, enzymes from 

Pseudomonas luteola (Chang et al., 2001), rat caecum (Elliott, 1984), etc., work only 

under anoxic conditions. Oxygen-insensitive azoreductases include monomeric flavin-

free enzymes containing a putative NAD(P)H binding motif and the polymeric flavin-

dependent enzymes (Chen, 2006).  

Genes encoding azoreductase activity have been reported from different genera of 

bacterial kingdom and they are mainly annotated as azo with suffix letters describing its 

origin (Table.1.5). Gene coding for other biological functions metal or flavin reductase, 

ACP phosphor diesterase and triphenylmethane reductase are now characterized for 
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Table 1.4 Analytical methods used to identify the degradation products by various 

azo dyes degradation studies by pure bacterial cultures or consortia. 

 (Saratale et al., 2011) 

 

 

their azoreductase activity. There are several examples for differentially annotated 

genes have shown to code for azoreductase activity (Table. 1.5). For example, gene 

acpD denotes ACP phospho diesterase, however it has been shown to possess more 

prominent azoreductase activity thus it was subsequently annotated as azoR in E. coli.   

 

Based on the primary amino acid sequence the classification of azoreductases is found 

to be difficult, hence a classification based on the secondary and tertiary structure has 

been developed (Abraham & John, 2007). In reported classification a web based 

program Deep View/Swiss Pdb Viewer was used to predict secondary and tertiary 

structure based on its amino acid sequence and detect structural similarities and 
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differences between species, wherein azoreductases from six bacterial species 

[Rhodobacter sphaeroides (AY150311), Bacillus subtilis (AB071366), B. anthracis 

(AE016879), B. stearothermophilus (AB071367), Bacillus sp. (AB032601)and 

Enterococcus faecalis (AY422207)] were analyzed for secondary and tertiary protein 

structures. It was determined that Enterococcus faecalis was very distinct and different 

from the others. The others showed very similar 3D protein structural images indicating 

that these azoreductase enzymes belonged to the same family. 

However based on the structural elucidation studies on E. coli AzoR, it acts in a 

homodimeric state forming the two identical catalytic sites to which both monomers 

contribute. The structure revealed that each monomer of AzoR has a flavodoxin-like 

structure, without the explicit overall amino acid sequence homology. Superposition of 

the structures from the two different crystal forms revealed the conformational change 

and suggested a mechanism for accommodating substrates of different size. 

Furthermore, comparison of the active site structure with that of NQO1 complexed with 

substrates provides clues to the possible substrate-binding mechanism of AzoR (Ito et 

al., 2006). Similarly, Liu et al. (2007) elucidated FMN bound AzoA from E. faecalis 

showing its overall structure and architecture of the active site was similar to the azo 

reductase from E. coli and human NQO1, there are significant differences in the active 

site environment implicating different substrate specificities and kinetic properties. 

  Moreover, substrate specificity of the azoreductase has been studied by using synthetic 

model substrates based on disodium-(R)-benzyl-azo-2,7-dihydroxy-3,6-disulfonyl-

naphthalene (Maier et al., 2004). Chen (2004) reported an aerobic FMN-dependent 

azoreductase from Enterococcus faecalis with broad spectrum specificity and 

Pseudomonas aeruginosa shows oxygen-insensitive azoreductase activity towards 

several azo dyes (Nachiyar and Rajakumar, 2005).  
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Table 1.5 Various azoreductase genes involved in dye decolorization by bacteria 

Gene Source organism  Protein characteristics Reference 

azoR1 

 

Pseudomonas. aeruginosa Ligand bound crystal structure and role in drug metabolism  Wang et al., 

2007 

Azo 

 

Rhodobacter sphaeroides 

AS1.1737 

18.7 kDa, NADH utilizing oxygen sensitive azoreductase, optimum conditions pH 8.0 and 

temp. 50°C   

Bin, 2004 

Azo Bacillus subtilis and 

Geobacillus 

stearothermophilus  

174amino acids long 18kDa protein, NADP(H)dependent activity. Sugiura et al., 

2006 

azoA Enterococcus faecalis Homodimer with a molecular weight of 43 kDa, probably containing one molecule of FMN 

per dimer. AzoA required FMN and NADH, but not NADPH. Km values for both NADH and  

Methyl red substrates were 0.14 and 0.024mM.  

Chen et al., 

2004 

azoB Xenophilus azovorans KF46F Flavin-free oxygen-tolerant azoreductase with an ordered bireactant reaction mechanism and 

preference for rather simple monosulfonated mono azo dyes with a hydroxyl-group in 

orthoposition to the azo bond. 

Bürger and 

Stolz, 2010 

azoB Pigmentiphaga kullae K24 22kDa size, flavin-free NADPH preferred azoreductase, The pH and temperature optima are 

pH 6.0 and between 37 and 45°C. 

Chen et al., 

2010 

azo1 and azoII Shigella dysenteriae 28 kDa (AzoI, homodimer) and 11 kDa (AzoII) FMN dependent FMN 

NAD(P)H activity at pH 7.0 and 7.2 respectively. Optimum temp. 45°C for both. 

Ghosh et al., 

1992 

Azo Bacillus 

sp. OY1-2 

19kDa protein, NADPH dependent activity and optimum temperature 70°C. Suzuki et al., 

2001 
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azoC Clostridium perfringens 22.6kDa, Highest activity in presence of NADH and FAD, Optimum pH of 9 and at room 

temperature, and in an anaerobic environment. 

Morrison et al., 

2012 

Azo Bacillus strain SF NADH-dependent azoreductase, molecular mass of 61.6 kDa and an isoelectric point at pH 

5.3, Optimum pH for activity 8 to 9 and temp. 80°C.  

Kandelbauer et 

al., 2004 

azo1 Staphylococcus aureus ATCC 

25923 

20kDa NADPH-flavin azoreductase (Azo1), constitutively expressed in S. aureus , FMN 

dependent  tetrameric protein   

Chen et al., 

2005 

ppazoR Pseudomonas putida MET94 FMN-dependent homodimer with a molecular mass around 40 kDa NADPH preferred over 

NADH.  

Mendes et al., 

2011 

ACP Phosphodiesterase 

Gene (acpD) 

E.coli JM109 FMN-dependent NADH-azoreductase, 23-kDa, ping-pong mechanism, showed similarity to 

NAD(P)H:quinone acceptor oxidoreductase  

Nakanishi et al., 

2001 

triphenylmethane 

reductase gene 

Citrobacter sp. strain 

KCTC18061P 

Mutational analysis of NADH-binding residues, protein of molecular mass of 30,954 Da and 

maximal enzyme activity occurred at pH 9.0 and 60°C. 

Jang et al., 2007 

Fre E.coli  Overexpression of flavin reductase (naturally part of the ribonucleotide reductase complex of 

E.coli) in E.coli and Sphingomonas sp. strain BN6 under anaerobic conditions.  

Rau et al., 2000 

putative azoreductase 

gene 

Shewanella 

oneidensis  

Putative flavin mononucleotidedependent azoreductase, Response to heavy metal stress. Mugerfeld et 

al., 2009 
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Recently, E. coli strains have been characterized for azoreductase (azoR) and 

nitroreductase (NfsA/NfsB) activity and oxygen availability was considered as 

essential parameter for regulations of these reductases during growth (Mercier et al., 

2013).Nonspecific enzymes catalyzing azo bond reduction have been isolated from 

aerobically grown cultures of Shigella dysenteriae (Ghosh et al., 1992), E. coli 

(Nakanishi et al.,2001), Bacillus sp. (Maier et al., 2004b), Staphylococcus aureus 

(Chen et al., 2005) and Pseudomonas aeruginosa (Nachiyar and Rajkumar, 2005); 

where characterized, these enzymes have been shown to be flavoproteins as 

azoreductases. 

As nucleotide sequence of azoreductase from various biological systems shows 

change in the length and sequences, whereas amino acids sequence showed limited 

homology. To analyze closely, the protein sequences of azoreductases from different 

organisms were aligned and analyzed by different methods to find out their 

phylogenetic relationships. With an increase in the number of the completed bacterial 

genome sequences, it was found that genes encoding putative proteins similar to the 

protein sequences of NAD(P)H flavin azoreductases and their phylogenetic 

relationship is depicted in Fig. 1.6.    

 

Figure 1.6 Unrooted phylogenetic tree of NADPH-flavin azoreductases. 

(Chen, 2006) 
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Recently, Chen et al. (2010) have reported phylogenetic analysis of azoreductases 

with the NAD(P)H binding domain information. The tree (Fig. 1.7) shows three 

distinct groups for the 30 azoreductases or hypothetic azoreductases. The polymeric 

flavin-dependent enzymes were further divided into two groups, NADPH-dependent 

and NADH-dependent azoreductases, respectively. The third group contains several 

monomeric flavin-free NADPH-preferred azoreductases, such as AzoA from strain P. 

kullae K24 (Chen et al., 2010). 

 

Figure 1.7 Conserved dinucleotide binding domain sequences based grouping 

ofAzoreductase 

Based on codon usage and conserved motif analysis by MEME program, azoreductase 

from yeast is positioned surprisingly with prokaryotic sequences, mainly Firmicutes 

and Rhodobacter sphaeroides and Bacillus sp. OY1-2 appear together on the codon 

usage tree, indicating lateral transfer of this gene (Fig. 1.8) (Bafana and Chakrabarti, 

2008a). Similarly, E. coli and Enterococcus feacalis showed similar lateral gene 

transfer indications.  

 



Chapter 1. Review of Literature 

 

Cloning and heterologous expression of genes involved in azo dye decolorization and metabolic engineering for efficient 

bioremediation Page 28 
 

 

Figure 1.8 Scheme for evolution of azoreductase gene, shown within the frame of 

SSU rRNA-based phylogeny of organisms. 

Solid lines indicate the SSU rRNA-based phylogeny of organisms, while dotted arrows indicate 

the lateral transfer of azoreductase gene 

(Abbreviations: Gs—G. stearothermophilus; Bs—B. subtilis; Sa—S. aureus; Ef—E. faecalis; Pk—

P. kullae; Rs—R. sphaeroides; Xa—X. azovorans; Bo—Bacillus sp. OY1-2; Ec—E. coli; Hs—H. 

sapiens (human); Cp—C. porcellus (guinea pig); Mm—M. musculus (mouse); Rn—R. norvegicus 

(rat); Sc—S. cerevisiae (yeast)) 

 

Putative azoreductase gene sequences for which azoreductase activity has been 

experimentally demonstrated are very few (Table 1.6).Various biochemical properties 

of azoreductases are summarized in Table 1.7. Azoreductases are found to be 

monomeric to multimeric forms. They usually are mesophilic for enzyme temperature 

optima, except azoreductases from Bacillus sp. OY 1-2 and SF strains for which 

enzyme temperature optima was found to be 70 and 80°C. An organism may possess 

more than one azoreductase enzyme. To function efficiently in dye effluent containing 

various organic solvents, recently an efficient catalytic and organic solvent-tolerant 

azoreductase has been reported by Yang et al. (2013a).  
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Table 1.6 Azoreductase sequences for which azoreductase activity has been 

experimentally demonstrated. 

(Bafana & Chakrabarti, 2008) 

 

1.7. Physiological role of azoreductases 

The introduction of azo compounds into the environment is a human activity, thus 

reduction of azo dyes may not be the primary role of azoreductases. E. coli 

azoreductase encoded by azoR is capable of reducing several benzo-, naphtho-, and 

anthraquinone compounds, which were found to be better substrates for azoR than the 

model azo substrate methyl red (Liu et al., 2009). AQDS was the best substrate for 

AzoR among the quinones examined, as these quinones have higher kcat/Km values 

than methyl red. Quinones are found widely in nature and are metabolites or products 

of different organisms (Deller et al., 2008). They can participate in deleterious redox 

cycling, which leads to the accumulation of reactive oxygen species that are 

deleterious to the cells (Patridge and Ferry, 2006). Liu et al., (2008) expressed 

Rhodobacter spheroides azoreductase AZR gene in E. coli and characterized the 

purified protein as quinone reductase. AZR overexpressing strain showed 

significantly higher survival rate than the control strain exposed to the oxidative 

stressors such as H2O2 and menadione. Thus azoreductase (AZR) is involved in 

quinone detoxification and oxidative stress resistance. Quinones can undergo 

reduction via one electron transfer or two electron transfer leading to either semi-
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quinone radicals or hydro-quinone respectively (Fig. 1.9). Semi-quinone radical is 

readily oxidized back to quinone in the presence of oxygen resulting in generation of 

superoxide anion, thus generating oxidative stress. Semi reduced quinones lead to 

depletion of cellular reduced glutathione, resulting in thiol stress. Azoreductases carry 

out two electron transfer not allowing semiquinone formation thus preventing 

oxidative stress caused by quinones (Liu et al., 2008).Corroborating this, mutational 

inactivation of azoR was found to impair the growth of E. coli cells when exposed to 

different electrophilic quinones (Liu et al., 2009).   

 

Figure 1.9 Reduction mechanism of quinones. 

(Figure was modified from Deller et al. 2008) 

Electrophilic quinones can form S-adducts through covalent bonds with cellular 

thiols, lead to depletion of cellular free thiols and causes thiol-specific stress in cells 

(Liebeke et al., 2008). Glutathione (GSH) is the major low-molecular-weight thiol and 

can interact with toxic dicarbonyl compounds, such as methylglyoxal and N-

ethylmaleimide, resulting in the formation of GSH-S-adduct as a mechanism for 

detoxification (GSH-dependent detoxification) (Ferguson et al., 2000; Li et al., 2003).  

In conclusion, the well-studied azoreductase AzoR is actually a quinone reductase 

playing a role in protection against thiol-specific stress (Liu et al., 2009). Further, this 

study demonstrated that the transcription of azoR was induced by different quinones.   
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A catalytic pocket about 40 to 50 amino acids involved in the binding of substrates 

and flavin cofactors  was found to be conserved in the amino acid sequences of AzoR 

and other quinone reductases (Ito et al., 2008). Quinone reductases (QRs) from 

Bacillus spp. (YhdA), Enterococcus faecalis (AzoA) and E. coli (AcpD) possess an 

amino acid sequence typical for the a flavodoxin-like fold consisting of 5 α-helical 

layers sandwiching a five-stranded parallel β sheet in the center (Deller et al., 2008).  

Table 1.7 Biochemical properties of azoreductases from representative bacteria 

Species  Molecular 

mass  

Cofactor  Electron 

donor  

pH 

optima 

Temperature 

Optima (°C)  

Xenophilus 

azovorans 

KF46 

30 kDa 

(Monomer)  

NR NAD(P)H  6.5  45  

Pigmentiphaga 

kullae K24 

21 kDa 

(Monomer)  

NR  NAD(P)H  6.2  41  

Shigella 

dysenteriae 

28 kDa (AzoI, 

homodimer)  

11 kDa (AzoII)  

FMN  

 

FMN  

NAD(P)H  

 

NAD(P)H  

7.0  

 

7.2  

45  

 

45  

Escherichia 

coli K12 

28 kDa (AzoI, 

homodimer) 

12 kDa (AzoII)  

FMN  

 

FMN  

NAD(P)H  

 

NAD(P)H  

7.0  

 

7.0  

45  

 

45  

Bacillus sp. 

OY1-2 

19 kDa  NA  NADPH  NA  70  

Escherichia 

coli 

46 kDa 

(Homodimer)  

FMN  NADH  NA  NA  

Enterobacter 

agglomerans 

28 kDa 

(Monomer)  

NA  NADH  7.0  35  

Enterococcus 

faecalis 

46 kDa 

(Homodimer)  

FMN  NADH  6.6-7.0  35-40  

Rhodobacter 

sphaeroides 

19 kDa  NA  NADH  8.0  50  

Staphylococcus 

aureus 

85 kDa 

(Homotetramer)  

FMN  NADPH  6.0-6.6  35-40  

Bacillus sp. 

strain SF 

62 kDa 

(Monomer)ª  

NA  NADH  8-9  80  

Bacillus 

sp.BTI1 

N.A.  FMN NADPH Dye 

specific  

35 

 

NR: Not Required, NA: Information not available, 
a
: Oxygen sensitive 
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Different bacterial proteins having quinone reductase possess an adventitious activity 

and apart from quinones, non-cognate substrates were shown to be accepted. Matin 

and coworkers (Gonzalez et al., 2005) demonstrated quinones are physiologically 

relevant substrates for chromate reductase (ChrR) with an involvement of the enzyme 

in the oxygen stress response.  

1.8. Cloning and mutagenesis of azo dye decolorization genetic 

determinants 

The gene encoding the FMN-dependent NADH azoreductase AzrG from thermophilic 

Geobacillus stearothermophilus was cloned and overexpressed in E. coli; the purified 

enzyme efficiently decolorizes methyl red at 30
◦
C and exhibits a wide-range of 

degrading activities for different recalcitrant azo dyes, e.g. Acid Red 88, Orange I and 

Congo Red (Sugiura et al., 2006). An E. coli strain co-expressing the genes ppazoR 

(azoreductase from P. putida MET94) and cotA (encoding laccase enzyme from 

Bacillus subtilis, which does not require redox mediators for decoloration) was 

generated in which the sequential action of the PpAzoR and CotA enzymes could be 

fine-tuned by the presence or absence of oxygen. The resulting genetically engineered 

E. coli strain LOM529 significantly decolorized and detoxified the three model 

wastewaters tested. The decolorization and detoxification property of the strain was 

considered as cumulative effects of host strains and overexpressed proteins (Mendes 

et al. 2011). A Bacillus sp. mutant obtained by random mutagenesis lead to increase 

in the decolorization of congo red. As compared with the wild type which decolorized 

1000ppm dye, the mutant showed decolorization up to 3000 ppm along with the 

reduction in the incubation time and enhanced growth parameters (Gopinath e t al. 

2009). Cytoplasmic azoreductase (AzoA) from Enterococcus faecalis was expressed 

in E. coli, and AzoA-expressing cells showed enhanced rate of methyl red, ponceau 

BS and orange II reduction, with increase of 2- to 4-fold compared to non-induced 

cells (Chen et al., 2004). The azoreductase gene from B. latrosporus RRK1 was 

cloned into E. coli DH5α, and the resulting recombinant strain E. coli SS125 was able 

to decolorize remazol red, while the original host strain had no color removal activity 

(Sandhya et al., 2008). Azoreductase gene from Rhodobacter sphaeroides was 

expressed in E. coli JM109, and the recombinant strain was tested in anaerobic 

sequential batch reactors. The decoloration kinetics of acid red GR in the presence of 

recombinant strains was found to be faster as compared to the vector control strain 
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(Liu et al., 2007). The advantage of utilizing whole cells include improved enzymatic 

activity towards the degradation of azo dyes with the overcome of costs associated 

with enzyme purification and cofactor addition.  

1.9. Recent advances and challenges in biotechnological applications 

of microorganism for dye decolorization/degradation 

Efficient treatment of textile wastewater containing various azo dyes has become an 

important challenge over the past few decades, and until now there are no viable end 

point solutions to the effluent treatment for the removal of color of the dye and toxic 

compounds as well. Although biological treatment of colored effluents is recognized 

to be ecofriendly and economically attractive alternative to the conventional treatment 

methods, it encounters continuous different issues towards the effective decolorization 

and detoxification process. In today‘s scenario dye mineralization along with 

decolorization is the most essential need of any dye bioremediation strategies. As both 

the processes may be supported by different oxygen levels and may require the 

application of different groups of microorganisms, recently research has been focused 

on the combination of anaerobic-aerobic alternate processes such as combined two 

stage anaerobic–aerobic system and advanced oxidation process (AOPs) (Saratale et 

al. 2011, Solís et al., 2012). The use of microbial fuel cells (MFCs) to mineralize dyes 

and produce energy is explored in high interest as it could be solution to energy 

catastrophe (Solís et al., 2012).  

Other primary challenge in azo dye bioremediation is the repertoire of azo dye 

structures for the finer color differences with higher stability and surface interactions. 

More than 100,000 commercial dyes exist of which azo dyes account for more than 

few thousand. Thus degradation and decolorization machineries of the biological 

systems constantly come across the modified dye structures and they need to evolve 

diverse structures to be able to recognize and act on the novel azo dyes. There is a 

clear correlation between structure, cofactor requirement, and substrate specificity in 

azoreductases. Structural characteristics at active site determine the spectrum of 

substrates enzyme can catalyze. Based on the earlier studies by Blumel and Stolz 

(2003) it was shown that AzoB is only able to degrade Orange I. Similarly other 

monomeric flavin-free azoreductases have showed very narrow substrate specificity 

(Chen et al., 2010). On the other hand, polymeric flavin-dependent azoreductase 
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families could act on a broad substrate spectrum (both chemical nature and size) 

(Chen, 2004). Dimeric AzoA from E. faecalis has two separate active sites located at 

the interfaces between the two monomers, and FMN lies inside each active site, 

creating room for different substrates (Liu et al., 2007). Thus, this enzyme is not only 

able to decolorize methyl red, but is also able to convert sulfonated azo dyes Orange 

II, Amaranth, Ponceau BS, and Ponceau S. AzoB has a relatively small substrate 

binding site, which simultaneously accepts both the nicotinamide ring of NADPH and 

the substrate in the catalytic cycle. Moreover, monomeric azoreductases demands for 

successful direct hydride transfer between the two substrates which requires a more 

sophisticated binding mode, thus reduces the number of substrates catalyzed. Thus, 

enzyme characteristics of the bacterial consortium or bioremediation strains are 

important factors which need to be taken into the consideration. 

Azoreductases catalyzing the reductive cleavage of azo bond of the dye carry out two 

electron transfers at a time collectively which requires reduction power from redox 

equivalents (NAD(P)H or FADH2). These enzymes also compete with other cellular 

oxidoreductases for NAD(P)H in cytosolic soup based on their affinities. In any 

physiological state a fixed pool of reducing equivalents is available in cytoplasm and 

its oscillations are driven by metabolism and environmental conditions. Various 

systems have been developed by conjugating azoreductase (azo dye decolorization) 

and NADH reductase (leuco dye decolorization) and with a reducing equivalent 

regenerative enzymes such as glucose dehydrogenase (Yang et al., 2013b) and  

formate dehydrogenase (Bozic et al., 2010). However these systems are in vitro 

constituted dual enzyme preparations which are externally supplied with the 

respective electron donor such as glucose or formate. At same time development of 

whole cell in vivo systems with coupled enzyme expression need to be validated for 

their functionality for azo dye decolorization. Heterologous overexpression of 

azoreductase in E. coli host systems has been shown to enhance the azo dye 

reductions, however decolorization was found to be limited.  

Feng et al. (2010) provided the evidence for significantly enhancing reduction of azo 

dyes in E. coli by intact cells expressing cytoplasmic azoreductase (AzoA) of 

Enterococcus faecalis externally supplied with NADH, as azoreductases have high 

Km values for NADH as compared to the NADH peroxidase and other 
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NADH:quinone reductase systems, thus limiting the overall rate of dye 

decolorization. To overcome this problem, a plausible strategy may be to increase in 

the overall NADH pool inside the cell by NADH regeneration system.          

1.10. Rationale 

Current literature on the dye decolorizing/degrading microorganisms mainly describes 

the isolation of different microbial systems and characterization of their dye 

decolorizing phenotype. Thus a vast amount of information exists about bacterial 

strains that are effective for particular dye removal. However there is void in terms of 

the knowledge on dye decolorization and degradation vis-à-vis microbial physiology 

and diversity. So far, most of the studies have been focused upon the direct 

enrichment process for azo dye decolorizing acclimatized bacterial strains or 

consortia. However, a systematic approach with media composition, incubation 

conditions and nature of the environment sample is needed to develop a strategic 

approach to enrichment process. The niche specificity to the azo dye decolorizing 

bacterial populations is not clearly understood. Continuous need to isolate newer 

potential strains and genes is essential for the construction of an efficient 

bioremediation strain/consortium.  

Cloning of azoreductase for azo dye decolorization by overexpression studies has 

been largely done in standard strains such as E. coli however there are no reports on 

the heterologous expression studies in other host strains. Pseudomonas spp. have been 

extensively characterized for the biodegradation of aromatic compounds and azo dyes 

however no study was done to increase its ability to decolorize azo dyes. 

Azoreductase being cofactor dependent enzyme, may face limitation of cofactor for 

efficient dye decolorization. So far no work has been done on this aspect. 

Azoreductases are found and well characterized from prokaryotic to eukaryotic 

kingdoms. There are different research studies on the overexpression of azoreductases 

from different microbial systems, however very few studies have been focused on the 

physiological role of the azoreductase in bacteria. Till date only one direct knock out 

study has been reported with respect to the azoR from E. coli, showing AzoR 

associated with thiol stress responses and oxidative stress management. There is a 

lacuna of knowledge on the basic native physiological role of azoreductases in other 

bacterial systems. 
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The present work was aimed at the enrichment of azo-dye decolorizing microbial 

consortia from various dye contaminated and pristine environment and their 

community fingerprinting. Reactive violet 5R (RV5R) was used as model azo dye for 

all the decolorization and degradation due to its complex structure having sulphonated 

one benzene and one naphthalene ring attached by mono azo bond (Table 1.1), 

additionally Cu forms a coordinate with dye electron donating moieties. Also it was 

found that RV5R color properties were not modified due to pH differences. Further 

work was focused on the isolation of dye decolorizing strains, cloning of azoA gene 

from an efficient strain in to various hosts and studying role of azoreductase in 

bacterial physiology. The importance of reducing equivalents for efficient dye 

decolorization was studied by constructing NADH regeneration system.  
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1.11. Objectives 

1. Bacterial diversity and biodecolorization studies of Reactive violet 5R 

(RV5R) decolorizing microbial consortia 

a) Enrichment and maintenance of RV5R decolorizing microbial consortia 

from contaminated and pristine niches. 

b) Study of azo dye decolorization/degradation characteristics of the 

consortia and their diversity by culture dependent and independent 

methods. 

c) Characterization of pure cultures from the consortia for dye 

decolorization characteristics 

2. Azoreductase (azoA) from Enterococcus sp. L2: cloning, heterologous 

expression and physiological role. 

 

a) RV5R decolorization by azoA over-expressing bacterial transformants 

b) Construction and characterization of azoA knockout 

3.  Metabolic engineering for efficient azo dye decolorization by NADH 

regeneration system. 

a) Cloning and heterologous expression of NAD
+ 

dependent formate 

dehydrogenase (fdh) gene in broad host range expression systems 

b) Study of azo dye decolorization of fdh over-expressing strains 
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2 MATERIALS AND METHODS 

2.1. Bacterial strains and plasmids used in this study 

Laboratory isolates and standard strains of bacteria used in this study are listed 

in Table 2.1. P. fluorescens PfO-1 was generous gift from Dr. M. Silby, Center for 

Adaptation Genetics and Drug Resistance, Department of Molecular Biology and 

Microbiology, Tufts University School of Medicine. All the cultures were maintained 

in Luria Bertani (LB) medium. 

Plasmids used in this study are listed in Table 2.2. The plasmid vector 

pBBR1MCS-2 was obtained from Dr. M.Kovach, Department of Microbiology and 

Immunology, Louisiana State University Medical Center-Shreveport, Shreveport, LA 

71130-3932, USA. pBBR1MCS-2 mycfdh  clone with pT7 at SpeI site in opposite 

orientation to plac was generous gift fromDr. S. Bringer-Meyer, Institut für 

Biotechnologie 1, Forschungszentrum  Jülich GmbH, Germany. pMGS 100  was 

generous gift from Dr. S. Fujimoto, Department of Microbiology, School of Medicine, 

Gunma University, Japan.pBS KS(+) is a high copy number (E. coli) generalized 

cloning vector having blue-white selection strategy for screening of putative clone 

(Fig. 2.1). pJET1.2 is a blunt end cloning vector having self-ligation inhibitory 

suicidal strategy from Fermentas, Canada make, which allows only transformants 

with ligated products to survive (Fig. 2.2). pBBR1MCS2 is a broad host range gram 

negative expression vector having kanamycin resistance gene, blue-white selection 

and plac driven expression assembly (Fig. 2.3). pMGS100 is a Enterococcus-E. coli 

shuttle vector having pbacA along with the Ribosomal bindng site (RBS) to drive the 

constitutive expression in Enterococcus host (Fig. 2.4). pTEX5501ts has a 

temperature sensitive mode of replication containing counter selection of 

chloramphenicol and gentamycin antibiotic resistance marker genes for knock-out 

construction in Enterococcusspp.(Fig. 2.5).  
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Table 2.1 Bacterial strains used in the study 

BacterialStrains Remarks Usedas Source 

Escherichia coli 

DH5α  

Standard 

strain 

Host for expression of azoA and 

fdh 

Sambrook et 

al. 2001 

Escherichia coli 

BL21 

Standard 

strain 

Host for expression of azoA and 

fdh 

Sambrook et 

al. 2001 

Pseudomonas 

fluorescens PfO-1 

Standard 

strain 

Host for expression of azoA and 

fdh 

Kim et al., 

2009 

Citrobacter sp. A3 RV5R 

decolorizing  

Host for expression of azoA and 

fdh 

This study 

Providencia sp.C1 RV5R 

decolorizing 

Host for expression of azoA and 

fdh 

This study 

Klebsiella sp.E2 RV5R 

decolorizing 

Host for expression of azoA and 

fdh 

This study 

Providencia sp. G1 RV5R 

decolorizing 

Host for expression of azoA and 

fdh 

This study 

Klebsiella sp. K1 RV5R 

decolorizing 

Host for expression of azoA and 

fdh 

This study 

Acinetobacter sp. 

