
Recent Advances in Azo Dye Degrading Enzyme Research

Huizhong Chen*

Division of Microbiology, National Center for Toxicological Research, U.S. FDA, 3900 NCTR Rd., 
Jefferson, AR 72079-9502, USA

Abstract

Azo dyes, which are characterized by one or more azo bonds, are a predominant class of colorants 

used in tattooing, cosmetics, foods, and consumer products. These dyes are mainly metabolized by 

bacteria to colorless aromatic amines, some of which are carcinogenic, by azoreductases that 

catalyze a NAD(P)H-dependent reduction. The resulting amines are further degraded aerobically 

by bacteria. Some bacteria have the ability to degrade azo dyes both aerobically and anaerobically. 

Plant-degrading white rot fungi can break down azo dyes by utilizing a number of oxidases and 

peroxidases as well. In yeast, a ferric reductase system participates in the extracellular reduction of 

azo dyes. Recently, two types of azoreductases have been discovered in bacteria. The first class of 

azoreductases is monomeric flavin-free enzymes containing a putative NAD(P)H binding motif at 

their N-termini; the second class is polymeric flavin dependent enzymes which are studied more 

extensively. Azoreductases from bacteria represent novel families of enzymes with little similarity 

to other reductases. Dissociation and reconstitution of the flavin dependent azoreductases 

demonstrate that the non-covalent bound flavin prosthetic group is required for the enzymatic 

functions. In this review, structures and carcinogenicity of azo colorants, protein structure, 

enzymatic function, and substrate specificity, as well as application of the azo dyes and 

azoreductases will be discussed.
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INTRODUCTION

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

nonionic (disperse dyes). Anionic and nonionic dyes mostly contain azo or anthraquinone 

type chromophores [1]. Azo dyes form a major class of chemically related compounds that 

are ubiquitous in foods, plastics, textiles, pharmaceuticals, paints, printing inks, and 

cosmetics, but are also used as biological stains in laboratories and clinics [2, 3]. Azo dyes 

are characterized by one or more R1-N=N-R2 bonds and are reduced to aromatic amines by 

enzymatic mechanisms (Fig. 1) [4]. It is known that the degree to which a dye azo group is 

reduced depends on the electron density around the –N=N– bond. Electron-withdrawing 
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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 electrodonor substitute in an ortho- position in relation to the azo group 

causes a reduction through the creation of hydrogen bonds on the nitrogen azo group. A 

similar effect in a simpler reduction within the –N=N– group is observed for water-soluble 

dyes [5], i.e., those with groups such as –SO3Na and –COOH in their structure (Fig. 1).

There are thousands of azo dyes on the market, of which more than 500 contain potentially 

carcinogenic aromatic amines in the chemical formulation [6]. When these compounds enter 

the human body through ingestion and skin contact or injection, they are metabolized via 

azoreductases to aromatic amines in the gastrointestinal tract and in the mammalian liver [6–

8]. About 90% of 4,000 dyes examined in a survey had LD50 values >2000 mg/kg with 

highest toxicities being found among basic and diazo dyes [9]. Azo dyes are regarded as 

relatively persistent pollutants because they are not readily degraded under aerobic 

conditions [10–12]. Under anaerobic conditions, azo dyes can be reduced by intestinal 

bacteria and some environmental microorganisms to colorless amines, which may be toxic, 

mutagenic, and carcinogenic to human and animals [13–18].

There are three basic types of carcinogenic activation mechanisms for azo dyes: (1) 

reduction and cleavage of the azo bond to produce aromatic amines; (2) oxidation of azo 

dyes with structures containing free aromatic amine groups; and (3) activation of azo dyes 

via direct oxidation of the azo linkage to highly reactive electrophilic diazonium salts [18, 

19]. For example, using a standard plate test with Salmonella typhimurium TA 1538, it was 

found that after metabolic activation, Methyl Orange was mutagenic [20]. Methyl Orange 

was reduced by anaerobic bacteria and then activated by rat liver microsomes to mutagenic 

products.

Synthetic azo compounds have been identified in tattoo colorants, including derivatives of 

3,3′-dichlorobenzidine, azo-derivative of 2-amino-4-nitrotoluene, and phthalocyanine 

derivatives (Fig. 2) [21, 22]. Aromatic amines, such as benzidine, induce urinary bladder 

cancer in humans and tumors in some experimental animals [2, 15].

