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Abstract A novel dye degrading bacterium capable of
decolorizing and mineralizing four different dyes
(Methyl red, Orange II, Direct red 80, and Direct blue
71) was isolated from textile industrial wastewater using
the selective enrichment technique. The bacterium was
identified as Pseudomonas aeruginosa. More than 80 %
decolorization of Direct red 80 was obtained under
microaerophilic conditions in 48 h, whereas only 10 %
color removal was obtained under oxic conditions at the
same time. Subsequent aeration of the decolorized me-
dium resulted in the mineralization of the metabolic
intermediates generated after azo bond cleavage by P.
aeruginosa as confirmed by total organic carbon content
and high-performance liquid chromatography analyses.
The degradation products were characterized by Fourier
transform infrared spectrometer and nuclear magnetic
resonance techniques whereas the biotoxicity profile of
the samples were evaluated using the brine shrimp le-
thality test assay. Data from this study provide evidence
of dye mineralization and detoxification by a monocul-
ture of P. aeruginosa in successive microaerophilic/oxic
stages.
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1 Introduction

The toxicity, carcinogenicity, and mutagenicity of syn-
thetic dyes and the ever-increasing legislative restric-
tions regarding effluent discharges make dye contami-
nation of water bodies an environmental concern as well
as a public health problem (Silveira et al. 2009). Color is
usually the first contaminant to be recognized in water
bodies and wastewater and besides the aesthetic prob-
lem, dyes also obstruct light, limit photosynthesis, and
reduce oxygen mass transfer (Khalid et al. 2008a; Patel
and Suresh 2008). Synthetic dyestuffs are extensively
used in a number of industries, such as textiles, food,
cosmetics, construction, rubber, and paper printing, with
the textile industry being the largest consumer of dyes
(Pandey et al. 2007). These industries consume about 34
million tonnes of the global dyestuff production world-
wide and the more than 10,000 commercially available
dyes in use today (Amoozegar et al. 2011; Cervantes
and Dos Santos 2011). Large amounts of these dyes,
because of inefficiency in dyeing operations, do not bind
to the fibers and are therefore released into waste sys-
tems or the environment. Depending on the class of dye,
their release into wastewaters can range from 2 % of the
original concentration for basic dyes to as high as 50 %
for reactive dyes (Boer et al. 2004; Khalid et al. 2008a;
Tan et al. 2000). Hence, this large contaminant load in
effluents of the textile industry, which is one of the
greatest generators of liquid effluent pollutants because
of the high quantities of water used in the dyeing pro-
cesses, poses a pollution threat that must be reduced for
safe discharge to the environment (Khalid et al. 2008b).
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The largest and most versatile class of dyes which
constitute about 60–70 % of dyes applied in textile
processing are the azo dyes (van der Zee et al. 2001).
They have been used increasingly in industries because
of their ease and cost effectiveness in synthesis, their
stability, and the variety of colors available compared
with natural dyes (Chang et al. 2004; Seesuriyachan et al.
2007) and are the most common synthetic dyes released
into the environment (Chang et al. 2001; Zhao and
Hardin 2007). They are toxic, resistant to temperature
and light, very stable in acidic and alkaline conditions (El
Ahwany 2008; Pinheiro et al. 2004), and have been
reported to be resistant to biodegradation, with the po-
tential for persistence and accumulation at high levels in
the environment (Talarposhti et al. 2001). The current
methods for azo dye removal in textile industrial waste-
water, which are mainly physicochemical methods, re-
sult in color removal. However, thesemethods are costly,
result in generation of concentrated sludge and cause
secondary pollution problems due to use of chemicals
in treatment (Anjaneyulu et al. 2005; dos Santos et al.
2007). These limitations have prompted the search for
alternative novel color removal strategies for dye waste-
water treatment.

Environmental biotechnology has been applied to
treatment of dye contaminated wastewaters in recent
times. Some bacteria have been reported to degrade
azo dyes under anaerobic conditions (Ogugbue and
Sawidis 2011; Singh et al. 2007). Some of these bacteria
have been highly effective for initial treatment of several
azo dyes, leading to the decolorization of the parent
chemicals and their breakdown into colorless aromatic
amines. However, a complete process requires remov-
al of these aromatic compounds generated as metabo-
lites during biodegradation. This has become pertinent
since theses biotransformation products have been
shown to be toxic and in some cases carcinogenic and
mutagenic (Tan et al. 1999). Purified azo dyes are usu-
ally not directly mutagenic or carcinogenic, except for
some azo dyes with free amino groups in their structure
(Cervantes and Dos Santos 2011). However, several
aromatic amines readily produced as metabolic interme-
diates after reductive cleavage of azo dyes are known as
mutagens and carcinogens (Chung 2000; Golka et al.
2004). de Aragão Umbuzeiro et al. (2005) had reported
that 75 % of wastewaters from textile industries in the
metropolitan area of Sao Paulo, Brazil demonstrated the
most positive mutagenic responses among different
types of industrial effluents analyzed. Unfortunately,

only a few bacteria are able to mineralize these com-
pounds into CO2 and H2O (Junghanns et al. 2008).
Thus, the isolation and identification of efficient dye-
mineralizing bacterial species is important for develop-
ing effective biotechnological treatment regimes for azo
dye wastewater since biological treatment strategies are
environmentally friendly, cost-competitive, produce less
sludge, and require less water consumption compared
with physicochemical methods (Banat et al. 1996; Rai
et al. 2005).

Prior to this study, it was believed that individual
bacterial strains usually cannot degrade azo dyes
completely, leaving the intermediate products which
are often carcinogenic aromatic amines, and need to
be further decomposed (Joshi et al. 2008). Hence,
treatment systems composed of mixed microbial popu-
lations (consortium) were used to achieve biodegrada-
tion and mineralization of synthetic azo dyes due to the
synergistic metabolic activities of the microbial com-
munity (Khehra et al. 2005). Modi et al. (2010) re-
ported that more than 97 % of the azo dye was degraded
by Bacillus cereus after 72 h of incubation while, the
extents of decolorization in solution were 76 % in 54 h
and 63 % in 72 h with Micrococcus glutamicus and
Pseudomonas oleovorans, respectively (Saratale et al.
2009b; Silveira et al. 2009). In this study, decolorization
by Pseudomonas aeruginosa was more rapid with Di-
rect red 80 (76.69 % in 24 h). However, this study has
demonstrated the capability of a monoculture of P.
aeruginosa to effectively decolorize azo dyes and min-
eralize the resulting metabolic intermediates arising
from dye cleavage in a sequential microaerophilic/oxic
process. Dye mineralization was analyzed using high-
performance liquid chromatography (HPLC), Fourier
transform infrared spectrometer (FT-IR), and nuclear
magnetic resonance (NMR) analytical techniques while
the biotoxicity profile of the untreated and treated dye
solutions was determined using the brine shrimp lethal-
ity test (BSLT) assay.

