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1 Introduction

Synthetic dyes have wide application in the textile, leather, pharmaceutical, cos-
metic, paper and food industry. According to an estimate, global production of
synthetic dyes is more than 700,000 tonnes and textile sector consumes about 60 %
of the total production of dyes (Robinson et al. 2001; Shinde and Thorat 2013).
Since dyeing process is not very efficient, production of highly colored wastewater
is enormous. The amount lost in wastewater is a function of the class of dyes and in
general, their loss through discharge in the wastewater can be 2 % of the initial
concentration of basic dyes to as high as 50 % of a reactive dye (Tan et al. 2000;
Boer et al. 2004).

Azo dyes are aromatic compounds containing one or more azo (—N=N-)
chromophores. Such dyes are considered to be electron-deficient compounds, as
they possess the azo (—N=N-) and sulfonic acid (SO;3 ) electron withdrawing
groups, resulting in a deficit of electrons in the molecule which renders the com-
pound more sensitive to oxidative catabolism by bacteria. Hence, azo dyes tend to
persist under aerobic environmental conditions (Rieger et al. 2002). Because of the
persistence nature, azo dyes have negative impact on the environment in terms of
total organic carbon (TOC), chemical oxygen demand (COD) and biological
oxygen demand (BOD) (Saratale et al. 2009). Many synthetic dyes and their
metabolic intermediate products are found to be toxic, mutagenic and carcinogenic
(Dafale et al. 2010; Poljsak et al. 2010; Sellamuthu et al. 2011; Yang et al. 2013).
The treatment of dye-contaminated wastewater in an environmentally safe manner
is essentially required prior to its disposal. Various physical, chemical and
biological strategies can be used for the treatment of azo dyes (Qin et al. 2007;
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Onat et al. 2010). However, physico-chemical methods generally produce a huge
amount of additional residues that make these methods non eco-friendly (Sharma
et al. 2013). Complete mineralization of dyes with microorganisms is one of the
most viable options for remediation of industrial effluents containing azo dyes. The
versatility of microorganisms and their various metabolic pathways can be used to
target the major chemical classes of dyes (Mohanty et al. 2006; Sadettin and
Donmez 2007; Liu et al. 2011; Saratale et al. 2011; Khalid et al. 2012; Prasad and
Aikat 2014). Although a variety of culturable bacteria, fungi and algae, capable of
degrading dyes through the oxidoreductase enzymes, have been intensively studied
(Table 1), but a group of microorganisms, such as actinomycetes, has not previ-
ously been focused much for their biodegradability potential.

Actinomycetes belong to Enterobacteriaceae family and now, they are known for
their degradation capabilities. Actinobacteria are considered a very attractive option
for the production of many secondary bioactive compounds which are metabolites
(Nathan et al. 2004; Jensen et al. 2005; Suthindhiran and Kannabiran 2009).
Actinobacteria are a group of filamentous Gram positive bacteria which are known
as prokaryotes with high GC contents (Stackebrandt et al. 1997; Deepika and
Kannabiran 2009; Deepika et al. 2009). They are widely distributed in terrestrial
and aquatic ecosystems (Chronakova et al. 2009), Streptomyces spp. in soil consist
of 50 % of the total microbial population and play a crucial role in the recycling of
refractory biomaterials by decomposing complex mixtures of polymeric materials
from dead plants, animals and fungi. Considering their diverse habitat and role in
the environment, these microorganisms can be studied for their potential for bio-
degradation and bioremediation of contaminated soil and aquatic environment.

Very recently, Streptomyces species have been exploited for the degradation of
synthetic dyes (Lu et al. 2013; Gousterova et al. 2014). Researchers have developed
a great interest in actinomycetes because of their high potential in the treatment of
industrial waste (Gousterova et al. 2011). Actinobacteria are particularly suitable for
the wastewater treatment, because of their different metabolic pathways working in
a wide range of environmental conditions and survival under extreme conditions.
Microorganisms, isolated from extreme environments, were found to be producers
of enzymes and metabolites with promising properties (Lee et al. 2012; Mahajan
and Balachandran 2012). In this chapter, the role of actinomycetes in the degra-
dation of azo dyes is discussed thoroughly.

2 Environmental Concerns of Azo Dyes

Azo dyes and their intermediates are toxic, mutagenic and carcinogenic (Lu et al.
2010; Modi et al. 2010) and affect organisms in both aquatic and terrestrial systems
(Puvaneswari et al. 2006). Among azo dyes, those produced from aromatic amines,
such as benzidine and 4-biphenylamine, 4-aminobiphenyl, monoacetylbenzidine
and acetylaminobiphenyl, pose a serious threat to the environment and human
health (Manning et al. 1985; Cerniglia et al. 1986; Choudhary 1996; Chung 2000).
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A small amount of dye in the water (<1 mg 1”" for some dyes) can cause a very
visible color change (Banat et al. 1996), which affects not only the aesthetic aspects
of the water, but also raises environmental concerns (Lu et al. 2010; Modi et al.
2010). Previously, several researchers have reported the toxicity of synthetic dyes
on ecosystems (Fraga et al. 2009; Osugi et al. 2009; Dafale et al. 2010). The
effluents containing dyes affect the photosynthetic activity of aquatic plants and
algae by changing the light and gas penetration into water bodies. Hence, waste-
water is also considered very toxic to aquatic organisms, resulting in the disruption
of the ecological balance (Modi et al. 2010). Also, azo dyes significantly increase
the chemical and biological oxygen demand in water bodies, which also affects
aquatic life indirectly (Sun et al. 2009).

Some dyes are reported to cause irritation allergy, dermatitis, eye irritation and
respiratory tract problems in human beings (Keharia and Madamwar 2003; Kousha
et al. 2012). Induction of bladder cancer in humans, splenic sarcomas, hepatocar-
cinomas and nuclear anomalies in some experimental animals were commonly
observed (Rafii et al. 1997; Puvaneswari et al. 2006). Intestinal cancer in 1970’s
was of common occurrence in highly industrialized locations and linked to use of
azo dyes (Wolff and Oehme 1974; Chung et al. 1978). Furthermore, the mutagenic
activity of disperse azo dyes was also observed in Salmonella species (Ferraz et al.
2010). These studies suggest that the azo compounds in the water and the soil
environment can affect the activity and composition of the microbial communities
which are sensitive to these toxins. Similarly, Chen (2006) found that aromatic
amines, which are common metabolic products of reductive cleavage of azo dyes,
were found highly toxic to bacterium Pseudomonas luteola.