A wide variety of microorganisms, including bacteria and fungi, are capable of decolorizing 

a diverse range of azo dyes. Some bacteria have the ability to degrade azo dyes both 

aerobically and anaerobically. Bacterial biodegradation of azo dyes is often initiated by 

cleavage of azo bonds by azoreductases which are followed by the aerobic degradation of 

the resulting amines [23]. Fungal degradation of azo dyes mainly occurs from the lignin 

peroxidase activity under aerobic conditions [24]. In yeast, the ferric reductase system 

participates in the extracellular reduction of azo dyes [25].

In this review, azo colorants found in food, cosmetics, and the environment will be 

addressed; as well as the significance of azo reduction by intestinal, skin, and soil 

microflora. In addition, recent progress on the properties and function of oxygen insensitive 

aerobic azoreductase from microorganisms will be described.
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AZO COLORANTS AND THEIR APPLICATIONS

About 60–70% of dyes applied in textile processing are water-soluble sulfonated azo 

compounds (Fig. 1) [26, 27]. Azo dyes in these effluents are compounds with low 

biodegradability. Color removal in generated effluents is an environmentally challenging 

issue in wastewater treatment [23, 28]. Such wastewater is commonly treated using 

physicochemical methods such as coagulation, adsorption, and oxidation with ozone. The 

conventional treatment of colored effluents is expensive and produces significant amounts of 

sludge and fails to remove all dyes, thus preventing recycling of the treated wastewater. The 

need for development of a more effective biological system for the treatment of the textile 

wastewater is of in considerable interest by industry [29–31].

Sudan azo dyes are fat-soluble azo dyes used in industry (Table 1). They are red dyes widely 

used for coloring hydrocarbon solvents, oils, fats, plastics, printing inks, waxes, petrol, shoe, 

and floor polishes. They are not permitted in foodstuffs for any purpose. Sudan I (CI Solvent 

Yellow 14) is a monoazo dye with a chemical formula of 1-phenylazo-2-naphthalenol. Para 

Red is an industrial azo dye used in printing and chemically similar to Sudan I. Sudan II (CI 

Solvent Orange 7) is the dimethyl derivative of Sudan I. Sudan III (CI Solvent Red 23) and 

Sudan IV (CI Solvent Red 24) are diazo dyes [32]. These Sudan dyes are classified as a 

category 3 carcinogen by the International Agency for Research on Cancer (IARC) [33]. In 

Europe it has been recently reported that Sudan azo dyes were found in a batch of 

Worcestershire sauce, garlic curry sauce, and hot chili sauce, palm oils, as well as in other 

food products [34]. Sudan III has been approved for use in externally applied drug and 

cosmetic applications, in amounts consistent with good manufacturing practice [35]. Sudan I 

is a liver and urinary bladder carcinogen in mammals and is considered a possible human 

mutagen. It forms benzenediazonium ion during cytochrome P-450 catalyzed metabolism. 

Calf thymus DNA was reacted with Sudan I which was activated by microsomal enzymes or 

with benzenediazonium ion in vitro [32, 36–38]. Chromatographic analyses of adduct 

obtained by reaction with DNA or homopolydeoxyribonucleotides showed that the major 

Sudan I-DNA adduct was formed with deoxyguanosine. This adduct was also found in DNA 

as a result of reacting with benzenediazonium ion. These results strongly suggest that the 

benzenediazonium ion derived from Sudan I reacts with DNA in vitro to form the stable 8-

(phenylazo) guanine adduct [39]. Sudan II also induced mutation in Salmonella 
typhimurium TA 1538 in the presence of a rat liver preparation [40]. Concerns about the 

safety of Sudan III have been raised due to potential metabolic cleavage of Sudan III to yield 

4-aminoazobenzene and aniline by skin bacteria [41]. Sudan IV required chemical reduction 

and microsomal activation to be mutagenic [42].

The art of tattooing has a long history in many countries. Recent social/cultural trends in the 

United States and other developed countries have resulted in a surge in the popularity of 

tattooing [43–45]. There has been an apparent change in the chemicals used in tattooing over 

the past several years. The demand for an increasing number of color shades by customers 

and reports of toxicity of some of the inorganic salts, has apparently led manufacturers to 

replace the inorganic salts with organic molecules to achieve the desired colors and possibly 

reduce some of the toxicity associated with the inorganic salts [21]. Baumler et al. [22] 

determined the identity of the chemicals in several tattooing colors from five manufacturers 
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and found that only one-third of the tattoo pigments contained single chromophoric 

compounds, indicating that the remaining two-thirds are complex mixtures of chemicals. 