2 Materials and Methods

2.1 Chemicals

Azo dyes used in this study were purchased from
Sigma-Aldrich Chemical Co. USA. They include Meth-
yl red 97 % (CI, 13,020; λmax, 435 nm), Orange II
sodium salt 85 % (CI, 15,510; λmax, 485 nm), Direct
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red 80 25% (CI, 35,780; λmax, 540 nm), and Direct blue
71 50 % (CI, 34,140; λmax, 587 nm). They were used as
received without further purification. Stock solutions of
the dyes were prepared by adding 10 g of dye powder in
1 L of deionized water and were sterilized by membrane
filtration using a 0.02-μm pore size membrane filter.
Figure 1 shows the chemical structure of Direct red 80
used as a model dye in the experiments. Other chemicals
or reagents used were of analytical grade.

2.2 Isolation of Dye Decolorizing Bacterial Cultures

Textile industrial wastewater samples collected from a
textile industry in Penang, Malaysia were used for the
isolation of dye-degrading bacteria by the selective en-
richment culture technique using Bushnell–Haas medi-
um (BHM) amended with azo dye as sole source of
carbon and energy. Methyl red dye was used to develop
the dye degrading bacterial consortium. The composi-
tion of the BHM consisted of the following (in grams
per liter): MgSO4, 0.2; K2HPO4, 1.0; KH2PO4, 1.0;
CaCl2, 0.02; FeCl3, 0.05; and NH4NO3, 1.0 whereas
the modified version of the medium also contained
glucose 5 % (w/v) and yeast extract 0.09 % (w/v) but
was not used for the isolation procedure. Medium pH
was adjusted to 8 using 0.1 M NaOH or HCl solution.
Sterile BHM (90 mL) amended with 1 mL of stock
solution that was included 1 g/L concentration of dye
and contained in 250 mL Erlenmeyer flasks were inoc-
ulated with 10 mL of the wastewater and incubated
under microaerophilic conditions at 35 °C for 7 days.
Once decolorization was observed, repeated transfers
(10 %) of established microbial culture were conducted
in freshly prepared BHM amended with 1 mL of stock
solution until dye decolorizing cultures showed stable
growth and consistent decolorization. The enriched cul-
tures from the flasks were inoculated onto nutrient agar
amended with a 5-mL stock solution of Methyl red dye
in plates by serial dilution followed by the spread plate
technique and incubated for 48 h.

2.3 Screening of Decolorizing Bacterial Strains

The 12 isolated bacterial strains were further examined
for their decolorization potentials in 250mLErlenmeyer
flasks containing 100 mL of the modified BH medium
amended with 50 mg dye/L, from these 12 isolated
bacterial six of them were suitable for decolorization.
These six morphologically distinct colonies that devel-
oped with halos around them on agar surface were
selected and purified by streak plating on nutrient agar.
Pure cultures of dye-degrading bacteria obtained were
then screened for their broad spectrum azo dye biode-
gradability potentials.

The modified BH medium containing yeast extract
and glucose was used here to determine the maximum
rates of decolorization for these strains since previously,
glucose and yeast extract had been shown to supplement
the growth of azo dye degrading bacteria (31). The
respective bacterial strains were inoculated into the me-
dia in different flasks containing the different dyes by
adding inocula of uniform cell density (OD600 nm, 0.6).
The medium to inoculum ratio (v/v) was 9:1 yielding
approximate cell densities of 107 CFU/mL. The flasks
were hermetically sealed and incubated at 35 °C under
static conditions. A similar set of treatments with cotton-
stoppered flasks was set up and incubated on a shaker to
monitor aerobic decolorization of the dyes. Color re-
moval due to abiotic factors was also determined under
similar conditions using uninoculated control flasks
containing modified BH medium amended with each
azo dye. The most effective decolorizer with a broad
spectrum of azo dye decolorization was selected, iden-
tified and used for further studies. All experiments were
performed in triplicate.

2.4 Bacterial Identification

Preliminary identification of the selected bacterial strain
by morphological analysis was conducted by using the
light microscope and FESEM (SEM Leo Supra 50 VP
field emission). The genotype of the strain was identi-
fied by determining the 16S rDNA sequences of the
strain. Extraction of DNA was carried out by using
GF-1 DNA Extraction Kit by following the manufac-
turer’s instructions. Polymerase chain reaction (PCR)-
mediated amplification of the 16S rDNA gene from the
extracted gene was carried out and the PCR product
obtained was purified and concentrated using GF-1
Gel DNA Recovery Kit (Amann et al. 1995; Jaspers

Fig. 1 Chemical structure of the model dye, Direct red 80 (CI,
35,780) used in this study
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and Overmann 2004). Nucleotide sequences of the 16
rDNA gene were determined by Vivantis (M) Sdn Bhd,
Malaysia. The expected length of amplicon was
1,500 bp. Both forward and reverse sequences were
compared with sequences in GeneBank database using
BLAST search tool or RDPII (Ribosomal Database
Project II) database to seek for homology sequences
(NCBI 2012). Thereafter, top 10 corresponding se-
quences from the generated blast result were selected
and used to perform multiple sequence alignment and
phylogenetic tree construction using neighbor-joining
(NJ) method to conclude the evolutionary history and
identity of the unknown bacteria.

2.5 Decolorization and Mineralization Assay

Decolorization efficiency of the selected isolate was
checked using the tetra-azo dye, Direct red 80
(50 mg/L), in modified BHM. Activated culture (10 %,
v/v; OD660 nm, 0.6) of the isolate was inoculated into
Erlenmeyer flasks containing 200 mL of BHM and
incubated at 35 °C for 24 h under microaerophilic con-
ditions. Samples were withdrawn intermittently (every
4 h) during incubation and used for determination of dye
decolorization by monitoring the absorbance of clarified
samples. To determine dye adsorption on bacterial cells,
the cell pellets after centrifugation were resuspended in
an equal volume of methanol to extract the dye
(Ogugbue et al. 2011). The suspensions were vigorously
shaken in a vortex mixer, centrifuged and thereafter,
checked for its absorbance. The fate of aromatic amines
generated after the cleavage of azo bonds during dye
decolorizationwas determined using the batch sequential
microaerophilic/oxic culture experiments in BHM
supplemented with Direct red 80. The decolorization
phase of the experiment was started by inoculating the
BH medium with the isolate and incubating at 35 °C for
48 h under microaerophilic conditions or until no color
was observed. Subsequently, same flasks were incubated
under shaking conditions (150 rpm) as previously de-
scribed for another 24 h at 35 °C. Aerobiosis was intro-
duced after static incubation to encourage degradation of
aromatic amines generated after degradation of the poly
azo dye since aromatic amines are recalcitrant to degra-
dation under microaerophilic conditions (Gottlieb et al.
2003). Abiotic control flasks were also set up and kept
under similar conditions as the inoculated ones. Samples
were withdrawn intermittently (every 24 h) during incu-
bation and used for determination of decolorization and

mineralization by monitoring samples’ absorbance and
total organic carbon (TOC) content. FT-IR and HPLC
analyses were also carried out on withdrawn samples to
determine dye degradation.