Recent studies have indicated that azo dyes also cause phytotoxicity. Ayed et al.
(2011) reported a reduction of 55 and 30 % in the germination of Triticum aestivum
and Sorghum bicolor respectively with a Methyl Red azo dye. However, degra-
dation products of the dye were found to be non-toxic to the germination of the both
plant species. On the contrary, Chaube et al. (2010) observed that even the deg-
radation products of Direct Violet 51 and Tartrazine were toxic and a significant
decrease in the germination and growth of Triticum aestivum and Phaseolus mungo
was observed. Similarly, the application of dye-contaminated water inhibited the
growth of peas and wheat plants in laboratory conditions, although the same water,
after biological treatment, improved plant growth (Khalid et al. 2013; Saba et al.
2013).

3 Biodegradation of Azo Dyes by Actinobacteria

Actinomycetes were used mainly for the production of bioactive compounds, such
as antibiotics and neglected earlier in relation to their biodegradation capacities.
Now-a-days, they are becoming potential degraders of organic compounds,
including azo dyes (Table 2). These bacteria have gained attention all over the
world because of their versatile nature and enzyme system which is required for the
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degradation of dye chemicals. Usually, the dye degradation occurs by the activity of
lignin peroxidase, laccase, NADH-DCIP reductase or azoreductase enzymes
(Sahasrabudhe and Pathade 2013).

Actinomycetes show a variable potential to degrade various synthetic dyes.
Chengalroyen (2011) examined the decolorization behaviour of Streptomyces
species against two structurally different dyes (Congo red and Orange II). Strep-
tomyces species were able to decolorize structurally complex dye Congo red with
two azo bonds and poly aromatic and sulfonated groups, while structurally simpler
dye Orange II (with a single azo bond and sulfonated group) was not decomposed.
Biodegradation of triphenyl methane dyes by two actinomycetes, such as Nocardia
corallina and Nocardia globerula, was reported by Yatome et al. (1991).The
Crystal Violet dye was completely decolorized within 24 h. Nocardia coralline was
also able to decolorize four triphenyl methane dyes, such as Methyl Violet, Ethyl
Violet, Basic Fuchsin and Victoria Blue, but maximum decolorization was
observed in Crystal Violet dye. They suggest that the decolorization activity of
actinomycetes is intracellular, as there was no activity in the culture filtrate. Sim-
ilarly, the decolorization activity was not observed in washed cells of N. corallina,
when the cells were incubated in a buffer, but the activity was recovered when the
cells were incubated in LB medium. Bhaskara et al. (2003) reported that extra-
cellular fluid protein (ECFP) of Streptomyces species could be used for the
reduction of azo dyes soluble in water.

Sahasrabudhe and Pathade (2013), in a study, indicated that Georgenia sp.
CC-NMPT-T3 could degrade the individual as well as mixture of five different dyes
under static anoxic conditions (Sahasrabudhe and Pathade 2013). This suggests its
potential to be used as inoculum in the bioreactor for the treatment of textile
wastewater containing a variety of synthetic dyes. Under shaking condition,
Streptomyces krainskii strain SUK -5 completely degraded textile dye Reactive
blue-59 within 24 h (Mane et al. 2008). During the process of degradation of
Reactive blue-59, the involvement of lignin peroxidase, and NADH-DCIP reduc-
tase and MR reductase enzymes was confirmed.

Consortium of different actinomycetes can also be used for the degradation of
azo dyes. Bagewadi et al. (2011) developed a consortium having five actinomycetes
strains. About 97.44 % of degradation of reactive yellow dye (5 mg 100 ml™") was
observed by this consortium in 15 days. They concluded that degradation of the dye
depends on the concentration of dye, as well as on the growth of actinomycetes.
El-Sersy et al. (2011) studied the potential of five actinomycetes (Streptomyces
globosus, Streptomyces alanosinicus, Streptomyces ruber, Streptomyces gancidi-
cus, and Nocardiopsis aegyptia) for dye decolorization. Streptomyces globosus had
the maximum potential for the degradation of acid fast red dye under static (81.6 %)
and shaking (70.2 %) conditions. The authors suggested biosorption as dominant
mechanism for removal of dye from the solution. A 1.14-fold more biosorption was
observed with an increase in the size of the inoculum and a decrease in the con-
centration of starch. Studies conducted in 1990’s, also revealed that the Strepro-
myces species can be used for the degradation of azo dyes (Pasti et al. 1991;
Paszczynski et al. 1991; Burke and Crawford 1998).
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4 Enzymes Involved in the Biodegradation of Azo Dyes
by Actinobacteria

Possible mechanisms of microbial removal of azo dyes include biosorption, bio-
accumulation, reduction and oxidation. However, bioremediation by biosorption
and bioaccumulation are slow and dyes are often not completely mineralized (Gadd
2009; Wang and Chen 2009). In this scenario, role of actinomycetes in the deg-
radation of azo dyes or toxic by-products through oxidation-reduction processes is
very important.

4.1 Reductive Degradation of Azo Dyes

Azo dyes are generally decomposed by microorganisms in a two-step process
(Dawkar et al. 2010; Khalid et al. 2010; Liu et al. 2011). In the first step, microbes
breakdown the azo bond (—N=N) of azo dyes with the help of azoreductase enzyme
in low oxygen condition. This process is also called decolorization, resulting in the
formation of colorless aromatic amines, which are mineralized in the oxidation
process. So far, a little is known about the azo dyes degradation pathways of
actinomycetes. Azoreductase enzyme has been reported in a few species of acti-
nomycetes. Usually, the azoreductase enzyme is not easily identified in actino-
mycetes, due to its low concentration. However, the surfactant can be used to
improve the production of the enzyme in the microorganisms (Reese and Maguire
1969). For this purpose, Chengalroyen (2011) used two surfactants, Tween-80 and
Tween-20, to improve the production of azoreductase in Streptomyces. A closer
monitoring of different enzymes in the same host showed that Tween-80 might
result in the selective inhibition or enhancement of certain enzymes, suggesting that
a complex interaction is involved. The identification of decolorizing strains in the
presence of Tween-20 suggests the release of superior stabilized-protein into culture
media (Chou et al. 2005). Chengalroyen (2011) also identified azoreductase in
Streptomyces coelicolor by genome sequencing. This study provides an evidence
that the azoreductase is also widespread in Actinobacteria.