Several groups of azo pigments have been identified from the tattoo pigments and some of 

their chemical structures are shown in Fig. 2. The expanded use of organic pigments in 

tattoo inks provides a wider range of shades and better color stability, but the safe use of 

these pigments is in question [46]. Little or no toxicity data have been reported on the 

pigments identified in tattoos. Although the azo pigments have for the most part been 

regarded as safe and the bioavailability of aromatic amine compounds from azo pigments 

based on 3,3′-dichlorobenzidine are relatively low, some pigments have structural alerts for 

mutagenicity and/or carcinogenicity.

DECOLORIZATION OF AZO COLORANTS BY HUMAN COMMENSAL 

BACTERIA

Azo colorants reach the human gastrointestinal tract mainly via oral ingestion. The intestinal 

bacteria are able to degrade various azo dyes [8, 20]. Reduction of azo dyes by the bacteria 

may produce compounds that are more or less toxic than the parent molecules [47]. 

Therefore, the azoreduction may increase or decrease any toxic or carcinogenic effects of the 

azo dyes [7, 47]. The azo dye Direct Black 38 is metabolized to the mutagen benzidine by 

human intestinal bacteria [48]. The ability of the bacteria residing in the human intestinal 

tract to reduce azo dyes has led to the development of drugs that are azo-linked to 

nontherapeutic moieties and polymeric azo prodrugs that provide colon-specific delivery of 

active metabolites [49–52]. After ingestion, the azoreductases from colonic bacteria cleave 

the azo bonds, releasing the drugs in their active forms [47, 52, 53]. For example, 

Sulfazalazine is an azo drug for treatment of inflammatory bowel diseases and the 

azoreductases cleave the azo linkage in the drug resulting in releasing an anti-inflammatory 

agent, 5-aminosalicylic acid, and an antibiotic agent, sulfapyridine, in the colon (Fig. 3) [49, 

52]. Food azo colorant Amaranth is cleaved by intestinal bacteria to 1-amino-4-naphthalene 

sulfonic acid and 1-amino-2-hydroxy-3,6-naphthalenedisulfonic acid (Fig. 1), both of which 

are absorbed through the intestine. In animals, consumption of Amaranth in the diet resulted 

in constant serum 1-amino-4-naphthalene sulfonic acid levels maximally equivalent to that 

seen with other routes of administration. Determining exposure to a major Amaranth 

metabolite is important in evaluating toxicity data and relating it to human exposure as 

colorant in foods and beverages [54, 55]. Many isolated pure bacterial cultures from the 

intestine have the ability to convert various azo dyes. Ryan et al. [56] demonstrated that pure 

cultures of Proteus vulgaris and Escherichia coli could reduce the water-soluble azo dyes 

Tartrazine, Amaranth, Ponceau SX, Fast Yellow, Naphthalene Fast Orange 2G, Sunset 

Yellow, Methyl Orange, and Neoprontosil. Chung et al. [20] found that intestinal anaerobes 

Coprococcus catus, Acidaminococcus fermentans, Bacteroides thetaiotaomicron, 

Eubacterium biforme, Citrobacter sp., Fusobacterium sp. could reduce Tartraze, Ponceau 

SX, Sunset Yellow, Methyl Orange, Orange II, and Amaranth. Several strains of anaerobic 

bacteria capable of reducing azo dyes were isolated from human feces and identified as 

Eubacterium hadrum, Enbacterium sp., Clostridium clostridiiforme, Butyrivibrio sp., 

Bacteroides sp., Clostridium paraputrificum, Clostridium nexile, and Clostridium sp [57]. 

Recently a microarray method was used to identify the intestinal bacterial species involved 
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in azo dye reduction [58]. Seventeen selected bacterial species that showed strong positive 

microarray results out of 40 predominant human intestinal bacterial species were examined 

for azo dye reduction activity by pure cultures incubated with Direct Blue 15. Among them, 

Clostridium perfringens, Clostridium clostridiioforme, Enterococcus faecalis, Ruminococcus 
obeum, and Bifidobacterium adolescentis showed the highest azo dye reduction activity.

The skin is the largest organ of the human body. The human skin flora is defined as the 

microbes present in healthy skin on the skin surface, within the stratum corneum, in the duct 

(infundibulum) of the sebaceous glands, and in the hair follicles [59]. Almost all parts of 

human skin are colonized by microorganisms under usual circumstances which do no harm 

by their presence. The microflora of human skin is diverse with regard to bacterial strains 

and species. The human skin is inhabited both by aerobic bacteria, predominately 

Staphylococci and by anaerobic bacteria belonging primarily to the genus Propionibacterium 
[60]. Platzek et al. [6] reported that representative human skin bacterial strains isolated from 

healthy human individuals, including Staphylococcus aureus, Staphylococcus epidermidis, 

