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Abstract Bacterium Pseudomonas aeruginosa BCH was
able to degrade naphthylaminesulfonic azo dye Amaranth in
plain distilled water within 6 h at 50 mgl−1 dye concentration.
Studies were carried out to find the optimum physical con-
ditions and which came out to be pH7 and temperature 30 °C.
Amaranth could also be decolorized at concentration 500 mg
l−1. Presence of Zn and Hg ions could strongly slow down the
decolorization process, whereas decolorization progressed
rapidly in presence of Mn. Decolorization rate was increased
with increasing cell mass. Induction in intracellular and
extracellular activities of tyrosinase and NADH-DCIP reduc-
tase along with intracellular laccase and veratryl alcohol oxi-
dase indicated their co-ordinate action during dye
biodegradation. Up-flow bioreactor studies with alginate
immobilized cells proved the capability of strain to degrade
Amaranth in continuous process at 20 mlh−1 flow rate.
Various analytical studies viz.—HPLC, HPTLC, and FTIR
gave the confirmation that decolorization was due to biode-
gradation. From GC-MS analysis, various metabolites were
detected, and possible degradation pathway was predicted.
Toxicity studies carried out with Allium cepa L. through
the assessment of various antioxidant enzymes viz. sul-
phur oxide dismutase, guaiacol peroxidase, and catalase
along with estimation of lipid peroxidation and protein
oxidation levels conclusively demonstrated that oxidative
stress was generated by Amaranth.

Keywords Amaranth . Azo . HPTLC . Lipid peroxidation .

Oxidative stress . Protein oxidation . Pseudomonas
aeruginosaBCH

Introduction

Azo dyes are most widely and diversely used dyes. Among the
12 classes of chromogenic groups of dyes, they make about
70 % of the textile dyestuff produced and considered as very
recalcitrant xenobiotic compounds to biodegradation processes
(Lee and Pavlostathis 2004). In textile wastewater, concentra-
tion of reactive azo dyes ranges from 5 to 1,500 mgl−1 (Pierce
1994). About 3,000 azo dyes are used in various industries such
as paper, food, cosmetics, and pharmaceuticals (Pan et al. 2012)
and over 7×105 t are produced annually worldwide
(Puvaneswari et al. 2006). Along with this, toxicity of these
dyes is the main reason for prime intention of researchers
towards their remediation. Sudan azo dyes and their metabo-
lites have been shown to inhibit the growth of human intestinal
bacteria (Pan et al. 2012). Azo dyes have been shown to be
mutagenic to the human hepatoma cell line where frame shift
mutation was observed (Ferraz et al. 2011a, b) and also found
to induce themicronuclei formation in human lymphocytes and
in HepG2 cells (Chequer et al. 2009). Mutagenicity of these
dyes and their reduction products have been exposed by
Jaochim et al. (1985) in Salmonella/microsome assay.
Turkish government has banned the dyes azo dyes since 1
March 1995 due to the relevant aromatic amines. However,
due to their efficiency of dyeing and cost, they have been still in
use in textile dyeing processes in Turkey and in some countries
(Isik and Sponza 2003). Conventional treatment approaches to
the textile-dyeing wastewater consist of several combinations
of chemical and physical methods which includes coagula-
tion, precipitation and adsorption. However, large variability
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of the textile-dyeing wastewater is proving these methods as
inadequate. Although many attempts have been made to
apply electron-beam irradiation, photo-oxidation, supercrit-
ical water oxidation, and electrochemical methods for the
treatment of wastewater, still no reliable textile-dyeing
wastewater treatment process has been established so far
(Mok and Jo 2007). Also, with time, potential hazards and
disadvantages of these methods were noted as highly
expensive coupled with formation of large amount of toxic
sludge and the emission of even more toxic metabolites
(Davis et al. 1994; Johnson et al. 1978).

Amaranth is one the representative of azo class of dyes. It is
an anionic dye and which found its uses in natural and syn-
thetic fibres, leather and paper industry, phenol-formaldehyde
resins, and also as a food additive. However, there is toxicity
concern for the use of this dye. Notably, exercise of this dye is
not allowed in USA but not prohibited in other countries
(Gomi et al. 2011). Hong et al. (2007) has reported the
mutagenicity of Amaranth in Ames test but no cytotoxicity
was observed. Dye was also found nontoxic inMicrotox assay
with Vibrio fischeri (Ramsay and Nguyen 2002).

Herein, we report the detailed investigation on biodegra-
dation of Amaranth by Pseudomonas aeruginosa BCH in
plain distilled water, including the enzymes involved and
possible biodegradation pathway. This may be the first time
report on bacterial decolorization in plain water. Efforts are
also made to get insights into the toxicity of the dye with
respect to generation of oxidative stress. And as an applica-
tion part, we also examined the biodegradation of the dye in
continuous decolorization study in up-flow bioreactor with
alginate immobilized cells.