4.2 Oxidative Degradation of Azo Dyes

In the case of actinomycetes, oxidation process is the most dominant mechanism for
the degradation of azo dyes (Lu et al. 2013; Priyaragini et al. 2013). Usually,
peroxidase or lignin-degrading enzymes are involved in the degradation process;
either a single enzyme is being involved in the process or a group of enzymes act
synergistically. Dye degrading peroxidases are reported to degrade hydroxyl free
anthraquinone dyes (Sugano et al. 2006; Marchis et al. 2011). A combination of
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lignin peroxidases and veratryl alcohol was found to enhance the decolorization of
azo and anthraquinone dyes (Joshi et al. 2010). The role of lignin-degrading
enzymes in the treatment of contaminated effluent is very critical, as it demands a
thorough understanding of lignin degrading organisms and their enzyme systems.
The laccases produced by Streptomyces were also found to be very effective for the
decolorization of textile dyes (Dube et al. 2008a; Molina-Guijarro et al. 2009; Lu
et al. 2013). Gottlieb et al. (2003) demonstrated the usefulness of a laccase enzyme
produced by Streptomyces cyaneus CECT 3335 for the decolorization of azo dyes.

Often laccases are coupled to the reduction of oxygen to water along with
oxidation of various substrates (Kurniawati and Nicell 2007, 2009; Morozova et al.
2007).The role of redox mediators is very important in a system for oxidative
degradation, since it mediates the movement of electrons in the system and
increases the degradation rate indirectly (Gonzalez-Gutierrez and Escamilla-Silva
2009). Lu et al. (2013) demonstrated the degradation of indigo carmine and dia-
mond black PV with syringaldehyde as mediator. In this study, eight strains with
laccase activity were isolated from composting samples in different phases, among
which a novel strain was identified as Streptomyces sp. C1. The purified laccase-
like multi copper oxidases (LMCO) of strain C1 showed a single protein band on
SDS-PAGE gel with a molecular mass of about 38 kDa. The novel laccase showed
alkaline resistance and moderate thermostability. The enzyme activity was activated
by some metal ions, such as Cu®*, Co®" and Fe’"at the concentration of 1 mM,
while it was strongly inhibited in the presence of Hg?".

Some studies showed that two-domain small laccase isolated from Streptomyces
species could tolerate high temperature and alkaline conditions (Steger et al. 2007;
Dube et al. 2008a; Molina-Guijarro et al. 2009) and also caused degradation of
pigment and phenolic compounds along with antibiotic formation (Nakamura et al.
2003; Molina-Guijarro et al. 2009). The ability of a laccase (EC 1.10.3.2), produced
by Streptomyces cyaneus CECT 3335, to decolorize and detoxify azo dyes was also
assessed by Moya et al. (2010). Acetosyringone was used as the redox mediator in
this study. A significant decrease in the toxicity of the dyes, New Coccine and
Chromotrope 2R, was observed after the decolorization process. Laccases had a
large catalytic versatility due to their low substrate specificity against phenolic
compounds and aromatic amines. In the presence of redox mediators, these
enzymes can extend their oxidative action even to non-phenolic compounds
(Bourbonnais and Paice 1990; Call and Miicke 1997). A large number of phenolic
compounds were produced by the selected Streptomyces strains, when grown under
solid state fermentation conditions on wheat straw (Hernandez-Coronado et al.
1998). These compounds can act as natural mediators. Usually these compounds
are produced by microorganisms during their growth or lignin depolymerisation
(Camarero et al. 2005), whereas Maneet al. (2008) isolated lignin peroxidase from
Streptomyces krainskii SUK-5. In the presence of this enzyme, reactive blue-59 dye
was completely degraded in less than 24 h. Recently, titanium oxide nano-particles
(TiO2 NPs) were synthesized from the marine Actinobacteria (Priyaragini et al.
2013). Actinobacteria crude extract and NP synthesized TiO2 were found very
effective for the degradation of azo dyes, such as acid red 79 and acid red 80.
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Immobilized nano-particles and bacterial cells have shown promising results in the
dye degradation (Lachheb et al. 2002; Daneshvar et al. 2005).

From these studies, it may be concluded that oxidative enzymes, produced by
actinomycetes in the presence of some redox mediators, may have a practical
application in the degradation of azo dyes.

5 Factor Affecting Biodegradation of Azo Dyes

The effectiveness of any biological treatment depends on the environmental con-
ditions. The thermal stability and functioning of the enzyme in the Actinobacteria
strain is very important for practical application. The isolation of Streptomyces spp.
from unusual environment may produce a variety of bioactive compounds (Chro-
nakova et al. 2010; Gousterova et al. 2014).Therefore, it is urgent to isolate and
identify strains that can survive and maintain their activities under varying envi-
ronmental conditions.

Thermostable laccases have been isolated from various strains of actinomycetes
(Endo et al. 2003; Suzuki et al. 2003; Lu et al. 2013). Thermostable laccases have
been also reported in Actinobacteria, such as Streptomyces lavendulae REN-7,
Streptomyces griseus and Streptomyces sp. C1, which retained their original activity
even at 70 °C (Endo et al. 2003; Suzuki et al. 2003; Lu et al. 2013). Recently,
Sahasrabudhe and Pathade (2013) reported degradation of reactive orange dye
using Georgenia sp. CC-NMPT-T3 at 28-45 °C. The actinobacteria could decol-
orize 94.2 % reactive orange dye (50 mg 17') within 8 h. In general, most laccases
have an optimum enzymatic reaction at an acidic pH and the optimum temperature
about 30 °C (Baldrian 2006). Lu et al. (2013) reported optimum activity of laccase
enzyme isolated from Streptomyces sp. C1 at pH 8.0. Moreover, this enzyme was
capable of retaining 70 and 50 % of its initial activity after 3 h incubation at pH
11.0 and 12.0, respectively. This demonstrated that the enzyme showed a moderate
resistance to alkaline conditions. Mane et al. (2008) reported pH 8.0 as the best
suitable condition for Streptomyces krainskii strain SUK-5 for optimal decolor-
ization of reactive blue-59 dye. Similarly, Georgenia sp. CC-NMPT-T3 was able to
degrade the azo dye reactive orange at pH 6-8 in static anoxic conditions (Saha-
srabudhe and Pathade 2013).