2.6 Analytical Methods

The residual color in the original and treated samples was
analyzed by measuring the absorbance of the samples at
540 nm wavelength using a ultraviolet (UV)–visible
double beam spectrophotometer (Shimadzu 160A, Ja-
pan). The samples withdrawn from experimental flasks
at intervals were centrifuged at 12,000 rpm for 10 min to
remove suspended particles and cells that may obstruct
absorbance readings. The supernatants obtained after
centrifugation were analyzed by measuring the decrease
in absorbance at thewavelengths relevant to each dyewith
reference to the un-inoculated controls. Un-inoculated
dye-free medium was used as blank. All assays were
performed in triplicate and the extent of decolorization
was calculated accordingly as follows:

Decolorization %ð Þ ¼ AB0−AB1ð Þ � 100

AB0

Where AB0 is the absorbance of the dye solution
before decolorization and AB1 is the absorbance of the
dye solution after decolorization (Chen et al. 1999;
Kumar et al. 1997; Sheth and Dave 2009). Growth was
also monitored spectrophotometrically by checking the
optical density of withdrawn samples before centrifuga-
tion. The optical density was studied at 660 nm after
homogenously mixing samples.

2.7 High-Performance Liquid Chromatography

The intermediates formed due to bacterial decoloriza-
tion and mineralization of dye was analyzed by HPLC.
The HPLC (1260 Agilent Technologies, USA) was
equipped with a quaternary gradient pump system and
a multi wavelength detector. The samples were eluted in
gradient mode using a C18 column (5 μm; Agilent
ZORBAX ODS). The mobile phase consisted of HPLC
grade methanol and water in the ratio of 70:30. Samples
were eluted at a flow rate of was 1.0 mL/min at room
temperature for 15min. The samples were filteredwith a
0.2-μm membrane filter before injection and 10 μL of
the filtered samples was injected into the HPLC
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(Gomare et al. 2008). The eluates were monitored by
HPLC at wavelength of 254 nm.

2.8 Determination of TOC

The TOC content of the dye containing samples was
monitored during treatment under microaerophilic con-
ditions and after agitation using a TOC analyzer
(Shimadzu 5000A) with direct injection of the samples
after centrifugation and filtration through a glass fiber
filter (Whatman, USA). The mineralization of the dye
was then quantitatively determined as TOC removal
ratio, before and after the treatment process (Saratale
et al. 2009a):

TOC removal ratio %ð Þ

¼ Initial TOC zero hð Þ–Observed TOC tð Þ � 100

Initial TOC zero hð Þ

Where, TOC(zero h) and TOC(t) are the initial TOC
value (at zero h) and the TOC value after a particular
reaction time (t), respectively.

2.9 Fourier Transform Infrared Spectroscopy
and Nuclear Magnetic Resonance Spectroscopy

FT-IR analysis was carried out using Nicolet Is10 Spec-
trophotometer (Thermo Fisher Scientific, Madison, WI)
and was used for investigating the changes in surface
functional groups of the samples, before and after mi-
crobial decolorization. Liquid samples were loaded on
the aperture of the liquid analyser and the changes in the
percent transmission at different wavelengths were ob-
served for treatment samples and compared with control
dye in the mid-IR region of 400–4,000 cm−1 with 16
scan speeds. The resolution of the spectrometer was
4 cm−1. The spectra were then subjected to baseline
correction and the bands were studied to quantify the
changes in the chemical structure of the dye.

Proton nuclear magnetic resonance (1H NMR) spec-
tra of samples before and after degradation were
recorded on a Bruker Avance 400 MHz spectrometer at
500.13 MHz at 295.3 K. Samples, dried by the classical
double-pulsed field gradient of echo sequence: WATER-
GATE, were dissolved in D2O, transferred to NMR tubes
and the 1H spectrum recorded to observe the structural
transformation in the dye molecules during treatment. A
total of 32 scans were collected (acquisition time, 3.17 s;
spectral window of 10,330.578Hz) and a 0.3-Hz line

broadening was applied. Fourier transformation and a
baseline correction of spectra were carried out prior to
spectra integration with Bruker software.

2.10 Scanning Electron Microscopy

Scanning electron microscopy (SEM) photomicro-
graphs of bacterial cells were taken to determine mor-
phological changes in cells during decolorization. Cul-
ture samples of P. aeruginosa before and after decol-
orization were centrifuged (3,000 rpm for 5 min), and
the retrieved cells fixed in McDowell–Trump fixative
prepared in 0.1 M phosphate buffer (pH 7.2) at 4 °C
overnight. The samples were washed twice with phos-
phate buffer and then post-fixed with 1 % osmium
tetroxide for 1 h. After post fixing, the cell pellets were
washed twice with distilled water, dehydrated in grad-
ed ethanol and hexamethyldisilazane, and then air-
dried in a dessicator at room temperature (McDowell
and Trump 1976). With double-sided tape, the samples
were mounted on to SEM specimen stubs, coated with
gold in sputter system in a high vacuum chamber and
examined in a field emission scanning electronmicroscope
(FESEM; Leo Supro, Carl-Zeiss SMT, Oberkochen, Ger-
many) at an acceleration voltage of 10 kV and a working
distance of 8 mm.

2.11 Toxicity Test (Brine Shrimp Assay)

Brine shrimp (Artemia salina) lethality assay was
conducted to determine the toxicity of the treated
dye solutions based on the LC50 (lethal concentration)
criterion. The assay was chosen as a toxicity level
bioindicator because of its fast response to concen-
trated and diluted by-product solutions (Palácio et al.
2009). Brine shrimp eggs were hatched in a beaker
filled with filtered artificial sea water under constant
aeration. The artificial seawater was prepared from
commercial sea salt 38 g/L (Sasidharan et al. 2008).
After 48 h, the phototrophic nauplii were gently col-
lected by pipette and distributed in tens into each well
of 24-multiwell plates containing the samples. The
nauplii were counted macroscopically in the stem of
the pipette against a lighted background. The treated
samples were tested in triplicates in a concentration
series (100, 50, 25, 12.5, and 6.25 mg/L). As a control
assay, ten larvae of A. salina were also incubated in
artificial sea water without dye. The plates were
maintained at room temperature (25±2 °C) and light
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regime under illumination. Survivors were counted after
24 h of incubation and the percentage of deaths in each
concentration and control (seawater) well was deter-
mined (Meyer et al. 1982). LC50 values with brine
shrimp were obtained with 95 % confidence intervals
from 24 h counts using the probit analysis method
described by Litchfield and Wilcoxon (1949).

