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a b s t r a c t

The present study aims to evaluate Red HE3B degrading potential of developed microbial consortium SDS
using two bacterial cultures viz. Providencia sp. SDS (PS) and Pseudomonas aeuroginosa strain BCH (PA)
originally isolated from dye contaminated soil. Consortium was found to be much faster for decoloriza-
tion and degradation of Red HE3B compared to the individual bacterial strain. The intensive metabolic
activity of these strains led to 100% decolorization of Red HE3B (50 mg l−1) with in 1 h. Significant induc-
tion of various dye decolorizing enzymes viz. veratryl alcohol oxidase, laccase, azoreductase and DCIP
reductase compared to control, point out towards their involvement in overall decolorization and degra-
accase
xidative stress
rotein oxidation
ipid peroxidation

dation process. Analytical studies like HPLC, FTIR and GC–MS were used to scrutinize the biodegradation
process. Toxicological studies before and after microbial treatment was studied with respect to cytotox-
icity, genotoxicity, oxidative stress, antioxidant enzyme status, protein oxidation and lipid peroxidation
analysis using root cells of Allium cepa. Toxicity analysis with A. cepa signifies that dye Red HE3B exerts
oxidative stress and subsequently toxic effect on the root cells where as biodegradation metabolites of
the dye are relatively less toxic in nature. Phytotoxicity studies also indicated that microbial treatment

ed HE
favors detoxification of R

. Introduction

There has been an alarming increase in the pollution of various
ater bodies due to industrialization during the past few decades.

extile industry is a leading contributor to the pollution of water
odies. The color produced by minute amount of organic dyes in
ater is considered very important because, besides having possi-

le harmful effects, the color in water is aesthetically unpleasant
1]. Colored water eventually affects entire ecosystem. Sometimes
yes used in the coloration process are also toxic and even car-
inogenic in nature, ultimately affecting the living system badly,
ncluding plant, animals and humans. Overall conditions dictate
he necessity of dye containing water to undergo treatment before
isposal to the environment.

During the past two decades, several physicochemical decol-

rization techniques have been reported, few, however, have been
ccepted by the textile industries [2,3]. The continuous applica-
ion of these methods put forth their disadvantages as, expensive
ature, formation of sludge and the emission of toxic substances [4].
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Sometimes, physico-chemical treatments are unable to remove the
recalcitrant azo dyes and/or their organic metabolites completely,
eventually generating a significant amount of sludge that may cause
secondary pollution problems [5].

Microbial decolorization of dyes has recently received much
attention as it is a cost-effective method for dye removal [6,7]. The
effectiveness of microbial decolorization depends on the adapt-
ability and the activity of selected microorganisms [5]. Several
microbial sources have been reported for dye decolorization includ-
ing, fungal and bacterial cultures. Recently, trend is shifting towards
use of mixed microbial culture compared to individual strain.
Several microbial consortia have been reported for efficient dye
removal [8,5]. In 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 decom-
position [9].

It is well established that pollution lowers the quality of life in
various aspects, and affects health and life span; therefore biore-
mediation of pollutants for reduction of their toxic effects is of

prime importance. The resurgence of genotoxicity studies has led
to the development of more than 200 short term assays to eval-
uate the genotoxic effect of unknown environmental agents [10].
However, most animal assays are costly and thus the enforcement
agencies are not using them for their routine monitoring. Keeping

dx.doi.org/10.1016/j.jhazmat.2010.11.049
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:jpjbiochem@gmail.com
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his in view, plant bioassays, which are considerably less expensive,
ave been proposed from time to time for pollution monitoring
11]. Some of the plant bioassays, viz. Allium cepa, Vicia faba and
radescantia paludosa, are used over few decades for genotoxic-
ty assessment. Genotoxic, cytotoxic effects of various chemicals,
ndustrial effluents on the root cells of A. cepa have been demon-
trated previously [8,11–13].

Present study evaluates the potential of developed consortium
DS to degrade and detoxify Red HE3B, a commonly occurring dye
n the textile effluent. To the best of our knowledge, demonstra-
ion of dye induced oxidative stress, lipid peroxidation and protein
xidation in the root cells of A. cepa is for very first time.

. Materials and methods

.1. Chemicals and dye stuff used

The dye Red HE3B (Reactive red 120) and other textile dyes
sed in the present study were courteously supplied by local
extile industry Ichalkaranji, India. ABTS (2,2′-azino-bis(3-ethyl
enzothiazoline-6-sulfonic acid)) and NADH (Nicotinamide Ade-
ine Dinucleotide reduced form), were purchased from Sigma
hemical Company (USA). Lower melting point agarose (LMPA)
nd normal melting point agarose (NMPA) were purchased from
igma–Aldrich, USA. Thiobarbituric acid, trichloro acetic acid and
eratryl alcohol were purchased from Hi-media, Mumbai, India.