Previously, azo reductase activities have been reported in static conditions in
several species of Actinobacteria, such as Streptomyces coelicolor, Nocardia cor-
allina and Nocardia globerula (Yatome et al. 1991; Bhaskara et al. 2003; Chou
et al. 2005; Chengalroyen 2011). However, agitation (aerobic) is more effective in
case of laccase enzyme and lignin-degrading enzymes. Actinobacteria Georgenia
sp. CC-NMPT-T3, Streptomyces cyaneus CECT 3335, Streptomyces krainskii
SUK-5 and Streptomyces sp. C1 have been reported to perform their activities best
under aerobic conditions (Mane et al. 2008; Lu et al. 2013; Sahasrabudhe and
Pathade 2013).
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The presence of metals in the medium may also affect the performance of the
microbial enzyme system. For example, the presence of Cu®* in the medium
increased the activity of laccase of Streptomyces sp. (Lu et al. 2013). Enhanced
activity can be due to filling of the type-2 copper binding sites with copper ions
(Bao et al. 1993). Similarly, the presence of some metalions Co**, Ba®*, Mn>* and
Fe** at low concentrations also stimulate the activity of the enzyme from Strep-
tomyces species (Nagai et al. 2002; Baldrian and Gabriel 2006). However, high
concentration of these ions decreases the performance of the microbial enzyme
systems. This decrease can be attributed to interference of these metals with pro-
teins or enzymes, which ultimately form complexes with molecules of protein
which may render it inactive or even completely inactivate the enzyme (Mills and
Colwell 1977; Jadhav et al. 2012).

Carbon source is required by the microorganism as a source of energy and the
electron donor for the removal of color of azo dyes (Moosvi et al. 2007; Perumal
et al. 2007; Yemendzhiev et al. 2009). Among the various carbon sources, such as
glucose, lactose, maltose, xylose, fructose, galactose, mannitol and sucrose, Kho-
bragade and Deshmukh (2013) found lactose as a carbon source for the strongest
decolorization of Reactive Blue 160. They also tested the efficacy of different
nitrogen sources such as urea, peptone, yeast extract, ammonium nitrate, ammo-
nium chloride and potassium nitrate, for color decolorization. Among all, urea was
found to be the best source of nitrogen for the decolorization of dye. Sahasrabudhe
and Pathade (2013) found yeast extract and sucrose as the best carbon sources for
Georgenia sp. CC-NMPT-T3 to degrade Reactive orange 16 dye. However, con-
trary to the findings of Khobragade and Deshmukh (2013), they observed a very
low degradation of the dye in the medium containing urea as a nitrogen source.

6 Conclusions

Actinobacteria are new options for the treatment of azo dye wastewater for safe
disposal into the environment. These bacteria are widely distributed in the eco-
system and can operate in a broad range of environmental conditions. In particular,
under extreme environmental conditions, they can have a better survival due to the
presence of different adaptation mechanisms. These bacteria typically have poly-
phosphate reserves, which not only act as reserves of phosphorus, but also space for
metal chelation, which can reduce the toxicity of the metal ions present in the
industrial wastewater. Presence of superoxide dismutase genes in Actinobacteria
may also play an important role in their resistance against environmental stresses.
This can result in the production of biosurfactant comprising haemolytic, drop
collapsing and activity of lipase production. Biosurfactant increases the surface area
of hydrophobic substances, which enhance the bioavailability of these substances
and modify the properties of the surface of the bacterial cell. Spore formation is
another very important feature in actinomycetes which can be exploited in a
stressed environment for its long-term application in the treatment system.
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Actinomycetes degrade azo dyes by enzyme involved in reduction and oxidation
process. However, further work is still needed for the isolation and selection of
strains carrying the effective enzyme systems for bioremediation of wastewater
containing dyes. Besides, there is an urgent need to study the source of low carbon
like potatoes peel or other organic waste for the production of low-cost actino-
mycetes biomass. The adaptability and long-term survival of degrading Actino-
bacteria in the bioreactor system should also be taken into account to develop an
effective treatment strategy that can be used across the field. Maintaining high
levels of specific microorganisms in the treatment system is a great challenge.
Advanced molecular techniques should be applied to monitor the microbial com-
munity structure, the persistence of the inoculum added, and their interactions with
indigenous populations.

Acknowledgments The authors acknowledge greatly the Pakistan Science Foundation and
Higher Education Commission of Pakistan for financial support for research on the biodegradation
of azo dyes.

References

Ahmed SGKA (2014) Someaerobic bacterial degradation and decolorization of different azo dyes.
J Biol Agric Healthcare 4:72-81

Ayed L, Mahdhi A, Cheref A, Bakhrouf A (2011) Decolorization and degradation of azo dye
Methyl Red by an isolated Sphingomonas paucimobilis: Biotoxicity and metabolites
characterization. Desalination 274:272-277

Bagewadi ZK, Vernekar AG, Patil AY, Limaye AA, Jain VM (2011) Biodegradation of
industrially important textile dyes by actinomycetes isolated from activated sludge. Biotechnol
Bioinf Bioeng 2(3):351-360

Balaji V, Vinayagamoorthi D, Palanisamy A, Anbalagan S (2012) Degradation of reactive red
HE7B and Yellow FN2R dyes by fungal isolates. J Acad Indus Res 1:132-136

Baldrian P (2006) Fungal laccases-occurrence and properties. FEMS Microbiol Rev 30:215-242

Baldrian P, Gabriel J (2006) Copper and cadmium increase laccase activity in Pleurotus ostreatus.
FEMS Microbiol Lett 206:69-74

Banat IM, Nigam P, Singh D, Marchant R (1996) Microbial decolorization of textile dyes
containing effluent: a review. Bioresour Technol 58:217-227

Bao W, O’Malley M, Whetten DR, Sederoff RR (1993) A laccase associated with lignification in
loblolly pine xylem. Science 260:672-674

Bhaskara M, Gnanamanib A, Ganeshjeevana RJ, Chandrasekar R, Sadulla S, Radhakrishnan G
(2003) Analyses of carcinogenic aromatic amines released from harmful azo colorants by
Streptomyces sp. SS07. J Chromat A 1018:117-123