Materials and methods

Chemicals

Amaranth dye was purchased from Himedia Pvt. Ltd., India.
Other chemicals such as o-tolidine, veratryl alcohol, L-
ascorbic acid, Na-alginate, thiobarbituric acid, and DCIP
were also obtained from Himedia Pvt. Ltd, India.
Dichloromethane was purchased from Merck, India and
ethyl acetate from sd-fine chem. limited, India.
Nicotinamide adenine dinucleotide reduced salt (NADH)
was purchased from SRL Chemicals, India.

Culture conditions and biodegradation assay

Bacterial strain P. aeruginosa BCH used in this study was
previously isolated in our laboratory from dye-contaminated
soil (Jadhav et al. 2010a). The pure culture was maintained
at 4 °C on yeast extract agar medium having composition
(grams per liter): yeast extract 5, NaCl 5, and agar 25.

The medium for bacterial growth was composed of
(grams per liter): yeast extract 2, NaCl 5. A single colony
of bacterium was inoculated in 250 ml Erlenmeyer flasks
containing 100 ml medium and grown for 8 h at 30 °C at
shaking condition (120 rpm). From this inoculum, 1 ml of
culture was then inoculated in the 100 ml fresh medium and
grown for 24 h as above (idea was to grow the cells of the
log phase for 24 h). Cells were harvested by centrifugation
at 6,000 rpm for 10 min at 4 °C (dry cells weight was 30±
3 mg). Centrifuged cells were washed twice with sterile
distilled water and resuspended in distilled water at a con-
centration of 1 gl−1 dry weight. Dye was added at a con-
centration of 50 mgl−l from the stock solution prepared in
sterile distilled water. Aliquots of 1 ml from this decoloriza-
tion assay sample were withdrawn immediately following
dye addition and after dye decolorization; centrifuged at
5,500 rpm for 15 min at room temperature, and supernatants
were analyzed at 525 nm on spectrophotometer. All experi-
ments were performed in triplicates in aseptic conditions.
Decolorization activity was calculated by using the formula,

Decolorization activity %ð Þ ¼
Initial absorbanceð Þ � Observed absorbanceð Þ½ �

Initial absorbanceð Þ � 100

Effect of physico-chemical parameters and increasing dye
concentration

Effect of different pH was studied by adjusting the pH of
distilled water (viz.—5, 6, 7, 8, and 9) with 0.1 M HCl and
0.1 MNaOH prior to cells and dye addition. Similarly, to study
the effect of different temperatures (from 10 °C to 50 °C) on
decolorization performance, flasks containing cells suspended
in distilled water were kept at respective temperatures for
15 min before dye addition to attain the temperature. After
dye addition, incubation was continued at respective temper-
ature. Decolorization was monitored after 6 h of incubation.

In order to examine the effect of initial dye concentra-
tions on the decolorization performance, different concen-
trations of dye—100, 200, 300, 400, and 500 mgl−1 were
added into the decolorization flask containing 1 g1−1 bacte-
rial cells in distilled water. The percent decolorization was
measured at different time intervals.

Effect of cell mass concentrations

We also scrutinized the impact of cell mass concentration on
decolorization rate. Experiments were carried out at cell
concentration viz.—0.5, 1.0, 1.5, 2.0, and 2.5 gl−1. Flasks
were incubated at 30 °C, and decolorization was monitored
at various time intervals.
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Effect of heavy metal ions

To examine the impact of various metals such as Mg
(MgCl2), Co (CoCl2), Zn (ZnSO4), Mn (MnCl2), and Hg
(HgCl2) on decolorization activity, decolorization experi-
ments were carried out in the presence of these metals at
concentration 1 and 5 mM for all metals. Metals from stock
solutions were added to the cell suspension (in distilled
water) separately and incubated for 15 min, and then flasks
were added with the dye aliquot. Decolorization was moni-
tored at 30 °C for different time intervals.

Enzymatic analysis

Preparation of cell free extract

Bacterial cells grown for 24 h, as mentioned above, were
centrifuged at 6,000 rpm for 10 min at 4 °C (control).
Centrifuged cells (from 100 ml broth) were washed and
resuspended in 20 ml potassium phosphate buffer (50 mM,
pH7.2). Further, these cells were homogenized in a glass
homogenizer and sonicated (Sonics-vibracell ultrasonic pro-
cessor) keeping sonicator output at 60 amplitudes and giv-
ing seven strokes each of 30 s. with 2 min interval at 4 °C.
The homogenate was centrifuged at 6,000 rpm for 10 min at
4 °C, and supernatant was used as a source of crude enzyme.
To quantify the enzyme activities after dye decolorization,
cells were harvested from decolorization flask by centrifu-
gation, and similar procedure was followed to get the cell-
free extract as an enzyme source.

Enzyme assays

Activities of laccase, veratryl alcohol oxidase, NADH-DCIP
reductase, and tyrosinase were assayed spectrophotometri-
cally by using Shimadzu UV–vis spectrophotometer (UV
1800). Enzyme assays for laccase, veratryl alcohol oxidase,
and NADH-DCIP reductase were carried out as mentioned
in our previous report (Jadhav et al. 2011). For tyrosinase
assay, protocol mentioned by Surwase and Jadhav (2012)
was followed. All enzyme assays were carried out at room
temperature; reference blanks contained all the components
except enzyme.