3 Results and Discussion

3.1 Isolation and Screening of Dye-Decolorizing
Strains

Six bacterial isolates that showed potentials for azo dye
decolorization were isolated from the wastewater of a
textile manufacturing plant in Malaysia after acclima-
tion for 6 weeks. The bacterial strains were selected
based on their ability to form a clear halo on agar plate
containing azo dye. Among the 12 isolates, one strain
(AWF) was selected based on its ability to show the
highest extent of dye decolorization during screening
and was used for further studies. This selected strain was
a Gram negative, motile rod identified as P. aeruginosa
on the basis of its 16S rRNA gene sequence. The top 10
sequences from the generated BLAST result were se-
lected and used to perform multiple sequence alignment
and phylogenetic tree construction using NJ method to
conclude the identity of the unknown bacteria (Fig. 2).
The phylogenetic tree obtained show that the isolate is
of the Gamma Proteobacteria class of bacteria and clus-
tered within the family of Pseudomonadaceae. The
isolate was identified as P. aeruginosa since the 16S
rRNA gene of the isolate shared 99 % similarity with
other strains of P. aeruginosa such as P. aeruginosa
strain MMA83 and P. aeruginosa strain NL01.

3.2 Decolorization and Mineralization Studies

The isolate, P. aeruginosa, decolorized four different
azo dyes (Methyl red, Orange II, Direct red 80 and
Direct blue 71) in modified BHM amended with the
respective dyes albeit, to varying degrees when incubat-
ed under microaerophilic conditions (Fig. 3). More than
80 % color removal was obtained for all the dyes tested
in 48 h indicating the broad spectrum azo dye decolor-
izing activity of the isolate. Decolorization by this iso-
late was more rapid with Direct red 80 (76.69 % in 24 h)
and hence, the dye was used for further studies. In

comparison with other strains reported in literature, P.
aeruginosa showed a promising feasibility for dye de-
colorization; for example, Modi et al. (2010) reported a
dye decolorization extent of 97 % in 72 h with Bacillus
cereus, whereas with M. glutamicus and P. oleovorans,
extents of color removal in solution were 76 % in 54 h
and 63 % in 72 h, respectively (Saratale et al. 2009b;
Silveira et al. 2009). The varying degrees of decoloriza-
tion of the different dyes by the isolate may be attributed
to the individual dye’s structure and complexity. The
nature and position of functional groups on the aromatic
rings and their resulting interactions (stearic hindrance)
with the azo bond may also be responsible for the
differences obtained (Ogugbue et al. 2011). No color
changes were observed in the uninoculated control
flasks under shaking or static conditions suggesting
color removal from dye solution was not due to abiotic
loss. Moreover, evaluation of the cell walls for adsorp-
tion of dyes by a simple cell pellet inspection indicated
that the decolorization of the dyes was due to biodegra-
dation rather than adsorption. No change in cell color
was exhibited by the P. aeruginosa cells throughout the
decolorization process as the cells maintained their orig-
inal color. Blanquez et al. (2004) had proposed that the
dye degradation mechanism consists of a first step of
dye adsorption on microorganisms before their degra-
dation within the cells. Adsorption levels most times are
an indication of biotransformation efficiency or its ab-
sence as rapid dye biodegraders rarely show high ad-
sorption rates upon decolorization and incubation for an
extended time period (Ogugbue and Sawidis 2011). In
this study, the adsorption step was not observed and this
was probably due to the rate of dye reduction which was
probably too rapid for bioaccumulation on cell walls to
be noticed.

With Direct red 80, incubation under oxic conditions
resulted in more than 50 % inhibition of color removal
from solution though; optimal growth of the bacterium
was obtained with aerobiosis (data not shown). The
extent of decolorization obtained for Direct red 80 dur-
ing aerobiosis was 10 % after 48 h as compared with
84.6 % color removal obtained under microaerophilic
conditions (Fig. 4). This may be attributed to the inhi-
bition of the bacterial enzyme, azoreductase, by oxygen.
Azoreductase is the key enzyme responsible for reduc-
tive azo dye degradation in bacterial species (Franciscon
et al. 2009). This enzyme which has been isolated from
several bacterial species are inducible flavoproteins and
have been shown to use both NADH and NADPH as
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electron donors (Moutaouakkil et al. 2003) and azo
bonds as electron acceptors (which results in its cleav-
age) during anaerobic respiration. Hence, the presence
of oxygen in decolorization mediummay inhibit the azo
bond reduction activity by impeding the oxidation of the
reduced electron carriers (NADH) by azo groups since
oxygen is a preferred electron acceptor during aerobic
respiration. The enhanced decolorization obtained in
static flask cultures may then be attributed to the deple-
tion of oxygen and the creation of a microaerophilic
environment for azo dye reduction by the bacterial cells
and also suggest that azoreductase is playing an impor-
tant role in cleavage of the azo bond (N=N) thus,
resulting in the generation of aromatic amines (Chen
2002; Pandey et al. 2007). Earlier studies had provided
evidence to show that microbial anaerobic azo reduction
was linked to the electron transport chain, and suggested
that dissimilatory azo-reduction was a form of microbial
anaerobic respiration (Hong et al. 2007). In a previous
report, the specific decolorization rate of the azo dye,
methyl orange, was shown to be higher in reaction
mixture under microaerophilic conditions rather than
under aerobic condition (Seesuriyachan et al. 2007).
Chen and Lin (2007) had also stated that the negative

effect of agitation rate on decolorization activity was
consistent with the increase in DO level and could be
ascribed to the inhibition of enzyme activity by oxygen.
Direct red 80 was selected for further studies being a
poly azo dye bound to yield many intermediates on
decolorization.

The sequential microaerophilic-oxic process was car-
ried out to determine the mineralization of Direct red 80
by a monoculture of P .aeruginosa and results obtained
demonstrate its capability to decolorize and mineralize
Direct red 80 within 72 h, consisting of 48 h of micro-
aerophilic incubation and 24 h of aerobiosis. Color
removal from solution was quite significant during
microaerophilic conditions and resulted in the formation
of metabolic intermediates (aromatic amines) which are
often long lived and even more toxic than the parent
compound (Saratale et al. 2009c). The time-dependent
UV–visible spectral signatures of withdrawn samples
show the stepwise decrease in absorbance of dye with
increase in time during the microaerophilic process
(Fig. 5). The disappearance of the absorbance peak of
the dye during this stage indicated the complete decol-
orization of the dye and loss of the azo bonds of the dye
due to their cleavage by azoreductases.

Fig. 2 The phylogenetic tree
showing the interrelationship
between P. aeruginosa strain
AWF and top 10 Blast hits
from NCBI, with Pseudomo-
nas alcaligenes as outgroup

Fig. 3 Time-dependent decolorization of various azo dyes by P.
aeruginosa under microaerophilic conditions