Micrococcus luteus, Micrococcus roseus, and Micrococcus varians, can cleave the azo dye 

Direct Blue 14 to the corresponding aromatic amine o-tolidine. Direct Blue 14 is a typical 

member of the group of direct dyes which are defined as a water-soluble dye capable of 

directly dyeing cellulose fibers in textile industry. It was recently demonstrated that when 

Staphylococcus aureus was grown in the presence of Methyl Red, it rapidly reduced this azo 

dye. Only 20% of Methyl Red remained after 1 hour incubation, and it was completely 

degraded in 3 hours. Orange II was reduced by the bacterium as well although at a slower 

rate than Methyl Red. About 10% and 56% of Orange II dye color disappeared respectively 

after 3 and 20 h cultivations [61].

DEGRADATION OF AZO DYES BY ENVIRONMENTAL BACTERIA

The isolation of bacteria capable of aerobic decolorization and mineralization of azo dyes 

has also attracted interest. Several bacterial strains have been described that aerobically 

decolorize azo dyes by reductive mechanisms in the presence of other carbon or energy 

sources, indicating that the dyes probably are not used as carbon or energy sources [23, 62, 

63]. Bacillus subtilis was able to reductively convert p-aminoazobenzene into aniline and p-

phenylenediamine when grown on glucose under aerobic conditions [64]. Many other 

strains, such as Pseudomonas stutzeri [65], Acetobacter liquefaciens and Klebsiella 
pneumoniae [66], Citrobacter sp. [67], and Enterobacter agglomerans [68], were able to 

decolorize Methyl Red when grown on other nutrients under aerobic condition. Also, there 

were reports that sulfonated azo dyes were reductively cleaved by different bacteria under 

aerobic conditions with other additional carbon sources in the culture media [69–75]. 

Blumel et al. [76] isolated an unidentified bacterial strain with the ability to utilize the 

sulfonated azo compound 4-carboxy-4′-sulfoazobenzene as the sole carbon and energy 

source. It was suggested that 4-carboxy-4′-sulfoazobenzene was cleaved reductively under 

aerobic conditions to 4-aminobenzoate and 4′-aminobenzene-sulfonate, which was 

mineralized by previously established conventional aromatic catabolic pathways [76]. Under 

anaerobic conditions the sulfonated azo dye Mordant Yellow 3 was reduced by the biomass 

of a bacterial consortium grown aerobically with 6-aminonaphthalene-2-sulfonic acid. After 

re-aeration of the culture, the generated aromatic amines 6-aminonaphthalene-2-sulfonate 
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and 5-aminosalicylate were mineralized by different members of the bacterial culture [77]. 

By using an anaerobic/aerobic treatment process, azo dye Disperse Blue 79 in textile 

effluents was biotransformed to amines in the anaerobic stage, which were subsequently 

mineralized in the aerobic phase. An increase in toxicity was observed in the anaerobic stage 

due to the amines formation, but the wastewater was detoxified after the aerobic treatment 

resulting in removal of above 90% of Disperse Blue 79 in textile effluents [78].

Streptomyces species are known to produce extracellular peroxidases that have a role in the 

biodegradation of lignin [79]. Initial work demonstrated that decolorization by Streptomyces 
chromofuscus A11 was related to the ligninolytic capabilities of the bacterium. The bacterial 

enzymes responsible for degradation of azo dyes had different substrate specificities than 

those of the white rot fungus Phanerochaete chrysosporium [80]. Subsequent findings 

concerning the intermediates and mechanisms of azo dye degradation by ligninolytic 

peroxidases of Phanerochaete chrysosporium and Streptomyces chromofuscus determined 

that the enzymes convert the azo dye to a cation radical that is susceptible to nucleophilic 

attack by water or hydrogen peroxide molecules. The azo linkage is split both 

asymmetrically and symmetrically. The resulting reactive products undergo several redox 

reactions that produce a more stable intermediate [79].

Many bacterial strains have been shown to reduce azo compounds under anaerobic 

conditions [23]. Azo reduction under anaerobic conditions may represent a fortuitous, 

nonenzymatic reduction by enzymatically generated reduced flavins. Inhibition by oxygen is 

due to regeneration of the oxidized form of flavins [81]. Previous studies with facultative 

anaerobic bacteria suggested that reduced flavins generated by cytosolic flavin-dependent 

reductases were responsible for the unspecific reduction of azo dyes [82, 83]. The ability of 

cytosolic flavin reductases to act in vitro as azoreductases was demonstrated by experiments 

using a recombinant flavin reductase in Escherichia coli and Sphingomonas sp. strain BN6 

[84]. Cell extracts generally showed much higher rates of anaerobic reduction of azo dyes 

than did preparations of whole cells. This has been explained by the low permeability of the 

cell membranes for the highly polar sulfonated azo compounds [84–86]. Sulfonic acid 

substitution of the azo dye structure apparently blocks effective dye permeation [85]. 