Continuous dye decolorization in up-flow reactor

In this study, bacterial ability to carry out dye decolorization
in continuous process was evaluated with Amaranth. For
this, cells of P. aeruginosa BCH were immobilized in Na-
alginate. Cells were centrifuged after growing for 24 h as
mentioned above, and 180 mg cells were mixed with 4 %
Na-alginate (100 ml). Beads of immobilized cells were
formed in 2 % CaCl2 solution. These beads (3–4 mm

diameter) were packed in a glass column of 2.8 cm inner
diameter and 35 cm length. The packed volume of reactor
was 170 ml in 30 cm packed section. Reactor was operated
at 20 mlh−1 flow rate with the help of peristaltic pump, and
decolorization was monitored at various time intervals.
Nutrients were supplied after 6 days of incubation.

Analytical analysis

Extraction of the metabolites

Decolorized sample was centrifuged at 9,000 rpm for
20 min at room temperature, and the supernatant obtained
was used to extract metabolites; firstly with equal volume of
ethyl acetate and then with equal volume dichloromethane.
Both extracts were combined, dried over anhydrous
Na2SO4, and evaporated to dryness in rotary evaporator.
This dried residue was redissolved in small volume of
HPLC grade methanol and used for analytical studies like
HPTLC, HPLC, and GC-MS.

UV–vis spectral analysis, HPTLC, HPLC, FTIR,
and GC-MS

UV–visible spectral analysis of cell free sample, before and
after dye decolorization, was carried by using Shimadzu UV
spectrophotometer (UV 1800) and changes in its absorption
spectrum in the visible range (400–800 nm) were recorded.
High performance thin layer chromatography (HPTLC)
analysis was carried out by using HPTLC system
(CAMAG, Switzerland). Samples of dye and its biodegra-
dation metabolites (dissolved in HPLC grade methanol)
were loaded on pre-coated HPTLC plates (Silica gel 60F
254, Merck, Germany), by using nitrogen as a spraying gas
and TLC sample loading instrument (CAMAG LINOMAT
5). TLC plate was developed in solvent system toluene:
ethyl acetate: methanol (2:4:13). After development, the
plate was observed in UV chamber (CAMAG) and scanned
at 254 nm with slit dimension 5×0.45 mm by using TLC
scanner (CAMAG). Results were generated by using
HPTLC software WinCATS 1.4.4.6337. HPLC analysis
was performed in an isocratic Waters 2690 system equipped
with dual absorbance detector, using C18 column (symmetry
4.6×250 mm) and HPLC grade methanol as mobile phase
with flow rate 1 mlmin−1. For FTIR analysis, residue
obtained after evaporation of solvent extracts was mixed
with stereoscopically pure KBr, and analysis was carried
out using Simadzu 8400S spectrophotometer in the mid-
infrared region of 400–4000 cm−1 with 16-scan speed.
Identification of metabolites formed after biodegradation
of Amaranth was carried out using a QP2010 gas chroma-
tography coupled with mass spectroscopy (Shimadzu). The
ionization voltage was 70 eVand helium was used as carrier
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gas with a flow rate 1 mlmin−1 and 33 min run time. Gas
chromatography was conducted in temperature program-
ming mode with a Resteck column (0.25×30 mm; XTI-5).
Column oven temperature was 280 °C, and injection tem-
perature was 200 °C. Temperature was held at 50 °C for
1 min then rose to 280 °C at 10 °C rise per minute.

Toxicity evaluation of dye and its metabolites

Toxicity of Amaranth and its metabolites obtained after dye
biodegradation was investigated with Allium cepa L.
Generation of oxidative stress was studied which included
the antioxidant enzyme status, lipid peroxidation, and pro-
tein oxidation.

Treatment

Small bulbs of A. cepa of equal size and shape were initially
exposed to water to develop the roots. Bulbs were then
grouped into three sets as I, II, and III for the control (distilled
water treatment), treatment with dye (1,000 ppm), and metab-
olites obtained after dye biodegradation (1,000 ppm), respec-
tively (Jadhav et al. 2010b). Bulbs in each case were exposed
to respective treatment for 72 h.

Analysis of antioxidant enzymes, protein oxidation,
and lipid peroxidation

For investigating the antioxidant enzyme status and levels of
protein oxidation and lipid peroxidation, protocol of Achary et
al. (2008) was followed. Antioxidant enzyme status was
assessed by both spectrophotometric as well as in-gel enzyme
assays. Antioxidant enzymes that were analyzed include
(CAT, E.C.1.11.1.6), SOD (E.C.1.15.1.1), and GPX
(E.C.1.11.1.7). Spectrophotometric assays were initiated by
adding aliquots of enzyme extracts containing 50 μg of pro-
tein to 3 ml of reaction mixture. In case of in-gel enzyme
assays, protein extracts containing equal amounts of soluble
protein (50 μg) were subjected to native discontinuous poly-
acrylamide gel electrophoresis under non-reducing and non-
denaturing conditions and stained by activity staining for
respective enzymes.