L1 

RV5R 

decolorizing 

Host for expression of azoA and 

fdh 

This study 

Enterococcus sp. 

L2 

RV5R 

decolorizing 

Cloning of azoA, as host for 

expression of azoA and fdh, 

construction of ΔazoA mutant 

This study 
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Table 2.2 Plasmids used in this study 

Plasmid  Characteristics Source/Reference Map  

pBS KS(+) E. coli cloning vector, 

Ampr 

Sambrook et al. 2001 Fig. 2.1 

pJET1.2 E. coli cloning vector, 

Ampr 

Fermentas, Canada Fig. 2.2 

pBBR1MCS2  Broad host range gram 

negative expression 

vector, Kanr 

Kovach et al. 1995 Fig. 2.3 

pBBR1MCS2 mycfdh pBBR1MCS2 carrying 

Mycobacterium 

vaccaefdh under pT7 

promoter, Kanr 

Ernst et al., 2005 Fig. 2.8 (pT7 mycfdh 

fragment) 

pMGS100  E. coli-Enterococcus 

shuttle vector, Cmr 

Fujimoto, 2001 Fig. 2.4 

pTEX5501ts Temperature sensitive 

plasmid for knock out 

construction in 

Enterococcus, Cmr, Genr 

Nallapareddy et al., 

2006 

Fig. 2.5 

pBBR1MCS2azoA pBBR1MCS2 carrying 

Enterococcus sp. L2 azoA 

under plac promoter 

This study Fig. 2.7 

pMGS100azoA pMGS100 carrying 

Enterococcus sp. L2 azoA 

under pbac promoter 

This study Fig. 2.12 

pBBR1MCS2fdh pBBR1MCS2 carrying 

Mycobacteriumvaccaefdh 

under plac and pT7 

promoters 

This study Fig. 2.9 

pBBR1MCS2fdh-azoA pBBR1MCS2 carrying 

fdh and azoA under plac 

and pT7 promoters 

(transcription fusion) 

 Fig. 2.10 

pMGS100fdh pMGS100 carrying fdh 

under pbac promoter 

This study Fig. 2.11 

pTEX5501ts 

updownazoA 

pTEX5501ts carrying up 

and down region of azoA 

gene  

This study Fig. 2.14 
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Figure 2.1Feature map of pBS KS(+) 

 

Figure 2.2Feature map of pJET1.2 
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Figure 2.3Feature map of pBBR1MCS-2 

 

 

Figure 2.4Feature map of pMGS100 
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Figure 2.5 Feature map of pTEX5501ts 

2.2. Enrichment and development of RV5R decolorizing microbial 

consortia 

Enrichment of Reactive violet 5R decolorizing and degrading microbial communities 

was carried out by acclimatization through continuous sub-culturing method. 

Different media compositions and incubation conditions were applied to each 

environmental sample. All the samples were initially inoculated andpassaged in 

different media, however only certain combinations ofsamples and media which 

showed efficient and stable RV5R decolorization were further sub-cultured and 

maintained. 

Samples of soil, sand, water and effluents from pristine and contaminated areas 

located at different geographic regions of Gujarat, India (Table 2.3,Fig. 2.6), were 

collected in sterile containers and processed within 24h for enrichment in the 

laboratory. Marine samples were from coastal areas of western India located near 

Bhavanagar, Gujarat and were considered as pristine samples as the probability of 

exposure to dye was low. Hydrocarbon contaminated soil sample was taken from area 

surrounding petroleum refinery, Vadodara, Gujarat; aeration tank sample was from a 

common effluent treatment plant, Green Environment Ltd. and effluent sample was 

from Meghmani Dyes and Intermediates Pvt. Ltd. (dye manufacture industry), 
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situated at Vatva, Gujarat; petroleum industry effluent sample was from petroleum 

refinery, Vadodara, Gujarat; and sample from canal for disposal of treated industrial 

effluent was collected at Amalakhadi, Gujarat. The GIDCaeration tank sample from 

Green Environment Ltd. Vatva, Ahmedabad, receives the treated industrial effluents 

from Naroda, Vatva and Odhav industrial estates. Amlakhadi canal effluent sample 

was collected at (N21038′, E72053′) in the province of Ankleshwar, receives the 

treated industrial effluents from Ankleshwar, Panoli and Jagadia industrial estates 

which constitute the major petro-chemical, dye and paint industries. 

The ready-made Bushnell Haas Medium (BHM) [Composition (g/L): MgSO4, 0.2; 

K2HPO4, 1.0; CaCl2, 0.02; FeCl3, 0.05; NH4NO3, 1.0] and media additives used in this 

study were from HiMedia Laboratories, India. RV5R was obtained from Meghmani 

Dyes and Intermediates Pvt. Ltd, GIDC Vatva, Ahmedabad, India. Samples were 

suspended or diluted in phosphate buffered saline (PBS; 8 g NaCl, 0.2 g KCl,   1.44 g  

Na2HPO4, 0.25 g KH2PO4 for 1000 ml, pH 7.4 )  at 10% w/v or 10% v/v, mixed 

thoroughly and resulting suspension was used as inocula (5%v/v) in to the different 

media and incubated under static or shaking (80 rpm) conditions at 30°C. Considering 

the sample location, following different media were used for acclimatizing the dye 

decolorizing consortia: Medium A: BHM with glucose (0.5% w/v) and yeast extract 

(0.5% w/v); Medium B: BHM with glycerol (0.5% v/v) and yeast extract (0.5% w/v); 

Medium C: Peptone 2 % w/v, K
2
HPO

4 
0.15% w/v, MgS0

4
 0.15% w/v, glycerol 1% 

(v/v) and Medium D: Tryptone 1.5% w/v, Soya peptone 0.5% w/v, NaCl 0.5 % w/v. 

All the media were amended with filter sterilized RV5R solution to give a final 

concentration of 100 mg/L. Visual colour change of the medium from violet to 

colorless was used as an indication of dye decolorization. After decolorization was 

obtained, the enrichment culture was re-inoculated (5% v/v) in to fresh medium and in 

this manner several successive passages were given.  

Various azo dyes used in this study are listed in Table 2.4. 
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Table 2.3 Locations and characteristics of sampling sites for enrichment of 

RV5R decolorizing microbial consortia 

Serial 

no. 

Sampling location Sample type  Probability 

of  

exposure 

to azodye  

1 Bhavnagar, India Marine water Low 

2 Bhavnagar, India Marine sand Low 

3 Bhavnagar, India Marine intertidal zone sand  Low 

4 Bhavnagar, India Marine beach sand Low 

5  Vadodara, India Hydrocarbon contaminated 

soil 

Low 

6 Vadodara, India Petroleum industry effluent Low 

7 Gujarat ….. (GIDC), 

Vatva, Ahmedabad, 

India 

Aeration tank effluent, 

Green Environment Ltd. 

High 

(Colored 

sample) 

8 GIDC, Vatva, 

Ahmedabad, India 

Dye industry effluent, 

Meghmani Dyes and 

Intermediates Pvt. Ltd 

High 

(Colored 

sample) 

9 Amalakhadi effluent 

Canal, Ankleshwar, 

India 

Treated effluent from 

various industries 

High 

(Colored 

sample) 
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Figure 2.6Sampling sites located on the geographic map of Gujarat, India. 

 

Table 2.4Different azo dyes used in this study, their structures and absorption 

maxima (λmax) 

AZO DYE  Structure λmax 

Reactive violet 

5R 

 

 

558nm 

Reactive Red 97 

(Acid) 

 

495nm 

Acid red 119 

 

530nm 
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Reactive Blue 

3R 

 

572nm 

Reactive Orange 

122 

 

490nm 

Reactive Blue 

222 

 

614nm 

Mordant Blue 

13 

 

528nm 

Reactive Yellow 

186 

 

428nm 

Reactive red 

195 

 

535nm 
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2.3. Azo dye decolorization 

Aliquots (1ml) were withdrawn from the bacterial suspensions and centrifuged at 

14,000 g for 10 min to separate the bacterial cell mass. Absorbance of the supernatant 

was measured at the absorbance maximum wavelength for the RV5R (λ max = 

558nm) using Spectronic 20D+ (Thermo Scientific. USA) and percentage 

decolorization was calculated using the equation,  

Decolorization (%) = [O.D. at time (t0) - O.D. at time (t1)] /O.D. at time (t0) * 100 

Besides RV5R, other azo dyes shown in Table 2.2 were also used for the 

decolorization studies and Decolorization (%) was calculated as above using the 

absorbance measurements at the corresponding λmax. 

To study the effect of heterologous expression onRV5R decolorization, transformants 

harbouring expression plasmids were grown in LB containing 100 mg/L RV5R along 

with appropriate antibiotic. IPTG (1mM) induction was given at the mid log phase 

culture (0.4 O.D). After different time intervals (0, 12, 24, 36h) aliquots were taken to 

analyzed decolorization (%) as per the mentioned protocol above. 

2.4. Extraction of community DNA from RV5R decolorizing 

microbial consortia 

Total community DNA was isolated from enriched microbial consortia by modified 

method of Zhou et al., (1996).  The cells were harvested from 2 ml of the culture by 

centrifugation at14,000 g rpm, 4°C for 10 min. Resulting pellet was resuspended in 

TE25S buffer(25mM Tris-HCl pH 8.0, 25 mM EDTA pH 8.0, 0.3 M sucrose) to 

which 7µL lysozyme solution (100mg/ml) was added and incubated at 37°C for 1h.  

Sodium Dodecyl Sulphate (SDS) and proteinase K were added to it at final 

concentrations of 0.5% and 0.1 mg/ ml respectively, followed by incubation at 55°C 

for 1h. To the lysed cell solution, 0.2 volumes of 5M NaCl were added followed by 

Reactive Black 

B5 

 

598nm 
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0.1 volume of 10% cetyltrimethylammonium bromide (CTAB) in 0.7M NaCl for 

10min at 55°C. Resulting gelatinous mass was further treated with equal volume of 

chloroform: iso-amyl alcohol (24:1) for 30 min.  Aqueous phase was transferred to 

fresh tube and 0.6 volume of isopropanol was added and centrifuged at at14,000 g, 

4°C for 10 min. Resulting DNA pellet was washed twice with 70% ethanol and 

dissolved in 50 µl TE buffer (10 mMTris-HCl pH8.0, 1 mM EDTA). 

2.5. PCR primers and protocols 

The PCR technique has been used in this study for several applications such as PCR-

DGGE, ARDRA and gene cloning using different primers mentioned in Table 2.5. 

Basic PCR reaction mixture for most of the PCR protocols is mentioned below in 

Table 2.6 and the PCR programs for the various genes are mentioned in appendices. 

Table 2.5 PCR primers utilized in this study 

Primer name Gene target Sequence detail (5‘3‘)  

27F  

Eubacterial 16S rRNA 

gene/fragment for 

ARDRA and sequencing 

GAG AGT TTG ATC CTG GCT CAG 

1107R GCT CGT TGC GGG ACT TAA CC 

1541R AAG GAG GTG ATC CAG CCG C 

GC-341F 
Eubacterial 16S rRNA 

gene fragment (V3 

region) for DGGE  

CGC CCG CCG CGC CCC GCG 

CCC GGC CCG CCG CCC CCG CCC CCC 

TACGGG AGG CAG CAG 

534R ATT ACC GCG GCT GCT GGG 

azoA F 

azoA gene of 

Enterococcus spp. 

GTA AGG AGG TAC ACA ATG TCA AAA 

TTA TTA GTT G 

azoA R CTT AGA ATG TTT TCA CGT ATT CAG 

TTG C 

azoA ATG F ATG TCA AAA TTA TTA GTT G 

up azoA F 

Up region of azoA of 

Enterococcus spp.  

TAT AGT CGA CGA AAT TCG TCC TCC 

TCA TCA TGC GC 

Up azoA R ATA TAG ATC TCG CTT AAT GTT TCA 

AAT GCT GCG CC 

Down azoA 

F Down region of azoA 

Enterococcus spp. 

TAT ACT GCA GGG ACC AAA ACC TCT 

AAC AAG TGG 

Down azoA 

R  

ATA TCC CGG GTC ACG TGT CTG GAG 

TAT TAT CGG 
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 fdhF 

NAD
+

-Formate 

dehydrogenase of 

Mycobacterium vaccae N10 

ATG CA A GGA GAT GGC GCC CAA CAG 

TC 

fdhR TAC CTT CGG ATC CTC AGA CCG CCT 

TCT TGA 

Mycfdh F ATA TGG TAC CAT GCA AGG AGA TGG 

CGC CCA ACA GTC 

Mycfdh R TAT AGG TAC CTT CGG ATC CTC AGA 

CCG CCTT CTT GA 

MGS100 fdh 

F 

ATG GCA AAG GTC CTG TGC GTT CTT 

TAC G 

Chlr F Chloramphenicol 

resistance gene of 

pTEX5501ts, used for 

screening of disruptant 

mutants 

AAT GGT TCG GGG AAA TTG TTT CCC 

Chlr R GTC ATT AGG CCT ATC TGA CAA TTC 

CT 

Gen F Gentamycin resistance 

gene  of pTEX5501ts, 

used for screening of 

disruptant mutants 

AGA TAG GTT ATG CAA GAT TTT TAT 

ATG 

Gen R  ATT CCG GAT TCT AAA AAA GGA TTG 

CTA 

Nucleotides in bold underlined are RBS site (Nucleotides in bold are RE sites for KpnI) 

 

Table 2.6 Basic PCR reaction mixture composition 

              Components Amount per 

reaction 

             Volume (μl) 

Taq or PfuBuffer (15mM 

MgCl2) (10X) 

1x 2.0 

dNTPs 2.5mM each 0.5 

Forward Primer  5 pmole 2.0 

Reverse primer  5 pmole 2.0 

DNA Template  50-80 ng 0.5-2.0 

Taq DNA Polymerase or 

Pfupolymerase 

5U 0.3 

Nuclease free deionized water - To make up volume to 20 
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2.6. Amplified ribosomal DNA restriction digestion analysis 

(ARDRA) of RV5R decolorizing microbial consortia 

PCR amplification of 16S rRNA gene fragments was carried out using community 

DNA extracted from the acclimatized dye decolorizing consortia as template. PCR 

was performed in 50µl reaction mixtures consisting of template DNA (50-200ng), 

0.3µM of each of the primers (27F and 1541R, Table 2.5), 1µL of 2.5mM dNTPs 

each, 1.5U of Taq polymerase and 5 µL 10X Taq polymerase buffer. The universal 

eubacterial16S rRNA primers were expected to give an amplicon of approximately 

1.5kb (Pillai and Archana, 2008). The reactions were carried out in Applied 

Biosystems (USA) master cycler with a touchdown program shown in Appendix A. 

PCR products were analysed on 0.7% agarose gel and quantified using Nano 

spectrophotometer (Inkarp, U.S.A). ARDRA was performed by digesting the PCR 

products with the restriction enzymes HaeIII and HinfI. The digested samples were 

electrophoresed on 2.5% agarose gels and visualised by ethidium bromide staining 

under UV. ARDRA profiles were manually analyzed, binary data for presence or 

absence of bands were computed and the dendrogram was plotted using NTSys 

software (Exeter software, NY) with UPGMA method (Patel et al., 2010a). 

2.7. PCR- Denaturing gradient gel electrophoresis (DGGE) of 16S 

rRNA gene fragments 

For DGGE, PCR amplification of 16S rRNA gene was performed in 50µl reaction 

mixtures with consortial community DNA as template. Primer GC-341F  with GC 

clampand 534Rwere used for targeting the V3 region of 16S rRNA gene of eubacteria 

(Muyzer et al.,1993, Chaturvedi and Archana, 2012). The PCR reaction mixture 

consisted of template DNA (50-200ng), 0.3µM of each of the primers, 1µl of 

2.5mMdNTPs each, 1.5U of Taq polymerase and 5µL of 10X Taq polymerase buffer. 

The reactions were carried out in Applied Biosystems(USA) master cycler with PCR 

cycling conditions shown in Appendix B. PCR products (of ~200bp) were quantified 

using Nano spectrophotometer (Inkarp, U.S.A) and analysed on 2% agarose gel and. 

About 300 ng of PCR products were loaded on denaturing polyacrylamide gels to 

explore relative diversity in acclimatized consortia. DGGE was performed using the 

Dcode universal mutation detection system (BioRad Laboratories, Hercules, USA) 

with a denaturing gradient of 40-60% where in 100% denaturant solution consisted of 
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7M urea, 40 % formamide in 10% acrylamide/bis-acrylamide (37.5:1) and 1.0× TAE 

buffer (pH 8.0) prepared in milliQ water. The band patterns on the gel were visualized 

by silver staining according to Sambrook and Russel, 2001. The gel was 

photographed by AlphaEase gel documentation system (Alpha Innotech Corp., USA). 

Band profiles were analyzed and binary data for presence or absence of bands were 

computed and the dendrogram was plotted using NTSys software (Exeter software, 

NY) with UPGMA method. Shannon Weaver diversity index was calculated as, 

Shannon Index (H‘) = -∑(ni/N) log (ni/N)  

Where niis the area of the peak and N is sum of all the area covered under individual 

peaks of the densitometric curve of the gel banding pattern determined by AlphaEase 

software (Alpha Innotech Corp., USA). 

2.8. Isolation and screening of efficient RV5R decolorizing bacteria 

from acclimatized consortia 

Isolation of efficient RV5R decolorizing bacteria was done by serial dilution of RV5R 

decolorizing microbial consortia in PBS up to 10
-4

 to 10
-6

 and spreading on Nutrient 

agar (NA) plates. Plates were incubated at 30 °C up to 3 d; colonies with different 

morphologies were transfered at regular intervals on fresh NA plates. Each 

morphotype of pure culture was individually tested for RV5R decolorisation in Luria 

Bertani (LB) broth containing 100mg/L RV5R.  

2.8.1. Identification and characterization of RV5R decolorizing bacterial 

isolates 

RV5R decolorizing bacterial isolates were identified by 16S rRNA gene sequence 

analysis. The isolated were grouped on the basis of ARDRA.  

2.8.1.1. Amplified rDNA Restriction Analysis (ARDRA) and 16S rRNA gene 

sequence analysis 

PCR amplification of the 16S rRNA genes using universal eubacterial primers was 

carried out with forward primer 27F and reverse primer 1541R (Table 2.5). For 

template DNA preparation, bacteria were grown on LB agar plates and freshly grown 

colonies were suspended in 50μl of nuclease free water and placed in boiling water 

bath for 5min. The suspension was then centrifuged and the supernatant was used as 

template for PCR amplification. The PCR reaction mixture was prepared as 
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mentioned in section 2.4 and incubated in a thermal cycler (Applied Biosystems 

model 2720) under the following cycling regime: initial denaturation of 95°C for 5 

min, followed by 30 cycles each consisting of denaturation at 95°C for 45 s, annealing 

at 58°C for 45s,extension at 72°C for 1.5min and a final extension at 72 °C for 15 min 

(Appendix D). 

About ~450 ng of the PCR products showing single band on agarose gel 

electrophoresis were subjected to ARDRA, where they were separately digested by 

restriction endonucleases (REs) HinfI, HaeIII, and HhaI. To the PCR amplicon, 1.5 µl 

of 10 x Tango buffer (Fermentas) and 5 units of enzymes were addedin a total volume 

of 15 μL. The reactions were carried out for 12 h at 37⁰C. The restriction fragments 

were separated by electrophoresis on 2.5% (w/v) of agarose gels supplied with 

ethidium bromide (0.5μg/ml) and photographed under UV light. Based on the band 

pattern, isolates were grouped by using NTSYSpc 2.02i program. A binary scoring 

system was used to generate an input matrix using major and reproducible bands of 

the RE pattern, which was then analyzed using the weighted paired group mean 

average (WPGMA) clustering. A dendrogram was generated from the matrix using 

the SAHN subroutine of NTSYSpc 2.02i program.  

Subsequently, ARDRA was also done in order to analyze the transformants. For this, 

ARDRA profile of the transformant was compared with ARDRA profile of their 

respective Wild type isolate. The enzyme used for ARDRA was Hinf-I (5U) per 

system of 450ng -1µg PCR product digestion. 

2.8.1.2. 16S rRNA gene sequence analysis 

16S rRNA gene was amplified using eubacterial universal primers 27F and 1107R 

and PCR program mentioned in Appendix C (Chaturvedi and Archana, 2012) 

(Appendix C). The PCR product was sequenced using reverse primer (1107R) at 

Genei Merck, India, generating an optimum sequence length for the identification. 

The nucleotide sequence was analysed using SeqMatch tool at the RDP database 

(http://rdp.cme.msu.edu/seqmatch/seqmatch_intro.jsp). The phylogenetic tree was 

constructed using MEGA 4.0(Tamura et al., 2007).GenBank accession numbers of 

the16S ribosomal RNA sequences of bacterial isolates reported in this study are 

JQ745287-94. 

http://rdp.cme.msu.edu/seqmatch/seqmatch_intro.jsp
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2.8.1.3. Biochemical identification of RV5R decolorizing bacterial isolates 

Efficient dye decolorizing bacterial isolates were identified using specified 

biochemical test of Bergey‘s manual (Holt et al., 1994). According to the 16S rRNA 

gene sequencing results, 8 potential isolates were further characterized based on the 

key biochemical tests suggested for particular genera in the manual. 

2.9. Analytical methods 

Azo dye decolorization and degradation studies were analyzed for bacterial consortia, 

isolates and transformants, respectively. Azo dye decolorization and end products 

metabolites were analyzed via Fourier Transformed Infrared spectroscopy (FTIR) and 

Gaschromatography-mass spectrometry (GC-MS).  

2.9.1. FTIR of dye degradation products by consortia and isolate 

The culture supernatants of each consortium/ pure cultures grown in appropriate 

medium with RV5R till complete decolorization were subjected to end point 

metabolite extraction by adding equal volume of ethyl acetate and dried in SpeedVac 

(Thermo Electron Corporation, USA). FTIR analysis was done by mixing dried 

sample with HPLC grade potassium bromide (KBr) in the ratio of 5:95 and analysed 

at mid IR region (400–4000 cm
−1

) using Spectrum GX spectrophotometer 

(PerkinElmer, USA).  

2.9.2. Detection of RV5R degradation products by GC-MS 

GC-MS analysis was done to investigate the metabolites formed during the RV5R 

biodegradation process. The degradation productswereidentified by gas 

chromatographyfollowed by mass spectrometry (GC-MS-QP2010, Shimadzu, 

Japan).GC was equipped with RTX-5 capillary column (0.25 mm by 30 m) andhelium 

(1.0 ml/min) was used as the carrier gas.  

2.10. Biochemical protocols 

Different biochemical enzyme assay for azoreductase, NAD
+
 dependent formate 

dehydrogenase and couple Fdh-AzoA azoreductase assay were done, along with 

NADH estimation by A340nm/280nm of the cell lysate.   

2.10.1. SDS-PAGE and native PAGE 

To analyze protein expression in transformed cells, SDS-PAGE was done. Cells were 

harvested and then lysed by boiling in SDS-PAGE loading buffer for 15min except 
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for Enterococcus sp. L2 in which lysis was done by French press. A 12% resolving 

gel and 5% stacking gel were used for SDS-PAGE and protein molecular weight 

marker (97, 66, 43, 29, 20, 14kDa) (Genei, Merck, India) was used as a molecular 

weight standard. SDS-PAGE gels were run at 70 V for 15-20 min and then, at 100 V 

for 2h. At the end of electrophoresis, gels were visualized by staining with Coomassie 

brilliant blue R250 and destained as described by Laemmli(1970).For activity staining 

of azoreductase, native PAGE was carried out by omitting SDS from the sample 

loading buffer, gel running buffer and acrylamide gel and electrophoresis was carried 

out at 4°C.  

2.10.2. Activity staining of azoreductase 

Bacterial cultures were grown overnight in LB broth containing RV5R (100mg/L). 

Cells were harvested by centrifugation of the culture at 5000g at 4⁰C. The cell pellet 

was washed with PBS and resuspended in 25mM potassium phosphate buffer (pH 

7.1). Sonication was done for 3 min intermittently 9s on/ 9s off pulses using Sonics 

VibraCellTM sonicator, lysate was centrifuged at 14,000g and the supernatant was 

used as cell freeextract. 

A preparative mini 8% resolving polyacrylamide gel was prepared according to the 

method by Laemmli(1970), without the addition of SDS. The whole cell lysates 

prepared as above were loaded. Electrophoresis was performed at 4 °C in Tris-glycine 

buffer, pH 8.3 at 6 mA constant current. After electrophoresis, the gel was treated 

with 10 μM FMN followed by 0.5mM RV5R (To allow the dye to impart color to 

acrylamide gel). After this the solutions were drained from the gel and 1 mM NADH 

or 2mM NADPH was overlaid on gel placed in the staining box. Each gel was 

incubated for 10- 20min at room temperature with gentle shaking to assure that 

solutions were evenly distributed across the gels, until decolorized bands were 

observed on the gel.  

2.10.3. Azoreductase assay 

Azoreductase activity was assayed by measuring the decrease in optical density of 

RV5R at 558nm using Nanophotometer (Implen,GmbH) as described by Chen et al. 

(2004).Bacterial cultures were grown overnight in appropriate media containing 

100mg/L RV5R and suitable antibiotics for plasmid bearing transformants.IPTG 

(1mM) induction was given wherever necessary at the mid log phase culture (0.4 
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O.D). Cells were harvested by centrifugation at 5000g and 4⁰C. The cell pellet was 

washed with PBS and resuspended in 25mM potassium phosphate buffer (pH 7.1). 

Sonication was done for 3 min intermittently 9s on/ 9s off pulses using Sonics 

VibraCellTM sonicator, lysate was centrifuged at 14,000g and the supernatant was 

used as cell freeextract.The reaction system used for azoreductase assay was 

100µlPotassium phosphate buffer (250mM) (pH-7.1),100µl RV 5(100µM), 

10µlNADH (10mM), 10µl cell extract, 10µl FMN (1mM) and 770µl D/W. One unit 

(U) of Azoreductase enzyme is defined as the amount of enzyme required to reduce 

(decolorize) 1 μM azo dye per minute. The enzyme activity was calculated by using 

following formula, 

A=ԐCL 

Where, 

             A= Absorbance at 558nm 

             Ԑ= Molar extinction coefficient of RV5R (30,000 M
-1

cm
-1

) 

             C= Concentration of RV5R 

             L= Path length of the cuvette (1cm) 

Total protein concentration in cell extracts was measured by Bradford method 

using bovine serum albumin as standard. Specific activity is expressed as U/mg of 

total protein (Bradford, 1976). 

An induction experiment was designed to observe the fold increase in azoreductase 

specific activity for Enterococcus sp. L2 activity upon exposure to different stressors. 

An overnight grown culture of Enterococcussp. L2 wild type (WT) in LB broth was 

taken. It was reinoculated into LB and an A600 of 0.3 was obtained. Stressors were 

added; H2O2 (10mM), Azo dye RV5R (100mg/L), Menadione (20mM), 

Anthroquinone sulfonate (AQS) (20mM). The system was incubated at 35ᵒC for 2 

hours. Cells were pelleted and washed with PBS; subsequently azoreductase specific 

activity was determined by protocol mention earlier. 

2.10.4. NAD
+
 dependent formate dehydrogenase (FDH) assay 

FDH assay was performed as described by Berraos-Rivera et al.(2002). Cell 

extract was prepared according to the protocol described for azoreductase activity 

(Section 2.13) with addition of 100mM β-mercaptoethanol in lysis buffer. For 1ml 

enzyme reaction mixture,100µl cell extract was added along with 1.67mM NAD⁺and 

167mMsodium formate. Assay was carried out using Nanophotometer (Implen, 
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GmbH) with single beam cuvette based kinetic application. The enzyme activity was 

assayed by measuring increase in absorbance at 340nm and using formula, 

A=ԐCL 

Where, A= Absorbance at 340nm 

              Ԑ= Molar extinction coefficient of NADH (6220 M
-1

cm
-1

) 

         C= Concentration of NADH 

              L= Path length of the cuvette (1cm) 

One unit (U) of FDH enzyme is defined as the amount of enzyme required to 

oxidize 1 μM formate per minute. Total protein concentration in cell extracts was 

measured by Bradford method using bovine serum albumin as standard. Specific 

activity is expressed as U/mg of total protein (Bradford, 1976). 

2.10.5. NAD⁺ Formate dehydrogenase dependent azoreductase coupled assay 

In this assay, one of the substrates for azoreductase i.e. NADH was replaced 

by the substrate for FDH i.e., formate and NAD
+
. All the transformants were grown 

overnight in LB medium containing appropriate antibiotic. IPTG (1mM) induction 

was given at the mid log phase culture (0.4 O.D). Cultures were centrifuged at the 

5000g for 10min and the pellet was washed with sodium phosphate buffer (pH-7.5). 