Treatment of Bacillus cereus cells by toluene removed the block to dye permeation and 

resulted in the significantly increased passage of sulfonated and carboxylated azo dyes from 

the external medium into the cell with a concomitant increase in the reduction rate of the 

dyes [86, 87]. The presence of membrane-bound azo reductase activity was also shown in 

Sphingomonas sp. strain BN6, indicating that the nonspecific reduction of azo dyes by 

bacteria does not require transport of the azo dyes or reduced flavins through the cell 

membrane [88]. It was proposed that, in this system, quinones act as redox mediators which 

are reduced by a quinone reductase located in the cell membrane of Sphingomonas sp. strain 

BN6 and that the formed hydroquinones reduce the azo dyes of the culture supernatants in a 

purely chemical redox reaction. Recently, an oxygen sensitive high molecular mass alkali-

thermostable azoreductase was purified and characterized from Bacillus sp. strain SF (Table 

2) [29]. The enzyme is an NADH-dependent azoreductase whose activity against azo dyes 

was enhanced by FAD, implying that it may be a flavin protein.
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AEROBIC FLAVIN-FREE AZOREDUCTASES FROM BACTERIA

The aerobic reductive metabolism of azo dyes requires enzymes called “aerobic 

azoreductases” that catalyze these reactions in the presence of oxygen [23]. The aerobic 

Orange II and I azoreductases from the carboxy-orange-degrading Xenophilus azovorans 
KF46 (formerly Pseudomonas sp. strain K46) and Pigmentiphaga kullae K24 (formerly 

Pseudomonas sp. strain K24) were purified, characterized, and compared. Both enzymes are 

monomeric flavin-free azoreductases that use NADPH and NADH as cofactors and 

reductively cleave several sulfonated azo dyes (Table 2) [10, 89]. The enzymes (30 and 21 

kDa) show different substrates specificities. For example, the Orange II azoreductase from 

Xenophilus azovorans KF46 required the presence of a hydroxyl group in the ortho-position 

of the aromatic ring of the substrate. In contrast, the Orange I azoreductase from 

Pigmentiphaga kullae K24 required a hydroxyl group in the para-position of the aromatic 

ring of the substrate. These two enzymes did not exhibit immunological cross-reactivity with 

each other [89]. Cloning and characterization of the genes coding for the two enzymes 

revealed that there was no homology between the Orange II azoreductase from Xenophilus 
azovorans KF46 and the Orange I azoreductase from Pigmentiphaga kullae K24, which 

indicate that these two enzymes belong to two separate families [5, 90]. The deduced amino 

acid sequence of the Orange II azoreductase from Xenophilus azovorans KF46 suggests a 

molecular mass of 30, 278 Da with a presumed NAD(P)H-binding site identified in the 

amino-terminal region of the enzyme [5]. Similarly, there was a conserved putative 

NAD(P)H-binding site in the deduced amino-terminal region of the Orange I azoreductase 

from Pigmentiphaga kullae K24 which has a predicted molecular mass of 20,557 Da [90]. A 

28,000 Da aerobic azoreductase was also purified and characterized from an Enterobacter 
agglomerans strain isolated from dye-contaminated sludge (Table 2). The enzyme is a 

monomeric flavin-free azoreductase and its activity is NADH dependent [68]. The enzyme 

utilized all five tested azo dyes including Methyl Red, Disperse Yellow, Trypan Blue, 

Amaranth, and Orange G with different relative activities. The Enterobacter agglomerans 
azoreductase is the only enzyme reported so far which is capable of cleaving Orange G. 

Normally, accessibility of azo dyes to azoreductase is dependent on the chemical structures 

of the dyes. It was suggested that electron-withdrawing groups on the phenyl ring 

accelerated reduction of the azo bond, while a charged functional group in proximity to the 

azo group or the presence of a second polar group interfered with the reaction. This could be 

the reason that there was no detectable activity against Orange G by the other aerobic 

azoreductases studied so far [5, 61, 91]. It should be very interesting to determine the 

mechanism of this Enterobacter agglomerans azoreductase degrading Orange G and analyze 

its metabolites.