Fig. 4 Effect of aeration on Direct red 80 decolorization by P.
aeruginosa at different time intervals
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To evaluate the mineralization of the generated aro-
matic amines by the monobacterial culture, the mineral-
ization extent (represented by percent TOC removal)
was determined (Fig. 6). Bacterial azo dye biodegrada-
tion proceeds in two stages. The first stage involves
reductive cleavage of the azo bonds (−N=N−), resulting
in the formation of generally colorless but potentially
hazardous—aromatic amines, whereas the second stage
involves degradation of the aromatic amines (van der
Zee and Villaverde 2005). Azo dye reduction usually
requires anaerobic conditions, whereas bacterial biodeg-
radation of aromatic amines is an almost exclusively
aerobic process (Fig. 7). Thus, the aromatic amines
which accounted for the consistent TOC levels after
decolorization were mineralized and probably released
as carbon (IV) oxide after incubation under oxic condi-
tions. Hence, the mineralization of the aromatic amines
into gaseous carbon (IV) oxide may explain the reduc-
tion in TOC levels after the oxic phase. Percentage TOC
removal was just 15.63 % after the first 48 h of
microaerophilic treatment whereas subsequent incuba-
tion under oxic conditions for 24 h led to a rapid TOC
removal from 15.63 to 70.91 %. No changes in TOC
levels were obtained in the controls and in filter-
sterilized microaerophilic-treated cultures suggesting
that the elimination of the degradation intermediates
was not due to abiotic factors but rather due to the
activities of the microorganism. P. aeruginosa showed
good potentials for TOC removal compared with previ-
ously reported physicochemical methods viz.
Fenton/UV-C process for Reactive black 5 (Lucas and

Peres 2007) in which a TOC removal of 46.4 % was
obtained. HPLC chromatograms (Fig. 8) obtained for
the two phase process indicated the emergence of new
peaks after microaerophilic incubation which was attrib-
uted to the generation of aromatic amines. These new
peaks disappeared after oxic incubation but were still
present in filter-sterilized microaerophilic process sam-
ples after prolonged incubation. These results thus, sug-
gest the mineralization of Direct red 80 by P. aeruginosa
during the sequential microaerophilic-oxic process. Da-
ta obtained were consistent with the UV–visible spectra
and TOC data based on the reaction intermediates’
emergence and disappearance timeline. The emergence
of new peaks in HPLC chromatograms occurred simul-
taneously with decrease in absorbance peaks of the dye
and the disappearance of the new peaks after the oxic
phase also confirmed data on TOC indicating de-
crease in levels after that phase. Absence of any
detectable products in the reaction mixture and de-
creasing TOC after reaction time had been stated as a
supportive evidence for complete mineralization of
dyes (Saratale et al. 2010).

Comparison of FT-IR spectrum of control dye with
treated samples clearly indicate the biodegradation of
parent dye compound by P. aeruginosa (Fig. 9) The FT-
IR spectra of the control dye sample showed several
peaks in the region where N–H and O–H stretching is
normally observed (3,300–3,500 cm−1). However, after
microbial treatment under microaerophilic and oxic con-
ditions, a significant reduction in absorption was ob-
served in this region. The fact that no new peaks
appeared between 3,300 and 3,500 cm−1 (attributed to
azo bonds and an OH group in the a-position relative to

Fig. 5 UV–visible spectral signatures of Direct red 80 showing
the decolorization profile at various time intervals during degra-
dation by P. aeruginosa under microaerophilic conditions

Fig. 6 TOC removal during sequential microaerophilic/oxic
phase degradation of Direct red 80 by P. aeruginosa
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Fig. 7 General overview of
the fate of azo dyes and aro-
matic amines during anaero-
bic–aeobic treatment (van
der Zee and Villaverde 2005)

Fig. 8 HPLC chromatograms of azo dye Direct red 80 and metabolic intermediates obtained after sequential microaerophilic/oxic phase
degradation by P. aeruginosa
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Fig. 9 FT-IR spectrum of
untreated Direct red 80 (a),
and its degradation products
after 24 (b), 48 (c), and 72 h
(c) of treatment using P.
aeruginosa
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Fig. 10 1H NMR data for
Direct red 80 before and af-
ter degradation by P.
aeruginosa. a Untreated dye
b after degradation under
microaerophilic conditions
and c after degradation under
oxic conditions
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the azo linkage) and in the region between 1,340 and
1,250 cm−1 (−NH2) after the oxic treatment, suggested
that the azo linkage could have been transformed into
N2 or NH3 or incorporated into the biomass (Gavril and
Hodson 2007). During microaerophilic treatment, bands
located within the region of 1,340–1,020 cm−1

stretching representing amine groups within the dye
structure were retained but disappeared from the spec-
trum of the oxic treated dye confirming the previous

HPLC chromatograms indicating removal of aromatic
amines after oxic treatment. N–N stretching at
1,640 cm−1 represented azo linkages −N=N− in parent
dye compound and of−N–N− stretching inα-substituted
compounds which were attenuated after the oxic treat-
ment. Moreover, a new band appeared in the C–H region
at around 950–900 cm−1 associatedwith the formation of
alkene groups which suggested that the products were
undergoing irreversible chemical changes, probably due

Fig. 11 SEM micrographs of P. aeruginosa before (a) and after (b) exposure to Direct red 80
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to concomitant biodegradation reactions of the products
formed during the reductive dye degradation as this new
band disappeared during the oxic stage.

1H NMR spectroscopy with solvent peak suppres-
sion was used for direct analysis of the reaction mixture.
The 1HNMR data showed a good correlation with UV–
visible spectrophotometry data for Direct red 80 decol-
orization and the TOC data for degradation of aromatic
amine intermediates during aerobiosis. In control sam-
ples, the spectrum showed signals between 3.0 and
4.0 ppm corresponding to the protons of the aromatic
rings. However, the spectrum peaks became attenuated
after treatment with the isolate under microaerophilic
conditions with many of the major peaks resolved
(Fig. 10) indicating the biodegradation of the tertiary
amine. For the oxic phase-treated sample, the 1H NMR
spectrum showed signal attenuation in the aromatic
region (3.0–4.0 ppm) suggesting complete loss of aro-
maticity from Direct red 80 as a result of its mineraliza-
tion by P. aeruginosa. In the same spectrum new signals
appeared in the high field region (between 0.5 and
2.0 ppm) indicating the formation of hydrocarbon ali-
phatic compounds.

Attempts at mineralization of azo dyes were made in
the past using a consortium of bacteria. Treatment sys-
tems composed of mixed microbial populations were
used to achieve biodegradation and mineralization of
synthetic azo dyes due to the synergistic metabolic
activities of the microbial community (Saratale et al.
2011a; Tony et al. 2009). In a microbial consortium,
the individual strains may attack the dye molecule at
different positions or may utilize metabolites produced
by the co-existing strains for further decomposition
(Jadhav et al. 2008; Saratale et al. 2009c). It was be-
lieved that individual bacterial strains usually cannot
degrade azo dyes completely, leaving the intermediate
products which are often carcinogenic aromatic amines,
and need to be further decomposed (Joshi et al. 2008).
However, this study has demonstrated the capability of a
monoculture of P. aeruginosa to effectively decolorize
Direct red 80 and mineralize the resulting metabolic
intermediates arising from dye cleavage in a sequential
microaerophilic/oxic process. This use of a pure culture
system ensures reproducible data, and thus interpreta-
tion of experimental observations becomes easier. It is
also possible to regulate the enzyme system of pure iso-
lates of dye degrading bacteria to producemodified strains
with enhanced enzyme activities using the tools of bio-
chemistry and molecular biology (Saratale et al. 2011b).