Then the pellet was resuspended in 10mM sodium phosphate buffer containing 0.1M 

β-mercaptoethanol. Sonication was done using Sonics Vibra Cell
TM

 for 3min followed 

by centrifugation at 14000g for 15min at 4⁰C. Supernatant was used as cell free 

extract. The assay was performed using Nanophotometer (Implen, GmbH). The 

reaction system consisted of  100µl Sodium phosphate buffer (100mM) (pH-7.5), 

100µl Sodium formate (1670mM), 10µl FMN(1mM) , 20µlRV5R (100µM), 50µl Cell 

extract, 20µl NAD⁺(12mM) and 700µl D/W. One unit (U) of coupled azoreductase 

enzyme activity is defined as the amount of enzyme required to decolorize 1 μM dye 

per minute. Total protein concentration in cell extracts was measured by Bradford 

method using bovine serum albumin as standard. The enzyme activity was calculated 

by using formula as described in section 2.10.2. 

2.10.6. NAD(P)H estimation 

All the transformants were grown overnight in LB containing appropriate 

antibiotic. IPTG (1mM) induction was given at the mid log phase culture (0.4 O.D). 

The culture was centrifuged at 5000g for 10min and the pellet was washed twice with 
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0.01M sodium phosphate buffer (pH 7.5) and resuspended in 1ml 0.01M sodium 

phosphate buffer (pH 7.5) containing 0.1M β-mercaptoethanol. Sonication was done 

for 3 min by using Sonics Vibra Cell
TM

. Centrifugation was done at 14,000 g, 4⁰C for 

10 min in order to remove cell debris and supernatant was used to estimate the 

NAD(P)H. Absorbance was taken at 340nm and 280nm using Nanophotomter 

(Implen, GmbH) and 340/280 nm ratio was determined. 

2.11. Construction of recombinant plasmids for overexpression of 

azoA and fdh 

 Five recombinant expression plasmids, pBBR1MCS-2 azoA, pBBR1MCS-

2 fdh, pBBR1MCS-2 fdh-azoA for gram negative host systems and pMGS100 fdhand 

pMGS100 azoA for gram positive host system were constructed.A summary of the 

cloning strategies for the plasmid construction is given in Table 2.7. 

Table 2.7Strategies forconstruction of recombinant plasmids 

 

Construct Vector Insert Restriction enzyme 

and Restriction site 

Type of 

ligation 

pBBR1MCS2az

oA 

EcoRV 

linearized 

pBBR1MCS2 

PCR 

amplified 

azoA from 

Enterococcou

s sp. L2 

EcoRV 

5′…GAT
↓
ATC…3′ 

3′…CTA↑TAG…5′ 

 

Blunt end 

pBBR1MCS2 

fdh 

EcoRV 

linearized 

pBBR1MCS2 

pT7 mycfdh 

cassette 

EcoRV 

5′…GAT
↓
ATC…3′ 

3′…CTA↑TAG…5′ 

 

Blunt end 

pBS KS fdh 

(Intermediate 

plasmid) 

EcoRV 

linearized pBS 

KS(+) 

pT7 mycfdh 

cassette 

EcoRV 

5′…GAT
↓
ATC…3′ 

3′…CTA↑TAG…5′ 

Blunt end 

pBBR1MCS2 

fdh-azoA 

KpnI linearized 

pBBR1MCS2 

azoA 

KpnI digested 

pT7 mycfdh 

cassette from 

pBS KS fdh 

KpnI 

5′…GGTAC
↓
C…3′ 

3′…C↑CATGG…5′ 

Sticky  end 

pMGS100fdh NruI linearized 

pMGS100 

Coding region 

of mycfdh 

NruI 

5′…TCG
↓
CGA…3′ 

3′…AGC↑GCT…5′ 

Blunt end 

pMGS100azoA NruI linearized 

pMGS100 

Coding region 

of azoA 

NruI 

5′…TCG
↓
CGA…3′ 

3′…AGC↑GCT…5′ 

Blunt end 
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2.11.1. Basic recombinant DNA protocols 

Standard protocols for plasmid isolation, RE digestion, ligation and transformation 

were followed (Sambrook et al., 2001) and some specific protocols are described in 

the sections below. All the restriction enzymes and PCR reagents were obtained from 

Fermentas, Canada. 

2.11.1.1. Ligation protocol 

The ligation reaction was usually done in 10l volume containing the 

following constituents: Purified vector and insert DNA (volume varied depending on 

the respective concentrations); 10X T4 DNA Ligase buffer, 1µl; T4DNA ligase 

(Fermentas, Canada), 0.5-1.0U and sterile double distilled water to make up the 

volume. The ligation reactions were incubated at 16C for 12-16h. The vector to 

insert molar ratio (molar concentrations calculated by the under mentioned formula) 

of 1:3 was maintained, with a total of 50-100ng of DNA in each ligation system. 

Amount of insert (ng) = insert size (bp) / vector size (bp) x 3 (molar ratio 

of insert / vector) x amount of vector to be used (ng). 

2.11.1.2. Transformation of plasmid DNA 

2.11.1.2.1. Chemical transformation 

Plasmid DNA was transformed inE.colistrains by standard CaCl2 protocol as 

described by Sambrook et al. (2001). Transformants were selected based on their 

resistance to appropriate antibiotics at the concentrations mentioned in Table 2.8. For 

pBBR1MCS-2 and pBS KS(+) Blue-White selection was used by plating on X-gal 

containing media. For P.fluorescens PfO-1 and gram negative laboratory isolates 

(Strains A3, C1, E2, G1, K1, L1) transformation was done with slight modification in 

standard chemical transformationprotocol. For them, competent cells were prepared 

as follows: 20ml of overnight grown culture was centrifuged at 10,000g at 4⁰C. Cells 

were resuspended in 10ml of 10mM NaCl and incubated for 10-15min on ice. 

Centrifugation was done at 10,000gand at 4⁰C. Pellet was resuspended in 10ml of 

chilled 0.1MCaCl2, incubated for 1h followed by centrifugation at 10,000g at 4⁰C. 

Pellet was resuspended in 200µl 0.1M CaCl2. About 1µg plasmid DNA was added to 

200µl competent cells, mixed gently and stored on ice for 1h. After which heat shock 

was given at 42⁰C for 2min. This mixture was immediately transferred to ice for 5min 
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and then 1ml LB was added and incubated for 1.5h at 37⁰C. Suspension was spread 

on LB agar plate containing appropriate antibiotics as shown in Table 2.8. 

2.11.1.2.2. Electroporation 

Electroporation was done for transformation of pMGS100azoA,pMGS100fdhand 

pTEX5501tsupdownazoA in Enterococcus sp.L2 For electroporation, culture was 

grown overnight at 37⁰C under static condition in Brain Heart Infusion broth Yeast 

extract Glycerol Tris-Cl (BYGT) medium containing 4% glycine. Then culture was 

diluted 1:20 in BYGT medium and incubated at 37⁰C for 60-90min. Culture was 

chilled, centrifuged and washed with 40mlelectroporation buffer. Centrifugation was 

done and the pellet was resuspended in electroporation buffer (0.625M Sucrose, 

0.001M MgCl2, Adjust to pH 4.0 by 1M HCl) and stored on ice for 30-60min. Cell 

suspension (50-100µl) and 1µg DNA was added to 0.2cm electroporation cuvette. 

Electroporation was performed at 2500V/cm by usingElectroporator 2510 

(Eppendorf) and cells were placed on ice for 1-2 min beforeadding twice the volume 

of Todd Hewitt Broth (THB) medium. Incubation was done 37⁰C for 90-120min. 

Cells were spread on THB medium containing 0.25M sucrose and 10µg/ml 

chloramphenicol. The compositionsof BYGT and THB media are given in Table 2.9 

(Dunny et al., 1991).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 2. Materials and Methods 

Cloning and heterologous expression of genes involved in azo dye decolorization and metabolic engineering for efficient 

bioremediation Page 61 
 

Table 2.8Antibiotic concentrations used for transformant selection in different 

host and plasmid systems 

Host Construct Antibiotic Antibiotic 

Conc. (µg/ml) 

Citrobacter sp. A3, Klebsiella 

sp. E2, Providencia sp. G1, 

Klebsiella sp. K1, E. coli 

DH5α, E. coli BL21 and  P. 

fluroscens PfO-1 

pBBR1MCS-2 

mycfdh 

Kanamycin 

 

30 

Providencia sp. C1, 

Acinetobacter sp.  L1 

15 

Enterococcus sp. L2 pMGS 100 fdh Chlorampheni

col 

10 

Citrobacter sp. A3, Klebsiella 

sp. E2, Providencia sp. G1, 

Klebsiella sp. K1, E. coli 

DH5α, E. coli BL21 and  P. 

fluroscens PfO-1 

pBBR1MCS-2 

fdh-azoA 

Kanamycin 30 

Providencia sp. C1, 

Acinetobacter sp.  L1 

15 

Enterococcus sp. L2 pTEX5501ts and 

its derivatives 

Chlorampheni

col 

10 

Table 2.9Composition of BYGT and THB medium 

BYGT medium THB (Todd Hewitt Broth) 

Item Concentration 

(g/L) 

Item Concentration     (g/L) 

Meat extract 

Beef extract 

Yeast extract 

Glucose 

Glycerol 

1M Tris-Cl (pH 8.0) 

Glycine 

 

10 

10 

5 

2 

4ml 

100ml 

40 

Meat extract 

Beef extract 

Peptone 

Glucose 

NaCl 

Na2HPO4 

Na2CO3 

Sucrose 

1.5 

1.5 

2.0 

2.0 

2.0 

0.4 

2.5 

8.56 
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2.11.1.3. Confirmation of recombinant plasmid constructs 

 PCR and RE digestion of recombinant plasmids were performed in order to 

confirm the clones. Different restriction enzymes used for checkingeach constructs 

are shown in Table 2.10 along with expected fragment sizes. PCR confirmations for 

all the constructs were done using gene specific primers mentioned in Table 2.5 as per 

their respective PCR programs. 

Table 2.10Restriction enzymes used for confirmation of recombinant constructs 

2.11.2. Construction of pBBR1MCS2azoA 

 The azoA gene of Enterococcus sp. L2 was pcr amplified using primers 

azoAF and azoAR to yield a product of 650bp. PCR amplified azoA gene ORF 

including the optimally positioned RBS was cloned at EcoRV site in pBBR1MCS2. 

Clones with correct orientation of azoA with vector plac promoter were screened by 

SalI digestion.  

 

2.11.3. Construction of pBBR1MCS2fdh 

The mycfdh gene along with promoter pT7 was pcr amplified from 

pBBR1MCS2mycfdhusing primers MycfdhF and MycfdhR to give 1.5kb cassette. 

The PCR amplified pT7 mycfdh cassette was cloned into pBBR1MCS2 at EcoRV 

site. Clones with correct orientation of azoA with vector plac promoter were screened 

by XbaI digestion.in the same orientation with plac. Fig. 2.7 shows the RE map of the 

pT7 mcyfdh cassette.  

 

Clone Restriction enzyme Expected band sizes 

(kb) 

pBBR1MCS-2 fdh XbaI 1.2 and 5.1 

pBS KS (+) fdh SalI 1.2 and 2.9 

pBBR1MCS-2 fdh azoA SalI 

XbaI 

1.2, 0.5 and 5.1 

2.1 and 5.1 

pMGS100 fdh BamHI 1.2 and 10.4 



Chapter 2. Materials and Methods 

Cloning and heterologous expression of genes involved in azo dye decolorization and metabolic engineering for efficient 

bioremediation Page 63 
 

 

Figure 2.7Restriction map of pT7 myc fdhcassette 

2.11.4. Construction of pBBR1MCS-2 fdh- azoA 

 The construct pBBR1MCS-2 fdh-azoAcarries a transcription fusion in 

which both fdh and azoA are under the control of plac and pT7 promoters. This 

construct was prepared by first cloning of pT7mycfdh cassette into pBS KS (+) at 

EcoRV site to yield the intermediate plasmid pBS KSfdh. The transformants were 

selected based on blue-white selection strategy and SalI digestion. pBS KSfdh  was 

subjected to KpnI digestion and resulting 1.5kb fragment was elutedusing Qiagen gel 

extraction kit. Then sub-cloning of eluted pT7 mycfdh with KpnIdigested 

pBBR1MCS2azoAwas done. Orientation of the correct clone was analyzed by SalI 

and XbaI. 

2.11.5. Construction of pMGS100fdh 

 The plasmid pMGS100fdh was constructed by cloning of coding region 

(ORF) of mycfdhamplified using primers MGS100fdhF and MycfdhR into NruI site 

of pMGS100. Clones with correct orientation of fdh with constitutive promoter of 

bacitracin resistance gene (pbacA) were screened by BamHI digestion.  

2.11.6. Construction of pMGS100azoA 

The ORF of azoAwas PCR amplified from Enterococcus sp. L2 using primers 

azoAATGF and azoAR amplifying 627bp fragment. The plasmid pMGS100azoAwas 

constructedbycloningORFofazoAintopMGS100 at NruI site. Clones with correct 

orientation of azoA with constitutive promoter of bacitracin resistance gene (pbacA)  

were screened by SalI digestion.  

2.12. Construction of azoA knockout of Enterococcus sp. L2 

Gene disruption strategy was used for construction of azoAknockout of Enterococcus 

sp. L2.Enterococcus L2 is a gram positive diplococcus.pTEX5501ts (Fig. 2.5) used as 
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a disruption vector is an E.coli-Enterococcus shuttle vector with temperature sensitive 

replication mode in Enterococcus spp. Flanking regions of the target gene to be 

disrupted are cloned separately at either side of chloramphenicol resistance gene in 

MCS-I and MCS-II in the plasmid vector. Gentamycin resistance marker (aph-2’ Id) 

present on the backbone of the vector is used for counter selection of the disruptants. 

upazoAand downazoA were ~1.2 kb regions upstream and downstream of azoAgene 

of Enterococcus sp. L2. The flanking regions used for double homologous 

recombination for azoA knockout construction are shown in Fig. 2.8. These PCR 

amplified fragments were cloned into MCS-I and MCS-II of pTEX5501ts as 

pTEX5501ts updownazoA.   

 

Figure 2.8azoA of Enterococcus L2 and its flanking regions used for disruption 

2.12.1. Construction of Disruption Vector pTEX5501tsupdownazoA 

The construction of the disruption vector required three intermediate steps:  cloning of 

the upazoA fragment into pJET1.2, cloning of the downazoA fragment into pBSII KS 

and lastly their subsequent digestion from the respective vectors and cloning of up 

azoA in MCSI and downazoA in MCSII of pTEX5501ts. Commercially available 

pJET is in a linearized form, pBSII KS was linearized using EcoRV.upazoA fragment 

and downazoA fragment were PCR amplified from Enterococcus sp. L2 genome using 

primers mentioned in Table 2.5 and were cloned into pJET1.2 and pBS KS 

respectively using the cloning strategy mentioned in Table 2.11. pTEX5501ts  was 

linearized at MCSI using BglII for inserting upazoA fragment and at MCSII using 

SmaI to insert the downazoA fragment. PCR and RE digestion of recombinant 
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plasmids were done to confirm the constructs. The PCR programme used is shown in 

appendix G.  

Table 2.11Strategies forconstruction of recombinant plasmids 

Construct Vector Insert Restriction enzyme 

and its site 

Type of 

ligation 

pJETupazo pJET 

(Linearized 

plasmid) 

 PCR amplified 

upazo 

- Blunt 

ended  

pBS KSdown 

azo 

EcoRV 

linearized 

pBSII KS 

PCR amplified 

down azo 

EcoRV 

5‘...GAT↓ATC...3‘ 

3‘...CTA↑TAG...5‘ 

Blunt 

ended 

pTEX5501ts 

up azo 

BglII 

linearized 

pTEX5501ts 

BglII released 

upazoA from 

pJETupazoA 

BglII 

5‘...A↓GATCT...3‘ 

3‘...TCTAG↑A...5‘ 

Sticky end 

pTEX5501ts 

up down azo 

SmaI 

linearized 

pTEX5501ts 

upazoA 

PvuII 

releaseddownazoA 

from pBS KS 

downazo 

SmaI 

5‘...CCC↓GGG...3‘ 

3‘...GGG↑CCC...5‘ 

Blunt 

ended 

 

2.13. Screening of azoA knockout 

Electroporation of the disruptant construct into Enterococcussp. L2 was carried out 

and transformants were selected bychloramphenicol or gentamycin resistance 

ofcolonies at 28ᴼC. The strategy followed for the generation of azoA knockout after 

electroporation is as shown in Fig. 2.9. As seen, shift in incubation temperature to 

42ᴼC leads to plasmid loss and only genomic integrants would possess the antibiotic 

markers. Secondary recombination event upon further serial passaging at 42ᴼC would 

lead to the loss of the plasmid backbone creating gentamycin sensitivity and azoA 

knockout.Confirmation of chromosomal integration of disruption vector/cassette was 

done by PCR amplification of the chloramphenicol resistance cassette and size 

increase in PCR amplified azoA gene. Occurrence of second recombination event was 

confirmed by the absence of PCR amplification of gentamycin resistance gene. PCR 

protocols for chloramphenicol, azoA and Gentamycin resistance marker are as shown 

in Appendix H-J, respectively. Primers used for PCR amplification are mentioned in 

Table 2.5.  
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Integration into genome upon shift to42ᴼC and first recombination event 

 

Eight serial overnight passages at 42ᴼC  

Second Recombination event and loss of gentamycin resistance cassette from chromosome 

 

Screening for Chloramphenicol resistantand Gentamycin sensitive colonies 

Figure 2.9Strategy for the generation of azo knockout 

2.14. Physiological experiments 

2.14.1. Growth curves 

To analyze the expression of azoA in Enterococcus sp. L2 and NAD
+
 dependent fdh in 

various standard strains mentioned in Table 2.1 grows without any interruptions, 

growth curve experiment was performed where the growth of the transformants were 

compared with the empty vector clones by reading the absorbance at 600nm for 12 h. 

Media used for the experiment are LB, LB+ formate, Bushnell haas medium (BHM)+ 

0.5%Y.E, Bushnell haas medium (BHM) + YE 0.5% (w/v) + formate (under static as 

well as shaking condition). For Enterococcus sp. L2 experiment was done under static 

condition at 30C.  
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2.14.2. Survival under oxidative stress 

To study the survival of Enterococcus sp. L2 (pMGS100azoA) under oxidative stress, 

H2O2 was used at different concentrations. Enterococcus sp. L2 (pMGS100azoA) and 

vector control were grown up to an O.D600 of 0.1 in LB medium with 

chloramphenicol, the cells were harvested by centrifugation and resuspended in PBS. 

Equal amount of cells were incubated with the range of H2O2 concentration (0-40mM) 

for 30 min at 37°C. Following the incubation a spot of 20 µl of each system was 

placed on an LB agar plate in separate demarcated areas and the plates were incubated 

overnight at 37°C and growth was monitored. 

Time course of H2O2 survival was studied in a separate experiment where cells of 

wild typeEnterococcus sp. L2 andstrain L2 harbouring empty vector (pMGS100) and 

strain harbouring pMGS100azoA were exposed to10mM, 15mM and 20mM H2O2 and 

were spread on LB agar plates where the contact time for H2O2 with the cells was 

varied from 0- 30 min. Percentage survival was calculated normalizing with the 

individual initial (0 min) reading. 

2.14.3. Fluorescence microscopic analysis of Reactive Oxygen Species (ROS) 

Accumulation of reactive oxygen species (ROS) inside the cells was seen using a 

ROS specific green fluorescent probe 2, 7-dichlorodihydrofluorescein 

diacetate(H2DCFDA). Intact cells ofwild typeEnterococcus sp. L2 andstrain L2 

harbouring empty vector (pMGS100) and strain harbouring pMGS100azoA were 

incubated with H2O2 (0-20mM) for 5 min followed by 5 min incubation with the 

probe (final concentration in buffer 10 mM). This suspension was smeared on clean 

grease free glass slide, air dried and observed under fluorescence microscope. To 

quantify the fluorescence intensity in the different strains, lysates of the H2O2 treated 

cells were mixed at equal protein concentrations with the probe (final concentration in 

buffer 10 mM) and fluorescence intensity measured using fluorimeter at excitation 

wavelength 490nm and emission wavelength 519nm (Pérez et al., 2007). (H2DCFDA 

dissolved in dimethyl sulfoxide) 

2.14.4. Growth analysis under heavy metal stress 

Oxidative stress is also induced by heavy metals. A microtitre plate experiment was 

performed to determine the minimal inhibitory concentration of Cu (II) and Cr (VI) 

onEnterococcus sp. L2 (pMGS100), Enterococcus sp. L2 (pMGS100azoA) and 
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Enterococcus sp. L2 (WT). Effect of these heavy metals on growth of the strains was 

monitored at 0mM, 0.3mM Cr (VI) and 3mM Cu (II) at 600nm for different time 

intervals up to 21h under incubation at 37°C. (Cells were harvested at an equal O.D. 

of 0.1 and then normalized to have equal inoculums). 
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3 Bacterial diversity and biodecolorization studies of Reactive 

violet 5R (RV5R) bymicrobial consortia 

3.1. Introduction 

Bioactivities on azo dyes have been reported from diverse group of organisms(Stolz, 

2001) including bacteria(Pandey et al., 2007; Saratale et al., 2011a), fungi(Zhao and 

Hardin, 2007), yeast (Jadhav et al., 2007) and cyanobacteria(Parikh and Madamwar, 

2005). Biological decolorization anddegradation of azo dyes has gained importance as 

a method oftreatment, as these methods are inexpensive, eco-friendly andcan be 

applied to wide range of dyes (Stolz, 2001). The azo bond (–N=N–), being the 

important chromophore group, can be reductivelycleaved resulting in aromatic amines 

which are colorlessin nature. However, the presence of different aromatic rings 

withmethyl, methoxy, nitro, and sulfo groups make dyes more resistantto microbial 

degradation and their residues accumulate in biota(Saratale et al., 2011). Although 

decolorization does not lead tocomplete degradation or detoxification, it is a rate-

limiting bottleneckof the biodegradation pathway. Bacterial dye decolorization 

isfacilitated by enzymatic reactions or by nonspecific reduction bydifferent reduced 

metabolites (H2S) or redox mediators of intraor extracellular nature (Pandey et al., 

2007). Decolorization of azodyes can occur under anaerobic, anoxic or aerobic 

conditions bydifferent groups of microorganisms depending on the enzyme systemand 

microbial metabolites (Chen, 2006; Chengalroyen andDabbs, 2013; Solís et al., 2012). 

Dye decolorization has been demonstrated utilizing pure culture and mix culture 

consortia (Banat et al., 1997; McMullan et al., 2001; Olukanni, 2006).Pure cultures of 

several bacteria such as Pseudomonas, Acetobacter, Bacillus, Sphingomonas, 

Xanthomonas, Aeromonas, Klebsiella etc.are reported as azo dye decolorizers (Solís 

et al., 2012).Different bacterial strains such as Escherichia coli(Nakanishi et al., 

2001), Citrobacter sp.(An et al., 2002; Chan et al., 2012a), Enterobacter 

agglomerans(Moutaouakkil et al., 2003), Enterococcus strain C1 (Chan et al., 2012b), 

Clostridiumperfringens(Morrison et al., 2012), Pseudomonaseputida MET94 

(Mendes et al., 2011), Klebsiella sp. (Franciscon et al., 2009), Bacillus sp. (Bafana et 

al., 2008b; Dave and Dave, 2009; Kandelbauer et al., 2004; Gomare and Govindwar, 

2009), Geobacillus sp.(Sugiura et al., 2006), Staphylococcus sp. (Elisangela et al., 
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2009) and Lactobacillus casei TISTR 1500 (Seesuriyachan et al., 2007) etc. have 

been reported for azo dye decolorization. Halomonas sp. are able to decolorize azo 

dye under high saline conditions (up to 20% w/v) (Asad et al., 2007). Recently, 

bacterial community analysis at Anode of Microbial Fuel Cell(MFC) demonstrated 

dual role of bacterial population able to degrade dye and also generate electricity 

(Zhang et al., 2013). 

Bacterial azo dye decolorization is efficient and fast, but individual bacterial 

strainsusually cannot degrade azo dyes completely, and the intermediateproducts are 

often carcinogenic aromatic amines, which need to befurther mineralized (Joshi et al., 

2008).Recenttrend has been to use co-cultures comprising of a mixture ofwell-

characterised pure cultures or acclimatized microbial consortia (Saratale et al., 2011; 

Solís et al.,2012). Mixed cultures have an advantage over pure cultures, sincethe 

mixed population attains additional co-metabolic potentialsand possesses higher 

degree of biodegradation and mineralization due to synergistic metabolic activities of 

microbial community(Banat et al., 1997; Senan and Abraham, 2004). In mixed 

cultures, the individual strains may attack the dye moleculeat different positions or 

may utilize metabolites produced bythe co-existing strains for further mineralization 

or have broadspectrum for dye decolorization due to variation in the 

enzymaticmachinery in the individual members (Chengalroyen and Dabbs, 2013).  

Jain et al. (2012) have shown that acclimatized consortium SB4 decolorized RV5R 

dyeefficiently in 18 h under static conditions which was better thanthe individual pure 

bacterial strains from the same consortium. 

Mixed cultures that are artificially formulated by combiningindividual pure cultures 

have certain disadvantages such as the requirement of thorough optimization of the 

appropriate mixtureas well as unstable nature of the artificially mixed 

populationswhose proportions may vary with time.In artificially mixed cultures, it 

becomes very difficult to maintain the ratio of each type during application and 

transfer procedures. As against artificially mixed cultures, acclimatized consortia, 

encompassing enrichedmicrobial community derived by repeated transfers of 

nativemicrobial community from an appropriate sample in dye containingmedia, have 

several advantages. The members of the acclimatized consortia may have functional 

or dormant populations,both of which could be vital for the slow adaptation of the 
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communityto deliver stably the desired process(Dafale and Rao, 2008). 

Acclimatizedconsortia offer the advantages of mixed cultures but haveadditional 

features such as natural adaptation of the communitymembers with each other 

(Mikesková et al., 2012). Adaptation ofa microbial community in the presence of 

recalcitrant and toxicdyes improves the rate of decolorization process by acclimatized 

consortia(Beydilli and Pavlostathis, 2005). Community successionin bacterial 

adaptation results in stable consortium development(Desai et al., 2009). Additionally 

efficient acclimatized consortiacan be a potential source of individual efficient 

strains(Moosvi et al., 2005). 

Dye decolorizing organisms have been isolated from contaminated as well as pristine 

environmental samples(Dykes et al., 1994; Mohana et al., 2007; Kolekar et al., 2008; 

Stingley et al., 2010).The isolation of pure cultures of dye decolorizing acclimatized 

consortia could be expected todepend on the original microbial community present in 

the environmentalsample and the enrichment medium and conditions.However, no 

systematic reports exist on how these factors affectconsortia development and dye 

degradation patterns in such differentlydeveloped enriched consortia. The enrichment 

culturetechnique combined with advanced molecular methods for community 

fingerprinting could be utilized to compare the populationsfrom different consortia.  

With this in view, the objective of this chapter was to enrich dye decolorizing 

consortia from variouspristine and contaminated samples to develop acclimatized 

consortia effectively decolorizing azo dye. The acclimatized consortia were further 

studied for their bacterial diversityby 16S rRNA gene based molecular fingerprinting 

techniques suchas amplified ribosomal DNA restriction analysis (ARDRA) 

anddenaturing gradient gel electrophoresis (DGGE) analysis. Decolorized end-

products were analyzed by FTIR and GC–MS analysis. Reactive violet 5R (RV5R), a 

mono azo dye having complex sulphonatedmoieties on benzene and naphthalene rings 

was used as themodel dye for the current study. Subsequently, efficient dye 

decolorizing strains were isolated from consortia and were studiedfor their ability 

decolorize azo dye individually and effects of various redox mediators and carbon 

sources on the dye decolorization phenomenon. 
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3.2. Results: 

3.2.1. Enrichment of Reactive Violet 5R decolorizing acclimatized microbial 

consortia 

Decolorization of azo dyes by reductive cleavage of the azo bond is an important and 

rate limiting step in the dye mineralization (Chengalroyan and Dabbs, 2013). 

Therefore, in the present study, Reactive violet 5R (RV5R) decolorizing acclimatized 

consortia were enriched from various samples such as effluents, sludge and soil 

contaminated with dyes or other organics as well as pristine environments such as 

marine samples from different niches as given in (Table 2.3, Chapter 2).The samples 

were initially inoculated and passaged in different media, however only certain 

combination of samples and media yielded efficient decolorizing consortia.  A total of 

23 acclimatized consortia which were able to decolorize 100mg/L RV5R 

weredeveloped in shaking and static conditions in different media.Using 5% (v/v) 

transfer of inoculum for every passage, 12 consortia were found to be positive in 

RV5R decolorization by 30 h, remaining consortia were unable to decolorize the dye 

efficiently (Table 3.1). During initial transfersdecolorization was slow (24-52 h) 

while after acclimatisation consortiawere able to decolorize within 8-24 h after which 

they werefound to be stable in their decolorizing proficiency. As seen in Table 3.1, 

hydrocarbon contaminated soil sample (HCCSV1) gave rise to 4consortia in media 

A–C under shaking conditions and in medium C in static conditions (Section 2.2, 

Chapter 2). Other samples gave efficient dye decolorizing consortia in particular 

medium but not in rest.The consortia reported here were stabilized for aerobic and 

anoxic dye decolorization after 15 passages within 40 d. 