Boer CG, Obici L, de Souza CGM, Peralta RM (2004) Decolorization of synthetic dyes by solid
state cultures of Lentinula (Lentinus) edodes producing manganese peroxidase as the main
ligninolytic enzyme. Bioresour Technol 94:107-112

Bourbonnais R, Paice MG (1990) Oxidation of non-phenolic substrates: an expanded role of
laccase in lignin biodegradation. Appl Microbiol Biotechnol 36:823-827

Burke NS, Crawford DL (1998) Use of azo dye ligand chromatography for the partial purification
of a novel extracellular peroxidase from Streptomyces viridosporus TTA. Appl Microbiol
Biotechnol 49:523-530



The Biodegradation of Azo Dyes by Actinobacteria 309

Call HP, Miicke I (1997) History, overview and applications of mediated lignolytic systems,
especially laccase-mediator-systems (Lignozym®-process). J Biotechnol 53:163-202

Camareo S, Ibarra D, Matinez MJ, Matinez AT (2005) Lignin derived compounds as efficient
laccase mediators for decolorization of different types of recalcitrant dyes. Appl Environ
Microbiol 71:1775-1784

Cerniglia CE, Zhuo Z, Manning BW, Federle TW, Heflich RH (1986) Mutagenic activation of the
benzidine-based dye direct black 38 by human intestinal microflora. Mutat Res 175:11-16

Chaube P, Indurkar H, Moghe S (2010) Biodegradation and decolorisation of dye by mix consortia
of bacteria and study of toxicity on Phaseolus mungo and Triticum aestivum. Asiatic J Biotech
Res 01:45-56

Chen H (2006) Recent advances in azo dye degrading enzyme research. Curr Protein Pept Sci
7:101-111

Chengalroyen MD (2011) Studies on triphenylmethane, azo dye and latex rubber biodegradation
by actinomycetes. Thesis, School of Molecular and Cellular Biology, Faculty of Science
University of Witwatersrand South Africa

Chou DK, Krishnamurthy R, Randolph TW, Carpenter JF, Manning MC (2005) Effects of tween
20® and tween 80® on the stability of albutropin during agitation. J Pharma Sci 94
(6):138-1368

Choudhary G (1996) Human health perspectives on environmental exposure to benzidine: a
review. Chemosphere 32:267-291

Chronakova A, Radl V, Cuhel J, Simek M, Elhottova D, Engel M, Schloter M (2009)
Overwintering management on upland pasture causes shifts in an abundance of denitrifying
microbial communities, their activity and N,O-reducing ability. Soil Biol Biochem
41:1132-1138

Chronakova A, Kristufek V, Tichy M, Elhottova D (2010) Biodiversity of streptomycetes isolated
from a succession sequence at a post-mining site and their evidence in Miocene lacustrine
sediment. Microbiol Res 165(7):594-608

Chung KT (2000) Mutagenicity and carcinogenicity of aromatic amines metabolically produced
from azo dyes. Environ Carcinog Ecotoxicol Rev 18:51-74

Chung KT, Fulk GE, Egan M (1978) Reduction of Azo dyes by intestinal anaerobes. Appl Env
Microbiol 35:558-562

Dafale N, Agrawal L, Kapley A, Meshram S, Purohit H, Wate S (2010) Selection of indicator
bacteria based on screening of 16S rDNA metagenomic library from a two stage anoxic-oxic
bioreactor system degrading azo dyes. Bioresour Technol 101:476-484

Daneshvar D, Salari A, Niaei M, Rasoulifard MH, Khatace AR (2005) Immobilization of TiO2
nanopowder on glass beads for the photocatalytic decolorization of an azo dye C.I. Direct Red
23. J Environ Sci 40:1605-1617

Dawkar VV, Jadhav UU, Tamboli DP et al (2010) Efficient industrial dye decolorization by
Bacillus sp. VUS with its enzyme system. Ecotoxicol Environ Safe 73:1696-1703

Deepika TL, Kannabiran K (2009) A morphological, biochemical and biological studies of
halophilic Streptomyces sp. isolated from saltpan environment. Am J Infect Dis 5:207-213

Deepika TL, Kannabiran K, Joseph S (2009) Diversity of antidermatophytic Streptomyces in the
coastal region Sponge-associated marine bacteria as indicators of Chennai, Tamil Nadu, India.
India J Pharm Res 2:22-26

Dube E, Shareck F, Hurtubise Y, Daneault C, Beauregard M (2008a) Homologous cloning,
expression, and characterisation of a laccase from Streptomyces coelicolor and enzymatic
decolorization of an indigo dye. Appl Microbiol Biotechnol 79:597-603

Dube E, Shareck F, Hurtubise Y, Beauregard M, Daneault C (2008b) Decolorization of recalcitrant
dyes with a laccase from Streptomyces coelicolor under alkaline conditions. J Ind Microbiol
Biotechnol 35(10):1123-1129

El-Sersy NA, Abou-Elela GM, Hassan SW, Abd-Elnaby H (2011) Bioremediation of acid fast red
dye by Streptomyces globosus under static and shake conditions. Afr J Biotechnol 10
(17):3467-3474



310 A. Khalid and S. Mahmood

Endo K, Hayashi Y, Hibi T, Hosono K, Beppu T, Ueda K (2003) Enzymological characterization
of EpoA, a laccase-like phenol oxidase produced by Streptomyces griseus. J Biochem
133:671-677

Ferraz ERA, Umbuzeiro GA, de-Almeida G, Caloto-Oliveira A, Chequer FMD, Zanoni MVB,
Dorta DJ, Oliveira DP (2010) Differential Toxicity of Disperse Red 1 and Disperse Red 13 in
the Ames Test, HepG2 Cytotoxicity Assay, and Daphnia Acute Toxicity Test. Environ Toxicol
26:489-497

Fraga LE, Anderson MA, Beatriz MLPMA, Paschoal FMM, Romao LP, Zanoni MVB (2009)
Evaluation of the photoelectrocatalytic method for oxidizing chloride and simultaneous
removal of microcystin toxins in surface waters. Electrochim Acta 54:2069-2076

Gadd GM (2009) Biosorption: Critical review of scientific rationale, environmental importance
and significance for pollution treatment. J Chem Technol Biotechnol 84:13-28

Gomi N, Yoshida S, Matsumoto K (2001) Degradation of the synthetic dye amaranth by the
fungus Bjerkandera adusta Dec 1: inference of the degradation pathway from an analysis of
decolorized products. Biodegradation 22:1239-1245