3.3 Scanning Electron Microscopy

Scanning electron microscopy was performed to evalu-
ate the changes in cellular morphology due to exposure
of the bacterial cells to the dye for 72 h during degrada-
tion. Figure 11 displays the photomicrograph of the cells
before and after exposure to Direct red 80. The untreated
P. aeruginosa cells, prepared for SEM in dye-free me-
dium, were about 1.2 μm long and displayed a smooth
and intact surface.

However, incubation of the cells with the dye
resulted in clear alterations of the cell surface structure,
e.g., change from smooth to rough, decreased surface
stiffness and formation of micelles, which also points
to the destabilization of the peptidoglycan layer by the
dye. The surface of the cells looked corrugated with
some cells showing some dimples but their average
length remained unaltered (Fig. 11). Hence, it may be
hypothesized that the dye or their metabolic interme-
diates exerted some form of stress on the bacterial cells
despite their ability to mineralize the dyes eventually.
This observation indicates the resilience of the cells to
shock loadings and its ability to perform as an effective
decolorizer despite obvious stress signals attributable to
the toxicity of the dye or its degradation intermediates.

3.4 Biotoxicity Assay

The toxicity of the dye and metabolic intermediates
was assessed to determine the toxicity profile of the
dye solution following the different phases of biological
treatment. The relative sensitivity of the brine shrimps
(determined as LC50) to the dye and degradation

Fig. 12 Concentration of Direct red 80 and degradation metab-
olites needed to kill 50 % of test shrimp (LC50 values) before and
after sequential microaerophilic-oxic treatment of dye solution
using P. aeruginosa
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metabolites was studied and results obtained presented
in Fig. 12.

The LC50 data indicated an increase in toxicity of the
solution after 24 and 48 h of microaerophilic phase
treatment in proportionality to color removal. However,
a decrease in toxicity of the dye solution was obtained
after treatment by P. aeruginosa under oxic conditions.
The increase in toxicity after treatment under micro-
aerophilic conditions may be attributed to the generation
of aromatic amines. The first step in the biodegradation
of azo dyes is cleavage of the azo bond, resulting in
decolorization and the formation of aromatic amines.
These aromatic amines are intermediates used in azo
dye synthesis and appear only after their reduction. Most
of these aromatic amines are known environmental con-
taminants because of their complicated construction,
different varieties, higher chemical stability, and poor
biodegradation (Khan and Banerjee 2010), and their
presence in industrial wastewater creates serious envi-
ronmental problem (Hildenbrand et al. 1999). These
amines are more hydrophobic and thus, may easily cross
the cell membranes, consequently being more toxic than
the original dyes. This may explain the higher toxicity
(low LC50) obtained for the microaerophilic phase-
treated dye solution. These results thus indicate that the
elimination of color from a dye solution does not always
translate into reduction in toxicity of the solution. An
oxic phase treatment is thus, required to eliminate these
toxic aromatic amines to reduce the harm to the environ-
ment when such wastewaters are discharged into water
bodies.

4 Conclusions

The study investigated the ability of a monoculture of
P. aeruginosa to decolorize and mineralize azo dyes
during a sequential microaerophilic-oxic process. This
strain decolorized the azo dye (Direct red 80) during
the microaerophilic phase treatment with mineraliza-
tion of the generated intermediates obtained during the
oxic treatment process. The extent of decolorization
rate was strongly affected by the presence of oxygen in
medium, whereas, oxic conditions were required for
the degradation of the generated aromatic amine inter-
mediates. The percentage decolorization of Direct red
80 by P. aeruginosa under microaerophilic conditions
was 84.6 % in 48 h while the extent of mineralisation
during the oxic process in the subsequent 24 h was

70.91 %. UV–visible spectrophotometry was used to
determine the extent of decolorization of the dye while
HPLC, FT-IR, and NMR analytical techniques were
used to prove the mineralization of the dyes. Toxicity
bioassay using the BSLT clearly indicated inhibitory
characteristics of intermediate metabolites after micro-
aerophilic treatment suggesting increased toxicity upon
azo dye decolorization under these conditions. Howev-
er, further treatment of the solution under oxic condi-
tions by P. aeruginosa led to decreased toxicity of the
dye solution. This study has demonstrated the ability of
a monobacterial culture of P. aeruginosa to decolorize,
mineralize and detoxify azo dye in a sequential micro-
aerophilic-oxic process which gives it an added advan-
tage for treatment of textile industry wastewater. The
potential of this culture for application in treatment of
real dye bearing wastewaters using appropriate bioreac-
tors is currently being investigated in our laboratory.

Acknowledgments One of the authors (Ogugbue, C.J.) is
thankful to the Academy of Science for the Developing World
(TWAS) and the Universiti Sains Malaysia (USM) for awarding
him the TWAS-USM Post Doctoral Fellowship.

References

Amann, R. I., Ludwig, W., & Schleifer, K. H. (1995). Phyloge-
netic identification and in situ detection of individual mi-
crobial cells without cultivation. Microbiological Reviews,
59, 143–169.

Amoozegar, M. A., Hajighasemi, M., Hamedi, J., Asad, S., &
Ventosa, A. (2011). Azo dye decolorization by halophilic
and halotolerant microorganisms. Annals of Microbiology,
61, 217–230.

Anjaneyulu, Y., Sreedhara, C. N., & Samuel Suman Raj, D.
(2005). Decolourization of industrial effluents—available
methods and emerging technologies—a review. Reviews in
Environmental Science and BioTechnology, 4, 245–273.

Banat, I. M., Nigam, P., Singh, D., & Marchant, R. (1996).
Microbial decolorization of textile-dye containing efflu-
ents: a review. Bioresource Technology, 58, 217–227.

Blanquez, P., Casas, N., Font, X., Gabarrell, X., Sarra, M.,
Caminal, G., et al. (2004). Mechanism of textile metal dye
biotransformation by Trametes versicolor. Water Research,
38, 2166–2172.

Boer, C. G., Obici, L., Souza, C. G. M., & Peralta, R. M. (2004).
Decolorization of synthetic dyes by solid state cultures of
Lentinula (Lentinus) edodes producingmanganese peroxidase
as the main ligninolytic enzyme. Bioresource Technology, 94,
107–112.

Cervantes, F. J., & Dos Santos, A. B. (2011). Reduction of azo
dyes by anaerobic bacteria: microbiological and biochemical

1672, Page 14 of 16 Water Air Soil Pollut (2013) 224:1672



aspects. Reviews in Environmental Science and Biotechnol-
ogy, 10, 125–137.

Chang, J. S., Chen, B. Y., & Lin, Y. S. (2004). Stimulation of
bacterial decolorization of an azo dye by extracellular me-
tabolites from Escherichia coli strain NO3. Bioresource
Technology, 91, 243–248.

Chang, J. S., Chou, C., Lin, Y. C., Lin, P. J., Ho, J. Y., & Lee Hu,
T. (2001). Kinetic characteristics of bacterial azo-dye de-
colorization by Pseudomonas luteola. Water Research, 35,
2841–2850.

Chen, B. Y. (2002). Understanding decolorization characteristics
of reactive azo dyes by Pseudomonas luteola: toxicity and
kinetics. Process Biochemistry, 38, 437–446.