3.2.2. RV5R decolorization kinetics by microbial consortia 

Out of 12 consortia that were found to decolorize RV5R, 8 decolorized RV5R in 

shaking and4 in static conditions (Table. 3.1). Decolorization kinetics of each 

acclimatized consortium was determined by decrease in O.D. at 558nm (λmax of 

RV5R) (Fig. 3.1).Table 3.2 shows the t1/2 as time taken to decolorize 50% of 100mg/L 

RV5R and the percentage dye decolorization after 30h of incubation.Except for two 

consortia, all the acclimatized consortia were able to decolorize >90% of 
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Table 3.1Details about the 12 RV5R decolorizing microbial consortia 

S. No. Microbial 

consortia 

Sample Mode of 

Incubation 

Medium used 

for 

enrichment 

1 ATGEV Aeration Tank Green Env. Ltd. static A 

2 AKW  Amalakhadi Water static A 

3 Glc  Hydrocarbon contaminated Soil static A 

4 ME  Meghmani Effluent static A 

5 Gly  Hydrocarbon contaminated Soil Shaking B 

6 PBC  Hydrocarbon contaminated Soil Shaking D 

7 PBR  Hydrocarbon contaminated Soil Shaking D 

8 Dalc Petroleum industry effluent,  Shaking D 

9 MW Marine water Shaking C 

10 MITZ Marine Intertidal Zone Shaking C 

11 MBS  Marine Beach Sand Shaking C 

12 MSS Marine Sea Sand Shaking C 

 

RV5R in 30h of incubation under shaking or static conditions. The most efficient 

consortia were PBC and ME under static and PBR under shaking conditions as they 

were able to decolorize with a t1/2 of 3-3.5h.  

In order to study decolorization efficiency of the microbial consortia at higher 

concentrations different concentrations of RV5R were used. Seven acclimatized 

consortia were found to decolorize higher concentrations up to 1000mg/L of RV5R 

(Fig. 3.2), thus these consortia could be utilized for highly concentrated dye effluent 

under aerobic conditions. Most efficient consortia PBC and PBR were able to 

decolorize RV5R up to 1000 mg/L. 
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Figure 3.1Decolorization of RV5R by acclimatized microbial consortia. 

(Enriched under a) Static b) Shaking conditions)
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Table 3.2RV5R decolorization kinetics for microbial consortia 

S. No. Incubation 

conditions 
Microbial 

consortia 
t1/2 for RV5R 

decolorization 
Percentage 

decolorization 

at 30h (%) 

1 

Static 

ATGEV 9 91.3 

2 AKW  27 67.0 

3 ME  3.5 94.6 

4 PBC  3 93.6 

5 

Shaking 

Glc  30 50.4 

6 Gly  5.4 94.7 

7 PBR  3 96.0 

8 Dalc 4.45 94.0 

9 MW 7 94.4 

10 MITZ 5.15 93.6 

11 MBS  9.45 94.2 

12 MSS 7.45 95.3 

 

 

Figure 3.2RV5R decolorization up to 1000mg/L by acclimatized microbial 

consortia. 

Asterisks indicate that the decolorization is found to be significant at 1% level using one way 

ANOVA analysis. Significant decolorization up to *100mg/L; ** 300mg/L; *** 500mg/L and 

**** 1000mg/L.     
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3.2.3. Bacterial community fingerprint analysis of RV5R decolorizing consortia 

Bacterial community fingerprinting of dye decolorizing consortia was carried out by 

two techniques ARDRA and DGGE analysis, both based on 16S rRNA gene 

diversity. Both the techniques have been widely used for comparing the bacterial 

communities in diverse environments (Malik et al., 2008, Kolekar et al., 2012). HaeIII 

and HinfI restriction enzymes were used to digest amplified 16S rRNA gene segments 

of all consortia. Fig. 3.3shows  thedendrogram deduced from the ARDRA patterns. 

The 12 consortia formed 6 clusters at 0.76 coefficient value, of which ATGEV and 

AKW were found to have very similar 16S rRNA digestion patterns as they clustered 

at highest coefficient value of 0.96. MW and MITZ samples also clustered at 0.96 

coefficient value. The high similarity of the latter two consortia is not surprizing since 

they were obtained from the marine water and intertidal zone from the same location 

(Bhavnagar coastal region, Gujarat, India) and enriched in the same medium.  

However, acclimatized consortia ATGEV and AKW were obtained from 

geographically different locations (Vatva and Amalakhadi, Gujarat, India), but yet 

found to be highly similar. This could be because both the samples were from dye-

contaminated effluents, indicating that enrichment in the same nutrient medium might 

lead to selection of a similar bacterial community.  The 4 consortia obtained from 

HCCSV1 sample clustered together at 0.64 co-efficient, but were distinct, signifying 

the importance of the media and incubation condition for the consortia development.  

 

Fig. 3.4 shows DGGE gel pattern of 16S rRNA gene V3 region of the microbial 

community in the RV5R decolorizing consortia. Different banding patterns were 

obtainedin each consortium indicating significant differences in the compositionof the 

population. Because DGGE bands indicate ribotypes/species in the sample, it could be 

inferred that most of the enrichedconsortia were constituted of two to four abundant 

species withseveral minor species. Clearly different groups of bacteria were enriched 

in the different consortia except for ATGEV and AKW whichappeared to be 

predominated by one species. Fig. 3.5 shows the corresponding dendrogram of the 

acclimatized consortiabasedon the binary data band of presence/absence of the band 

at particularposition in DGGE gel.  Similar to ARDRA dendrogram, DGGE analysis 

also grouped the 12 consortia into 6 major clusters. However the composition of the 6 

clusters was significantly different than the clusters of the ARDRA dedrogram. 
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Notably consortia ATGEW and AKW as well as MW and MITZ were found to 

similar using both techniques. The 4 consortia obtained from HCCSV1 sample were 

found to be dispersed in the DGGE dendrogram. Microbial diversity of the  consortia 

depicted as Shannon index (H‘) (Hill et al., 2006) based on DGGE pattern is given 

inDGGE band pattern. The H‘ index for the consortia was ranging from 1.36 to 2.55 

indicating differences in their species richness and abundance. 

 

Figure 3.3 Phylogenetic clustering of the RV5R decolorizing acclimatized 

microbial consortia byARDRA. 

 

Figure 3.4 DGGE profile of V3 region of 16S rRNA genes from RV5R 

decolorizing acclimatizedmicrobial consortia. 

(Lanes 1 to 12, Glc, Gly, ATGEV, AKW, ME, PBC, PBR, MW, MITZ, MBS, MSS and Dalc)  
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Figure 3.5Dendrogram based onDGGE profile of RV5R decolorizing 

acclimatized microbial consortia 

3.2.4. FTIR and GC-MS analysis of the end products of RV5R decolorization by 

microbial consortia 

Biodegradation products of azo dyes have been well characterized by various 

analytical methods, among which most common technique is Fourier-transform 

infrared (FTIR) spectroscopy determine the structural changes in the dye molecules 

and themetabolites of the dye degradation (Hu, 1994; Jain et al., 2012; Larrechi and 

Callao, 2010; Saratale, 2009b). Comparison of FTIR spectra of microbially treated 

samples as compared to that of the control untreated azo dye was used to discern the 

differences in the spectra of different dye decolorizing consortia. RV5R, a mono-azo 

reactive group of textile azo dye demonstrated specific azo bond  (-N=N-) stretching 

vibration of a symmetrical trans-mono azo group peak at 1547 cm
-1

; the 

disappearance of such peak in the decolorized extracts of acclimatized supernatants 

shows cleavage of the azo bond (Figs. 3.6 a and b). Transmission peak at 669.3 cm
-1

 

signifies out of plane aromatic ring C-H bend (strong peak), SO3H group is indicated 

at 1139.9cm
-1

, all of which can be seen in the untreated control RV5R sample. All the 

biologically treated samples show transmission peaks between 3300-3500 cm
-1

 

stretching or near 1600 cm
-1

 bending which indicate the presence of amine groups due 

to the reductive cleavage of azo bond. Treated fractions of consortia PBR and Dalc 

show the retention of 669.3cm
-1

 peak displaying the presence of aromatic rings in the 

decolorized supernatant.Consortium Gly found to be most effective for the 

degradation showing further degradation of aromatic amines, demonstrating the =C-H 
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bond bending of alkene nature between 675-1000cm
-1

, 3603.14 cm
-1 

-OH group 

stretching and 1406.15 bending of –OH and C-O stretching along with the amine 

presence. 

 Based on the functional groups identified by FTIR spectra of the decolorized 

products of consortia, a binary datasheet was prepared and using the Neighbour 

joining method, a dendrogram was constructed to depict the similarities or differences 

in the FTIR spectra of the difference consortia (Fig. 3.7). As can be seen, the 

degradation products formed in consortia ATGEV and AKW were highly similar. 

However, the otherphylogenetically similar pair MW and MITZ, was functionally 

differenton the basis of FTIR analysis. On the other hand, consortiaME and MSS 

which were phylogenetically distinct showed highsimilarity in their functional groups 

in FTIR spectra. 

In order to get obtain information of RV5R degradation end products of the most 

efficient consortium Gly, GC–MS analysis of degraded products from culture 

supernatants was performed. Based on molecular weight and chemical structure of 

dye we could identify two intermediary products. Two major peaks at 16.56 min with 

m/z of 476 and 21.2 min with m/z of 448, were found to correspond to the propanoic 

acid 3-hydroxy hydrazine and 1,4 epoxy naphthalene respectively (Figs. 3.7 a, b and 

c). These end products demonstrate the azo bond reduction and benzene ring breakage 

of the RV5R by Gly consortium, although the naphthalene ring was not metabolized. 

 

Figure 3.6 FTIR spectra of the decolorized end products of RV5R decolorizing 

acclimatized consortia. 

[a) Static b) Shaking conditions;, indicates the stretching vibration of a symmetrical trans-

monoazo group peak] 
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Figure 3.7 Dendrogram based on the presence of the functional groups present in 

treated fractions of acclimatized consortia. 

 

Figure 3.8 GC-MS analysis of the RV5R decolorization end products by Gly 

consortium. 

[a) GC-MS spectra, b) RT peak at 16.56 and RT peak at 21.2] 
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3.2.5. RV5R decolorization by pure cultures from consortia 

Different morphotypes of colonies were obtained from each consortium and were 

further studied for their decolorization ability in pure cultures. It was found that each 

consortium possessed active decolorizers as well as non-decolorizing members. Fig. 

3.9 represents the decolorization ability of various isolates obtained from consortia. 

Isolates (name of the consortium from which the isolate was obtained is given in 

parenthesis) A3 (Gly), C1 (MITZ), G1 (MW), E2 (PBC), K1 (PBR), L1 (Dalc), L2 

(Dalc) and ME1 (ME) were found to have efficient decolorizing ability, thus they 

must be the key decolorizing bacterial flora in the respective consortium. Non-

decolorizing bacteria were also found to get enriched in the consortia indicating their 

resistance to the dye as well as perhaps active participation in the further degradation 

of the product of the decolorization process (Mikesková et al., 2012).Of the eight 

RV5R decolorizing bacterial isolates, 2 (L2, ME1) were gram positive and others 

were gram negative strains. 

 

Figure 3.9Relative RV5R (100 mg/L) decolorization by bacterial pure cultures. 

3.2.6. ARDRA analysis of RV5R decolorizing bacterial isolates 

To understand the relationship amongst RV5R decolorizing bacterial isolates ARDRA 

was done. The genomic DNA of all the bacterial isolates used for the 16S rDNA 
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amplification by universal eubacterial primers. RE digestion was carried out by three 

different restriction enzymes namely HhaI, HaeIII and HinfI (Fig. 3.10).  

 

Figure 3.10ARDRA pattern of RV5R decolorizing bacterial isolates 

(M- Marker 100bp) (Lanes: 1- A3, 2- C1, 3- E2, 4- G1, 5- K1, 6- L1, 7-L2, 8-ME1) 

The phylogenetic tree constructed using combined band patterns of all the three 

enzymes (Fig. 3.11) shows that at coefficient of  3.5 four clusters were found. Isolates 

ME1 and L2 showed identical band patterns and clustered at highest co-efficient 

value.Isolates E2 and K1 clustered together so did C1 and G1. 
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Figure 3.11Phylogenetic tree based on ARDRA analysis showing the relationship 

between different RV5R decolorizing bacterial isolates. 

 

 

3.2.7. 16S rRNA gene sequence based identification of RV5R decolorizing 

isolates 

 

Based on the 16S rRNA gene sequencing results two of the gram positive 

were identified as Enterococcusspp., whereas six of the gram negatives were found to 

belong to ɤ-proteobacteria. Two gram negative isolates were identified as 

Providenciaspp.and two as Klebsiella spp.,whereas one strain of Acinetobacter and 

Citrobacter genus were identified (Table. 3.3).  

 

 

 

 

 

 

 

Coefficient
2.00 2.33 2.67 3.00 3.33 3.67 4.00 4.33 4.67 5.00
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Table 3.316s rRNA gene sequence based identification of RV5R decolorizing 

bacterial isolates 

Isolates GenBank  Best match  Similarity   Isolate   

 Accession with accession  from    denoted  

 number number  database  as   

      (%)     

A3 JQ745287 Citrobactersp. S7 99  Citrobactersp. A3 

   (HF572839) 

C1 JQ745288 Providencia 99 Providencia sp. C1  

  vermicola strain 

   AR_PSBH1    

   (HM582881) 

E2 JQ7452289 Klebsiella   99  Klebsiellasp. E2  

   pneumoniae 

 strain SW  

  (AB641122) 

G1 JQ7452290 Providenciasp. 100   Providencia sp. G1  

  Sal2    

   (JN790944)  

K1 JQ7452291 Klebsiella   99  Klebsiellasp. K2  

   pneumoniae 

   strain ZB 

  (KC243315) 

L1 JQ7452292 Acinetobacter 100   Acinetobacter sp. L1  

  baumannii    

  strain DSM 30007T  

  (HE978267) 

L2 JQ7452293 Enterococcus 99  Enterococcus sp. L2 

  faecalis strain 

  symbioflor 1 

  (HF558530) 

ME1 JQ7452294 Enterococcus 99  Enterococcus sp. L2 

  casseliflavus 

  strain PX-EC 

  (KC150018) 

   

  

The 16S rRNA gene fragment sequences were utilized for building 

phylogenetic tree by MEGA 4.0. Identified isolates were phylogenetically clustered 

on the basis of 16S rRNA gene sequences and the phylogenetic tree shows nearest 

neighbouring type strains (Fig. 3.12). 
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Figure 3.12Phylogenetic treeof the RV5R decolorizing bacterial isolates. 

Tree was constructed based on 16S rRNA gene sequences and evolutionary history was inferred 

using the Neighbour-Joining method. The optimal tree with the sum of branch length = 

0.37043799 is shown. The percentage of replicate trees in which the associated taxa clustered 

together in the bootstrap test (1000 replicates) are shown next to the branches. The tree is drawn 

to scale, with branch lengths in the same units as those of the evolutionary distances used to infer 

the phylogenetic tree. The evolutionary distances were computed using the Maximum Composite 

Likelihood method and are in the units of the number of base substitutions per site. All positions 

containing gaps and missing data were eliminated from the dataset (Complete deletion option). 

There were a total of 510 positions in the final dataset. Phylogenetic analyses were conducted in 

MEGA4 (Tamura et al., 2007). RV5R decolorizing bacterial isolates obtained from present study 

are indicated by dark circles. 

3.2.8. Azo dye decolorization by bacterial isolates 

Total eight bacterial isolates obtained from 12 microbial consortia were analyzed for 

decolorization of RV5R (Fig. 3.13 and 3.14).Isolates L2 and ME1 were found to 

decolorize RV5R more than 90% in 3 h. Isolates C1 and G1 took 30h to decolorize up 

to 90%. Other bacterial isolates showed slower decolorization under static and 

shaking conditions. Decolorization of methyl red (MR) (mono azo dye with two 
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benzene rings) by the bacterial isolates is shown in Fig. 3.15. As seen, 99% 

decolorization of MR was carried out by isolates L2 and ME1 within 5h and isolate 

C1 decolorized 98% of MR by 12 h (Fig. 3.15), whereas rest of the isolates took 18h 

to decolorize more than 90% of the dye. Decolorization of MR was relatively faster 

for most of the isolates than the decolorization of RV5R.  

 

 

 

Figure 3.13 RV5R decolorization under static condition by bacterial isolates. 
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Figure 3.14 RV5R decolorization under shaking conditions by bacterial isolates. 

 

Figure 3.15 Methyl red decolorization by bacterial isolates. 

3.2.9. Effect of various carbon sources on RV5R decolorization by bacterial 

isolates 

RV5R decolorization by bacterial isolates in medium control having no C-source  

added (Bussnell Haas medium amended with only 0.5% w/v yeast extract) and media 

amended with different C-sources were compared (Fig. 3.16). Inoculation was done at 

similar O.D. of cells and incubated for 30h. Positive effect of C-source addition was 

found in case of most isolates except isolate C1 where medium without C-source 

added showed high decolorization. Glycerol was found to have positive effect on 

RV5R decolorization in case of isolates E2 and K1.  Xylose enhanced RV5R 

decolorization in isolates G1 and L1. It is noteworthy that in all different 

decolorization studies, isolates L2 and ME1 were found to be the most efficient azo 

dye decolorizers (Fig. 3.16).    
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Figure 3.16Effect of different C-source on RV5R decolorization by bacterial 

isolates. 

3.2.10. Azoreductase activity of bacterial isolates 

Azoreductase activity was detected in the bacterial isolates by azoreductase assay and 

activity staining on native PAGE. Enterococcus L2 and ME1 had highest NADH- and 

NADPH-dependent azoreductase activities compared to the gram negative isolates 

(Table. 3.4). Overall NADPH dependent azoreductase activity is higher in all the 

isolates compared to the NADH dependent activity. 

Results of activity staining showed all isolates have one or more NADH dependent 

azoreductases enzyme of different mobility on native PAGE (Fig. 3.17).  

Providenciaspp. C1 and. G1, Enterococcusspp. ME1 and L2 show one NADH 

depdendent azoreductase band, whereas rest of the isolates Citrobactersp. A3, 

Klebsiellasp. E2, Klebsiellasp. K1 and Acinetobactersp. L1 possess up to 3 different 

NADH dependent azoreductases (Fig 3a). Isolates Providenciasp. C1 and 

Providenciasp. G1 have only one NAD(P)H dependent azoreductase, while 

Klebsiellaspp. E2 and K1and Enterococcussp. L2 possess two and isolate 

Citrobactersp. A3 possesses three different NAD(P)H dependent azoreductases. 

Surprisingly, isolatesAcinetobacter sp.L1 and Enterococcussp. ME1 demonstrated no 

NAD(P)H dependent azoreductase activity band (Fig. 3.14a and b), although gave 

positive assay results. 
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Table 3.4NADH and NADPH dependent azoreductase specific activity of 

bacterial isolates (RV5R as substrate) 

Isolate Azoreductase specific activity  

 (µmole of dye reduced/min/mg of total protein) 

 NADH NADPH 

 Citrobactersp. A3 5.79 ± 0.76(33.4%) 11.55 ± 0.9(66.6%) 

 Providenciasp. C1 5.77 ± 0.96(27.3%) 15.37±1.00(72.7%)  

 Klebsiellasp. E2 6.84 ± 1.04(31.5%) 14.88±1.16(68.5%) 

 Providenciasp. G1 5.62 ± 0.49(27.3%) 14.93± 0.8(72.7%) 

 Klebsiellasp. K1 5.07 ± 0.77(24.3%)  15.79±0.37(75.7%) 

 Acinetobactersp. L1 5.34 ± 0.68(30.7%)  12.08±1.35(69.3%) 

 Enterococuussp. L2 18.73 ± 1.91(38.5%) 29.87±2.14(61.5%) 

 Enterococuussp. ME1 8.89 ± 1.23(36.5%) 15.48±0.57(63.5%) 

Numbers in parenthesis indicate the percentage contribution of each type of activity (NADH and 

NADPH dependent).  

 

 

Figure 3.17NADH and NADPH dependent azoreductase activity staining. 

a) NADH dependent and b) NADPH dependent azoreductases. 
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3.2.11. Effect of Redox mediators on RV5R decolorization by bacterial isolates 

Electron shuttles or Redox mediators can help transfer electrons from electron donors 

to substrates (electron acceptors) and enhance reaction by increasing the activity 

sphere of the microbe.Quinone, indophenol, humic acid or flavin groups in nature 

often function as redox mediators. Azo dyes can act as electron acceptor from these 

redox mediators resulting in non-specific dye decolorization. Different concentrations 

of menadione, anthraquinone suphonate (AQS), anthraquinone  2,6 disuphonate 

(AQDS) and crude lawsone were used to see the effect of these redox mediators on 

RV5R decolorization. In the presence of 2.0 mM Menadione the bacterial isolates 

Klebsiella spp. K1 and E2 and Acinetobacter sp. L1 had removed approximately 

double the amount of the dye than the control within 15 h (Fig. 3.18a). In case of 

increase in the menadione concentration from 1.0 mM to 2.0 mM increase in the 

decolorization of the RV5R dye was seen, except Enterococcusspp. andCitrobactersp. 

A3where menadione acted as an inhibitor. It was also found that isolates also decrease 

decolorization beyond optimum concentration of quinones (Fig. 3.18 b, c). AQS and 

AQDS showed an increase in the RV5R decolorization in case of all the isolates, 

however the increase was less than that found in case of menadione for Klebsiella 

spp.  In case of Klebsiella strains effect of most of the redox mediators were found to 

be high andKlabsiellasp. K1 showed 1.6 fold increase in RV5R decolorization with 

1% lawsone (Fig. 3.18d). Hydroxyquinone was also analyzed for its effect on 

decolorization, which was found negative (data not shown).  

3.2.12. FTIR analysis of the RV5R decolorization/degradation end products by 

bacterial isolates 

Shifting or dis-appearance of major absorption peaks in the Fourier transformed 

infrared spectroscopy (FTIR) spectrum of treated samples as compared to control dye 

sample demonstrates the decolorization/degradation process (Phugare et al., 2011; 

Jain et al., 2012b). Fig. 3.19 shows clear differences in the FTIR spectra of the 

bacterially decolorized products compared to the untreated dye control. The FTIR 

spectra of end products formed by different bacteria also varied. RV5R, a mono-azo 

reactive-textile azo dye demonstrated specific azo bond peak. Disappearance of this 

peak in the decolorized extracts of various culture supernatants shows cleavage of the 

azo bond (Table 3.5). The peaks corresponding to -CN asymmetric stretching at 
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1048.48 cm
-1 

and -SO3H group 1139.89 and 1185.13 cm
-1

 peak disappeared in all the 

strains except in Acinetobactersp. L1 wherein –CN asymmetric stretching was still 

observed indicating the presence of –NH2 on the ring structure. Primary aromatic 

amines peaks were observed at 1335-1250 cm
-1

 in decolorized end products by 

isolated. 

 

 

Figure 3.18Effect of redox mediators on RV5R decolorization by bacterial 

isolates. 

a) Menadione; b) Anthraquinone-2-sulfonate (AQS); c) Anthraquinone-2,6-disulfonate (AQDS); 

d) 1% crude lawsone 
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Figure 3.19FTIR spectra of RV5R decolorized/degraded end-products of 

bacterial isolates. 



Chapter 3. Bacterial diversity and biodecolorization studies of RV5R by microbial 
consortia 

 

Cloning and heterologous expression of genes involved in azo dye decolorization and metabolic engineering for efficient 

bioremediation Page 93 
 

Table 3.5. Presence of key functional groups in FTIR spectra of RV5R 

decolorized end products 

Sample   -N=N-  -CN asymmetric -SO
3
H group 

 stretching   

      

Control  + + + 

Citrobactersp. A3  - - - 

Providenciasp. C1  - - - 

Klebsiellasp. E2 - - - 

Providenciasp. G1  - - -  

Klebsiellasp. K1  - -   -  

Acinetobactersp.L1 - +   + 

Enterococcussp. L2 - -   - 

Enterococcussp. ME1 - -   -  

 

3.2.13. Azo dye decolorization properties of Enterococcus sp. L2 

Enterococcus  sp. L2 was isolated from RV5R decolorizing bacterial consortium 

enriched from petroleum industry effluent sample (Vadodara, India) (16S rRNA gene 

sequence, GenBank accession no. JQ745293; Culture deposition accession 

no.MCC2124 at Microbial Culture Collection, NCCS, Pune, 

India).Enterococcussp.L2 is a Gram positive microaerophilic diplococcus. Amongst 

the lab isolates it decolorizes RV5R and MR efficiently. Enterococcussp. L2 was able 

to decolorize 97.6% of 100mg/L RV5R in 8 h under static condition. Profound acid 

formation was also found resulting in a decrease the medium pH 6.8 to 4.1.It is well 

known that Enterococcus faecalis grows best in the pH range of 5-8. Decolorization 

occurred only when carbon and nitrogen sources were available for growth, indicating 

that organism did not utilize dye as either carbon or energy source. In similar studies 

done by Sahasrabudhe et al. (2011) with Enterococcus faecalis strain YZ66, the strain 

showed complete decolorization of the selected dye (Reactive yellow 145- 50 mg/L) 

within 10 hours in static anoxic condition.Dye decolorization by Enterococcussp. L2 

was associated with growth, rather than the generally accepted view of 

biotransformation as a stationary phase phenomenon (Fig. 3.20). Enterococcussp. L2 

efficiently decolorized 500mg/L RV5R 63.9% with 29% decrease in growth 

compared to no dye control (Fig. 3.21). 
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Figure 3.20Growth associated decolorization of RV5R by Enterococcus sp. L2 

 

Figure 3.21 Growth and RV5R decolorization at different concentrations by 

Enterococcus sp. L2 

 

To study the spectrum of the dye decolorized by Enterococcus sp. L2, different 

reactive group of azo dyes utilized in textile application were checked. Enterococcus 

sp. L2 was able to decolorize broad spectrum of azo dyes having complex chemical 

structures except Reactive yellow186 in 24h (Fig. 3.22).  
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Figure 3.22Decolorization of various azo dyes by Enterococcus sp. L2 

(Re.: Reactive) 

The Enterococcussp. L2 was found to decolorize RV5 dye (100mg/L) at an optimum 

medium pH of 7-8 and temperature 40ᵒC under static conditions (Fig 3.23 a,b).The 

isolate showed complete decolorization at 35 to 40ᵒC, however sharp decrease in the 

decolorization was observed above and below the optimum (Fig.3.23 b). 

Sahasrabudhe et al. (2011) reported Enterococcus strain to decolorize Reactive yellow 

at an optimum pH 5 and temperature for the decolorization at 37
ᵒ
C. Maximum RV5R 

decolorization was found to be in the range of 0.5-2% NaCl (Fig. 3.23c), which is the 

basic survival and growth range of salinity for Enterococcus sp.p.(Fisher & Phillips, 

2009).Flahaut et. al (1996) reported ―flash adaptation‖ in E. faecalis, which makes 

this bacteria ideal for survival and growth under stress conditions under the 

bioremediation category. 
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Figure 3.23 Physicochemical parameters of RV5R decolorization by 

Enterococcus sp. L2 

a) pHrange b) Temperature c) Salinity as NaCl (%) 

3.2.13.1. Azoreductase activity of Enterococcus sp. L2 

The azoreductase activity of Enterococcus sp. L2 was found to be induced in presence 

of H2O2, quinones and azo dye (RV5R) (Table 3.6). This indicates that oxidative stress 

causing agents including electrophilic quinones resulted in 1.5-2.0 fold increase in 

azoreductase specific activity.The activity was also increased in the presence of the 

azo dye. Liu et al. (2009) by studying the transcription of azoR of E. coli using 

quantitative real time PCR showed constant basal level of azoR expression during 

different growth phases, however azoR expression was induced under the exposure to 

quinones such as2 -Methyl Hydroquinone (2-MHQ) and  menadione as well as 
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diamide, catechol, and H2O2.  The induction in azoreductase under oxidative stress 

conditions emphasizes its role in combating reactive oxygen species (ROS). 

Table 3.6Inductionof azoreductase activity of Enterococcussp. L2 

___________________________________________  

Induction agent Azoreductase   Fold 

Activity  increase 

    (µmole/min/mg) 

___________________________________________ 

None   21.6±3.6 

10mM H2O2  33.67±3.42
a
  1.56  

2mM Menadione 37.26±2.98
 a
  1.72   

2mM AQDS  41.65±3.25
 a
  1.93  

200mg/LRV5R 39.36±2.85
 a  

1.82  

a 
Values showed significant increase as compared to uninduced control at 1% level using one way 

ANOVA.  
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3.3. DISCUSSION 

Microorganisms play an important role in the biodegradationof synthetic azo dyes. 