Gonzalez-Gutierrez LV, Escamilla-Silva EM (2009) Reactive red azo dye degradation ina UASB
bioreactor: mechanism and kinetics. Eng Life Sci 9:311-316

Gottlieb A, Shaw C, Smith A, WheatleyA, Forsythe S (2003) The toxicity of textile reactive azo
dyes after hydrolysis and decolorization. J Biotechnol 101:49-56

Gousterova A, Nustorova M, Paskaleva D, Naydenov M, Neshev G, Vasileva-Tonkova E (2011)
Assessment of feather hydrolysate from thermophilic actinomycetes for soil amendment and
biological control application. Intl J Environ Res 5:1065-1070

Gousterova A, Paskaleva D, Vasileva-Tonkova E (2014) Characterization of culturable
thermophilic actinobacteria from livingston island, Antarctica. Intl Res J Biol Sci 3(3):30-36

Handayani W, Meitiniarti VI, Timotius KH (2007) Decolorization of Acid Red 27 and reactive red
2 by Enterococcus faecalis under a batch system. World J Microbiol Biotechnol 23:1239-1244

Henciya S, Murali SA, Malliga P (2013) Decolorization of textile dye effluent by marine
cyanobacterium Lyngbya sp. BDU 9001 with coir pith. Intl J Environ Sci 3(6):1909-1918

Hernandez-Coronado MJ, Hernandez M, Rodriguez J, Arias ME (1998) Gas chromatography/mass
spectrometery as a suitable alternative technique to evaluate the ability of Streptomyces to
degrade lignin from lignocellulosic residues. Rapid Commun Mass Sp 1:1-5

Jadhav SB, Surwase NS, Kalyani DC, Kalyani DC, Gurav RG, Jadhav JP (2012) Biodecolor-
ization of azo dye Remazol Orange by Pseudomonas aeruginosa BCH and toxicity (Oxidative
Stress) Reduction in Allium cepa Root Cells. Appl Biochem Biotechnol 168:1319-1334

Jensen PR, Gontang E, Mafnas C, Mincer TJ, Fenical W (2005) Culturable marine actinomycete
diversity from tropical Pacific oceans sediment. Environ Microbiol 7:1039-1048

Joshi SM, Inamdar SA, Telke AA, Tamboli DP (2010) Exploring the potential of natural bacterial
consortium to degrade mixture of dyes and textile effluent. Int Biodeterior Biodegrad
64:622-628

Keharia H, Madamwar D (2003) Bioremediation concepts for treatment of dye containing
wastewater: a review. Indian J Exp Biol 41:1068-1075

Khalid A, Arshad M, Crowley DE (2010) Bioaugmentation of azo dyes. In: Atacag Erkurt H (ed),
Biodegradation of Azo Dyes. The handbook of environmental chemistry. Springer, Berlin
Heidelberg, pp 1-37

Khalid A, Kausar F, Arshad M, Mahmood T, Ahmed I (2012) Accelerated decolorization of
reactive dyes under saline conditions by bacteria isolated from Arabian seawater sediment.
Appl Microbiol Biotechnol 96:1599-1606

Khalid A, Saba B, Kanwal H, Nazir A, Arshad M (2013) Responses of pea and wheat to textile
wastewater reclaimed by suspended sequencing batch bioreactors. Intl Biodeter Biodegrad
85:550-555

Khataee A, Dehghanb G, Zareic M, Fallah S, Niaei G, Atazadeh I (2013) Degradation of an azo
dye using the green macroalga Enteromorpha sp. Chem Ecol 29(3):221-233



The Biodegradation of Azo Dyes by Actinobacteria 311

Khobragade RM, Deshmukh AM (2013) Effect of carbon, nitrogen and metal ions on
biodegradation of the textile dye Reactive Blue 160 by Streptomyces species. J Emp Bio 1
(2):24-29

Kousha M, Daneshvar E, Dopeikar H, Taghavi D, Bhatnagar A (2012) Box-Behnken design
optimization of acid black 1 dye biosorption by different brown macroalgae. Chem Engin J
179:158-168

Kumar SS, Balasubramanian P, Swaminathan G (2013) Degradation potential of free and
immobilized cells of white rot fungus Phanerochaete chrysosporium on synthetic dyes. Intl J
Chem Tech Res 5:565-571

Kurniawati S, Nicell JA (2007) Variable stoichiometry during the laccase-catalyzed oxidation of
aqueous phenol. Biotechnol Prog 23:389-397

Kurniawati S, Nicell JA (2009) A comprehensive kinetic model of laccase-catalyzed oxidation of
aqueous phenol. Biotechnol Prog 25:763-773

Lachheb H, Puzenat E, Houas A, Ksibi M, Elaloui E, Guillard C, Herrmann J (2002)
Photocatalytic degradation of various types of dyes (Alizarin S, Crocein OrangeG, Methyl Red,
Congo Red, Methylene Blue) in water by UV-irradiated titania. J Appl Catalysis B Environ
39:75-90

Lee LH, Cheah YK, Sidik SM, Mutalib NSA, Tang YL, Lin YP, Hong K (2012) Molecular
characterization of Antarctic actinobacteria and screening for antimicrobial metabolite
production. World J Microbiol Biotechnol 28:2125-2137

Liu X, Zhang J, Jiang J, Lib R, Xiea Z, Li S (2011) Isolation a Candida strain capable of degrading
reactive blue 13 and bioaugmentation of aerobic sequencing batch reactors. 978-1-4244-5089-
3/11/$26.00 ©2011 1IEE

Lu K, Zhang XL, Zhao YL, Wu ZL (2010) Removal of color from textile dyeing wastewater by
foam separation. J Hazard Mater 182:928-932

Lu L, Zenga G, Fana C, Rena W, Wang C, Zhao Q, Zhang J, Chen M, Chen A, Jiang M (2013)
Characterization of a laccase-like multicopper oxidase from newly isolated Streptomyces sp.
C1 in agricultural waste compost and enzymatic decolorization of azo dyes. Biochem Engineer
J 72:70-76

Machado KMG, Luciana CAC, Rubio OM, Rosa LH, Santos MH (2006) Biodegradation of
reactive textile dyes by basidiomycetous fungi from brazilian ecosystems. Brazilian J
Microbiol 37:481-487