Protein oxidation assay was based on the reaction of car-
bonyls resulting from free radical-mediated modification of
proteins and 2, 4-dinitrophenyl hydrazine (DNPH, Qualigens,
India). Difference in absorbance of test and blank was drawn
on to calculate the carbonyl concentrations using extinction
coefficient of DNPH (ε022 mM−1cm−1) and expressed in
nanomoles of DNPH incorporated per milligram of protein.
In lipid peroxidation assay, amount of malondialdehyde
(MDA) was measured which is produced from thiobarbituric
acid (TBA) reaction. The concentration of MDA was calcu-
lated using an extinction coefficient (ε0155 mM−1cm−1) and

expressed in nanomole gram FW. For all enzymatic studies,
protein concentrations were estimated by the Lowry method
(1951).

Statistical analysis

Data were analyzed by one-way analysis of variance
(ANOVA) with Tukey–Kramer multiple comparisons test.

Results

Dye decolorization at various physicochemical conditions

Bacterium P. aeruginosa BCH had shown the ability to
decolorize Amaranth in plain distilled water. Dye decolor-
ization was confirmed through UV–visible spectral analysis
which showed vanishing of the peak responsible for λmax
of Amaranth after decolorization (Fig. not shown).
Optimum decolorization was achieved after examining the
effects of various pH and temperature values. Highest decol-
orization of 97 % was recorded at pH7 and temperature at
30 °C (Fig. 1). However, we observe that there was no
difference in optimum decolorization activity without
adjusting the pH to 7 of distilled water (which was 6.7±
0.1). Therefore, further studies were carried out in plain
distilled water. Dye decolorization was not occurred at shak-
ing condition (120 rpm). It was noteworthy that heat-killed
cell suspension did not show decolorization activity and also
no biosorption of the dye was occurred by dead cell mass.
However, adsorption of dye was observed only initially (0
time) and not after decolorization. Cell viability was
checked in decolorized flask by streaking loop full culture
on agar plate, and normal growth pattern was observed
which signified that cells remain viable.

Decolorization activity at higher dye concentrations

Ability of bacterium to tolerate higher dye concentration
was assessed in this study, and it was found that strain could
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show the activity even at 500 mgl-1 dye concentration.
Exposure of bacterial cells to concentrations above
100 mgl−1 resulted in a decrease in color removal efficiency.
More than 95 % color removal at dye concentrations below
100 mgl−1 was obtained within or inside 6 h, whereas
increase in dye concentration up to 500 mgl−1 showed a
significant decrease in decolorization level to 87 % within
39 h (Fig. 2).

Decolorization using various cell mass concentrations

Assessment of cell mass effect was done by carrying out
decolorization experiments under different cell mass con-
centrations. Linear type of relationship was obtained where
time required for decolorization went on decreasing with
increasing cell mass, that is, decolorization rate was
increased with increasing cell mass concentration (Fig. 3).
From this study, it was evident that cell mass concentration
was the strong process affecting parameter.

Effect of heavy metals on decolorization performance

Dye containing effluents frequently contain heavy metals.
Therefore, Amaranth decolorization was studied in presence
of some metals at concentrations 1 and 5 mM. Figure 4
reflects the effects of Mn, Zn, Co, Mg, and Hg. It can be
seen that Zn strongly inhibited the decolorization efficacy at
5 mM concentration resulting in only 30 % decolorization
by P. aeruginosa BCH. It also inhibited the decolorization
performance at 1 mM concentration but to a lesser extent
(decolorization 81 %). Similarly, Hg too showed strong
inhibition activity. It was notable that Mn had strong
enhancing effect on decolorization performance where
98 % decolorization was attained with both tested concen-
trations. But with 5 mM concentration, same activity was
observed at very high decolorization rate (within 105 min of
incubation). Mg exhibited negligible effect while the pres-
ence Co was inhibitory to Amaranth decolorization.

Enzymatic status

Data presented in Table 1 shows the intracellular and extrac-
ellular enzyme activities before and after decolorization of
Amaranth by P. aeruginosa BCH. It is evident that activity
of intracellular laccase was induced significantly from 0.665
to 0.812 U. Activity of intracellular veratryl alcohol oxidase
was remarkably induced from 1.086 to 1.256 U after dye
decolorization. Activities of tyrosinase and NADH-DCIP
reductase were induced significantly in both extracellular
and intracellular samples.