Reductive cleavage of the azo bond resulting in decolorization of the azo dye is the 

first step in dye degradation is considered as the bottleneck step in the degradation 

pathway. Present work was concentrated on the bacterial mode of 

degradation/decolorization by acclimatized microbial consortia and its indigenous 

members.  

Bacterial acclimatized consortia have several advantages over pure or artificially 

mixed culture consortia. In this study, twelve acclimatized consortia wereenriched 

from pristine and contaminated environmental samples from the diverse locations of 

Gujarat, India which decolorized RV5R within 6-30h.McMullan et al., (2001) 

reported a requirement of the preadaptation of bacteria to decolorize and degrade 

carboxylated analogues of sulfonated azo compounds. In this work, it was observed 

that during initial transfers of the microbial consortia, decolorization was slow (50-

60h), while after acclimatization the consortia were able to decolorize within 30h 

thereafter they were found to be stable in their decolorizing proficiency. Acclimatized 

consortia obtained during this investigation were found highly efficient, 10 consortia 

were decolorizing RV5R with a t1/2of less than 10h while the most effective consortia 

had a t1/2of only 3h. The decolorization kinetics of the consortia described here are 

superior to the kinetic studies reported for azo blue and azo orange with t1/2of 14h and 

10h by bacterial consortia developed from dye contaminated soil from Ngaoundere-

Cameroon (Ndasi et al., 2012). Similarly, these consortia are more efficient than the 

one reported by Flores et al. (1997) who developed a methanogenic consortium 

adapted to mineralise azo dye after 200 d in a bioreactor with 99% dye removal. 

Microbial community shifts are considered to play significantimpact on the 

bioprocess rate and these can be monitored effectivelyby 16S rRNA based diversity 

profiling techniques such as ARDRA, DGGE or clone sequencing(Kirk et al., 2004). 

Both ARDRA and DGGE techniques were used in the present study to compare the 

microbial diversity in the different RV5R decolorizing microbial consortia. In DGGE, 

the 16S rDNA PCR amplicons are directly fractionated on the basisof the differences 

in GC content and sequence, whereas in ARDRAthe community PCR products of 16S 

rRNA gene are subjected toRE digestion to reveal differences in the banding pattern 
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due tothe variation in occurrence of the particular RE site. Thus, the 

communityprofiles obtained for the same samples by the two techniquescould be 

expected to be dissimilar and may also showdifferences in clustering pattern in the 

dendrogram, as was observedin this study. Both the techniques showed the 

communitydifferences in 12 consortia, indicating that sample site and theenrichment 

conditions can result in the development of different members in the dye decolorizing 

consortia. In this regard, DGGEis more informative in providing insight into the 

members in populationand their abundances, whereas in ARDRA only overall 

similarityin communities is understood. Results obtained in presentstudy highlight 

similarities between two or more consortia as theirpopulation was found to be highly 

similar such as ATGEV and AKW as also the closely related MW and MITZ 

consortial communities. Acclimatized consortia enriched from highly contaminated 

niche were found to possess low H‘ index demonstrating reduced population 

diversity, indicating natural selection of resistant strains. Highest H‘ index was 

obtained for consortium MITZ which is from intertidal zone sample from a pristine 

marine environment while lowest H‘ index was found in AKW consortium obtained 

from highly contaminated waste water canal. 

Fourier transform infrared (FTIR) spectroscopy is an important tool for rapid analysis 

of complex biological samples. The FTIR spectrum could be regarded as a 

―fingerprint‖ which is characteristic of the biomolecules present in the sample. It can 

be used as effective tool for characterization of microbial degradation products 

(Huang et al., 2006). Functional groups detection by FTIR analysis of the decolorized 

end products of each consortia demonstrated azo bond cleavage activity and further 

modification of the aromatic amines. The FTIR patterns of the end product functional 

groups were distinct for each consortium giving unique fingerprint like FTIR spectra. 

Based on the similarities in the groups detected the consortia could be clustered as 

depicted by dendrogram (Fig. 3.7). This provides a novel approach for comparing the 

dye degradation/decolorization end product profiles in a manner similar to the 

application of FTIR for rapid differentiation and classification of microbes (Naumann 

et al., 1991). Further, GC-MS of the metabolic end products of the most efficient 

consortium showed effective azo bond cleavage and benzene ring cleavage activity, 

although naphthalene ring was found to be intact. Benzene and naphthalene release 
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has been demonstrated as part of  RV5R degradation, which are further degraded by 

gentisic acid pathway (Jain et al., 2012). A pathway for the degradation of the reactive 

group azo dye was proposed based on hydroxylation, carboxylation and redox 

reactions catalysed by different microbial enzymes (Gonza et al., 2009).  

Pure cultures of RV5R decolorizing bacteria were screened from each of the 

consortia. Surprisingly, consortia ATGEV, AKW, MBS, MSS and Glc could not 

contribute effective RV5R decolorizing isolates indicating co-metabolic contribution 

of microbial community for RV5R decolorization. The Dalc consortium resulted in 

two efficient RV5R decolorizing isolates L1 and L2. In case of ME consortia only one 

pure culture was obtained, which was efficient RV5R decolorizing Enterococrecus sp. 

ME1, although several ribotypes were found by DGGE analysis. In every consortium 

both decolorizing and non-decolorizing members were obtained. Various azo dye 

decolorizing bacteria have been reported belonging to α- Proteobacteria, γ-

Proteobacteria, cyanobacteria and Firmicutes (Saratale et al., 2011). In the present 

study RV5R decolorizing bacterial isolates were found affiliated to γ-

Proteobacteria(6 isolates)and Firmicutes (2 isolates). Different samples from diverse 

locations were used to enrich diverse azo dye decolorizing consortia; however diverse 

consortia were found to possess strains of the same genus such as, Providencia spp. 

and Klebsiella spp. even though their enrichment media and incubation conditions 

were different. Activity staining of azoreductases of RV5R decolorizing isolates 

showed them to possess unique azoreductase profiles having NADH/NADPH 

dependency. Multiple activity bands were found in several strains indicating presence 

of more than one isozyme unlike single isozyme reported for Clostridium spp. (Rafii 

et al., 1990).  Enterococcus sp. showed high NAD(P)H azoreductase activities 

compared to other gram negative strains.  

Role of redox mediators (RMs) in azo bond reduction by bacteria has been reported 

by Dos Santos (2003) and van der Zee (2009).Different groups of eubacteria possess 

specific signature of quinone reductases which in turn define a substrate spectra of 

quinones that can be reduced and thus act as redox mediators. RMs speed up the 

reaction rate by shuttling electrons from the biological oxidation of primary electron 

donors or from bulk electron donors to the electron-accepting azo dyes (van der Zee et 

al., 2003).Flavin enzyme cofactors, such as Flavin adenine dinucleotide, Flavin 
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adenine mononucleotide, and Riboflavin, as well as several quinone compounds, such 

as Anthraquinone-2,6-disulfonate (AQDS), Anthraquinone-2-sulfonate (AQS), and 

Lawsone, have been found to act as RMs. Quinones can freely mediate extracellular 

reductions of azo dyes. The acceleration mechanism of RMs has been elucidated 

byZee and Villaverde(2005).  In present study AQS and AQDS were found to be the 

most effective RMs, enhancing the rate of azo dye decolorization. Particularly, 

positive effect was observed at optimum concentrations, at higher concentration 

quinones addition showed negative effect on decolorization. Similar effect was also 

found in the experiment carried out by Rau el al. (2002) wherein deleterious effect of 

quinone lead to decrease in the azo dye decolorization and growth. Menadione might 

have shown oxidative stress on Citrobacter sp. A3, Enterococcus sp. L2 and 

Enterococcus sp.ME1 which at high concentrations led to negative effect 

decolorization. Significant results were obtained in presence of AQS and AQDS 

showing ~10 to 20% increase in decolorization at optimum concentration. These 

results support the hypothesis that based on type of quinone reductase system 

available in each bacteria, effect of RMs on dye decolorization differs. 

FTIR profiles of the end products of RV5R decolorization/degradation by pure 

cultures of bacterial isolates suggest that they were capable of removing the 

sulphonate groups from the dye structure and reducing its polarity, which enables 

them to pass through the membrane barrier.  

Enterococcus sp. L2 was further characterized for azo dye decolorization since it was 

the most efficient among all the bacterial isolates obtained in this study. 

Enterococcusspp. have been reported for decolorization of azo dyes (Bafana et al., 

2008d; Handayani et al. 2007; Mate & Pathade, 2012). In most instances, dye 

decolorizing isolates of Enterococcus spp. have been obtained from intestinal flora, 

which is generally rich in azo dye decolorizers as they are exposed to azo dyes from 

environmental contamination as well as food, drugs and cosmetics (Chen et al., 2004). 

In this study, Enterococcus sp. L2 was obtained from Dalc consortium enriched from 

the petroleum industry effluent from Vadodara, India and Enterococcus sp. ME1 was 

obtained from effluent of a dye manufacturing industry. The Enterococcus sp. L2 

displayed efficient RV5R decolorization with complete decolorization in 5-6 h 

(100mg/L) and could decolorize up to 500mg/L. This correlated well with its high 
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azoreductase activity and the demonstration of two isoforms of azoreductases. The 

broad spectrum of azo dyes by this organism reflects the ability of the azoreductases 

to utilize multiple substrate. Previously Enterococcus spp. have been reported to 

decolorize azo dyes such as Acid red 27, Reactive red 195 and Direct Black 38 

(Bafana et al., 2008d; Handayani et al. 2007; Mate & Pathade, 2012). With 

contribution of this work the repertoire of dyes decolorized by enterococcal strains 

has been further expanded. The characteristics of dye decolorization kinetics, dye 

spectrum, effect of pH, temperature and NaCl suggest the wide applicability of this 

strain in azo dye decolorization.  

Summarizing, the salient findings of this Chapter, samples from both pristine and 

contaminatedniches lead to development ofacclimatised RV5R decolorizing microbial 

consortia. Total 12 efficient RV5R decolorizingacclimatised consortia were enriched 

having different RV5R decolorization kinetics, incubation conditions and media used 

for enrichment. Culture independent community profiling of the dye decolorizing 

consortia usingARDRA and DGGE analysis showed their population diversity and 

species richness. Acclimatised microbial consortium Gly wasfound to efficiently 

degrade RV5R.Enterococcus spp. L2 and ME1 were found to be the most effective 

RV5R decolorizing bacterial isolateswith high azoreductase activity and 

decolorization abilities under various conditions as compared to the gram negative 

isolates. Growth associated RV5R decolorization by Enterococcus sp. L2 was found 

to be optimum up to 40°C, pH 8 and 2% NaCl salt conditions which makes it 

interesting for further studies. Various isolates could be used for further enhancement 

studies for azo dye decolorization as host system for synthetic biology approach. 

Enterococcus spp. having high azoreductase activities could be a potential source for 

azoreductase gene which was used for overexpression studies in the following 

Chapters.
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4 Azoreductase (azoA) from Enterococcussp. L2: cloning, 

heterologous expression and physiological role 

4.1. Introduction 

Azoreductases are enzymes involved in the azo dye decolorization and catalyse the 

reductive cleavage of the azo bond. These enzymes find their presence in difference 

class of enzyme such as E.C. 1.7.1.6, E.C. 1.5.1.30 and E.C. 1.6.5.2 based on selective 

enzymes able to act on azo substrates. They may be flavin independent or flavin-

dependent reductases and belong to quinone reductase family (Rau et al., 2000; Deller 

et al., 2008). Flavin independent azoreductases are found to be monomeric while the 

flavin dependent enzymes are found in polymeric forms as homodimer or homo-

tetramer. The flavin-dependent azoreductases are further organized into three groups 

depending on the co-enzymes that serve as electron donors; those preferring NADH 

only (Nakanishi et al., 2001; Chen et al., 2004), NADPH only (Chen et al., 2005) or 

both NADH and NADPH(Ghosh et al., 1992b; Wang et al., 2007).Azoreductases have 

been reported from diverse biological systems from prokaryotes to mammals(Bafana 

and Chakrabarti, 2008). Among eubacteria azoreductase have been well characterized 

from  Escherichia coli(Nakanishi et al., 2001) , Pseudomonassp. (Ryan et al. 2010)  , 

Citrobactersp. strain KCTC 18061P (Jang et al., 2007), Xanthomonas campestris 

MTCC10108 (Sharma et al., 2011), Pigmentiphaga kullae K24 (Stolz, 2003)  and 

Enterococcusspp.(Chen et al., 2004; Punj and John, 2008, 2009). Thermostable 

azoreductase from Geobacillus stearothermophilus(Matsumoto et al., 2010) and 

alkali-thermostable azoreductase from Bacillussp. strain SF (Maier et al., 2004a) have 

shown to justify need of the industrial dye decolorization process. Azoreductase are 

found to be oxygen sensitive and insensitive from different microorganisms. Under 

anaerobic or oxygen depletion conditions resting cells of bacteria such as Bacteroides 

spp., Eubacteriumsp., Clostridium and facultative anaerobes Proteussp. and 

Streptococcussp. due to fermentative metabolism cytosolic  NAD(P)H concentration 

increases and alternative electron acceptors are recognized, one of the reductase 

supported under this physiological state are anaerobic azoreductases (e.g. AzoC) for 

azo dye decolorization. Under aerobic azo dye decolorization is mainly considered to 

be enzymatic mode by aerobic azoreductase (azoA, AzoB, AZR and AzoR) which are 

basically oxygen tolerant, thus able to show in vitro activity in presence of 
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atmospheric oxygen. Crystal structure of aerobic FMN-dependent azoreductases 

AzoA and AzoR from Enterococcus faecalis and E.coli have been elucidated at 

2.07A˚ and 1.8 A˚ resolutions respectively with bound FMN ligand (Ito et al., 2006; 

Liu et al., 2007). Ligand-bound structure of an azoreductase from Pseudomonas 

aeruginosa has shown the hydrophobic interaction between FMN and the active site 

in the protein. The structure of the ligand-bound protein also highlights the π-stacking 

interactions between FMN and the azo substrate(Wang et al., 2007). This group of 

enzymes catalyse the reduction using bi-bi ping-pong mechanism for electron transfer 

(Liu et al., 2008; Bürger and Stolz, 2010). 

Major studies involved a overexpression, purification and biochemical 

characterization for enzyme kinetics of azoreductases from different microorganisms 

such as E. coli, Enterococcussp., Enterobactersp., Shigellasp. and Bacillussp.; 

however in vivo studies of azoreductase heterologous expression are limited. The 

genes of NADH-dependent azoreductase (GenBank AY422207) and NADPH-

dependent azoreductase (GenBank AY545994) were overexpressed in E.coli cells 

lead to growth perturbation in presence of 200 and 250 mM Methyl red, 

respectively(Kim et al., 2009), apparently efficient dye decolorization from E. coli 

strain BL21-Gold (DE3)pLysS harboring pAzoA required external source of NADH 

as coenzyme (Feng et al., 2010).  

The requisite to isolate, identify and characterize newer genes from different 

environment sources and microorganisms by various methodsis the need of the 

synthetic biology based bioremediation strategy (Shah and Madamwar, 2013). 

Enterococcussp. L2 and ME1 are our novel isolates obtained from Dalc and ME 

consortia which were enriched from petroleum and dye manufacturing industry 

effluents respectively (Chapter 1). These strains were found to be most efficient 

among all the isolates obtained in this study for Reactive violet 5R (RV5R) and 

Methyl red (MR) decolorization as well as they are better than the most of the 

reported strains (Chen, 2004, Saratale et al., 2011). Thus Enterococcus spp. are of 

interest as azoreductase gene source. So far physiological role of azoreductase (azoR) 

have been demonstrated in oxidative stress management in E. coli, thus physiological 

role of this enzyme has been an enigma.  
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This chapter deals with cloning and overexpression of azoA gene from 

Enterococcussp. L2 and its contribution to the decolorization properties of the host 

strains. Further physiological role of AzoA was studied by constructing a knockout 

strain for azoA and by overexpression of azoA in Enterococcussp. L2.   

4.2. Results 

4.2.1. Cloning of azoreductase gene from Enterococcus sp. L2 and ME1 

Isolates L2 and ME1 were identified as Enterococcusspp. based on 16S rRNA gene 

sequence. Isolate Enterococcus spp. L2 and ME1 were found to be positive for 

NADH as well as NADPH dependent azoreductase activities, with strain L2 showing 

higher activities of 18.7 and 29.9 µmole/min/mg, respectively (Table 3.4,Chapter 3). 

Using nucleotide primers (azoAF and azoAR, Table 2.5, Chapter 2) complementary to 

the azoreductase of Enterococcus faecalisATCC 19433 deposited at NCBI, 

regionsencoding azoA in Enterococcussp. L2 and ME1 were amplified as 

approximately 650 bp fragment (Fig. 4.1).  Sequencing of the PCR amplicons from 

both the strains showed that the sequences had 99% (Strain L2, (GenBank accession 

no. KC254724) and 98% (Strain ME1) similaritywith the reported azoA gene 

sequence from Enterococcus faecalis ATCC 19433. Figure 4.2 shows the multiple 

sequence alignment of azoA gene sequences from Enterococcus faecalis ATCC19433, 

Enterococcus sp.L2and Enterococcus sp. ME1. Since the sequences from two strains 

were very similar further work was continued with azoA gene of Enterococcussp. L2. 

Gene azoA from Enterococcus sp. L2 was cloned in pBBR1MCS2 under plac 

promoter of the vector. pBBR1MCS2 is a broad host range gram negative mobilizable 

expression vector having origin of replication of Bordetella sp. (Kovach et al. 1995). 

These series of vectors have been reported to drivethe expression of the cloned gene 

under placin various gram negative hosts (Patel et al., 2010b). The PCR amplified 

azoAproduct from strain L2 was designed to carry gram negative ribosome binding 

site (RBS) upstream of start codon for ideal translation (Ma et al., 2002). 
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Figure 4.1 PCR amplification using azoA specific primers from Enterococcus 

spp. L2 and ME1 

 (M- λ/HindIII digest marker) 

 

Figure 4.2Multiple sequence alignment of the azoAgene sequences from 

Enterococcus spp. L2 and ME1 with reference sequence of E. feacalis ATCC 

19433 

For the cloning of the azoA gene from Enterococcussp. L2, it was PCR amplified 

using PR polymerase having high fidelity (Fig. 4.3a) and purified for blunt end 

ligation with EcoRV digested pBBR1MCS2 linearized vector (5.1kb) (Fig. 

4.3b).Ligation mixturewas subjected to EcoRV digestion to avoid the self-ligated 
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vector background. Subsequently it was transformed in to E. coli DH5αand putative 

clones were screenedby blue white selection. Plasmids from white colonies were 

subjected to SalI digestion and clones with correct orientation to plac promoter 

showed a release of ~550bp insert fragment (Fig. 4.4) and subsequently confirmed by 

PCR amplification with azoA specific primers (data not shown). One of the positive 

clones was denoted as pBBR1MCS2azoAand used for further studies.Map of the 

plasmid pBBR1MCS2azoA is depicted in Fig. 4.5. 

 

 

Figure 4.3 PCR amplification of azoA by PR polymerase  and EcoRV digested 

pBBR1MCS2. 
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Figure 4.4 SalI digestion of putative clones of pBBR1MCS2azoA. 

(M- 100bp ladder; Dark black arrow shows the 550bp insert release in clones with correct 

orientation to plac)  

 

Figure 4.5 Map of pBBR1MCS2azoA 
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4.2.2. Heterologous expression of azoA from Enterococcus sp. L2 in various 

gram negative hosts 

pBBR1MCS2azoA was transformed in to various gram negative standard strains(E. 

coli DH5α and Pseudomonasfluorescens PfO-1) and bacterial isolates (Citrobactersp. 

A3, Providenciasp. C1, Klebsiellasp. E2, Providenciasp. G1, Klebsiellasp. K1 and  

Acinetobactersp. L1; Table 3.3 Chapter 3)  by chemical transformation. All the 

transformants of isolates were confirmed for host identity using ARDRA shown in 

chapter 5 with other transformants confirmation. These RV5R decolorizing bacterial 

isolates were transformed with pBBR1MCS2azoA for heterologous expression to 

analyze for enhancement of azo dye decolorizing phenotype.  Each of these strains 

was also transformed with empty pBBR1MCS2 plasmid and considered as vector 

control. 

4.2.2.1. Azoreductase activity of azoA transformants 

Azoreductase specific activity was analyzed using RV5R and NADH as substrate and 

cofactor respectively. As compared to the corresponding vector controls (VC) 

azoreductase activity was increased by 7 fold in E. coli DH5α and approximately 4 

fold in P. fluorescens PfO-I (Table 4.1). The other isolates showed an increase in 

azoreductase activity ranging from 2 to 4.68 fold except for Providenciasp. G1 which 

did not show any significant increase in the azoreductase activity compared to the 

vector control. 

4.2.2.1.1. Azo dye decolorization by pBBR1MCS2azoA transformants 

RV5R decolorization by pBBR1MCS2azoA transformants of various standard strains 

and isolates was checked. E. coli DH5α cells overexpressing azoA showed significant 

2 fold increase in the RV5R decolorization with IPTG induction (1mM), however 

high decolorization was also noticed under uninduced condition (Fig. 4.6). P. 

fluorescens PfO-1 and Providencia spp. C1 and G1 do not possess lac repressor, thus 

IPTG induction was not given to these strains. Two fold increase in RV5R 

decolorization was found in P. fluorescensazoA transformant, however Providencia 

spp. C1 and G1 azoA transformants did not show increase over vector control. 
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Table 4.1 Azoreductase activity of pBBR1MCS2azoA transformants 

Isolate 

/Strain 

Organism   Azoreductase  

specific activity
*
 

Fold increase 

DH5α Escherichia coli VC 0.1±0.02 7.0 (p<0.01) 

azoA 0.7±0.08 

PfO-I Pseudomonas fluorescens VC 0.43±0.05 3.65 (p<0.01) 

azoA 1.57±0.23 

A3 Citrobacter sp. VC 4.34±0.25 3.88 (p<0.01) 

azoA 16.87±1.50 

C1 Providencia sp. VC 5.36±0.11 2 fold (p<0.01) 

azoA 10.70±1.27 

E2 Klebsiella sp. VC 4.12±0.29 3.40 (p<0.01) 

azoA 14.04±1.83 

G1 Providencia sp VC 4.36±0.62 1.17 

azoA 5.13±0.79 

K1 Klebsiella sp. VC 7.24±0.8 2.73 (p<0.01) 

azoA 19.77±1.6 

L1 Acinetobacter sp. VC 4.73±0.46 4.68 (p<0.01) 

azoA 22.14±2.01 

(VC- Vector control and azoA denote the pBBR1MCS2azoA harboring transformants, 
*
 activity 

measured with 1mM IPTG) 

Surprisingly, Providencia sp.C1 harboringazoAconstruct decolorized RV5R slower as 

compared to the vector control. The azoA expression in lab isolates such as 

Citrobacter sp. A3, Acinetobacter sp.L1 and Klebsiella sp. E2 resulted in faster 

decolorization as compared to the control strains with empty vector. Rate of 

decolorization remains unchanged for K1 (Klebsiella sp.) clone with and without 

induction. Citrobacter sp.A3 andKlebsiella sp. E2 azoA transformantinduced by 1mM 

IPTG did not yield any significant change in RV5R decolorization compare to 

uninduced cells.At the same time, there is a noticeable increase in decolorization in 

case of E. coliDH5α and Acinetobacter sp.L1 after induction with 1mM IPTG. 

Overall heterologous expression of azoA in E. coliDH5α, P. fluorescensPfO1 
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,Citrobacter sp. A3 ,Acinetobacter sp.L1 andKlebsiella sp. E2 has  resulted in 

increase in decolorization rate as well as percentage decolorization in 30h.  

Providenciaspp. C1 and G1,Klebsiella sp. K1 did not show any significant change in 

RV5R decolorization upon azoA expression (Fig. 4.6).The RV5R decolorization 

results are in accordance with the fold increase inazoreductase activities of C1, K1 

and G1 (Table 4.1).  

4.2.2.1.1.1. Effect of glucose on RV5R decolorization by azoA transformants  

Since azo dye decolorization rate depends on reducing equivalents, it was of interest 

to study RV5R decolorization by azoA transformants in the presence of glucose as 

electron donor. In presence of additional glucose (0.5% w/v), overall RV5R 

decolorization was enhanced  in all the transformants except Klebsiella sp. K1 (Fig. 

4.7). Providencia sp. G1 overexpressing azoAshows significant increase in RV5R 

decolorization only in presence of glucose. Additionally presence of glucose as the 

carbon source and electron donor has resulted in faster decolorization for vector 

controls as well as azoA transformants, for all the strains except Providencia sp. 

C1.Hence, these resultsshow that glucose shows increasesthe rate of RV5R 

decolorization in gram negative strains. 
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Figure 4.6RV5R decolorization by pBBR1MSC2azoAtransformants. 

(U-uninduced, I- Induced) (* data was found significantly different compared to corresponding 

vector control at p < 0.05) 
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Figure 4.7 Effect of glucose on decolorization patterns by pBBR1MCS2 azoA 

transformants 

4.2.3. azoA knockout of Enterococcus sp. L2 

To elucidate the physiological role of azoA in Enterococcus sp. L2, reverse genetics 

approach was used to construct an azoA knockout of Enterococcus sp. L2.  
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4.2.3.1. Construction of disruption plasmid 

AzoAknockout was created using pTEX5501ts system. This plasmid contains (i) E. 

coli oriR of pUC18; (ii) a Gram-positive repAts,a temperature sensitive replicon from 

pTV1-OK which is functional in E. faecium at a permissive temperature of 28°C; (iii) 

two distinct multiple cloning sites (MCSs) on either side of the cat (chloramphenicol 

acetyl transferase) gene to provide several alternative sites for cloning of flanking 

regions of the target gene for double-crossover mutagenesis; (iv) a synthetic 

functional promoter region (with two extended -35 and -10 boxes) to overcome 

relatively low expression levels of the pC194-based cat gene in gram positive; (v) a 

gentamicin resistance gene aph(2”)-Id from Enterococcus casseliflavusfor the counter 

selection of the disruptants;(vi) transcriptional terminator sites (tts) to terminate 

undesired read through and to prevent destabilizing effects of cloned inserts. The 

resistance markers are functional in E. coli and Enterococcus backgrounds 

(Nallapareddy et al. 2006). Enterococcussp.L2 (WT)is sensitive to chloramphenicol 

and gentamycin. 

PCR amplicons of the upazoA and downazoA regions which denote the flanking ~1.2 

kb fragments both the sides of theazoAgene of Enterococcus sp. L2 (Fig. 2.13, 

Chapter 2) were obtained using primers mentioned in Table 2.5 (Chapter 2) (Fig. 

4.8a). They were further confirmed by internal RE digestions, such as for upazoA 

region PCR product was digested with EcoRI& PvuII and downazoA region PCR 

product was digested withEcoRI. Fig. 4.8b shows the expected fragmentation patterns 

based on the sequence details of E.faecalis V583. 

The upazoA was cloned into pJET1.2 vector at the blunt end site andpJETupazoAwas 

confirmed by digestion with BglII (Fig. 4.9a) which flank the upazoA in pJETupazoA 

(Fig. 4.9b) and PCR using upazoA primers (Fig. 4.9c). Simultaneously cloning of 

downazoA into pBS KS(+) at the EcoRV site was done. pBS KSdownazoA was 

confirmed by RE digestion with EcoRI (Fig. 4.10a) which lies internally in downazoA 

(Fig. 4.10b) and downazoA PCR (Fig. 4.10c). The cloned upazoA region was released 

from pJETupazoA using BglII and subsequently ligated into pTEX5501ts at BglII in 

MCSI. pTEX5501tsupazoA was confirmed by EcoRI, BglII digestions (Fig. 4.11a) 

and PCR using upazoA primers (Fig. 4.11b). Subsequently, the pBS KSdownazoA 

was digested using PvuII which released blunt ended downazoAcassette. This 
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downazoA fragment was subsequently ligated into pTEX5501tsupazoA at SmaI. The 

final construct  named pTEX5501tsupdownazoAwas the disruption plasmid. The 

disruption plasmid was confirmed by EcoRI and HincII digestions (Fig. 4.12a). These 

restriction enzymes cut at three sites on the plasmid and the expected pattern of 

released fragments was obtained. PCR confirmation was done by three systems; 

upazoA primers, downazoA primers and upazo F & downazoA R primers. The 

expected bands of 1.2 kb (Fig. 4.12b) were obtained in the upazoA and downazoA 

systems while an approximately 3.4kb band (Fig. 4.12c) was obtained in the third 

system which corresponds to whole recombination cassettes regions. Map of the 

resulting plasmid pTEX5501tsupdownazoA is depicted in Fig. 4.13.   

 

Figure 4.8 PCR amplificationand RE digestionof upazoA and downazoAflanking 

regions of azoA gene of Enterococcus sp. L2 

(M1- 1kb ladder and M2- 100bp ladder) 



Chapter 4. Azoreductase (azoA) from Enterococcus sp. L2: cloning, heterologous 
expression and physiological role 

 

Cloning and heterologous expression of genes involved in azo dye decolorization and metabolic engineering for efficient 

bioremediation Page 116 
 

 

 

Figure 4.9Confirmation of pJETupazoA construct by RE digestion and PCR 

amplification. 

  a) BglII digestion b) upazoA RE map c) PCR amplification 

 

Figure 4.10pBS KSdownazoA confirmation by RE digestion and PCR 

amplification 

 a) EcoRI digestion b) RE map of dwon azoA c) PCR amplification  

b) 
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Figure 4.11 Clone confirmation for pTEX5501tsupazoAby RE digestion and PCR 

amplification. 

a) EcoRI and BglII digestion b) PCR confirmation. 