Chen, J. P., & Lin, Y. S. (2007). Decolorization of azo dye by
immobilized Pseudomonas luteola entrapped in alginate–
silicate sol–gel beads. Process Biochemistry, 42, 934–942.

Chen, K., Huang, W., Wu, J., & Houng, J. (1999). Microbial
decolorization of azo dyes by Proteus mirabilis. Journal of
Industrial Microbiology and Biotechnology, 23, 686–690.

Chung, K. T. (2000). Mutagenicity and carcinogenicity of aromat-
ic amines metabolically produced from azo dyes. Journal of
Environmental Science and Health. Part C, 18, 51–74.

de Aragão Umbuzeiro, G., Freeman, H. S., Warren, S. H., De
Oliveira, D. P., Terao, Y., Watanabe, T., et al. (2005). The
contribution of azo dyes to the mutagenic activity of the
Cristais River. Chemosphere, 60, 55–64.

dos Santos, A. B., Cervantes, F. J., & van Lier, J. B. (2007).
Review paper on current technologies for decolourisation of
textile wastewaters: perspectives for anaerobic biotechnol-
ogy. Bioresource Technology, 98, 2369–2385.

El Ahwany, A. M. D. (2008). Decolorization of Fast red by
metabolizing cells of Oenococcus oeni ML34. World Jour-
nal of Microbiology and Biotechnology, 24, 1521–1527.

Franciscon, E., Zille, A., Fantinatti-Garboggini, F., Silva, I. S.,
Cavaco-Paulo, A., &Durrant, L. R. (2009). Microaerophilic–
aerobic sequential decolourization/biodegradation of textile
azo dyes by a facultativeKlebsiella sp. strain VN-31. Process
Biochemistry, 44, 446–452.

Gavril, M., & Hodson, P. V. (2007). Chemical evidence for the
mechanism of the biodecoloration of Amaranth by Trametes
versicolor. World Journal of Microbiology and Biotechnolo-
gy, 23, 103–124.

Golka, K., Kopps, S., & Myslak, Z. W. (2004). Carcinogenicity
of azo colorants: influence of solubility and bioavailability.
Toxicology Letters, 151, 203.

Gomare, S. S., Jadhav, J. P., & Govindwar, S. P. (2008). Degra-
dation of sulfonated azo dyes by the purified lignin perox-
idase from brevibacillus laterosporus MTCC 2298. Bio-
technology and Bioprocess Engineering, 13, 136–143.

Gottlieb, A., Shaw, C., Smith, A., Wheatley, A., & Forsythe, S.
(2003). The toxicity of textile reactive azo dyes after hy-
drolysis and decolourisation. Journal of Biotechnology,
101, 49–56.

Hildenbrand, S., Schmahl, F., Wodarz, R., Kimmel, R., & Dartsch,
P. (1999). Azo dyes and carcinogenic aromatic amines in cell
cultures. International Archives of Occupational and Envi-
ronmental Health, 72, 52–56.

Hong, Y., Xu, M., Guo, J., Xu, Z., Chen, X., & Sun, G. (2007).
Respiration and growth of Shewanella decolorationis S12
with an azo compound as the sole electron acceptor. Applied
and Environmental Microbiology, 73, 64–72.

Jadhav, S., Jadhav, U., Dawkar, V., & Govindwar, S. (2008).
Biodegradation of disperse dye brown 3REL by microbial
consortium of Galactomyces geotrichum MTCC 1360 and
Bacillus sp. VUS. Biotechnology and Bioprocess Engineer-
ing, 13, 232–239.

Jaspers, E., & Overmann, J. (2004). Ecological significance of
microdiversity: identical 16S rRNA gene sequences can be
found in bacteria with highly divergent genomes and eco-
physiologies. Applied and Environmental Microbiology,
70, 4831–4839.

Joshi, T., Iyengar, L., Singh, K., & Garg, S. (2008). Isolation,
identification and application of novel bacterial consortium
TJ-1 for the decolourization of structurally different azo
dyes. Bioresource Technology, 99, 7115–7121.

Junghanns, C., Krauss, G., & Schlosser, D. (2008). Potential of
aquatic fungi derived from diverse freshwater environments
to decolourise synthetic azo and anthraquinone dyes.
Bioresource Technology, 99, 1225–1235.

Khalid, A., Arshad, M., & Crowley, D. E. (2008a). Accelerated
decolorization of structurally different azo dyes by newly
isolated bacterial strains. Applied Microbiology and Bio-
technology, 78, 361–369.

Khalid, A., Arshad, M., & Crowley, D. E. (2008b). Decoloriza-
tion of azo dyes by Shewanella sp. under saline conditions.
Applied Microbiology and Biotechnology, 79, 1053–1059.

Khan, R., & Banerjee, U. (2010). Decolorization of azo dyes by
immobilized bacteria. Biodegradation of Azo Dyes, 73–84.

Khehra, M. S., Saini, H. S., Sharma, D. K., Chadha, B. S., &
Chimni, S. S. (2005). Decolorization of various azo dyes by
bacteria consortium. Dyes and Pigments, 67(1), 55–61.

Kumar, V., Wati, L., FitzGibbon, F., Nigam, P., Banat, I., Singh,
D., et al. (1997). Bioremediation and decolorization of
anaerobically digested distillery spent wash. Biotechnology
Letters, 19, 311–314.

Litchfield, J. T., & Wilcoxon, F. (1949). A simplified method of
evaluating dose–effect experiments. Journal of Pharmacol-
ogy and Experimental Therapeutics, 96, 99–113.

Lucas, M. S., & Peres, J. A. (2007). Degradation of Reactive
Black 5 by Fenton/UV-C and ferrioxalate/H2O2/solar light
processes. Dyes and Pigments, 74, 622–629.

McDowell, E. M., & Trump, B. F. (1976). Histologic fixatives
suitable for diagnostic light and electron microscopy. Ar-
chives of Pathology & Laboratory Medicine, 100, 405.

Meyer, B., Ferrigni, N., Putnam, J., Jacobsen, L., Nichols, D. E.,
& McLaughlin, J. (1982). Brine shrimp: a convenient gen-
eral bioassay for active plant constituents. Planta Medica,
45, 31.

Modi, H., Rajput, G., & Ambasana, C. (2010). Decolorization of
water soluble azo dyes by bacterial cultures, isolated from dye
house effluent. Bioresource Technology, 101, 6580–6583.

Moutaouakkil, A., Zeroual, Y., Zohra Dzayri, F., Talbi, M., Lee,
K., & Blaghen, M. (2003). Purification and partial character-
ization of azoreductase from Enterobacter agglomerans. Ar-
chives of Biochemistry and Biophysics, 413, 139–146.

NCBI. 2012. http://www.ncbi.nlm.nih.gov/BLAST/Blast.cgi.
Ogugbue, C., Sawidis, T., Oranusi, N. (2011). Evaluation of

colour removal in synthetic saline wastewater containing
azo dyes using an immobilized halotolerant cell system.
Ecological Engineering 37, 2056.