Decolorization in up-flow bioreactor

Decolorization was monitored for 18 days at a flow rate of
20 mlh−1 with nutrient supply after 6 days of incubation in a
continuous process. Figure 5a gives schematic representa-
tion of reactor and shows the decolorization pattern
observed after every 12 h of run (Fig. 5b). It can be seen
that immobilized cells decolorized the dye for the first 2 days
without change in efficiency where 97 % decolorization was
observed. Bioreactor was then slightly dropping down in its
efficiency from the third day, and at sixth day, 71 % decol-
orization was recorded. Further on supply of nutrients decol-
orization activity was regained by the reactor with slightly
low efficacy. Decolorization pattern observed in this second
round/cycle was from 90 % to 61 % on the sixth day after

75

80

85

90

95

100

100 200 300 400 500

Dye concetration (mg l-1)

%
 D

ec
ol

or
iz

at
io

n

0

9

18

27

36

45

T
im

e 
(h

r)

% Decolorization Time

Fig. 2 Effect of initial dye concentration on decolorization performance

0

20

40

60

80

100

Mg Co Zn Mn Hg
Heavy metals

%
 D

ec
ol

or
iz

at
io

n

1mM conc.

5mM conc.

Fig. 3 Effect of cell mass concentration on dye decolorization rate

0

3

6

9

12

15

18

0 0.5 1 1.5 2 2.5
Cell mass (g l-1)

T
im

e 
(h

r)

Time (hr)

Fig. 4 Effect of metals on decolorization activity

2858 Environ Sci Pollut Res (2013) 20:2854–2866



nutrient supply. This decline in reduction of decolorization
competence continued in the third cycle. Here, only 51 %

decolorization occurred at the end of sixth day. Cell viability
may be the reason for this decreasing efficiency. Abiotic decol-
orization was calculated at the end of the experiment with cell-
free beads, and it was 5 % which served as the control.

Analytical confirmation of dye biodegradation

HPLC, HPTLC, and FTIR analyses

Figure 6 indicates the results of HPLC analysis. It showed
single peak for Amaranth at retention time of 1.784 min.
(Fig. 6a), whereas sample obtained after decolorization
showed four peaks with altered retention times viz.—
1.971, 2.483, 2.718, and 3.274 min (Fig. 6b).

Figure 7a shows three dimensional graph of Rf values
versus absorbance units. Control sample (dye) ran on fluo-
rescent HPTLC plate showed peak at Rf value of 0.76,
whereas metabolite sample showed two different spots with
altered Rf values viz.—0.72 and 0.90 (Fig. 7b).

When the dye was analyzed in FTIR analysis (Fig. 8a),
several peaks responsible for different functional groups
were obtained as follows. Peak at 638.70 cm−1 corresponds
to stretching in terminal monosubstituted C–H deformation.
Peak at 667.04 cm−1 corresponded to C–S stretching in
sulphonyl group. C–H deformation in benzene ring was
indicated by peak at 836.59 cm−1. S0O asymmetric stretch-
ing was evidenced by the presence of peak at 1,035.52 and
1,194.80 cm−1. While the peak at 1,374.94 cm−1 was in
agreement with presence of phenolic −OH group indicating
O–H deformation. Aromatic homocyclic compound was
matched up by C0C stretching. Peak at 1,628.67 cm−1 con-
firms the azo nature of the dye indicating N0N stretching.
3,430.18 cm−1 was indicating the O–H stretching in free
phenolic OH group.

Analysis of metabolites showed completely different
spectrum (Fig. 8b). It showed peak at 698.36 cm−1 which

Table 1 Bioremediation enzymes analysis of before and after decolorization of Amaranth

Enzyme Intracellular Extracellular

Before decolorization After decolorization Before decolorization After decolorization

Laccasea 0.665±0.024 0.812±0.046** ND ND

VAOa 1.086±0.095 1.256±0.052* ND ND

Tyrosinasea 245.0±8.31 630.0±32.5*** ND 383.3±23.4***

NADH-DCIP reductaseb 61.69±2.756 108.5±3.73*** ND 275.01±10.9***

Azoreductasec ND ND ND ND

a Unitsmg−1 proteinmin−1

bμg of DCIP reduced mg−1 proteinmin−1

ND0Not detected

Values are mean of three experiments, (±) SD. Significantly different from control (before decolorization) at *P<0.05, **P<0.01, ***P<0.001 by
one-way analysis of variance (ANOVA) with Tukey–Kramer comparison test

Fig. 5 a Schematic representation of up-flow reactor. b Continuous
decolorization of Amaranth in up-flow bioreactor
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corresponded to the C–S stretching, suggesting that one of
the metabolites or intermediates may contain the sulphonyl
group. Peak at 1,411.07 cm−1 was indicative of –C–O
stretching plus O–H deformation in –COOH group. Peak
value of 1,475.82 cm−1 denoted the aromatic homocyclic
C0C stretching. Aryl carboxylic acid was suggested by peak
at 1,699.85 cm−1. The values 2,854.20 and 2,925.00 cm−1

corresponded to O–H stretching in bonded OH.

GC-MS and possible pathway

Three compounds having m/z values 258, 349, and 174 were
detected in GC-MS and are depicted in Table 2 with their
retention times obtained in GC spectrum. Based on these
results, biodegradation pathway for Amaranth was proposed.
First step in this dye biodegradation pathway was predicted as
asymmetric cleavage by oxidoreductive enzymes (Fig. 9). This
asymmetric cleavage resulted in two compounds which
showed the m/z ratios as 258 and 349 and were identified as
sodium-4-diazenyl-5, 8-dihydronaphthalene-1-sulhponate [1]
(MW 260) and other one as disodium 3-hydroxynaphthalene-

2, 7-disulphonate [2] (MW 348), respectively. Compound [1]
further undergoes the oxidation reaction by laccase to yield an
unidentified product. Further on, desulphonation of the 5-nitro-
1, 4-dihydronaphthalene (MW 174) was produced which was
detected in GC-MS analysis having m/z ratio of 176.