 

Figure 4.12 Confirmation of pTEX5501tsupdownazoA by RE digestion and PCR 

amplification. 

 a) EcoRI and HincII digestion b) individual PCR amplification and c) whole up cat down azo 

cassette PCR confirmation 
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Figure 4.13 Map of pTEX5501tsupdownazoA 

The disruption vector was electroporated into wild type Enterococcussp.L2.ARDRA 

with HinfI of the transformant confirmed its similarity to wild type L2 (Fig. 4.14a). It 

was also checked by gram staining (Fig. 4.14b) and PCR amplification of 

Chloramphenicol resistance gene fragments using primers mentioned in Table 2.5 

(Chapter 2).  

 

Figure 4.14Confirmation of Enterococcussp. L2 carrying the disruption plasmid. 

 a) ARDRA with Hinf1 (Lane 1- Transformed strain, M- 100bp marker, Lane 2- Wild type 

strain; b) Gram staining c) Chloramphenicol resistance gene specific PCR 

(Lane 1- Transformed strain, Lane 2- Constructed plasmid from E.coli as positive control)  
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4.2.3.2. Chromosomal integration of disruption plasmid and scoring for double 

recombinants 

The chloramphenicol resistance gene can be used as a marker for selecting 

chromosomal integration of the pTEX5501tsupdownazoA. Subsequently loss of the 

gentamicin resistance marker located on the vector backboneis used to distinguish 

double-crossover recombinants.According to the schematic shown in Fig. 2.15 

(Chapter 2) explaining the method of generating a knockout and its screening 

strategy, thepTEX5501tsupdownazoAtransformant was grown first at permissive 

temperature (28ᵒC) to allow the replication of the disruption plasmid and then it was 

shifted to a restrictive temperature of 42ᵒC and grown for eight serial passages in 

presence of chloramphenicol to select for the integration as the episome. The culture 

was then serially diluted and plated on chloramphenicol containing plates and 

incubated at 37°C. These master plates were then replica plated on chloramphenicol 

plates and gentamicin plates (separately) to identify colonies that retained the 

chloramphenicol resistance but were gentamycin sensitive. Screening of 

approximately ~2000 colonies showed them to be gentamycin resistant. Thus no 

double recombinantwas obtained. This indicated that strain L2 possessed low native 

recombination frequency or the knockout strain might have survival problem 

suggesting that the target gene (azoA) is essential for growth.  

There are occurrences of knockouts with no growth, slow growth and those with 

normal growth classified on the basis of essentialness of the gene involved (Joyce et 

al. 2006, Gerdes et al.2003). Liu et al. (2009) showed that AzoR is an NADH: 

quinone oxidoreductase with a role in protection against thiol specific stress. AzoR is 

active on a variety of electrophilic quinones. An E. coli azoR::kan mutant had 

impaired growth in the presence of 2-methylhydroquinone, catechol and menadione 

and showed decreased levels of glutathione. Externally added glutathione could 

partially restore impaired growth of the azoR mutant caused by 2-

methylhydroquinone. Our results of screening of ΔazoAindicate that azoA may be 

contributing significantly to growth and survival even in normal stress free conditions, 

hence the distruptant might not be viable. 

It was hypothesized that the glutathione supplementation might rescue the growth of 

the disruptant. Thus the screening of double recombinant was attempted by 

incorporating glutathione supplemented growth medium inthe screening strategy. 
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After screening ~1000 chloramphenicol resistant colonies, one colony having 

appropriate antibiotic profile (Cat
r
 Gen

s
) was obtained. The disruption of the azoA in 

this colony was confirmed by PCR amplification of azoAgene and its flanking region 

(Fig. 4.15). In disruptant azoA specific PCR resulted in 1.5kb amplicon however the 

wild type size of intact azoA(650bp) was missing indicating double crossover has 

taken place. This was further confirmed by lack of the PCR amplification of 

gentamycin resistance gene fragment. The obtained disruptant of ΔazoA of 

Enterococcus sp. L2 could not survive during subsequent transfers on plates or 

growth in liquid medium (supplemented with 10mM glutathione). Therefore it may be 

concluded that azoA plays a vital role in survival ofEnterococcus sp. L2.PCR 

confirmation of disruption by double crossoveris depicted in Fig. 4.15. 

 

Figure 4.15 PCR confirmation of double crossover. 

 a) Wild type flanking regions PCR amplification b) Putative knockout strain flanking regions 

PCR amplification c) azoA specific PCR from Knockout strain d) Gentamycin resistance gene 

fragment PCR e) Enterococcus sp. L2 (WT) azoA and its flanking regions d) azoA disruption map 

of ΔazoA L2 strain. 

(Lane-1 and Lane-2 PCR using upazoAF & downazoAR primers; Lane-3 azoA gene specific PCR 

by azoAF and azoAR primers; Gentamycin PCR, Lane-4 pTEX5501tsupdownazoA plasmid and 

Lane-5 knockout strain) 
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4.2.4. Homologous overexpression of azoA in Enterococcus sp. L2 

Previous attempt to obtain the azoAknockout in Enterococcussp. L2 did not result in 

successful development of ΔazoA strain, thus another reverse genetics approach was 

used by overexpressing azoA gene in Enterococcus sp. L2.  In this study we cloned 

azoA ORF in pMGS100,an E. coli- Enterococcal shuttle vector having constitutive 

expression in Enterococcus under pbacA and ribosome binding site (RBS) of 

bacitracin resistance gene to drive azoA expression..  

4.2.4.1. Construction of pMGS100azoA 

azoA ORF region from start to stop codon was amplified using Pfu-polymerase using 

gene specific forward primers azoAATGF (Table.2.5, Chapter 2) and azoAR. PCR 

amplified product was purified and ligated with NruI digested linearized pMGS100 

vector. Ligation product was transformed in E. coli DH5α for screening of the 

pMGS100azoA construct. Plasmids from putative colonies obtained on 

chloramphenicol containing LB agar plateswere digested by SalI whichlies at an 

internal position in azoA ORF as well as on the plasmid backbone releasing 650bp 

fragment when in correct orientation with pbacA. Fig. 4.16 shows that transformants 

numbered 1, 8, 12 and 18 have the desired construct.Map for pMGS100azoA is shown 

in Fig. 4.17. 
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Figure 4.16 pMGS100azoA confirmation by insert fragment release using SalI 

digestion 

 

 

Figure 4.17 Map of pMGS100azoA. 
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AzoA 

(23kDa) 

4.2.4.2. Azoreductase activity and SDS-PAGE analysis of Enterococcus sp. L2 

(pMGS100azoA) 

Azoreductase specific activity was assayed for Enterococcussp. L2 (WT), 

Enterococcussp. L2 (VC, pMGS100) and Enterococcussp. L2 (pMGS100azoA).azoA 

transformant showed 3.46 fold increase in the azoreductase activity compared to the 

VC (Table 4.3). SDS-PAGE analysis of azoAtransformantofEnterococcus sp. L2 

showed higher intensity 23kDa protein band of azoA expression compared to VC 

(Fig. 4.20). 

Table 4.2Azoreductase specific activity of Enterococcussp. L2 harboring 

pMGS100 azoA 

Organism Specific Activity 

μM/min/mg 

of protein  

 

Fold increase 

Enterococcus sp. L2 VC 18.1±2.37  

Enterococcus sp. L2 azoA 62.62±5.23                  3.46 

 

 

 

 

 

Figure 4.18SDS-PAGE analysis of Enterococcussp. L2 homologously over-

expressing azoA 
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4.2.4.3. Morphological, growth and dye decolorization characteristics ofazoA 

overexpressingEnterococcus sp. L2 

It was observed that Enterococcus sp. L2 (pMGS100azoA) cells form tended to settle 

down in the liquid growth medium rapidly compared to the WT and VC and showed 

sediment like growth. Fig. 4.19 shows the gram stained morphology and cell 

arrangements of Enterococcus sp. L2 (pMGS100azoA)in comparison with the WT 

strain and VC.  It was observed that Enterococcussp. L2 (pMGS100azoA)formed cell 

aggregates. This was in contrast to the field captured in case of L2VC and L2WT 

where the cells are arranged in the diplococcic form which is the normal morphology 

of the organism.  

 

Figure 4.19Microscopicanalysis (Gram staining)ofEnterococcus sp. L2 

(pMGS100azoA). 

a) WT b) VC c) azoA transformant 

Over-expression of azoAresulted in delayed decolorization of RV5R and impaired 

growth as compared toVC (Fig. 4.20a and b). In spite of a significant fold increase in 

the enzyme activity in azoA expressing strain, due to retarded growth transformant 

showed delayed decolorization. 

  
 

 
 

 
 

A B C 
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Figure 4.20RV5R decolorization and growth ofazoA overexpressing 

transformant ofEnterococcus sp. L2. 

  a) RV5R decolorization; b) growth (O.D. at 600nm). 

4.2.4.4. Oxidative stress survival of azoA transformant of Enterococcus sp. L2 

Azoreductase belong to the quinone reductase flavoenzymes catalyzing two electron 

transfer by Ping-Pong mechanism (Liu et al., 2008). Quinone reductasesplay a vital 

role in providing tolerance to oxidative stress by quenching reactive oxygen species 

(ROS) by not allowing semihydroquinone radicals to be generated.Thus it was of 

interest to study the effect of azoreductase over-expression on oxidative stress 

survival. With varying concentrations of H2O2, it was found out that 

azoAtransformantsurvived up to 30mM H2O2while VC showed growth inhibition 

above 15mM H2O2(Fig. 4.21a) .These results were quantified by the % survival in 

terms of cfu at different H2O2concentrations.A higher % survival was observed in 

case of azoAtransformantat all concentrations as when compared to VC and WT (Fig. 

4.21b). 
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Figure 4.21 H2O2stress survival ofEnterococcussp. L2 azoA transformant. 

 a) Spot assay b) Percentage survival(WT- wild type, VC- vector control, azoA- overexpressing 

clone) (* data was found significant at p < 0.01) 

 

Further, using fluorescence microscopy with ROS specific green probe 2',7'-

dichlorodihydrofluorescein diacetate (H2DCFDA)(Pérez et al., 2007), the 

accumulation of ROS in the cells was monitored. Cells exposed to varying 

concentrations of H2O2showed increase in fluorescence intensity. At all 

concentrations of H2O2 treatment,Enterococcus sp. L2azoAtransformant was found to 

have reduced intensity of fluorescence as compared to WT and VC (Fig. 4.22a). 

Subsequently, fluorescence was quantified using fluorimeter which showed 2.4 and 

2.1 fold lower fluorescence compared to wild type and VC, respectively (Fig. 4.22b). 

In conclusion over-expression of azoA resulted reduction of ROS like superoxide and 

hydroxyl radicals, thus enhancing the cell survival under oxidative stress. This finding 

indicates physiological role of azoreductase in oxidative stress management in 

catalase negative Enterococcus sp. L2.  



Chapter 4. Azoreductase (azoA) from Enterococcus sp. L2: cloning, heterologous 
expression and physiological role 

 

Cloning and heterologous expression of genes involved in azo dye decolorization and metabolic engineering for efficient 

bioremediation Page 127 
 

 

Figure 4.22 Intracellular ROS detection by H2DCFDA in H2O2 treated azoA 

transformant. 

a) Fluorescence microscopic image of cells exposed to H2O2; b) Fluorescence spectroscopy of 

lysate from cells exposed to 20mM H2O2.(Fluorescence A.U. expressed as normalized values using 

the protein content, * denotes the data found significantly different at p<0.01) 

4.2.4.5. Heavy metal tolerance of Enterococcus sp. L2 azoA transformant 

Heavy metals lead to toxicity at high concentrations and have the ability to cause 

oxidative damage to pro-eukaryotic cells. Specifically, heavy metals such as chromate 

and copper are present in high levels in dye effluents(Banat et al., 1997). Microbial 

systems gain heavy metal tolerance via diverse mechanisms such as metal efflux, 

reduction or adsorption. Role of AzoA in heavy metal tolerance was studied by 

monitoring the growth of Enterococcus sp. L2 azoAtransformant in presence of toxic 

levels of Cu (II) and Cr (VI). Fig. 4.23 shows azoA transformant had a growth 

advantage over the WT and VC in presence of 0.3mM Cr (VI) and 3mM Cu (II) in 

spite of the fact that the azoA transformant was slow growing in absence of metal. 

Certain flavoenzymes from Pseudomonas putida(ChrR) homologous toazoreductases 

are characterized to reduce heavy metals such as chromium. ChrR reduces quinones 

by two-electron transfer, avoiding formation of highly reactive semiquinone 

intermediates and producing quinols that promote tolerance of H2O2 (Gonzalez et al., 

2005). 
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Figure 4.23Growth of Enterococcussp. L2 overexpressing azoA under heavy 

metal stress. 

 a) no metal b) 3mM Cu(II) c) 0.3mM Cr (VI) 

(WT- wild type, VC- vector control, azoA- overexpressing transformant; # significant decrease 

and * significant increase in growth at p < 0.01 as compared to WT and VC) 

4.3. Discussion 

Azo dyes are considered to be recalcitrant due to the electronegativity around azo 

bond. Different enzymes such as azoreductase, laccase, mono-di oxygenase are 

reported to play major role in biodegradation of azo dye. Number of potential genera 

like Bacillus, Geobacillus, Enterococcus, Sphingomonas, Pseudomonas are reported 

to express genes for azo dye decolorization/degradation (Chen, 2006). However, the 

requisite to isolate, identify and characterize new genes from different environmental 

sources isessential need as diverse structures of azo dyes are synthesized every year. 

       Based on the various characteristics of the dye decolorizing bacterial strains 

obtained in this study, Enterococcussp. L2was considered appropriate for the cloning 

of azoreductase gene (azoA). The azoA gene was cloned in gram negative broad host 

range vector for heterologous expression studies. It was found that heterologous 

expression of azoAdriven by plac in gram negative strains resulted in enhanced RV5R 

decolorization in the azoA transformants of E. coli DH5α and P. fluorescens PfO-1 

and the transformed isolate strains of Citrobacter sp. A3, Klebsiella sp. E2 and 

Acinetobacter sp. L1. Interestingly the transformant of Klebsiella (K1) did not show 

any difference in RV5R decolorization compared to VC, indicating strain to strain 

variation.   Similarly the two strains of Providencia spp. (C1 and G1) behaved 

differently upon azoA transformation but both failed to show enhanced decolorization. 
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In correlation with this azoA transformants of strains C1, G1 and K1 did not show an 

increase in azoreductase activity. The differences in the physiological response to 

azoA overexpression in different strain background could be because of codon bias or 

the effectiveness of the plac promoter. However the azoA of Enterococcus is 

considered to be derived from E. coli azoA by lateral gene transfer (Bafana and 

Chakrabarti, 2008a). Azoreductase from Enterococcus faecalis has been shown to be 

overexpressed in E. coli indicating codon bias is not a problem in E. coli host (Chen, 

2004). Azoreductase gene from Rhodococcus sphaeroidesanother gram positive 

firmicute was also expressed in E. coli.This genetically modified E. colistrain showed 

higher decolorization rate of Acid Red GR (pigment in plastic and acrylamide) (Bin, 

2004). Feng et al. (2010) demonstrated of entereorcoccal  (azoA)  heterologously 

overexpressed in E. coli showed 2- 4 fold increase in decolorization compared to non-

induced cells. So far no study of RV5R a textile azo dye decolorization was 

demonstrated using enterococcal AzoA.This is being the first study demonstrating 

enhancement of decolorization ability by its heterologous expression in various non-

conventional host systems. 

Enterococcus sp. L2 was found to decolorize 100mg/L RV5R completely in 5-6h. 

azoA gene cloning from this isolate demonstrated the role of this enzyme in RV5R 

decolorization. Although heterologous expression of azoAfrom this strain into 

different gram negative bacteria resulted in improved RV5R decolorization, none of 

the transformants were found to be as efficient as native Enterococcus sp. L2. To pin 

point the role of azoA in Enterococcus sp. L2 and its precise contribution in azo 

decolorization azoA knockout and homologous expression was carried out.  

AzoA knock out strain of Enterococcus sp. L2 was constructed using pTEX5501ts 

temperature sensitive suicidal vector. However it was found that the knockout was not 

stable. In E.coli azoR mutant was reported to besensitive to the electrophilic quinones 

showing retarded growth which could be normalized by addition of reduced 

glutathione (Liu et al., 2009). Enterococcal ΔazoA could not be rescued even when 

growth was carried out in medium containing reduced glutathione. In contrast with 

the E. coliΔazoA, which showed growth defects only when exposed to quinones, the 

enterococcal ΔazoA showed survival problem in normal growth medium. This could 

be expleained on the basis of physiological differences E. coli and Enterococcus spp. 
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Enterococcus spp.aregenerally catalase negative and possesses a single Mn-SOD 

characterized at the biochemical level (Gregory &Fridovich, 1973; Britton et al., 

1978) and limitedorthologs of thioredoxin and NADPH-thioredoxinreductase system 

(single copy of both trx and trxreductase in E. faecalis V583 genome).  Genome of E. 

faecalis V583 also contains single set of glutathione reductase and glutathione 

synthesis genes. Enterococcus spp. areknown to produce substantial extracellular 

superoxide (O2
-
) and H2O2via auto-oxidation of membrane associated 

quinones(Huycke et al., 2002). Azoreductases are known to carry out two electron 

transfer to various quinones which renders them incapable of generating ROS (Deller 

et al., 2008). Taking in to consideration that enterococci possess limited oxidative 

stress scavenging enzyme machinery and prolific endogenous ROS generation 

system, azoreductases could play an active role in combating ROS in this organism. 

Present work on ΔazoA of Enterococcus sp. L2 corroborates this view. Further, the 

observation that exposure of Enterococcussp. L2 to H2O2, menadione, AQDS and 

RV5Rinduced the AzoA enzyme activivty level (Table 4.2, Chapter 4)supports its 

role in oxidative stress.The induction of AzoA by different quinones and pseudo 

substrates (RV5R, azo dye) suggest that the native substrate for the AzoA in normal 

physiological condition should be different endogenous quinones. Thus it may be 

surmised that enterococcal azoAbelonging to flavin dependent quinonereductases 

plays a crucial role in reduction of oxidative stress. In future, a conditional 

knockdown approach of azoA couldlead to more in depth details about its role in 

facultative anaerobic life style and stress responses in Enterococcus spp. 

To further investigate the role of azoA in Enterococcus sp. L2, overexpression of 

azoAusing pMGS100 E. coli-Enterococcus shuttle vector in which azoA expression 

was driven by strong constitutive pbacA promoter. This resulted in growth 

perturbation under static condition in LB containing appropriate antibiotics and 

showed delayed azo dye (RV5R) decolorization. Kim et al. (2009) demonstrated that 

overexpression of NADH-dependent azoreductase azoA from Enterococcus faecalis 

KCTC 3206 in E. coli negatively affected the growth in presence of azo dye (Methyl 

red) and decrease its dye decolorizing ability. They attributed these effects of azoA 

overexpression to depletion of  NADH  pool. In this work, the heterologous 

expression of NADH-azoA of Enterococcus sp. L2 driven by plac promoter in E. 
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coliDH5α showed enhanced RV5R decolorization. However homologous expression 

of azoA in Enterococcus sp. L2 showed decrease in RV5R decolorization.  

Interestingly homologous expression of azoA in Enterococcus sp. L2 imparted 

oxidative stress resistance to the azoA transformant at 20mM H2O2wherein WT and 

VC were found to experience oxidative burst and later lysis as shown by H2DCFA 

staining. At same timeazoAtransformant of L2 strain was found to be intact and 

showed decreased fluorescens showing low ROS production. In addition to 

H2O2stress, azoA transformant of Enterococcus sp. L2 also showed higher tolerance 

to toxic concentration of heavy metals such as copper and chromate. Azoreductase 

AZRfrom Rhodobacter sphaeroideswhen expressed in E. coliimparted H2O2 

resistance (Liu et al. 2008). ChrR a chromate reductase from Pseudomonasputida was 

also implicated in H2O2 resistance.Like azoreductases this enzyme has higher activity 

for quinone reduction compared to chromate reduction and homologous 

overexpression reduced the ROSwhile knock out showed retarted growth in presence 

of H2O2(Gonzalez et al. 2005). Our results suggest role of azoA in oxidative stress 

management in catalase negative, facultative anaerobe, fermentativeEnterococcus 

spp. 

Azoreductase have been considered for the azo dye bioremediation in decolorization 

process as catalyst, to reductively cleave the azo bond releasing aromatic amines. 

Heavy metals such as chromate and copper are present in high concentrations in 

effluents from dyeing industry(Kulkarni and Chaudhari, 2007).  Our findings 

demonstrate that although azoA overexpression in Enterococcus sp. L2 led to 

compromised growth and decolorization rate, however azoA transformant of L2 strain 

gained additional advantage of enhanced tolerance to oxidative and heavy metals 

stress thus it can be utlized for bioremediation of textile effluents. 

Summarizing this Chapter, azoA gene from Enterococcus sp. L2 was isolated using 

PCR approach and further cloned in pBBR1MCS2 and pMGS100 expression systems. 

Several gram negative host strains transformed with pBBR1MCS2azoA lead to 

enhanced the RV5R decolorization compared to respective control strains. To 

elucidate the physiological function of azoA in Enterococcus sp. L2, knockout 

construction of azoA was done. However it was found that the ΔazoA mutant of strain 
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L2 could not survive even when growth medium was supplemented with glutathione. 

Thus concluding that azoA gene might be essential element for growth even under 

normal non-stressed conditions. Overexpression of azoA in Enterococcus sp. L2 

showed 3.4 fold increase in azoreductase activity but did not result in increase in the 

RV5R decolorization and showed impaired growth. AzoAtransformant of 

Enterococcus sp. L2  was found resistant to H2O2 stress and showed reduced level of 

ROS formation as compared to WT and VC. At the same time azoAtransformant of 

Enterococcus sp. L2 showed enhanced ability to grow in presence of heavy metals 

such as copper and chromium which are reported to cause oxidative damage to cells 

suggesting adventitious roles of AzoA in  oxidative stress tolerance and growth in 

presence of heavy metal in addition to azo dye decolorization. 
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5 Metabolic engineering for efficient azo dye decolorization by 

NADH regeneration system. 

5.1. Introduction 

Metabolic engineering is defined as the ―directed improvement of cellular properties 

through the modification of specific biochemical reaction(s) or the introduction of 

new ones, with the use of recombinant DNA technology‖(Stephanopoulos et al., 

1998). It can be considered as the targeted and purposeful alteration of metabolic 

pathways in an organism in order to thoroughly understand and effectively utilize 

cellular pathways for chemical transformation, energy transduction, and 

supramolecular assembly (Lessard, 1996).The process involves introducing a specific 

genetic modification to overcome these rate limiting step(s) of a bioprocess(Vemuri & 

Aristidou, 2005). Metabolic engineering is also redefined as the approach that alters 

not only the metabolism itself but also the regulatory and gene expression networks of 

the target organism. It should be directed at optimizing both the production flux and 

the functioning of the organism itself, such that most of the unfavorable homeostatic 

responses and malfunctioning of the metabolism are prevented. 

Nicotinamide adenine dinucleotide (reduced, NADH; oxidized,NAD
+
) is a major 

cofactor for electron transfer in metabolism of living systems.During aerobic 

respiration, the resulting NADH isreoxidized by oxygen via an electron transport 

chain (ETC),and the released free energy is captured in the form of anelectrochemical 

proton gradient, which is subsequentlyused to drive ATP synthesis.Thecontinued 

availability of NAD
+
 for substrate oxidationrelies on concomitant NADH reoxidation, 

and hence on acontinuous supply of oxygen. SinceNADH levels become elevated 

when oxygen is limited orthe electron transport chain (ETC) is inhibited (Williamson 

et al., 1967), the intracellular NADH/NAD+ ratio acts as a one of the sensitive 

indicatorof the redox state. Addition to their well-establishedmetabolic functions, 

pyridine dinucleotides contributerefined allosteric signals in the regulation of redox-

responsivegene transcription(Lamb et al., 2008; Pan et al., 2009). 

Nicotinamide adenine dinucleotide (NAD) functions as a cofactor in over 300 

oxidation–reduction reactions and regulates various enzymes and genetic processes 

(San et al., 2002). From the total number of known redox enzymes about 80% require 
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NAD(H), and about 10(%) require NAD(P)H. Fewer enzymes require flavines like 

Flavin mononucleotide (FMN), Flavin adenine dinucleotide (FAD) or 

Pyrroloquinoline quinone (PQQ).Bacterial metabolism (fermentative, substrate level 

or oxidative phosphorylation) plays direct role in maintaining the reductive pool.Since 

the NADH/NAD+ pool is relatively small compared with its turnover, oxidation of 

the redox molecules are also equally important to keep them available for the 

glycolysis and TCA cycles. Supplying specific carbon sources such as pyruvate or 

lactate can directly oscillates the cellular NADH/NAD+ ratio (Hung et al., 2011).    

Importance of NADH-NAD
+
 redox has been implicated in the industrial fermentation 

or bio-transformation (Bäumchen & Bringer-Meyer, 2007; Parales et al., 2002). Dye 

decolorization by azoreductases, which carry two electron transfers at a time 

collectively across the azo bond in azo dyes require reduction power from redox 

equivalents (NAD(P)H or FADH2). These enzymes compete with other cellular 

enzymes for NAD(P)H in cytosolic soup based on their Km values for NAD(P)H. 

Biocatalytic reduction of the dye molecule is initiated by electron transfer from 

NADH to the dye via azoreductase. However, it was found that azoreductases have 

high Km values for NADH( Km
NADH 

for AzoA is 0.14mM ). So affinity values would 

limit the overall rate of dye decolorization. To overcome this problem, two strategies 

can be used.The first strategy is to perform site directed mutagenesis in the genes 

encoding azoreductase enzyme, and hence to achieve lower km valuesfor 

NADHwhereas second strategy deals with increase in the overall NADH pool inside 

the cell by NADH regeneration system. This chapter deals with the metabolic 

engineering for efficient azo dye decolorization by incorporation of NADH 

regeneration system in dye decolorizing bacteria. In the chapter introduction different 

NADH regeneration systems are discussed. 

5.1.1. NADH/NAD
+
 manipulation strategies 

A simple approach to alter the NADH pool or NADH/NAD
+
 ratio is based on the use 

of carbon sources with different oxidation statessuch as glucose (0), sorbitol(-1)and 

gluconate (+1). When these carbon sources enter the glycolytic pathway, they produce 

different levels of reducing equivalents in the order sorbitol>glucose>gluconate(San 

et al., 2002). 
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Genetic manipulation offers an alternative approach for manipulation of NADH pool.   

Overexpressing NAPRTase (encoded by the pncB gene), an enzyme in the NAD 

salvage pathway under its native or plac promoter has been shown to increase in total 

levels of NAD resulting in an increase in NADH/NAD
+
 ratio in batch cultures of E. 

coli(San et al., 2002). This approach was used to enhance succinate production in E. 

coli(Ma et al., 2013). Berrios-Rivera et al. (2003) used the approach of reducing the 

metabolic reaction competing for NADH such as lactate dehydrogenase  to increase 

the NADH availability to enzyme of interest. A similar approach has be used wherein 

aldehyde dehydrogenase was inactivated to increase the availability if NADH for 1,3 

propanediol production (Mu et al., 2006) and lactate/ succinate production (Yun et al., 

2005). 

5.1.2. NAD(P)H regeneration systems 

NAD(P)H regeneration can be done by non-enzymatic (direct method) and enzymatic 

methods. The enzymatic approach is particularly preferred for industrial processes 

due to its high selectivity and efficiency. The following section describes briefly 

various enzymatic NAD(P)H regeneration systems.  

In substrate coupled method, a single enzyme uses both the reduced and oxidized 

forms of a co-factor to catalyse both the desired synthesis of the product from one 

substrate and the cofactor regeneration reaction with a second substrate (Fig.5.1). 

 

Figure 5.1 Substrate coupled method for cofactor NADH regeneration. 

(E is the enzyme) 

In case of the enzyme coupled method, two parallel redox reactions i.e. conversion of 

the main substrate and cofactor-recycling- are catalysed by two different enzymes. To 

achieve optimal results, both of the enzymes should have sufficiently different 

specifications for their receptive substrates whereupon the two enzymatic reactions 
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can proceed independently from each other and, as a consequence, both the substrate 

and the auxiliary substrate do not have to compete for the active site of a single 

enzyme, but are efficiently converted by the two biocatalysts independently (Figure 

5.2). As a result, the enzyme-coupled approach is more advantageous. Various 

oxidoreductases catalyzing oxidation of particular substrates (e.g. formate, phosphite 

or glucose) and in turn reducing NAD(P)
+
 have been used for NAD(P)H regeneration 

(Table 5.1). 