Mahajan GB, Balachandran L (2012) Antibacterial agents from actinomycetes: A review. Front
Biosci (Elite Ed.) 4:240-253

Mane UV, Gurav PN, Deshmukh AM, Govindwar SP (2008) Degradation of textile dye reactive
navy—blue Rx (Reactive blue-59) by an isolated Actinomycete Streptomyces krainskii SUK-5.
Malaysian J Microbiol 4(2):1-5

Manning B, Cerniglia WCE, Federle TW (1985) Metabolism of the benzidine-based azo dye
Direct Black 38 by human intestinal microbiota. Appl Environ Microbiol 50:10-15

Marchis T, Avetta P, Bianco-Prevot A, Fabbri D, Viscardi G, Laurenti E (2011) Oxidative
degradation of Remazol Turquoise Blue G 133 by soybean peroxidase. J Inorg Biochem
105:321-327

Martins MAM, Ferreira IC, Santos IFM, Queiroz MJ, Lima N (2001) Biodegradation of
bioaccessible textile azo dyes by Phanerochaete chrysosporium. J Biotechnol 89:91-98

Mills AL, Colwell RR (1977) Microbiological effects of metal ions in Chesapeake Bay water and
sediment. Bull Environ Contam Toxicol 18:99-103

Modi HA, Rajput G, Ambasana C (2010) Decolorization of water soluble azo dyes by bacterial
cultures, isolated from dye house effluent. Bioresour Technol 101:6580-6583

Mohanty S, Dafale N, Rao NN (2006) Microbial decolorization of Reactive Black-5 in a two-stage
anaerobic-aerobic reactor using acclimatized activated textile sludge. Biodegradation
17:403-413

Molina-Guijarro JM, Perez J, Munoz-Dorado J, Guillen F, Moya R, Hernandez M, Arias ME
(2009) Detoxification of azo dyes by a novel pH-versatile salt-resistant laccase from
Streptomyces ipomoea. Intl Microbiol 12:13-21




312 A. Khalid and S. Mahmood

Moosvi S, Kher X, Madamwar D (2007) Isolation, characterization and decolorization of textile
dyes by a mixed bacterial consortium JW-2. Dyes Pigments 74:723-729

Morozova OV, Shumakovich GP, Gorbacheva MA, Shleev SV, Yaropolov Al (2007) “Blue”
laccases. Biochemistry (Mosc) 72:1136-1150

Moya R, Herndndez M, Garcia-Martin AB, Ball AS, Aria ME (2010) Contributions to a better
comprehension of redox-mediated decoloration and detoxification of azo dyes by a laccase
produced by Streptomyces cyaneus CECT 3335. Bioresour Technol 101:2224-2229

Nagai M, Sato T, Watanabe H, Saito K, Kawata M, Enei H (2002) Purification and
characterization of an extracellular laccase from the edible mushroom Lentinula edodes, and
decolorization of chemically different dyes. Appl Microbiol Biotechnol 60:327-335

Nakamura K, Kawabata T, Yura K, Go N (2003) Novel types of two-domain multi-copper
oxidases: possible missing links in the evolution. FEBS Lett 553:239-244

Nathan AM, Jessica MK, Valerie BM, Martin D, David HS (2004) Isolation and characterization
of novel marine-derived actinomycete taxa rich in bioactive metabolites. Appl Environ
Microbiol 21:7520-7529

Ngieng NS, Zulkharnain A, Roslan HA, Husaini A (2013) Decolorization of synthetic dyes by
endophytic fungal flora isolated from Senduduk Plant (Melastoma malabathricum). Biotech-
nology http://dx.doi.org/10.5402/2013/260730

Niladevi KN, Sheejadevi PS, Prema P (2008) Strategies for enhancing laccase yield from
Streptomyces psammoticus and its role in mediator-based decolorization of azo dyes. Appl
Biochem Biotechnol 151:9-19

Onat TA, Gumusdere HT, Guvenc A, Donmez G, Mehmetoglu U (2010) Decolorization of textile
azo dyes by ultrasonication and microbial removal. Desalination 255:154—158

Osugi ME, Rajeshwar K, Ferraz ERA, de Oliveira DP, Araujoa AR, Zanoni MVB (2009)
Comparison of oxidation efficiency of disperse dyes by chemical and photoelectrocatalytic
chlorination and removal of mutagenic activity. Electrochim Acta 54:2086-2093

Pasti MB, Hagen SR, Korus RA, Crawford DL (1991) The effect of various nutrients on
extracellular peroxidases and APPL production by Streptomyces chromofuscus A2 and
Streptomyces viridosporus TTA. Appl Microbiol Biotechnol 34:661-667

Paszczynski A, Pasti MB, Goszczynski S, Crawford DL, Crawford RL (1991) New approach to
improve degradation of recalcitrant azo dyes by Streptomyces spp. and Phanerochaete
chrysosporium. Enzyme Microb Technol 13:378-384

Perumal SM, Munuswamy D, Sellamuthu PS, Kandasamy M, Thangavelu KP (2007) Biosorption
of textile dyes and effluents by Pleurotus florida and Trametes hirsuta with evaluation of their
laccase activity. Iran J Biotechnol 5:114-118

Poljsak B, Pocsi I, Raspor P, Pesti M (2010) Interference of chromium with biological systems in
yeasts and fungi: a review. J Basic Microbiol 50:21-36

Prasad SS, Aikat K (2014) Study of bio-degradation and bio-decolorization of azo dye by
Enterobacter sp, SXCR. Environ Technol 35:956-965

Priyaragini Veena S, Swetha D, Karthik L, Kumar G, Rao KVB (2013) Evaluating the
effectiveness of marine actinobacterial extract and its mediated titanium dioxide nanopatrticle in
the degradation of azo dyes. J Environ SciDOI. doi:10.1016/S1001-0742(13)60470-2

Puvaneswari N, Muthukrishnan J, Gunasekaran P (2006) Toxicity assessment and microbial
degradation of azo dyes. Indian J Exp Biol 44:618-626

Qin JJ, Oo MH, Kekre KA (2007) Nanofiltration for recovering wastewater from a specific dyeing
facility. Sep Purif Technol 56:199-203

Rafii F, Hall JD, Cerniglia CE (1997) Mutagenicity of azo dyes used in foods, drugs and cosmetics
before and after reduction by Clostridium species from the human intestinal tract. Food Chem
Toxicol 35:897-901