Toxicological appraisal before and after dye biodegradation

We herein analyzed various antioxidant enzymes—SOD,
CAT, and GPX by spectrophotometric as well as in-gel
enzyme assays in A. cepa root cells. Roots exposed to dye
showed significant induction in the activity of SOD from
03.22 (control) to 09.75 U (Table 3). Likewise, GPX, the
enzyme which represents the activity of overall peroxidase,
was induced from 27.73 to 39.82 U. In contrast, CAT activity
was reduced in dye-treated sample from 48.62 to 32.31 U.
Activities of these enzymes obtained in A. cepa roots treated
with metabolites formed after bacterial treatment of dye, were

Fig. 6 a HPLC analyses of dye
and b its biodegradation
products

Fig. 7 HPTLC analysis of Amaranth before and after bacterial decol-
orization. a Three-dimensional plot after scanning TLC plate at
254 nm. b HPTLC plate showing spots with different Rf values Fig. 8 FTIR analysis of a dye and b its biodegradation metabolites
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found to be 5.42, 35.09 and 49.98 U, respectively, for SOD,
GPX, and CAT. As it is evident from Table 3, these values
were very close to the control values. Figure 10 indicates the
zymographs (activity staining with respective substrates) of
these enzymes which are in agreement with results obtained in
spectrophotometric assays. Subsequently, we evaluated the
levels of lipid peroxidation and protein oxidation in same

treatments (Table 3). Formation of MDA was 0.39 nmolg−1

FW in control treatment and 0.71 nmolg−1 FW in dye-treated
sample, suggesting that there was increased lipid peroxidation
due to dye. In the same way, carbonyl content in control
sample was found to be 4.01 nmolmg−1 protein which sing-
nificantly raised to 9.63 nmolmg−1 protein after dye treatment
which demonstrated the damage to the proteins by Amaranth.

Table 2 GC-MS spectral datasheet of metabolites formed after degradation of Amaranth

Name of compound Rt (min) m/z 
Mol. 
Wt. 

Mass spectrum 

Sodium 4-diazenyl-5,8- 
dihydronaphthalene-1-

sulphonate 
17.408 258 260 

di-sodium 3-
hydroxynaphthalene-2,7-

disulphonate 
20.417 349 348 

1,4-dihydroxynaphthalne-2- 
carboxylic acid 

18.567 176 174 
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It is important to note that values of lipid peroxidation and
protein oxidation in metabolite-treated samples were 0.43
(MDA formed nmolg−1 FW) and 5.05 (nmolmg−1 protein
carbonyl content), respectively, which are very close to that
of control values.

Discussion

P. aeruginosa BCH showed the ability to decolorize xeno-
biotic azo dye Amaranth in the absence of organic or inorganic
nutrients. These are significant findings with respect to that

there is no report on biodegradation of such xenobiotic com-
pounds by a bacterial species. Up till now, all studies regard-
ing industrial dyes have been carried out in the presence of
organic and inorganic growth factors with exception of reports
on yeast species Saccharomyces cerevisiae MTCC 463
(Jadhav and Govindwar 2006; Jadhav et al. 2007). In that
study, dye decolorization occurred through biosorption by
yeast cells subsidiary to biotransformation. Results of the
present study suggest that decolorization was mediated by
bacterial biodegradation activity only; which was confirmed
by experiments with heat-killed cell suspension, cell viability

Fig. 9 Possible pathway for the
biodegradation of Amaranth by
P. aeruginosa BCH. Square
brackets indicate the
compounds that are not
detected in GC-MS analysis
and are predicted
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and enzymatic studies. Therefore, it can be said that different
mode of dye decolorization was observed in present study
from the earlier report of dye biodegradation in plain distilled
water by yeast species (Jadhav et al. 2007). Our studies
suggested that decolorization of Amaranth by P. aeruginosa
BCH was a pH and temperature-dependent phenomenon like
that of several reports in broth studies. However, bacterium
showed decolorization activity in short pH and temperature
ranges of 5–8 and 20–40 °C, respectively. Maximum initial
dye concentration tolerated was 500 mg l−1 but as concen-
tration goes to higher levels, the time required for decoloriza-
tion was also increased. Besides this, reduction in
decolorization rate also occurred. Decreased color removal
at higher dye concentrations may be attributed to the inhib-
ition of bioremediation enzymes and cellular metabolic activ-
ities due to increased toxic effect of dye at such high
concentrations (Jadhav et al. 2011). Another possible reason
might be the sticking or adhesion of dye molecules on micro-
bial cell wall at higher dye concentrations, rendering the mass

transfer difficult or slow. Sani and Banerjee (1999) have
demonstrated that at higher dye concentrations, color removal
efficiency ofKurthia sp. was not enough to degrade all the dye
transferred through bacterial cell membrane.