 

Figure 5.2Enzyme coupled method for NAD(P)H regeneration. 

(E1= enzyme catalyzing desired reaction, E2 =the enzyme catalyzing regeneration reaction) 

 

5.1.3. Formate dehydrogenase as NADH regeneration system 

There is no single cofactor regeneration method which is ideal and a combination of 

factors determines the best method for a certain application. From the point of view of 

the cost, the efficiency of such a procedure may be estimated by the molar amount of 

synthesized product per molar amount of consumed cofactor during the course of the 

complete reaction. Among the various enzymes mentioned for NADH regeneration 

systems formate dehydrogenase is considered best for several reasons (Tishkov and 

Popov, 2006). The name formate dehydrogenase (FDH) combines several groups of 

enzymes belonging to the superfamily of D-specific 2- hydroxy acid 
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dehydrogenasesand are strongly varied in quaternary structure, presence and type of 

prosthetic group, and also in substrate specificity.  

One of such groups is represented by NAD
+
-dependent formate dehydrogenases 

(EC1.2.1.2), which catalyze oxidation of formate ion to carbon dioxide in the coupled 

reduction of NAD+ to NADH: 

                     HCOO
-
 + NAD⁺→NADH + CO2. 

 

FDHs of this group consist of two identical subunits, contain no metal ions or 

prosthetic groups, are unable to use one-electron carriers as oxidizers, and are highly 

specific to both formate and NAD⁺.As NADH regenerations systems, FDHs from 

several sources such as the methylotropic yeast Candida boidinni, Pseudomonas sp. 

101 and Paracoccus sp. 12-A andMycobacterium vaccae(Popov & Vladimir, 2000). 

Differently localized FDHs have been shown to accept various electron acceptors 

such as methyl viologen, NAD
+
 and ferricytochrome b1; for NADH regeneration 

NAD
+
 dependent formate dehydrogenase specifically utilized.Thereaction catalyzed 

by FDH fits all the criteria for NAD(P)H regeneration such as: the reaction is 

irreversible under normal conditionsresulting in a 99–100% yield of the finalproduct; 

formate-ion is a cheap substrate, and the reaction product,CO2, can be easily removed 

from the reaction mixture anddoes not interfere in the main reaction; FDH exhibits a 

wide pH-optimum of catalytic activity (6.0–9.0);bacterial and yeast FDHs are 

sufficiently stable for continuous reactors. 

Azoreductases catalyze two electron transfer across the azo bond in azo dyes using 

NAD(P)H as cofactor. Azoreductases have high Km values for NADH as compared 

to the NADH peroxidase and other NADH:quinone reductase systems, thus cofactor 

levels directly affect the overall rate of dye decolorization. This chapter deals withthe 

metabolic engineering approach by incorporationof NADH regeneration system using 

NAD
+
 formate dehydrogenase for enhancing the availability of reducing equivalents 

(NADH) for in vivo for dye decolorization. Further, overexpression systems were 

developed for gram negative and gram positive bacteria for NADH regeneration and 

their effect on azo dye decolorization studied. Subsequently, a transcription fusion of 
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azoA and fdhwas constructed as a dual enzyme based azo dye decolorizing machinery 

for the efficient bio-decolorization. 

Table 5.1 Enzymes used for NAD(P)H regeneration system 

Enzyme Coenzyme 

require 

Reaction catalyzed Source Reference 

Formate 

dehydrogenase 
NAD⁺ Formate+NAD⁺→ 

NADH+ H⁺ +CO₂ 

Candida 

boidinii 

 

San (2002) 

Soluble pyridine 

nucleotide 

transhydrogenase 

(STH) 

NAD⁺ NAD⁺+NADPH↔ 

NADH +NADP⁺ 

 

Pseudomonas 

fluorescens 

 

Boonstra et 

al. (2000) 

 

Phosphite 

dehydrogenase 

 

NAD⁺ Phosphite + NAD+→ 

 Phosphate+ NADH + H⁺ 

Pseudomonas 

stutzeri 

Johannes et 

al. (2006) 

Alcohol 

dehydrogenase 
NAD⁺ Alcohol+ NAD⁺→ 

Acetone+ NADH + H⁺ 

Pseudomonas 

sp. 

Bradshaw, et 

al (1992) 

Alcohol 

dehydrogenase 
NADP⁺ Alcohol+ NADP⁺→ 

Acetone+ NADPH + H⁺ 

Thermoanaerob

acter brockii 

Lamed et al. 

(1981) 

 

Glucose 6-phosphate 

dehydrogenase 
NADP⁺ Glucose 6-phosphate + 

NADP⁺→ 

 6-phospho glucono 

lactone  + NADPH +H⁺ 

Leuconostocme

senteroides 

C.Wong et 

al. (1981) 

Glucose 

dehydrogenase 
NAD⁺ or 

NADP⁺ 
β-DGlucose+NAD(P)⁺→ 

D-glucono 1,5 lactone 

+NAD(P)H + H⁺ 

Bacillus subtilis 

 

Weckbecker 

& Hummel 

(2005) 

Hydrogenase NAD⁺ or 

NADP⁺ 
H₂+ NAD(P)⁺→ 

NAD(P)H+H⁺ 

Methanothermo

bacter 

thermoautotrop

hicum 

Wong et al. 

(1981) 
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5.2. Results 

5.2.1. Cloning of M. vaccaefdh and fdh-azoA in expression vectors 

The source of fdh gene for this study was Mycobacterium vaccae N10. With a specific 

activity of approximately 10 U/mg and pH range between 5.5-11.0, the FDH from 

Mycobacterium vaccae N10 (MycFDH) is among the most stable and active FDH 

enzymes known. The azoA gene was from efficient RV5R decolorizing isolate 

Enterococcus sp. L2 obtained in this work (Table 2.1, Chapter 2).   

5.2.1.1. Construction of pBBR1MCS2fdh 

The pT7fdh gene cassette (1.5kb) was PCR amplified using MycfdhF and MycfdhR 

primers and it was ligated at EcoRV site of pBBR1MCS2. The ligation product was 

then transformed into competent E.coli DH5α. Based on blue-white screening strategy 

total 9 white putative colonies were screened for the clone confirmation. Presence of 

pT7-fdh gene cassette in correct orientation with plac promoter was checked by the 

XbaI digestion of plasmids extracted from the selected colonies. The size of the 

recombinant plasmid is around 6.3kb which is expected to release of 1.2kb insert 

fragment and 5.1kb vector backbone upon XbaI digestion (Fig. 5.3a). Subsequently 

pBBR1MCS2fdhwas confirmed by PCR amplification using MycfdhF and MycfdhR 

primers amplifying 1.5kb cassette (Fig. 5.3b). Map of pBBR1MCS2fdh is show in 

Fig. 5.4. 

 

Figure 5.3 Clone confirmation of pBBR1MCS2fdh by RE digeston and PCR 

amplification. 

a) XbaI digestion b) PCR confirmation(Lane-1 to 9 XbaI digestions of transformants) 
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5.2.1.2. Construction of pBBR1MCS2fdh-azoA 

To construct pBBR1MCS2fdh-azoA, the pT7fdh cassette was first cloned in pBS 

KS(+) and subsequently ligated in to pBBR1MCS2azoA(Fig. 4.5, Chapter 4). 

Insertion of pT7-fdh cassette at EcoRV site of pBS KS(+) was determined by 

restriction digestion of the recombinant plasmid with SalI in which the expected 

release of 1.2kb fdh insert along with 2.9kb vector backbone was obtained as shown 

in Fig.5.5a.The presence of fdh cassette in the putative clone was confirmed by PCR 

using MycfdhF and MycfdhR primers and the expected 1.5kb amplicon of pT7fdh 

cassette was obtainedin three transformants (Fig.5.5b). This plasmid was denoted as 

pBS KS(+)fdh(Fig 5.6). 

 

Figure 5.4 Map of pBBR1MCS2fdh 
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Figure 5.5 Clone confirmation of pBS KS(+)fdhby RE digestion and PCR 

confirmantion 

a) SalI digestion (Lane1 to 15 SalI digestion of transformants)b) PCR confirmation(4,5,10,15 are 

transformants fdh gene PCR amplicons) 

 

Figure 5.6 Map of pBS KS(+)fdh 

Coexpression construct of fdh and azoA (pBBR1MCS2fdh-azoA) was 

synthesizedby firsteluting the pT7-fdh cassette released by KpnI digestion of  pBS 

KS(+)fdh (Fig. 5.6) and subsequently ligating with KpnI lineralized 
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pBBR1MCS2azoA.The ligation product was transformed into E.coli DH5α and atotal 

6 kanamycin resistantputative clones were obtained and screened for positive 

construct. The direction of the fdh relative to plac was determined by restriction 

digestion with SalI and XbaI. There are three restriction sites for SalI in the 

recombinant plasmid which releases approximately 0.5kb, 1.1kb and 5.6kbfragments 

as seen in Fig.5.7a (Lane 2).Further confirmation was done by XbaI digestion. Two 

restriction sites for XbaIis expected to release two bands of approximately2.1kb and 

5.1kb were obtained (Fig.5.7a, lane3) confirming the pBBR1MCS2fdh-azoA. The 

presence of azoAand fdh in the putative clones was confirmed by PCR 

amplification,resulting in band of 0.6kb (Fig.5.7b) and 1.5kb (Fig.5.7c) using azoA 

and fdh specific primers respectively. Map of the pBBR1MCS2fdh-azoAis depicted in 

Fig. 5.8. 

 

Figure 5.7 Clone confirmation of pBBR1MCS2fdh-azoA RE digestion and PCR 

confirmation. 

a) RE digestions; b) azoA PCR confirmation; c) fdh PCR confirmation 
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Figure 5.8 Map of pBBR1MCS-2fdh-azoA 

5.2.1.3. Construction of pMGS100fdh 

pMGS100fdhwas constructed for heterologous expression of fdh in 

Enterococcus sp. L2 (gram positive host system). Plasmid pMGS100is an E. coli-

Enterococcusshuttle expression vector containing constitutive bacitracin promoter and 

its corresponding ribosome binding site. The coding region of fdh(start to stop codon) 

was PCR amplified using MGS100fdhF and MycfdhR primers and the blunt ended 

product was ligated with NruI digested pMGS100.The ligated product obtained was 

then transformed into E.coli DH5α. Total 90 chloramphenicol resistant colonies were 

screenedfor clone confirmation using BamHI digestion since this RE is expected to 

give rise to bands of 1.2kb (fdh) and 10.4kb (vector backbone) when in the correct 

orientation (of fdhORF relative to constitutive bacitracin promoter). The resulted for 

RE digestion is shown in Fig.5.9a showing positive band pattern in two transformants. 

PCR amplification of fdh from recombinant plasmid was done, resulting in 1.2kb 

band corresponding to fdh (Fig.5.9b). Map for pMGS100fdh is shown in Fig. 5.10. 
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Figure 5.9Clone confirmation of pMGS100fdh by RE digestion and PCR 

confirmation. 

a) BamHI digestion b) fdh (coding ORF)PCR confirmation(a)Lane-1 to 6 BamHI digestion of 

transformants) 

 

Figure 5.10Map of pMGS100fdh 

5.2.1.4. Transformation of fdh and fdh-azo constructs in to various bacterial 

strains 

The plasmids pBBR1MCS2fdh and pBBR1MCS2fdh-azoA were transformed into 

gram negative strains such as E. coli DH5α, E.coliBL21 (DE3),P.fluorescens PfO-1 

(standard strains) and RV5R decolorizing isolates A3, C1, E2, G1, K1, L1 obtained in 

this study (Table 2.1, Chapter 2). pMGS100fdh was electroporated in to Enterococcus 

sp. L2. 
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5.2.1.4.1. PCR confirmation of pBBR1MCS2 fdh, pBBR1MCS2 fdh-azoA and 

pMGS100fdh transformants 

The presence of appropriateplasmids (pBBR1MCS2fdh and pBBR1MCS2fdh-

azoA)from all the gram negative transformantswere confirmed by PCR using 

corresponding gene specific primers. Figs. 5.11 and 5.12 show PCR confirmation of 

fdh transformants of bacterial isolates and standard strains respectively. Fig. 5.13 

depicts PCR confirmation of fdh-azoA transformants. The fdh transformant of 

Enterococcus sp. L2 was confirmed by PCR using the fdhspecific primers (data not 

shown).  

 

 

Figure 5.11PCR confirmation of pBBR1MCS2fdh transformants by fdh specific 

PCR. 

VC: Vector control and fdh denotes the pBBR1MCS2fdh transformants. 
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Figure 5.12PCR confirmation of pBBR1MCS2fdh and pBBR1MCS2fdh-azoA 

transoformants ofE.coli BL21(DE3) and P.fluorescens PfO-1 with fdh specific 

primers. 

VC: Vector control.  

 

Figure 5.13PCR confirmation of pBBR1MCS2fdh-azoA transformants by fdh 

and azoA specific primers. 
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Figure 5.14PCR confirmation of Enterococccus sp. L2 harboring pMGS100fdh 

(transformant) by corresponding fdh specific primers 

 

5.2.1.4.2. Strain confirmation of fdh and fdh-azoA transformants 

Various transformants harbouring different plasmids for fdh and fdh-azoA expression  

were confirmed for strain identity using 16S rRNA genotyping (ARDRA) comparison 

with corresponding untransformed  bacterial isolate or standard strains. The ARDRA 

patterns obtained using HinfI for all transformants werefound to be same as their 

corresponding wild type strains confirming the host strains (Fig.5.15). 

5.2.1.4.3. Whole cell protein profile of fdh and fdh-azoA transformants 

Presence of overexpressed proteins were analysed in the transformants using SDS-

PAGE. The overexpression of FDH protein of 44kDa was clearly seen in the whole 

cell lysate of E.coli BL21 (DE3) (pBBR1MCS2fdh) with 1mM IPTG induction as 

seen in Fig.5.16 (lane 2). The corresponding band was also seen in uninduced 

condition at much lesser intensity indicating basal level expression via plac promoter. 

E.coli BL21(DE3) harbouring pBBR1MCS2fdh-azoAshowed a23kDa corresponding 

to the AzoA in addition to the 44kDa (FDH) under induced as well as  uninduced 

conditions (Fig.5.16). Enterococcussp.L2 harboringpMGS100fdh showed the 

expected overexpressed band of 44kDa(Fig.5.17).  
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Figure 5.15ARDRA profiles ofazoA, fdh and fdh-azoA transformant strains. 

 (M-100bp ladder; VC: Vector control) 
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Figure 5.16SDS-PAGE analysis of E.coli BL21 pBBR1MCS2fdh and fdh-

azoAtransformants. 

 

 

Figure 5.17SDS-PAGE analysis of Enterococcussp. L2 (pMGS100fdh) 

transformant. 

(VC-vector control) 

5.2.2. Effect of heterologous expression of pBBR1MCS2fdhand pMGS100fdh 

Azoreductase dependent azo dye decolorization demands high supply of reducing 

equivalents in form of NAD(P)H. To increase the supply of this cofactor in vivo, 
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various NADH regeneration systems could be used. In this study, formate 

dehydrogenase (FDH) was used as NADH regeneration system to assess its 

contribution to azo dye decolorization in different bacterial strains. A collection of 

diverse RV5R decolorizing bacteria and standard strains were engineered for fdh 

overexpression and their physiological characterization was done. 

5.2.2.1. FDH activity of fdh transformants 

FDH activity was assayed in bacterial strains expressing Mycobacterium 

vaccae NAD
+
 dependent formate dehydrogenase. As seen in Fig. 5.18, various host 

strains exhibited different levels of inherent FDH activity (as seen in untransformed 

and VC strains) with Klebsiella spp. E2 and K1 showing maximum FDH activity and 

E. coli strains showing lowest. Approximately 2 fold higher NAD
+
FDH specific 

activity was obtained in E. coli DH5α and P. fluorescens PfO-1 strains harboring 

pBBR1MCS2fdh wherein expression was driven by plac promoter (Fig. 5.18).E. coli 

BL21 (DE3) harbouring pBBR1MCS2fdh showed 6 fold increase in FDH specific 

activity compared to the VC presumably due to collective transcription from plac and 

pT7promoters. For Pseudomonas sp. and Enterococcus sp. IPTG induction was not 

carried out since the expression was expected to be constitutive. P.fluorescens PfO-1 

fdhtransformant showed 9.58U/mg with fold increase of 2.35 as compared to VC 

which has specific activity of 4.08U/mg.Enterococcussp. L2 fdhtransformant showed 

specific activity of 12.56U/mg with a fold increase of 6.05. 

Among all the other gram negative transformants, Klebsiellasp. E2 

transformant (IPTG induced) showed maximum specific activity of 70.87U/mg as 

compared to VC (34.12U/mg) with only 2.07 fold increase. This is due to higher 

native FDH activity in E2 as compared to other organisms. Similar results were 

obtained for other transformant of Klebsiella sp. K1, which showed higher specific 

activity of 49.45U/mg with fold increase of only 1.5. The specific activity 

forAcinetobacter sp. L1 fdh transformant was found to be 45.88U/mg under IPTG 

induction which appears to be constitutively expressed since uninduced activity was 

equally high. Overall it can be seen that the FDH activity of all the transformants was 

significantly due to plasmid borne heterologous overexpression of mycobacterial 

NAD
+
fdh. 
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Figure 5.18FDH activity of fdh transformants 

VC: Vector control; FDH U:fdh transformants uninduced ; FDH I:fdh transformants induced 

with IPTG (1mM) (* indicates significant p<0.01 increase in FDH activity in fdh transformant 

compared to the VC, $ indicates significant p<0.01 increase in FDH activity in induced compared 

to uninduced conditions)  

 

5.2.2.2. NADH estimation in fdh transformants 

The absorbance ration of A340/280nm was used as a measure of intracellular 

NADH concentration relative to the total protein concentration. Table 5.2 shows the 

average absorbance reading for 340nm, 280 nm and A340/280nm ratio and fold increase 

for all the transformants when grown in LB amended with formate (300mM). There 

was a significant increase in NADH/ total intracellular protein seen for fdh 

transformants of E. coli strains, Citrobacter sp. A3 (uninduced), Providencia sp. C1, 

Klebsiella spp. E2 and K1 (uninduced) and Enterococcus sp. L2. In other cases, 

induced cells of fdh transformants showed a decrease or no significant increase in 

A340/280nm ratio. However the NADH levels did not correlate with the FDH activity 

and in general increase in NADH levels were much less than the increase in FDH 

activity. 
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Table 5.2A340/280nm ratio and fold increase for fdhtransformants. 

Transformants A340nm A280nm A340/280 nm Fold increase 

E. coli DH5α VC 0.100 1.015 0.099  ± 0.007    

E. coli DH5α FDH U 0.127 1.122 0.114 ± 0.004 1.15 

E. coli DH5α FDH I 0.144 1.317 0.110 ± 0.004  1.11 

E. coli BL21 (DE3) VC 0.096 0.864 0.111 ± 0.005  

E. coli BL21 (DE3) FDH U 0.177 1.244 0.143 ± 0.004 1.28 

E. coli BL21 FDH I 0.162 1.213 0.134 ± 0.007 1.20 

P. fluorescens Pfo-1 VC 0.250 1.778 0.141 ± 0.004  

P. fluorescens Pfo-1 FDH 0.286 1.914 0.149 ± 0.004 1.06 

Citrobacter sp. A3 VC 0.094 1.201 0.079 ± 0.004  

Citrobacter sp.A3 FDH U 0.118 1.242 0.095 ± 0.004 1.21 

Citrobacter sp.A3 FDH I 0.115 1.396 0.082 ± 0.005 1.05 

Providencia sp. C1 VC 0.115 1.151 0.100 ±0.004  

Providencia sp.C1 FDH U 0.127 0.398 0.319 ± 0.004 3.19 

Providencia sp.C1 FDH I 0.149 1.259 0.118 ± 0.001 1.18 

Klebsiella sp. E2 VC 0.115 1.205 0.095 ±  0.004  

Klebsiella sp.E2 FDH U 0.181 1.220 0.148 ± 0.007 1.56 

Klebsiella sp. E2 FDH I 0.109 1.026 0.106 ± 0.001 1.11 

Providencia sp.G1 VC 0.211 1.293 0.163 ± 0.005  

Providencia sp.G1 FDH U 0.231 1.338 0.172 ± 0.027 1.06 

Providencia sp.C1 FDH I 0.204 1.350 0.151 ± 0.005 0.92 

Klebsiella sp.K1 VC 0.091 0.890 0.102 ± 0.008  

Klebsiella sp.K1 FDH U 0.134 0.976 0.137 ±0.006 1.34 
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VC: Vector control; FDH U: fdh transformant uninduced; FDH I: fdh transformant induced 

with 1mM IPTG. 

 

5.2.2.3. Effect of fdh overexpression on growth 
 

To understand the effect of heterologous expression of fdh, growth curve analysis was 

performed with standard strains (E.coliDH5α,E. coliBL21 (DE3), P. fluorescens 

PfO1) and one lab isolate Enterococcus sp. L2. Eachofthesesystemswaskeptunder 

shakingas wellas static condition of incubation except strain L2 which wasanalyzed 

onlyunder static conditions,growth in Luria broth (LB)as wellas Bushnell-Haas 

medium (BHM) amended with 0.5% yeast extract (YE) and with and 

withoutformate. 

Under static conditions, E. coli DH5αfdhtransformantgrew equally well with and 

without formate as compared to VC (Fig. 5.19). However the growth of the 

transformant   exceeds that of VC when formatewas amended in BHM+YE. 

InBHM+YE, formate addition provides significant growthadvantageto thefdh 

transformant. Under shakingconditions, initially thefdh transformantgrows slowlyas 

compared to its controlin all media,except BHM +YE, however after 12 hofincubation 

the fdh transformant outgrows the VC. InE. coli BL21 (DE3), fdh expression resulted 

in significant growth advantage in LB amended with formate as compared to VC (Fig. 

5.20). P. fluorescens PfO-1 expressing fdh, showed significant increase in growth 

under shaking conditions regardless of formate amendment (Fig. 5.21). Enterococcus 

sp. L2 fdh transformantgrowsenormouslyfaster with and without formate supplement 

in both media under static condition (Fig. 5.22). This indicates that expression offdh 

inEnterococcus sp.L2 hasprovided a growth advantage as Enterococcusspp.lack 

formate metabolizing machinery and additionally secrete formate in medium. 

Klebsiella sp.K1 FDH I 0.105 1.145 0.091 ± 0.005 0.89 

Acinetobacter sp. L1 VC 0.106 1.120 0.095 ± 0.006  

Acinetobacter sp.L1 FDH U 0.103 1.001 0.103 ± 0.005 1.08 

Acinetobacter sp.L1 FDH I 0.112 1.288 0.087 ± 0.006 0.92 

Enterococcus sp.L2 VC 0.205 0.519 0.395 ± 0.009  

Enterococcus sp.L2 FDH U 0.247 0.543 0.455 ± 0.012 1.15 
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Figure 5.19 Effect of heterologous expression of fdh on growth of E. coli DH5α. 

 a) static and b) shaking conditions(* indicates significant difference compared to VC at p<0.01) 
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Figure 5.20 Effect of heterologous expression of fdh on growth of E. coli BL21 

(DE3). 

(Under a) static and b) shaking conditions)(* indicates significant difference compared to VC at 

p<0.01) 
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Figure 5.21 Effect of heterologous expression of fdh on growth of P. fluorescens 

PfO-1. 

(Under a) static and b) shaking conditions)(* indicates significant difference compared to VC at 

p<0.01) 
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Figure 5.22Effect of fdh expression on growth of Enterococcus sp. L2 under static 

condition. 

(* indicates significant difference compared to VC at p<0.01) 

5.2.2.4. Reactive violet 5R (RV5R) decolorization by fdh transformants 

The effect of NADH regeneration system on RV5R decolorization was analysed in 

various fdh transformants. Among the standard strains used, highest RV5R 

decolorizationof 92.16% was observed within 36h in case of P.fluorescens PfO-1 

fdhtransformant as compared to VC (Fig. 5.23c). Surprisingly, higher RV5R 

decolorization was obtained with E.coli DH5α fdhtransformantwithout IPTG 

induction (Fig. 5.23a) and E.coli BL21 (DE3) fdh(Fig. 5.23b) with IPTG induction 

(with fold increase of 3.57 and 1.51 respectively) but for IPTG induced E.coli DH5α 

fdhtransformant did not showed significant increase in RV5R decolorization. Among 

all the gram negative laboratory transformants, Acinetobacter sp. L1 showed highest 

decolorization of 93.32% at 36h with fold increase of 4.64 as compared to VC as 

shown in Fig.5.18j.However A3, C1, K1 and G1fdh transformants strainsshowed no 

significant increase in RV5R decolorization at the end of 36h.Enterococcus sp. L2 fdh 
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transformant, at 6h showed 73.45%decolorization with a fold increase of 3.2 as 

compared to VC which showed only 22.97% RV5R decolorization (Fig. 5.23d). With 

further incubation (12h) both VC and fdh transformant showed approximately 100% 

decolorization indicating that the rate of RV5R decolorization was increased by 

fdhoverexpression in spite of the strain being highly efficient RV5R decolorizer.  

There is a significant co-relation between the FDH activity and dye 

decolorization for  organisms i.e. E. coli strains,Pseudomonasfluorescens PfO-1, 

Klebsiella sp. E2, Acinetobacter sp. L1 and Enterococcus sp. L2  these organisms 

showed higher fold increase in FDH specific activities and higher decolorization. It is 

marked from these results that dye decolorization process by these organisms might 

have been restricted by NADH availability and introduction of NADH regeneration 

system could increase in overall dye decolorization.  
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Figure 5.23Effect of heterologous expression of fdh on RV5R decolorization. 

VC: Vector control; FDH U: fdh transformant uninduced; FDH I: fdh transformant  induced 

with 1mM IPTG (p<0.01, * fdhtransformant found significant compared to VC, $ 

fdhtransformant induced found significant compared to VC and uninduced fdh transformant)   
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5.2.2.5. Comparison of azo dye decolorization by individual transformants of  azoA 

and fdh 

In Chapter 4, azoA overexpression was shown to increase RV5R decolorization by 

different bacterial strains. In this chapter, fdh overexpression was seen to enhance 

RV5R decolorization in several bacterial strains. Azo dye decolorization was 

therefore compared for RV5R and various other azo dyes used in textile applications 

for E. coli DH5α and P. fluorescens PfO-1 fdh and azoAtransformants.Overall azo dye 

decolorization was higher(~1.5-2.0 fold increase) in azoAtransformants of both strains 

compared to the VC. In case of fdhtransformantsazo dye decolorization was found to 

be even better (~2.5-3.0 fold increase) than the corresponding VC (Fig. 5.24).Reactive 

yellow 186 was found to be most resistant dye for this biodecolorization studies. 

These results demonstrate that for E. coli and P. fluorescens PfO-1 strains, fdh 

overexpression resulted in the enhancement of azo bond reduction due to higher 

NADH regeneration which might have supported the native azoreductases in these 

strains. High azo dye decolorization in azoA transformants indicates that the 

azoreductases levels also determine decolorization efficiency.Thus, it could be 

hypothesized that simultaneous overexpression of azoA and fdh would result in a 

highly efficient dye decolorizing strain.  
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Figure 5.24Comparison of azo dye decolorization by azoA and fdh 

overexpressing transformants of standard strains. 

 a) E. coli DH5α and; b) P. fluorescens PfO-1(VC-Vector control; Significant difference at 

p<0.05* and p<0.01**) [Re. – Reactive group of azo dye]  

5.2.3. Effect of heterologous expression of pBBR1MCS2fdh-azoA 

To study the effect of coexpression of fdhand azoAon azo dye decolorization, a dual 

gene construct pBBR1MCS2fdh-azoA was developed in which both the genes are 

under plac and pT7 promoters in gram negative hosts. This construct was transformed 

into standard strains and bacterial isolates obtained in this study to investigate its 

effect on azo dye decolorization. Plasmid and strain confirmation for 

pBBR1MCS2fdh-azoA transformants have been shown in Fig. 5.15.  

5.2.3.1. FDH assay of pBBR1MCS2 fdh-azoA transformants 

The FDH activityfrom fdh-azoA transformants is shown in Fig. 5.25. 

P.fluorescens PfO-1 fdh-azoAtransformant showed specific activity of 9.364U/mg 

with fold increase of 2.29 as compared to VC (4.08U/mg). Acinetobacter sp.L1 

transformant showed specific activity of 37.28 U/mg as compared to VC(21.02 

U/mg). Klebsiella sp. E2 and K1 transformants showed high specific activity of 58.47 
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U/mg and 48.07 U/mg respectively as compared to other transformants. But FDH 

activity for E2fdh-azoA transformant was found low compared to E2 fdhtransformant 

which showed specific activity of 70.87 U/mg. Overall the FDH levels of the dual 

gene (fdh-azoA) transformants were similar to the levels in single (fdh) transformants 

(Fig. 5.18). 

 

Figure 5.25FDH activity of pBBR1-MCS2fdh-azoA transformants. 