Reese ET, Maguire A (1969) Surfactants as stimulants of enzyme production by microorganisms.
Appl Microbiol 17(2):242-245

Ren S, Guo J, Zeng G, Sun G (2006) Decolorization of triphenylmethane, azo and anthroquinone
dyes by a newly isolated Aeromonas hydrophila strain. Appl Microbiol Technol 72:1316-1321


http://dx.doi.org/10.5402/2013/260730
http://dx.doi.org/10.1016/S1001-0742(13)60470-2

The Biodegradation of Azo Dyes by Actinobacteria 313

Rieger PG, Meir HM, Gerle M, Vogt U, Groth T, Knackmuss HJ (2002) Xenobiotics in the
environment: present and future strategies to obviate the problem of biological persistence.
J Biotechnol 94:101-123

Robinson T, McMullan G, Marchant R, Nigam P (2001) Remediation of dyes in textile effluent: A
critical review on current treatment technologies with a proposed alternative. Biresour Technol
77:247-255

Saba B, Khalid A, Nazir A, Kanwal H, Mahmood T (2013) Reactive black-5 azo dye treatment in
suspended and attach growth sequencing batch bioreactor using different co-substrates. Intl
Biodeter Biodegrad 85:556-562

Sadettin S, Donmez G (2007) Simultaneous bioaccumulation of reactive dye and chromium (VI)
by using thermophil Phormidium sp. Enzyme Microb Technol 41:175-180

Sahasrabudhe M, Pathade G (2013) Biodegradation of azo dye C.I. Reactive Orange 16 by an
actinobacterium Georgenia sp. CC-NMPT-T3. Intl J Adv Res 1:91-99

Saratale RG, Saratale GD, Kalyani DC, Chang JS, Govindwar SP (2009) Enhanced decolorization
and biodegradation of textile azo dye Scarlet R by using developed microbial; consortium- GR.
Bioresour Technol 100:2493-2500

Saratale RG, Saratale GD, Chang JS, Govindwar SP (2011) Bacterial decolorization and
degradation of azo dyes: a review. J Taiwan Inst Chem Eng 42:138-157

Sellamuthu R, Umbright C, Chapman R, LeonardS, Li S, Kashon M, Joseph P (2011)
Transcriptomics evaluation of hexavalent chromium toxicity in human dermal fibroblasts.
J Carcinogene Mutagene doi:10.4172/2157-2518.1000116

Sha MP, Patel KA, Nair SS, Darji AM (2014) An application of response surface methodology in
microbial degradation of azo dye by Bacillus subtillis ETL-1979. American J Microbiol Res
2:24-34

Sharma HK, Bajpai K, Shukla S, Kumari R, Singh SK (2013) Biodegradation of reactive red 11
azo dye using Enterobacter sp. and gamma proteobacterium collected from dye industry. Intl J
Innov Res Sci Engineer Technol 2:1670-1676

Shinde KP, Thorat PR (2013) Biodecolrization of diazo direct dye congo red by Fusarium sp.
TSF-01. Rev Res 2:1-7

Sriram N, Reetha D, Saranraj P (2013) Biological degradation of reactive dyes by using bacteria
isolated from dye effluent contaminated soil. Middle-East J Sci Res 17:1695-1700

Stackebrandt E, Rainey FA, Ward-Rainey NL (1997) Proposal for a new hierarchic classification
system, action bacteria classis nov. Intl J Syst Bacteriol 47:479-491

Steger K, Sjogren AM, Jarvis A et al (2007) Development of compost maturity and Actinobacteria
populations during full-scale composting of organic household waste. J Appl Microbiol
103:487-498

Sugano Y, Matsushima Y, Shoda M (2006) Complete decolorization of the anthraquinone dye
Reactive Blue 5 by the concertedaction of two per-oxidases from Thanatephorus cucumeris
Dec 1. Appl Microbiol Biotechnol 73:862-871

Sun JH, Sun SP, Wang GL et al (2009) Degradation of azo dye Amido black 10B in aqueous
solution by Fenton oxidation process. Dyes Pigm 74:647-652

Suthindhiran K, Kannabiran K (2009) Cytotoxic and antimicrobial potential of Actinomycete
species Saccharopolyspora saline VITSDK4 isolated from the Bay of Bengal coast of India.
Am J Infect Dis 5(2):90-98

Suzuki T, Endo K, Ito M et al (2003) A thermostable laccase from Streptomyces lavendulae REN-
7: purification, characterization, nucleotide sequence, and expression. Biosci Biotechnol
Biochem 67:2167-2175

Tan NCG, Borger A, Slenders P, SvitelskayaA, LettingaG, FieldJA (2000) Degradation of azo dye
Mordant Yellow 10 in a sequential anaerobic and bioaugmented aerobic bioreactor. Wat Sci
Technol 42:337-344

Wang XS, Chen JP (2009) Removal of the Azo Dye congo red from aqueous solutions by the
marine alga Porphyra yezoensis Ueda. Clean 37:793-798

Wolff AW, Oehme FW (1974) Carcinogenic chemicals in food as an environmental issue. ] Am
Vet Med Assoc 164:623-626


http://dx.doi.org/10.4172/2157-2518.1000116

314 A. Khalid and S. Mahmood

Yang Y, Lu L, Gao F, Zhao Y (2013) Characterization of an efficient catalytic and organic solvent-
tolerant azoreductase toward methyl red from Shewanella oneidensis MR-1. Environ Sci Pollut
Res Int 20:3232-3239

Yatome C, Ogawa T, Matsui M (1991) Degradation of crystal violet by Bacillus subrilis. J Environ
Sci Health A26:75-87

Yemendzhiev H, Alexieva Z, Krastanov A (2009) Decolorization of synthetic dye Reactive Blue 4
by mycelial culture of white-rot fungi Trametes versicolor 1. Biotechnol Biotec
Eq 23:1337-1339



	13 The Biodegradation of Azo Dyes by Actinobacteria
	1 Introduction
	2 Environmental Concerns of Azo Dyes
	3 by Actinobacteria
	4 Enzymes Involved in the Biodegradation of by Actinobacteria
	4.1 
	4.2 Oxidative Degradation of Azo Dyes

	5 Factor Affecting Biodegradation of Azo Dyes
	6 Conclusions
	Acknowledgments
	References