AEROBIC FLAVIN-DEPENDENT AZOREDUCTASES FROM BACTERIA

Suzuki et al. [92] first described the sequence and subsequent characterization of a gene 

encoding an aerobic azoreductase from the soil isolate, Bacillus sp. OY1-2 (Bacillus cereus, 

Table 2). The protein consists of 178 amino acids and presumably it is a FMN dependent 

azoreductase. The Bacillus sp. OY1-2 azoreductase was predicted to be a member of a novel 

family of reductases. With an increase in the number of the completed bacterial genome 

sequences, it was found that similar genes encoding putative proteins belonging to the same 
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family are widely present in Gram-positive bacteria (Fig. 4) [61]. A similar gene encoding 

azoreductase from Rhodobacter sphaeroies AS1.1737 was expressed and partially 

characterized [93]. Results of HPLC-MS analyses on Methyl Red cleavage by the 

Rhodobacter sphaeroies AS1.1737 azoreductase indicated the presence of hydrazo-

intermediate, which is not stable and reduced quickly once formed.

By using homology comparison, direct cloning, and overexpression of the genes coding for 

hypothetical proteins, Chen et al. [61] were able to identify and express a functional 

azoreductase gene from Staphylococcus aureus in Escherichia coli. RT-PCR results 

demonstrated that the azoreductase gene was constitutively expressed in Staphylococcus 
aureus. The Staphylococcus aureus azoreductase was found to be a homotetramer with a 

native molecular mass of 85 kDa containing four noncovalently bound FMN molecules. The 

enzyme requires NADPH, but not NADH, as an electron donor for its activity. It was 

resolved to dimeric apoprotein by removing the flavin prosthetic groups using hydrophobic-

interaction chromatography. The dimeric apo-protein was reconstituted on-column and in 

free stage with FMN resulting in formation of a fully functional native-like tetrameric 

enzyme (Fig. 5). The Staphylococcus aureus azoreductase was able to metabolize Methyl 

Red, Orange II, Amaranth, Ponceau BS, and Ponceau S azo dyes.

The Staphylococcus aureus azoreductase was further annotated and used to search for 

homologs from other organisms in the DNA and protein databases. It was found that the 

enzyme has the highest similarity (80%) to a hypothetical protein from another closely 

related skin bacterium, Staphylococcus epidermis. The Staphylococcus aureus azoreductase 

has 32% similarity to a hypothetical FMN-dependent protein of unknown function (Yhda 

protein) from Bacillus subtilis, whose crystal structure has been determined (PDB 

coordinator: 1NNI). More recently, the three dimensional structure of a homodimeric 

NAD(P)H-dependent FMN-reductase from yeast Saccharomyces cerevisiae (YLR011w gene 

product), which has minor activity to cleave Ethyl Red, showed structural homology to 

Bacillus subtilis Yhda protein [94]. Both Bacillus subtilis Yhda and Saccharomyces 
cerevisiae YLR011wp have conserved amino acid residues at several crucial positions, 

which contribute to FMN binding. These same residues are conserved in the Staphylococcus 
aureus azoreductase as well as in other demonstrated and presumed azoreductases from 

various bacteria (Fig. 4). It was suggested that the azoreductase from Bacillus sp. strain 

OY1-2 contains an NAD(P)H-binding motif (GXGXXG) at positions 106 to 111 within the 

protein [92]. This motif was not conserved in the protein sequence of the Staphylococcus 
aureus azoreductase or other members of this azoreductase family (Fig. 4). The majority of 

flavodoxin domains, whose structure is known, have a six residue flavodoxin key fingerprint 

motif (T/S-X-T-G-X-T) in common [94]. However, the hypothetical FMN phosphate binding 

loop sequence (T/S-X-T-G-X-T) was not found in the Bacillus subtilis Yhda protein, the 

Saccharomyces cerevisiaeYLR011 wp, or the Staphylococcus aureus azoreductase. Rather, 

(P-X-Y-H/N-2X-P/S-G/A-X-L-K-N-A/S-D-L/I-D) a different loop between β3 and α3 helix 

was formed from several amino acid residues in the Saccharomyces cerevisiae YLR011 wp 

protein that interact with both FMN parts and are conserved in this enzyme family. Thus, 

this conserved sequence may serve as a new signature sequence for these novel flavin 

enzymes [61, 94].

Chen Page 8

Curr Protein Pept Sci. Author manuscript; available in PMC 2018 March 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



An FMN-dependent NADH-azoreductase from Escherichia coli was identified and partially 

characterized (Table 2) [95]. The Escherichia coli azoreductase is homodimer which is able 

to reduce Methyl Red into 2-aminobenzoic acid and N,N′-dimethyl-p-phenylenediamine. 