VC: Vector control; FA U: pBBR1MCS2fdh-azoA transformants uninduced; FA I: 

pBBR1MCS2fdh-azoA transformants induced with IPTG (1mM) (* indicates significant p<0.01 

increase in FDH activity in fdh-azoA transformant compared to the VC, $ indicates significant 

p<0.01 increase in FDH activity in induced compared to uninduced conditions)  

5.2.3.2. Azoreductase activity of pBBR1MCS2fdh-azoA transformants 

Azoreductase activity of pBBR1MCS2fdh-azoAtransformants measured using 

RV5R as substrate is shown in Fig.5.26. E.coli BL21(DE3) fdh-azoAtransformant 

showed AzoA specific activity of 2.82U/mg with a fold increase of 34.38 as 

compared to its VC which showed an activity of 0.082U/mg. E.coli DH5α 

transformant showed 10.84 fold increase in AzoA specific activity.Acinetobacter sp. 

L1 fdh-azoAtransformant showed higher specific activity of 3.14 with fold increase of 

4.49 U/mg. Klebsiella sp. E2 fdh-azoAtransformant showed highest specific activity 

of 4.09U/mg with 6.66 fold increase as compared to all the other organisms used in 

current study. The azoreductase activity in the fdh-azoA transformants was 3 to 34 

fold higher than the corresponding VC and strains A3, E2, K1, L1, DH5α and BL21 
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showed significant increase upon IPTG induction. However, in general the AzoA 

activity of the dual gene transformants (fdh-azoA) were much less than the 

corresponding activity in the single transformant (azoA) (Table 4.1). 

 

Figure 5.26Azoreductase activity of pBBR1MCS2fdh-azoA transformants. 

VC: Vector control; FA U: pBBR1MCS2fdh-azoA transformants uninduced; FA I: 

pBBR1MCS2fdh-azoA transformants induced with IPTG (1mM) (* indicates significant p<0.01 

increase in azoreductase activity in fdh-azoA transformant compared to the VC, $ indicates 

significant p<0.01 increase in azoreductase activity in induced compared to uninduced 

conditions)  

 

5.2.3.3. Formate dehydrogenase dependent Azoreductase coupled activity 

In order to study the combined effect ofNADH regeneration system and 

azoreductases overexpression, an in vitro Formate dehydrogenase dependent 

azoreductase coupled assay was done. In this assay, RV5R decolorization by cell free 

extracts was monitored without external supplementation of NADH,but instead 

providing NAD
+
 and formate which would result in regeneration of NADH internally 

by the FDH present in cell free extracts. E.coli DH5α fdh-azoAtransformant showed 

higher specific activity of 0.69U/mg with a fold increase of 2.44 as compared to VC 

(0.283U/mg). Significantly, E.coli BL21 fdh-azoA transformant showed highest 

specific activity of 7.09 U/mg with maximum fold increase of 23.85 as compared to 
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VC which showed specific activity of 0.3U/mg. These results clearly demonstrate that 

FDH-NADH regeneration system is efficiently working and NADH availability can 

be increased by providing formate. Surprisingly the specific activity of azoreductase 

obtained in uncoupled azoreductase assay ofE.coli BL21(DE3)fdh-

azoAtransformantwas 2.82 U/mg (Fig. 5.26) which was lower than that in coupled 

assay (7.09U/mg).E. coli DH5α and P. fluorescens PfO-1 showed no significant 

coupled azoreductase activity.  

 

Figure 5.27Formate dehydrogenase dependent azoreductase coupled assay 

VC : Vector control ; FA: fdh-azoA transformant 

5.2.3.4. Reactive violet 5R decolorization by pBBR1MCS2fdh-azoA transformants 

The P.fluorescens PfO-1 fdh-azoAtransformant showed significant enhancement in 

RV5R decolorization  as compared to VC. At 36h the decolorization was 54.72% with 

fold increase of 2.12 as compared to VC (Fig.5.28). Other strains in which the fdh-

azoA dual gene construct showed significant effect on RV5R decolorization were E. 

coli DH5α and Acinetobacter sp. L1. In some strains such as E. coli BL21(DE3), 

Citrobacter sp. A3, Klebiella sp. E2 and Providencia sp. G1 enhanced RV5R 

decolorization was observed in early stages of growth which subsequently became 

comparable to VC. Even though co-expression of both fdh and azoA genes resulted in 

better RV5R decolorization than VC (Fig. 5.28) but it was less than when fdh was 

expressed alone (Fig. 5.23). 
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Figure 5.28RV5Rdecolorization by pBBR1MCS2fdh-azoA transformants. 

VC: Vector control; FA U: pBBR1MCS2fdh-azoA transformants uninduced; FA I: 

pBBR1MCS2fdh-azoA transformants induced with IPTG (1mM) (* indicates significant p<0.01 

increase in azoreductase activity in fdh-azoA transformant compared to the VC) 



Chapter 5. Metabolic engineering for efficient azo dye decolorization by NADH 
regeneration system 

 

Cloning and heterologous expression of genes involved in azo dye decolorization and metabolic engineering for efficient 

bioremediation Page 166 
 

5.2.3.5. Reactive violet 5R decolorization by non-growing cells of azoA, fdh and 

fdh-azoA transformants 

In the previous experiments RV5R decolorization by the transformants of single and 

dual expression systems was monitored in growing conditions. It is likely that during 

the active growth NADH requirements for the metabolic activities might limit the azo 

dye decolorization. Hence RV5R decolorization was monitored in non-growing 

condition in formate containing buffered conditions. In this experiment, pre-grown  

IPTG induced cells (for E. coli DH5α) were checked for their ability to decolorize 

RV5R. In case of both E. coliDH5α and P.fluorescens PfO-1 transformants RV5R 

decolorization was in the order of azoA<fdh<fdh-azoA(Fig. 5.29). There was a 10% 

incremental increase in RV5R decolorization in each case with overall ~30-40% 

increase in dual gene construct as compared to VC.  

 

Figure 5.29 RV5R decolorization by pre-grown cells of transformants. 

Singlegene transformants (azoA or fdh) and dual gene (fdh-azoA) transformants of E. coli DH5α 

(a,b and c) and P. fluorescens PfO-1 (d). (VC: vector control;UI- uninduced and I-induced with 

1mM IPTG; * data was found significant at p < 0.01) 
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5.3. Discussion 

Azoreductase catalytic chemistry requires prosthetic groups (FMN) as well as 

cofactor (NAD(P)H). For efficient functioning of azoreductases in vivo or invitro, the 

cofactor pool available to the enzyme needs to be optimum. In normal physiological 

conditions NAD(P)H pool goes through continuous oscillations based on the balance 

of catabolic and anabolic metabolism (DEGraef et al., 1999). Most of the 

azoreductases from bacteria are NADH preferring flavin dependent quinone 

reductases. As azoreductases have high Km value for NADH relative to other 

oxidoreductases involved in electron transport chain, this might limit the overall rate 

of dye decolorization. Thus, constant high availability of NADH in the cell would be 

expected to maintain high rate of dye reduction. To address the problem of NADH 

limitation, an NADH regeneration system was engineered through overexpression of 

Mycobacteriumvaccae N10 encoded NAD
+
- dependent formate dehydrogenase (fdh). 

FDH based NADH regeneration system was selected from among several NADH 

regeneration systems (van der Donk and Zhao, 2003) available since it has distinct 

advantages for industrial application (Tishkov and Popov, 2004). The effect of NADH 

regeneration system was studied in various bacterial strains including model 

organisms (E. coli DH5α and BL21(DE3) as well as Pseudomonas fluorescens PfO-1) 

and RV5R decolorizing bacterial isolates obtained in this study. 

ThepBBR1MCS2fdhconstruct was used for fdh overexpression in gram 

negative hosts and pMGS100fdh was used for gram positive hosts. In the former 

construct fdh gene is expressed under the inducible plac promoterprovided by the 

vector (Kovach et al., 1995) and pT7 promoter co-amplified with fdhcassette 

(functional only in E. coli BL21(DE3)). In the latter construct fdh expression is driven 

under the constitutive pbacA promoter (Fujimoto, 2001). Also pBBR1MCS2fdh-azoA 

dual geneconstruct which overexpressed the fdh along with azoAfrom Enterococcus 

sp. L2 as a transcription fusion was analyzed. Thus three constructs, 

pBBR1MCS2fdh, pBBR1MCS2fdh-azoA for gram negative host system and 

pMGS100fdh for gram positive host system were transformed into A3, C1, E2, G1, 

K1, L1, E. coli DH5α, E .coli BL21(DE3), P. fluorescens PfO-1 and Enterococcus sp. 

L2, respectively. Many of thefdhtransformants were able to decolorize the RV5R 

more efficiently as compared to respective VC, except for Providencia spp. C1 and 

G1 as well asKlebsiella sp. K1.It is not clear why these transformants failed to show 
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enhanced decolorization since they showed increase in FDH activity. Notably, the 

azoA transformants of these three strains also failed to show enhanced decolorization 

(Fig.4.6, Chapter 4) in spite of increase in AzoA activity (Table 4.1, Chapter 4). 

Acinetobacter sp. L1 fdh showed highest RV5R decolorization of 93.33% with fold 

increase of 4.63 as compared to corresponding VC, 20.17%. This result is co-related 

with specific activity of 45.88U/mg for L1fdh transformant.The gram positive 

Enterococcus sp. L2 fdh transformant showed faster RV5R decolorization of 73.45% 

with fold increase of 3.20 at 6h as compared to VC. It is reported that Enterococcus 

spp. accumulate  formate during micro-aerophilic growth conditions (Sarantinopoulos 

et al., 2001), thus by providing subsequent metabolic ability to oxidize formate and 

regenerate NADHcould enhanceazo dye decolorization as seenfrom this study. 

It is evident from these results that dye decolorization process inseveralbacteria is 

limited by NADH availability and introduction of NADH regeneration system could 

lead to increase in overall dye decolorization. The reducing equivalent in the cell are 

important determinants of cellular physiology and adaptation to environments (Foster 

et al., 1990; DEGraef et al., 1999). Accordingly, NAD
+
 dependent fdh expression 

altered the intracellular NAD
+
/NADH ratio andalso modified the normal physiology 

and growth of bacterial strain according to the host metabolism. In present study, fdh 

transformants of E. coli DH5α. E. coli BL21(DE3) and P. fluorescens PfO-1showed 

significant growth advantages under certain media and growth conditions. In case of 

Enterococcus sp. L2 fdhoverexpression resulted in highly significant growth benefit 

regardless of addition of formate in rich as well as minimal medium. Berrı´os-Rivera 

et al.(2002) reported several metabolic changes in E. coli over-expressing NAD
+
 

dependent fdh from Candida boidinii. The fdh transformant displayed double yield of 

NADH when glucose was provided as C-source and interestingly showed that during 

aerobic growth the increased availability of NADH induced shift to fermentative 

pathways. NADH regeneration systems have been shown to increase NADH levels in 

rich as well as minimal medium supplemented with various carbon sources (Berríos-

Rivera, 2002; San et al., 2002).  

In case of the dual gene construct pBBR1MCS2fdh-azoAtransformants 

significantlyhigher RV5R decolorization was obtained as compared to corresponding 

VC in E. coli DH5α, P. fluorescens PfO-1 and Acinetobacter sp. L1 transformants. 
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Other transformants showed marginally increased RV5R decolorization at specific 

time point. On the whole the dual gene (fdh-azoA) transformants showed reduced 

RV5R decolorization compared to the corresponding pBBR1MCS2fdhtransformants. 

Among all the three standard strains P. fluorescens PfO-1 fdhtransformant showed 

highest RV5R decolorization of 92.16% at 36h with fold increase of 3.57 which is in 

good co-relation with specific activity of FDH, 9.58U/mg from the same organism. 

On the other hand dual gene transformant showed ~60% RV5R decolorization in 36h. 

This might be due to plasmid load and simultaneous expression of two heterologous 

proteins. 

In order to eliminate the growth constraint of the transformants, pre-grown and 

induced cells were characterized for RV5R decolorization under non-growing formate 

containing buffered conditions. Under these conditions E. coli DH5α and P. 

fluorescens PfO-1 demonstrated higher decolorization in all the transformants as 

compared to VC. The fdh-azoA dual gene transformant showed highest as compared 

to individual gene transformants indicating that increase in both azoA and NADH 

have additive effects on azo dye decolorization. This result clearly demonstrates that 

NADH regeneration system is efficiently working in the organism and NADH 

availability inside the cell is a limiting factor for azo dye decolorization. 

So far azo dye decolorization by microorganisms has been improved by genetic 

manipulation (overexpression) of azoreductase genes (Chang and Lin, 2001; Chen et 

al., 2004; Sandhya et al., 2008; Jin et al., 2009). Feng et al. (2010) demonstrated that 

extrinsic addition of NADH to E. coli transformant overexpressing entereorcoccal 

(azoA) increased azo dye decolorization. Recently, Yang et al. (2013b) developed an 

in vitroimmobilized enzymesystem with purified azoreductase from Shewanella 

oneidensis MR-1 and purified glucose1-dehydrogenase from Lysinibacillus 

sphaericus G10, wherein glucose oxidation provided NADH to azoreductase. The 

novelty of this work is the improvement of azo dye decolorization by increasing the 

cofactor level (NADH) in vivo by an NADH regeneration system. Merely the increase 

in intracellular levelsof NADH was shown to enhance the azo dye decolorization but 

simultaneously increasing azoreductase and NADH levels resulted in maximum 

decolorization. 

Summarizing, in this Chapter the cloning and heterologous expression of 

mycobacterial fdh in various standard bacterial strains and azo dye decolorizing 
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bacterial isolates is reported to function as an efficient NADH regeneration system 

bringing about enhanced azo dye decolorization. The combined effect of 

heterologously expressed azoreductase and fdh resulted in further improvement of azo 

dye decolorization in several strains. 
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Appendix APCR program for 16S rRNA gene from community DNA 

 

 

 

 

Appendix B DGGE-PCR program for amplification of V3 regions of 16S rRNA 

gene from community DNA 

 

 

 

 

Step Temperature(⁰C) Duration 

Initial denaturation 94 5min 

Step down PCR 

(10 cycles) (-

0.5⁰C) 

  

Cycle denaturation 94 30s 

Cycle annealing 62.5-57.5 45s 

Cycle extension 72 1.5min 

Normal PCR(20 

cycles) 

  

Cycle denaturation 94 30s 

Cycle annealing 58 45s 

Cycle extension 72 1.5min 

Final extension 72 15min 

Cooling 4 α 

Step Temperature(⁰C) Duration 

Initial denaturation 94 5min 

Step down PCR (10 

cycles) (-1⁰C) 

  

Cycle denaturation 94 30s 

Cycle annealing 65-55 45s 

Cycle extension 72 1min 

Normal PCR(20 

cycles) 

  

Cycle denaturation 94 40s 

Cycle annealing 55 45s 

Cycle extension 72 1min 

Final extension 72 10min 

Cooling 4 α 
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Appendix C PCR program for 16S rRNA gene fragment amplification from pure 

cultures 

 

 

Appendix DPCR program for full length 16s rDNA amplification 

 

 

Appendix EPCR program for azoA 

 

 

 

 

Step Temperature (⁰C) Duration 

Initial denaturation 94 5min 

Cycle denaturation 94 30s 

Cycle annealing 58 45s 

Cycle extension 72 1.0min 

Final extension 72 10.0min 

Cooling 4 α 

Step Temperature(⁰C) Duration 

Initial denaturation 94 5min 

Normal PCR (30 cycles) 

Cycle denaturation 94 30s 

Cycle annealing 58 45s 

Cycle extension 72 1.5 min 

Final extension 72 10.0 min 

Cooling 4 α 

Step Temperature(⁰C) Duration 

Initial denaturation 94 5min 

Step down PCR (10 

cycles) (-0.5⁰C) 

  

Cycle denaturation 94 30s 

Cycle annealing 62.5-57.5 45s 

Cycle extension 72 1min 

Normal PCR(20 

cycles) 

  

Cycle denaturation 94 30s 

Cycle annealing 57 45s 

Cycle extension 72 1min 

Final extension 72 10min 

Cooling 4 α 
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Appendix F PCR program for fdh gene 

Step Temperature(⁰C) Time 

duration 

Initial denaturation 94 4min 

Step down PCR(10 

cycles)(- 0.5⁰C) 

  

Cycle denaturation 94 40s 

Cycle annealing 62-58 45s 

Cycle extension 72 1min10 sec 

Normal PCR(20 cycles)   

Cycle denaturation 94 40s 

Cycle annealing 58 45s 

Cycle extension 72 1min10 sec 

Final extension 72 10min 

Cooling 4 α 

 

Appendix G PCR program using up azo and down azo primers 

Step Temperature Time Duration Description 

 94ᴼC 5 minutes Initial 

Denaturation 

Step down PCR 

1. 94ᴼC 40 seconds  Cycle Denaturation  

2. 60- 

53ᴼC 

45 seconds  Step Down 

Annealing  

3. 72ᴼC 1 minute 10 

seconds  

Elongation  

   Return to step 1 

for 14 cycles 

NORMAL PCR 

1.  94ᴼC  40 seconds  Cycle Denaturation  

2.  52ᴼC  45 seconds  Annealing  

3.  72ᴼC  1 minute 10 

seconds  

Elongation  

   Return to step 1 for 16 

cycles 

 72ᴼC  12 minutes  Final Extension  

4ᴼC  α Cooling  
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Appendix HPCR program for Chloramphenicol cassette amplification 

Step 

 

Temperature Time duration 

Initial 

Denaturation 

94⁰C 5mins 

Normal PCR(30 cycles) 

 

Cycle 

Denaturation 

94⁰C 30secs 

Cycle 

annealing 

45⁰C 45secs 

Cycle 

extension 

72⁰C 1min 30 sec 

Final 

extension 

72⁰C 10mins 

Cooling 4⁰C α 

 

 

 

Appendix IPCR program for azoA flanking region amplification 

 

 

 

 

 

 

 

 

 

 

 

 

 

Step 

 

Temperature Time duration 

Initial Denaturation 94⁰C 5mins 

Normal PCR (25 cycles) 

 

Cycle Denaturation 94⁰C 30secs 

Cycle annealing 58⁰C 45secs 

Cycle extension 72⁰C 3min 30 sec 

Final extension 72⁰C 20mins 

Cooling 4⁰C α  
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Appendix JPCR program for Gentamycin cassette amplification 

 

 

 

 

 

 

 

 

 

Step 

 

Temperature Time duration 

Initial Denaturation 94⁰C 5mins 

Normal PCR(30 cycles) 

 

Cycle Denaturation 94⁰C 30secs 

Cycle annealing 48⁰C 45secs 

Cycle extension 72⁰C 1min 30 sec 

Final extension 72⁰C 10mins 

Cooling 4⁰C α  
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Azo dyes make up approximately 70% of all dyestuffs, making them the largest group 

of synthetic colorants and the most common synthetic dyes released into the 

environment. In India, dyestuff industry produces around 60,000 t of dyes, which is 

approximately 6.6% of total world output. Effluents containing dyes have the ability 

to impart colour in to large volume of natural aquatic sources and create a serious 

environmental problem and public health concern due to their toxic and recalcitrant 

nature. Efficient colour removal and degradation process, specifically from textile 

industry effluents, has become great concern over the last few decades. Most of the 

synthetic dyes resist biodegradation in conventional sewage-treatment plants and 

require specialised biological systems to metabolize azo compounds into less toxic 

nature. An important aspect of azo dye degradation is the reductive cleavage of the 

azo bond which results in dye decolorization and is considered as the bottle neck step 

in the degradation pathway. This work deals with the study of azo bond reduction by 

bacterial enzyme systems known as azoreductases.Azoreductases are cytoplasmic 

enzymes that catalyze the reductive cleavage of azo bonds to produce colorless 

aromatic amine products. They are categorized into three groups; NADH-preferring 

flavin reductases, NADPH-preferring flavin reductases, and general flavin reductases. 

Azoreductases belonging to all three groups have been found in various bacteria. 

Voluminous literature is available on azo dye decolorization by microbes; however, 

knowledge on dye decolorization and degradation vis-à-vis microbial physiology and 

diversity is poorly understood. The physiological role of azoreductases is unclear 

although they are categorized as quinone reductases. Azoreductases have been 

frequently overexpressed in heterologous systems but do no result in effective dye 

decolorization. One plausible reason could be the limitation of cofactor levels 

available for azoreductase in vivo. Taking in to account some of these lacunae in 

microbial azo dye decolorization this work was aimed at, 

 The enrichment of azo-dye decolorizing microbial consortia from various 

dye contaminated and pristine environment and their community 

fingerprinting  

 Cloning of azoA gene from an efficient azo dye decolorizing strain in to 

various hosts and studying role of azoreductase in bacterial physiology 
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 Understanding the importance of reducing equivalents for efficient dye 

decolorization by constructing an in vivo NADH regeneration system with 

formate dehydrogenase.  

The efficacy of azo dye decolorization/degradation is highly dependent on the 

development of an effective microbial strain, mixed cultures or consortium. In this 

work Reactive Violet 5R (RV5R), a monoazo, sulfonated and metal stabilized dye, 

was used. RV5R decolorizing acclimatized bacterial consortia were enriched from 

industrial effluents, contaminated and pristine samples from Gujarat, India on several 

different media. Both pristine and dye contaminated environmental samples resulted 

in enriched acclimatized bacterial consortia for RV5R decolorization. For the 

12acclimatized consortia able to decolorize 100 mg/L RV5R in 30 h under shaking or 

static conditions, eubacterial diversity was studied by 16S rRNA gene based culture-

independent methods such as ARDRA and DGGE analysis. Acclimatized consortia 

formed6 clusters based on the DGGE and ARDRA patterns. Both the techniques 

showed the community differences in 12 consortia, indicating that sample site and the 

enrichment conditions can result in the development of different members in the dye 

decolorizing consortia. Acclimatized consortia enriched from highly contaminated 

niche were found to possess low H‘ index demonstrating reduced population 

diversity, indicating natural selection of resistant strains. Highest H‘ index was 

obtained for consortium MITZ which is from intertidal zone sample from a pristine 

marine environment while lowest H‘ index was found in AKW consortium obtained 

from highly contaminated waste water canal. The most efficient consortia were PBC 

and ME under static and PBR under shaking conditions as they were able to 

decolorize RV5R with a t1/2 of 3-3.5h. Seven acclimatized consortia were found to 

decolorize higher concentrations up to 1000mg/L of RV5R, thus these consortia could 

be utilized for highly concentrated dye effluent under aerobic conditions. 

Decolorized end products of all the consortia were analysed by FTIR showing 

cleavage of the azo bond and other group modifications. The phylogenetic diversity in 

the consortia was correlated with different dye decolorization/degradation end 

products as revealed by FTIR. GC–MS data of dye decolorized end products of Gly 

consortium obtained from hydrocarbon contaminated soil demonstrated benzene ring 

cleavage activity. This study suggests that enrichment of acclimatized consortia under 

different conditions can result in diverse microbial communities that differentially 
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degrade RV5R.It may be concluded that the composition of the consortia is governed 

by nature of the sample, enrichment media composition and incubation conditions. 

These consortia were found to be constituted of efficient decolorizing isolates as well 

as non-decolorizing members. Eight efficient RV5R decolorizing bacterial isolates 

were obtained and found to belong to ɤ - Proteobacteria(6 strains) and Firmicutes(2 

strains) which were identified based on16S rRNA gene sequencing as Enterococcus, 

Citrobacter, Acinetobacter, Providencia and Klebsiella sp. Effect of different sugars 

on RV5R decolorization showed unique preferences in each isolate. These dye 

decolorizing isolates preferred different redox mediators at various concentrations, 

which accelerate the RV5R decolorization. AQS and AQDS found to be most 

suitable. FTIR analysis of the decolorized end products by isolates showed the azo 

bond (–N=N-) cleavage and –SO3H group removal. Each isolate possessed unique 

azoreductase profile of different molecular size and charges. Enterococcus sp. L2 was 

found to be most effective in RV5R and MR decolorization it could decolorize >90% 

of 100mg/L dye in 5-6h of incubation. Specifically, Enterococcus sp. L2showed high 

NADH and NADPH dependent azoreductase activity of 18.73 ± 1.91 and29.87 ± 

2.14, respectively. Enterococcus sp. L2, a novel bacterial isolate obtained fromRV5R 

decolorizing consortium (Dalc), was found to decolorize a broad spectrum of azo dyes 

under optimum conditions.  

PCR amplification and sequencing of the azoreductase gene from Enterococcus sp. 

L2 showed it to be canonical FMN dependent aerobic azoreductase constituted as 

homodimer of 23kDa polypeptide. Cloning and heterologous expression of azoA gene 

from Enterococcus sp.L2 was done using the broad host range gram negative 

expression vector pBBR1MCS2 under the inducible plac promoter. About 2-7 fold 

increase in azoreductase activity was observed in azoA transformants of standard 

strains (E. coliDH5α and P. fluorescens PfO-1) and RV5R decolorizing isolates. The 

increase in AzoA activity improved RV5R decolorization ~2fold as compared to the 

vector control in several strains such as E. coli DH5α,P. fluorescens PfO-1, 

Citrobacter sp. A3, Klebsiella sp. E2 and Acinetobacter sp. L1. Addition of glucose 

as carbon source and electron donor resulted in a further increase in RV5R 

decolorization.  
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Flavin dependent azoreductases belong to broad group of quinone reductases which 

catalyze two electron transfers to quinones forming hydro-quinone without semi-

quninone intermediate. To elucidate the physiological role of azoA in RV5R 

decolorization by Enterococcus sp. L2, two approaches were considered; generation 

of azoA knockout and homologous overexpression of azoA. ΔazoA of Enterococcus 

sp. L2 was constructed using pTEX5501ts temperature sensitive suicidal vector which 

would result in disruption of azoA chromosomal gene. However, it was found that the 

knockout was not able to survive under normal growth conditions in rich medium as 

well as when supplemented with reduced glutathione. Taking in to consideration that 

enterococci possess limited oxidative stress scavenging enzyme machinery and 

prolific endogenous ROS generation system, azoA could play an active role in 

combating ROS in this organism. Present work on ΔazoA of Enterococcus sp. L2 

corroborates this view. Further, the observation that exposure of Enterococcussp. L2 

to H2O2, menadione, AQDS and RV5Rinduced the AzoA enzyme activivty level 

supports its role in oxidative stress.AzoA constitutive homologous overexpression 

resulted in 3.5 fold increase in azoreductase activity in the strain L2 and it manifested 

reduced growth and azo dye decolorization. However, azoA transformant of L2 strain 

was found to have gained H2O2resistance. Additionally, azo transformant of L2 strain 

showed improved growth in presence of toxic levels of Cu (II) and Cr (VI). Thus 

present study provides an insight into the vital role of azoreductases in the oxidative 

and metal stress condition survival of Enterococcus L2 sp. 

To increase the efficiency of decolorization process in RV5R decolorizing bacteria, 

the intracellular NADH pool was enhanced by the overexpression of Mycobacterium 

vaccae N10 NAD
+
 dependent formate dehydrogenase (fdh) gene. Fdh overexpression 

in E. coli and P. fluorescens PfO-1 resulted ~3.5-4 fold increase dye decolorization. 

Heterologous expression of fdh in Klebsiella sp. E2, Acinetobacter sp. L1 and 

Enterococcus sp. L2 also showed increased RV5R decolorization. Growth advantage 

was found via NAD
+
- fdh expression in various host strains under specific conditions. 

Thus it may be concluded that reductive cleavage of azo bond resulting in dyed 

colorization could be enhanced by increasing the reducing equivalents pool 

intracellularly. In vitro FDH coupled azoreductase activity of E. coli BL21 (DE3) was 

demonstrated to show RV5R decolorization in presence of formate and NAD
+
. Dual 

gene construct of azoA(transcription fusion) transformants showed enhanced azo dye 
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decolorization compared to individual gene constructs under non growing formate 

containing buffered conditions. This could be used to develop an effective 

bioremediation process for azo dye decolorization. 

 

To conclude, salient findings/achievements of the present work are listed below, 

 Efficient RV5R decolorizing microbial consortia having distinct eubacterial 

community profiles have been obtained.  

 Novel effective RV5R decolorizing bacterial strains belonging to various 

genera have been isolated. 

 Enterococcus sp. L2 was characterized as most proficient broad spectrum azo 

dye decolorizing strain. 

 ΔazoA of Enterococcus sp. L2 could not survive under normal growth 

conditions even when growth medium was supplemented with reducing agent 

such as reduced glutathione suggesting its essential role in cell survival. 

 Homologous expression of azoA in Enterococcus sp. L2 compromised its 

growth and RV5R decolorizing ability; however it showed enhanced H2O2 

survival due to reduction in ROS production and increased growth in presence 

of toxic heavy metals such as copper and chromium suggesting role of azoA in 

oxidative stress management.  

 Heterologous expression azoA gene of Enterococcus sp. L2 showed enhanced 

RV5R decolorization for several bacterial strains. 

 Azo dye decolorization process in several bacteria is limited by NADH 

availability and introduction of NADH regeneration system based on fdh 

overexpression could lead to increase in overall dye decolorization. 

 Overexpression of fdh and azoA can result in increased 

decolorization(depending on the strain background)as compared to azoA or 

fdh alone under non-growing conditions. 

 RV5R decolorization can be genetically improved by azoA and fdh over-

expression in following order fdh-azoA>fdh>azoA.   
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