Ogugbue, C.J., Sawidis, T. (2011). Bioremediation and detoxi-
fication of synthetic wastewater containing triarylmethane

Water Air Soil Pollut (2013) 224:1672 Page 15 of 16, 1672

http://www.ncbi.nlm.nih.gov/BLAST/Blast.cgi


dyes by Aeromonas hydrophila isolated from industrial
effluent. Biotechnology Research International 2011, 1–11.

Palácio, S. M., Espinoza-Quiñones, F. R., Módenes, A. N.,
Oliveira, C. C., Borba, F. H., & Silva, F. G. (2009). Toxicity
assessment from electro-coagulation treated-textile dye
wastewaters by bioassays. Journal of Hazardous Materials,
172, 330–337.

Pandey, A., Singh, P., & Iyengar, L. (2007). Bacterial decolori-
zation and degradation of azo dyes. International Biodete-
rioration and Biodegradation, 59, 73–84.

Patel, R., & Suresh, S. (2008). Kinetic and equilibrium studies on
the biosorption of reactive black 5 dye by Aspergillus
foetidus. Bioresource Technology, 99, 51–58.

Pinheiro, H., Touraud, E., & Thomas, O. (2004). Aromatic
amines from azo dye reduction: status review with empha-
sis on direct UV spectrophotometric detection in textile
industry wastewaters. Dyes and Pigments, 61, 121–139.

Rai, H. S., Bhattacharyya, M. S., Singh, J., Bansal, T., Vats, P., &
Banerjee, U. (2005). Removal of dyes from the effluent of
textile and dyestuff manufacturing industry: a review of
emerging techniques with reference to biological treatment.
Critical Reviews in Environmental Science and Technology,
35, 219–238.

Saratale, G.D., Chien, L.J. and Chang, J.S. (2011a) Enzymatic
treatment of lignocellulosic wastes for anaerobic digestion
and bioenergy production. In: Environmental anaerobic
technology: applications and new developments. World
Scientific, London, p. 279

Saratale, R., Saratale, G., Chang, J., & Govindwar, S. (2010).
Decolorization and biodegradation of reactive dyes and dye
wastewater by a developed bacterial consortium. Biodegra-
dation, 21, 999–1015.

Saratale, R., Saratale, G., Chang, J., & Govindwar, S. (2011b).
Bacterial decolorization and degradation of azo dyes: a
review. Journal of the Taiwan Institute of Chemical Engi-
neers, 42, 138–157.

Saratale, R., Saratale, G., Chang, J. S., & Govindwar, S. (2009a).
Decolorization and biodegradation of textile dye Navy blue
HER by Trichosporon beigelii NCIM-3326. Journal of
Hazardous Materials, 166, 1421.

Saratale, R., Saratale, G., Chang, J. S., & Govindwar, S. (2009b).
Ecofriendly degradation of sulfonated diazo dye CI Reac-
tive Green 19A using Micrococcus glutamicus NCIM-
2168. Bioresource Technology, 100, 3897–3905.

Saratale, R., Saratale, G., Kalyani, D., Chang, J. S., & Govindwar,
S. (2009c). Enhanced decolorization and biodegradation of

textile azo dye Scarlet R by using developed microbial
consortium-GR. Bioresource Technology, 100, 2493–2500.

Seesuriyachan, P., Takenaka, S., Kuntiya, A., Klayraung, S.,
Murakami, S., & Aoki, K. (2007). Metabolism of azo
dyes by Lactobacillus casei TISTR 1500 and effects of
various factors on decolorization. Water Research, 41,
985–992.

Sasidharan, S., Darah, I., & Jain, K. (2008). In vivo and in vitro
toxicity study of Gracilaria changii. Pharmaceutical Biol-
ogy, 46, 413–417.

Sheth, N., & Dave, S. (2009). Optimisation for enhanced
decolourization and degradation of Reactive Red BS CI 111
by Pseudomonas aeruginosa NGKCTS. Biodegradation, 20,
827–836.

Silveira, E., Marques, P., Silva, S., Lima-Filho, J., Porto, A., &
Tambourgi, E. (2009). Selection of Pseudomonas for indus-
trial textile dyes decolourization. International Biodeterio-
ration and Biodegradation, 63, 230–235.

Singh, P., Sanghi, R., Pandey, A., & Iyengar, L. (2007).
Decolorization and partial degradation of monoazo
dyes in sequential fixed-film anaerobic batch reactor
(SFABR). Bioresource Technology, 98, 2053–2056.

Talarposhti, A. M., Donnelly, T., & Anderson, G. (2001). Colour
removal from a simulated dye wastewater using a two-phase
anaerobic packed bed reactor.Water Research, 35, 425–432.

Tan, N., Borger, A., Slenders, P., Svitelskaya, A., Lettinga, G.,
Field, J. (2000). Degradation of azo dye Mordant Yellow 10
in a sequential anaerobic and bioaugmented aerobic biore-
actor. Water Science and Technology, 337–344

Tan, N., Prenafeta-Boldu, F., Opsteeg, J., Lettinga, G., & Field, J.
(1999). Biodegradation of azo dyes in cocultures of anaer-
obic granular sludge with aerobic aromatic amine degrading
enrichment cultures. Applied Microbiology and Biotechnol-
ogy, 51, 865–871.

Tony, B. D., Goyal, D., & Khanna, S. (2009). Decolorization of
textile azo dyes by aerobic bacterial consortium. Interna-
tional Biodeterioration and Biodegradation, 63, 462–469.

van der Zee, F. P., Lettinga, G., & Field, J. A. (2001). Azo dye
decolourisation by anaerobic granular sludge. Chemosphere,
44, 1169–1176.

van der Zee, F. P., & Villaverde, S. (2005). Combined anaerobic–
aerobic treatment of azo dyes—a short review of bioreactor
studies. Water Research, 39(8), 1425–1440.

Zhao, X., & Hardin, I. R. (2007). HPLC and spectrophotometric
analysis of biodegradation of azo dyes by Pleurotus
ostreatus. Dyes and Pigments, 73, 322–325.

1672, Page 16 of 16 Water Air Soil Pollut (2013) 224:1672



Reproduced with permission of the copyright owner. Further reproduction prohibited without
permission.


	c.11270_2013_Article_1672.pdf
	Sequential...
	Abstract
	Introduction
	Materials and Methods
	Chemicals
	Isolation of Dye Decolorizing Bacterial Cultures
	Screening of Decolorizing Bacterial Strains
	Bacterial Identification
	Decolorization and Mineralization Assay
	Analytical Methods
	High-Performance Liquid Chromatography
	Determination of TOC
	Fourier Transform Infrared Spectroscopy and Nuclear Magnetic Resonance Spectroscopy
	Scanning Electron Microscopy
	Toxicity Test (Brine Shrimp Assay)

	Results and Discussion
	Isolation and Screening of Dye-Decolorizing Strains
	Decolorization and Mineralization Studies
	Scanning Electron Microscopy
	Biotoxicity Assay

	Conclusions
	References