More recently, a gene encoding a FMN-dependent aerobic azoreductase that shares a 34% 

amino acid similarity with the Escherichia coli azoreductase has been identified in 

Enterococcus faecalis. The purified recombinant enzyme is a homodimer with a molecular 

weight of 43 kDa, containing two molecules of FMN per molecule. The Enterococcus 
faecalis azoreductase required FMN and NADH, but not NADPH, as a preferred electron 

donor for its activity. The enzyme was not only able to decolorize Methyl Red, but was also 

able to convert the sulfonated azo dyes Orange II, Amaranth, Ponceau BS, and Ponceau S 

[91]. Although there is only a 34% similarity between the deduced amino acid sequences of 

Escherichia coli and Enterococcus faecalis azoreductases, these two enzymes probably 

belong to the same family, which do not share any significant similarity with the other 

azoreductase families. By intensive searching of the GenBank data base, it was found that 

similar genes encoding putative proteins belonging to the same family are widely present in 

both Gram-positive and Gram-negative intestinal bacteria.

Table 2 summarizes the characterized azoreductases from soil, intestinal, and skin bacteria, 

which some of the enzymes are able to degrade various azo dyes. So far, four aerobic 

azoreductase families with no significant similarity among them have been identified in 

bacteria. These four enzyme families can be divided into two groups, one is flavin-free [5, 

10, 89, 90] and the other is flavin dependent [61, 75, 91, 93, 95]. In addition, an interesting 

phenomenon exists where all flavin dependent aerobic azoreductases exclusively requires 

FMN instead of FAD for their activities.

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 sp., Pleurotus ostreatus, 

Pycnoporus cinnabarinus, and Pyricularia oryzae are able to degrade complex azo dyes [62, 

98–100]. 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 [101]. Among these enzymes, manganese 

peroxidase (MnP), lignin peroxidase (LiP), and laccase are most frequently applied to azo 

dye degradation [28]. LiP is a H2O2-dependent enzyme which contains a heme prosthetic 

group [102], and was demonstrated to oxidize a range of lignin model compounds [103]. 

Some of the peroxidase activity detected in the extracellular fluid of Phanerochaete 
chrysosporium was later found to be dependent on Mn2+, leading to the discovery of MnP 

[104]. LiP and MnP show a similar reaction mechanism through initiating free-radical 

production which oxidizes other chemicals including azo dyes. These enzymes are 

considered to be the core of the lignin-degrading system of white rot fungi [98]. Both LiP 

and MnP are produced by Phanerochaete, Bjerkandera, and Trametes species and some other 

white rot fungi [98, 105]. However, in cultures of other white rot fungi, such as Pleurotus, 

Phlebia, and Ceriporiopsis species, only LiP activities were detected [98, 105, 106]. A major 

LiP isoenzyme from Phanerochaete chrysosporium had both LiP and MnP activities [107]. 
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Phanerochaete chrysosporium LiP and MnP were both able to degrade azo dyes with the 

only differences occurring in substrate specificity [23, 80, 108]. Previous studies have 

demonstrated that MnP, with its cofactors in adequate concentration, can degrade azo dye 

Orange II, reaching 90% decolorization in a relatively short period of time [109]. 

Phanerochaete chrysosporium, Phanerochaete ostreatus, Trametes versicolor, and 

Aureobasidium pullulans were screened for degradation of sulfonic azo dyes. Trametes 
versicolor showed the best biodegradation performance among these fungi, which was 

confirmed by the degradation of various substituted fungal bio-accessible reactive azo dyes 

[110]. 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 [99, 111, 112]. Laccase is able to decolorize several 

textile azo dyes, which the decolorization efficiency can be improved remarkably in the 

presence of mediators [99, 112].

Several ascomycete yeast strains display similar decolorizing behaviors [113]. The yeast-

mediated process requires an alternative carbon and energy source and is independent of 

previous exposure to the dyes. When substrate dyes are polar, their reduction is extracellular, 

strongly suggesting the involvement of an externally directed plasma membrane redox 

system. 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. The FRE1 gene 

complemented the phenotype of Saccharomyces cerevisiae FRE1 deleted cells. It restored 

the ability to grow in medium without externally added iron and to decolorize the dye, 

following a pattern similar to the one observed in the wild-type strain. This indicated that 

Fre1p (component of plasma membrane ferric reductase) is a major component of the azo 

reductase activity [25].