In the next study, it was observed that higher cell mass
concentration accelerated the decolorization rate of bacte-
rium. It suggests that when cells were present in higher
numbers, less time was required to utilize the available
dye molecules as compared to the time required when cells
were present in lower concentration. Although numbers of
metals are essential for growth, some can be harmful for
living cells. This is mainly due to the fact that heavy metals
form complexes with protein molecules which render them
inactive, for example, inactivation of enzymes. Many heavy
metals are detrimental to microorganisms even at low con-
centrations present in natural waters. When decolorization
performance was checked in the presence of different heavy
metals, it was observed that their presence can alter the
decolorization activity for Amaranth. Only Mg did not show
the significant influence. However, MgCl2 has been used as
a coagulant to decolorize the dye solutions (Tan et al. 2000;
Gao et al. 2007). Therefore, we tested decolorization of
Amaranth with MgCl2 in the absence of bacterial cells. We
found that the dye was not decolorized in the pH range 5–9
(used in our study), suggesting that there was no influence
of this coagulant in Amaranth decolorization, but we got
decolorization at pH12. These findings support the previous
studies (Tan et al. 2000; Gao et al. 2007) and also point out
the fact that higher basic pH values are required for MgCl2
to act as a coagulant for azo dye removal purpose.

In order to check the ability of bacterial strain to carry out
dye decolorization continuously and to assess the potential of
strain for possible real-scale application, we constructed an
up-flow reactor. Gel-entrapment method was used for immo-
bilization of bacterial cells. This is the most widely used
method of immobilization of whole cells, and a suitable matrix
material is alginate because it is non-toxic (Enayatzamir et al.
2010). When decolorization was observed at different flow
rates (10 to 50 mlh−1), higher flow rates resulted in lower dye

Table 3 Analysis of antioxidant enzyme activities (SOD, CAT, and GPX), lipid peroxidation, and protein oxidation from the root cells of A. cepa
exposed to dye Amaranth and its metabolites formed after treatment with P. aeruginosa BCH

Parameter analyzed Sample

Control Amarantha Metabolitesa

SOD activity (inhibition of NBT reduction by 50 %) mg−1proteinmin−1 03.22±1.48 09.75±1.16* 5.42±1.21

CAT activity (nmol of H2O2 utilized) mg−1proteinmin−1 48.62±2.54 32.31±2.85* 49.98±1.52

GPX activity (μmoles of) of tetraguaiacol formed 27.73±1.93 39.82±0.92* 35.09±1.04

Lipid peroxidation (MDA nmolg−1 FW) 0.39±0.04 0.71±0.07* 0.43±0.08

Protein oxidation (carbonyl content in nmolmg−1 protein) 4.01±0.35 9.63±1.73* 5.05±0.92

a 1,000 ppm; values are mean of three experiments and SD (±) is significantly different from the control at *P<0.001, by one-way analysis of
variance (ANOVA) with Tukey–Kramer

Fig. 10 Zymographs of in-gel assays of antioxidant enzymes viz. a
SOD, b CAT, and c GPX
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decolorization efficiency. Hence, we carried out the further
studies using 20 mlh−1. Experimental results suggested that P.
aeruginosa BCH strain has the potential to work in a contin-
uous process for longer time periods as well and can offer
more practical approach for the removal of Amaranth.

Biodegradation of Amaranth by P. aeruginosa BCH was
confirmed through various analytical studies before and after
dye decolorization. Single peak or band was observed in
HPLC and HPTLC analysis for Amaranth, whereas metabo-
lite sample showed almost complete disappearance of this
single peak, and there was appearance of multiple peaks and
bands with altered retention times and retention factors. FTIR
analysis also showed different patterns of spectrum for control
dye and metabolites. One important thing to be noted is that
the peak at 1,628.67 cm−1 which corresponded to the azo
group in control dye was not detected in metabolites sample.
It puts forward that azo group was removed after bacterial
treatment. All these analytical analyses advocated that the
decolorization was due to structural degradation of
Amaranth. Therefore, GC-MS analysis was carried out to
identify the metabolites formed after dye biodegradation.

As suggested in several reports, various oxidoreductive
enzymes attack the dye molecule to cleave it symmetrically
or asymmetrically, and subsequent cleavage of produced
intermediates took place. Enzymatic analysis in our study
indicated that laccase, veratryl alcohol oxidase, tyrosinase,
and NADH-DCIP reductase were involved in Amaranth
decolorization by P. aeruginosa BCH. Activity of azoreduc-
tase was found to be absent. In contrast, during biodegrada-
tion of methyl red in plain distilled water by yeast species S.
cerevisiae, extracellular azoreductase played prominent role
(Jadhav et al. 2007). These enzymatic studies showed that
dye was degraded by the contribution of intracellular as well
as extracellular oxidoreductive enzymes. Jadhav et al.
(2009) have recently showed the ability of bacterial veratryl
alcohol oxidase to degrade textile dyes. In addition, purified
laccase have been shown to degrade the textile dyes (Zucca
et al. 2011). Tyrosinases are also having shown to degrade
the variety of aromatic pollutants (Girelli et al. 2006;
Montiel et al. 2004). These enzymes are vastly studied and
their role and mode of action are well established. On the
contrary, action of NADH-DCIP reductase on a particular
pollutant structure or metabolite is not well documented.
Activity of this enzyme in various microorganisms has been
shown to be induced during dye biodegradation for its
reductase activity (Patil et al. 2008; Phugare et al. 2010).
Generally, this enzyme is known to catalyze the reduction
reaction using NADH as an electron donor. Based on enzy-
matic analysis, FTIR, and GC-MS analyses, we predicted
herein the possible metabolic pathway for Amaranth biode-
gradation. Because of observed induction in the activities of
oxidative as well as reductive enzymes, it was difficult to
predict which enzyme is responsible for this first step

cleavage of dye molecule. Here, oxidation of azo bond
was predicted to be carried out by laccase, because this
enzyme was previously shown to degrade the azo dyes
(Chivukula and Renganathan 1995). Mechanistic break-
down of azo bond without the contribution of azoreductase
was also disclosed by Pereira et al. (2009). Similar action of
laccase could be seen in the present biodegradation pathway.

To detoxify pollutants is the main aim at which bioreme-
diation processes are directed. Therefore, it becomes neces-
sary for any bioremediation technique to verify it through
toxicological analysis. We selected A. cepa plant species
which is a part of human diet. Oxidative stress is the tox-
icological parameter that we have tested in A. cepa roots.
Toxicity of Amaranth has been assessed previously with
Ames test for mutagenicity (Hong et al. 2007). Hence, we
choose to study the role of Amaranth in generation of
oxidative stress and its release after bacterial treatment.
Oxidative stress is generally produced when a plant experi-
ences stress conditions. It is usually mediated by the pro-
duction of highly toxic chemically reactive molecules called
as free radicals or reactive oxygen species (ROS) which
includes superoxide anion (O2

−), hydrogen peroxide
(H2O2), and hydroxyl radical (OH). These are formed from
the partial reduction metabolism of oxygen as byproducts.
However, plants do possess the mechanisms to overcome
such stress conditions. Protection of the cells from such free
radicals mediated damage is done by scavenging these ROS
by antioxidants or free radical scavenging enzymes. These
antioxidants include lactoperoxidases, SOD, CAT, APX,
GPX, glutathione reductase, and peroxiredoxins. Such oxi-
dative stress can be monitored by analyzing up- or down-
regulation of these antioxidant enzymes (Achary et al.
2008). Our study results showed induction in activities of
SOD, GPX, and inhibition of CAT activity, which suggest
that there was formation of free radicals in dye-treated
samples. A similar pattern of up/down-regulation of these
enzymes was observed as compared to previous reports on
oxidative stress studies with textile dye Red HE3B (Phugare
et al. 2010) and Al-mediated toxicity (Achary et al. 2008).
Free radicals are capable of altering all major classes of
biomolecules, such as lipids, nucleic acids, and proteins,
with changes in their structure and function. And hence,
the free radical-mediated oxidative stress is usually accom-
panied by lipid peroxidation and protein oxidation. In our
study, it was observed that damage to these biomolecules
was significantly higher in Amaranth-treated samples.
However, these levels were significantly reduced and were
close to the control values in the case of metabolites.
Anbazhagan and Chellappan (2009) pointed out that prime
targets of free radicals are the polyunsaturated fatty acids in
cell membranes, and their interaction results in lipid perox-
idation. It has been reported that free radical-mediated injury
to proteins may be initiated by electron leakage, metal-ion-
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dependent reactions, and autoxidation of lipids and sugars
(Dean et al. 1997). Overall, this toxicity analysis suggested
that Amaranth was responsible for generating oxidative
stress in A. cepa, and it was unimpeded after the biodegra-
dation activity by P. aeruginosa BCH.

Concluding remarks

Bacterium P. aeruginosa BCH possesses the remarkable
potential for biodegradation of azo dye Amaranth in the
absence of any kinds of nutrients where decolorization was
achieved through biodegradation activity. Strain also bears
the capacity to degrade higher dye concentrations. Presence
of Mn ions can accelerate the decolorization process so as
the higher biomass. Laccase, veratryl alcohol oxidase, tyro-
sinase, and NADH–DCIP reductase found to have the role
in Amaranth biodegradation. Up-flow reactor studies signi-
fied that the potential of this strain could be explored for real
scale application. Overall toxicity studies with A. cepa roots
pointed out that Amaranth was responsible for generating
the oxidative stress. However, after bacterial treatment, this
stress was found to be released which demonstrated the
capability of strain to reduce toxic effects of dye. This
superior aptitude of P. aeruginosa BCH can offer feasible
approach for bioremediation of xenobiotic azo dye.
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