FUTURE DIRECTIONS

Azo dyes are used in a wide variety of products in our daily life. It is known that under 

certain conditions, azo dyes can be cleaved into aromatic amines, many of which are 

carcinogenic and mutagenic. There are many factors affecting azoreductase activity. Our 

knowledge about bacterial azoreductase is still limited. It is essential to know whether the 

azoreductase enzyme system in bacteria is constitutive, inducible, or repressible. A better 

understating of azoreductase will lead scientist to search for new azoreductases with broad 

substrate specificity and high specific activity. Although a number of microorganisms 

capable of azo dye reduction have been identified, there are only a relatively small portion of 

bacteria have been screened and studied in detail for azo dye degradation so far. Therefore, it 

could be important to isolate new bacteria with high capabilities to degrade azo dyes. The 

biochemical pathways of azo dye mineralization are still poorly understood in bacteria. The 

complexity of the total degradation of azo dyes indicates the need for more research. There 

has been considerable progress in molecular cloning and characterization of the 

azoreductases from various microorganisms. However, the molecular mechanism and 

function of azoreductases on azo dyes are not well known. Further progress in understanding 

the function of azoreductases is due in part to X-ray crystallography. This process will add 

to our knowledge of how flavin, NAD(P)H, and the azo dye bind to the enzymes and provide 
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vital information about the molecular mechanism for switching between oxidized and 

reduced stages of the azoreductases. Recently, the azoreductase from Enterococcus faecalis 
was successfully crystallized in the presence of FMN and its structure was resolved (our 

unpublished data). Site-directed mutagenesis can be used in determining activity and 

potential binding sites of the azoreductase. It will also be very interesting to elucidate the 

structures of the flavin free-azoreductases and compare the differences of these two types of 

azoreductases.
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Fig. 1. 
Reductive degradation of azo dyes by azoreductases.
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Fig. 2. 
Chemical structures of some azo pigments identified in tattoo inks.
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Fig. 3. 
Azo linkage in the drug is cleaved by azoreductases resulting in releasing an anti-

inflammatory agent, 5-aminosalicylic acid, and an antibiotic agent, sulfapyridine, in the 

colon (Adapted from [19]).
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Fig. 4. 
Unrooted phylogenetic tree of NADPH-flavin azoreductases. Based on TBALSTN results, 

protein sequences showing similarities were aligned using Jutun Hein method. The unrooted 

tree was generated using MegAlign of DNASTAR software package. Genbank accession 

numbers are as follows: Archaeoglobus fulgidus, AE000972; Bacillus anthracis, AE017225; 

Bacillus cereus, AE017005; Bacillus licheniformis, CP000002; Bacillus subtilis, AB071366; 

Bacillus sp. OY1-2; Bartonella henselae, BX897699; Clostridium perfringens, BA000016; 

Gloeobacter violaceus, BA000045; Haloarcula marismortui AY596297; Halobacterium sp. 

NRC-1, AE005072; Lactobacillus plantarum, AL935261; Mesorhizobium loti, BA000045; 

Mycobacterium bovis, BX248344; Mycobacterium tuberculosis, AE000516; Nocardia 
farcinica, AP006618; Nostoc sp. PPC 7120, BA000019; Rhodobacter sphaeroides, 

AY150311; Staphylococcus aureus, AY545994; Staphylococcus epidermidis, AE016745; 

Streptomyces avermitilis, AP005049; Streptomyces coelicolor, AL939107; Sinorhizobium 
meliloti, AL595985; Xanthomonas oryzae AE013598 (Adapted from [61]).
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Fig. 5. 
Mechanisms of the dissociation and re-association of azoreductase of Staphylococcus aureus 
expressed in Escherichia coli (Adapted from [61]).
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Table 1

Structures, Application, and Possible Carcinogenicity of Sudan Azo Dyes [3, 32, 35, 39, 42]

Structure Application Carcinogenesis

Sudan I

Coloring solvents, oils, waxes, petrol, printing 
inks, and shoe.

Liver and urinary bladder carcinogen in mammals 
and is considered a possible human mutagen.

Para Red

Coloring solvents, oils, waxes, petrol, printing 
inks, and shoe.

Toxicology not fully investigated. It would be 
prudent to assume that it, like Sudan I, could be a 
genotoxic carcinogen.

Sudan II

Coloring solvents, oils, waxes, petrol, printing 
inks, and shoe.

Tested in mice by bladder implantation, resulting in 
a high incidence of bladder carcinomas.

Sudan III

Externally applied drugs and cosmetics. Used for 
demonstrating the presence of triglycerides in 
frozen sections.

Studies were inadequate for evaluation.

Sudan IV

Used for demonstrating the presence of 
triglycerides in frozen sections and commonly for 
coloring waxes, oils and spirit varnishes.

Tests on laboratory animals indicate it may be 
mutagenic.
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