.2. Isolation, screening and identification of the dye degrading
icroorganisms

The isolation, screening and identification of efficient dye
egrading microorganisms were carried out as per our ear-

ier report [14]. The 16S rRNA analysis was performed at
eneOmbio Technologies, Pune, India. The ∼1 kb rDNA frag-
ent was amplified using high-fidelity PCR polymerase. The

ene amplification by polymerase chain reaction was achieved
sing forward primer: 5′-AGAGTRTGATCMTYGCTWAC-3′ and
everse primer 5′-CGYTAMCTTWTTACGRCT-3′. The partial 16S
RNA gene sequence was initially analyzed at NCBI server
http://www.ncbi.nlm.nih.gov) using BLAST (blastn) tool and cor-
esponding sequences were downloaded. Phylogenetic tree was
onstructed by Neighbour-Joining method [15] using the MEGA4
ackage [16].

.3. Medium used for culture maintenance and decolorization
tudy

Both the bacterial strains (stock cultures) were maintained rou-
inely on the yeast extract agar slants containing (g l−1): NaCl 5.0,
east extract 5.0 and agar 25.0 and stored at 4 ◦C until used. The
rganisms from stock culture were used for the decolorization stud-
es after pre-culturing in yeast extract broth (g l−1): NaCl 5 and yeast
xtract 5. A loopful of each microbial culture was inoculated sepa-
ately in 10 ml culture tubes containing 5 ml yeast extract broth and
ncubated for initial 6 h, followed by aseptic mixing of each broth
ogether in 90 ml of sterilized yeast extract medium and further
ncubation up to 24 h to develop the consortium. The consortium
hus prepared was used during all of our studies and designated as
onsortium SDS.
.4. Decolorization of studies using bacterial consortium SDS

The Red HE3B was added at the concentration of 50 mg l−1 to
50 ml Erlenmeyer flask containing 100 ml consortium SDS (24 h
rown). Aliquots (3 ml) of the culture media were withdrawn
s Materials 186 (2011) 713–723

at different time intervals (15, 30, 45 and 60 min) and cen-
trifuged at 7000 × g for 15 min to separate the bacterial cell mass.
Decolorization of the dye Red HE3B was analyzed using UV–vis
spectrophotometer (Hitachi U 2800, Tokyo, Japan) at 530 nm. All
decolorization experiments were performed in triplicate and the
decolorization activity was expressed in terms of the percentage
decolorization using following formula

Decolorization(%) = Ai − At

Ai
× 100

where Ai was the initial absorbance and At is the absorbance at
incubation time t. The above mentioned protocol was followed
while studying the effect of static and shaking conditions, physico-
chemical parameters, increasing dye concentration and repeated
dye addition on decolorization.

2.5. Preparation of cell free extracts

The cells of consortium SDS developed in the yeast extract
medium for 24 h were harvested by the centrifugation at 7000 × g
for 20 min and considered as a control. The cell pellets were
suspended in 50 mM potassium phosphate buffer (pH 7.4) and son-
icated (Sonics-vibracell ultrasonic processor, 30 s, 7 strokes of the
60 amplitude) at 4 ◦C. The sonicated cells were centrifuged in cold
condition (at 4 ◦C; 7000 × g for 20 min) and used as the source of
intracellular enzymes. Similar procedure was used to quantify the
enzyme activities after dye decolorization.

2.6. Enzymatic assays

Activities of azoreductase, laccase, veratryl alcohol oxidase and
DCIP reductase were assayed spectrophotometrically. The lac-
case and azoreductase assays were performed as reported earlier
[17,18]. Enzyme activities were calculated using extinction coef-
ficient of oxidized ABTS (3.6 × 104 M−1 cm−1) at 420 nm and of
methyl red (23,360 M−1 cm−1) at 430 nm. Activity of veratryl alco-
hol oxidase and DCIP reductase was calculated by previously
quoted methods [19,20]. The reduction of DCIP was calculated using
extinction coefficient of 19 mM cm−1.

2.7. Biodegradation analysis

The culture broth after Red HE3B decolorization was extracted
with equal volume of ethyl acetate. The extracts were then dried by
evaporation; small portion of remaining residue was redissolved
in HPLC grade methanol and used for, HPLC and GC–MS analy-
sis whereas remaining residue was mixed with stereoscopically
pure KBr and used for FTIR analysis. FTIR analysis was carried
out using Simadzu 8400S spectrophotometer in the mid-infrared
region of 400–4000 cm−1 with 16-scan speed. HPLC analysis was
performed in an isocratic Waters 2690 system equipped with dual
absorbance detector, using C18 column (4.6 × 250 mm) and HPLC
grade methanol as mobile phase with flow rate 1 ml min−1. The
identification of metabolites formed after degradation of Red HE3B
was carried using a QP2010 gas chromatography coupled with mass
spectroscopy (Shimadzu).

2.8. Toxicological studies of dye and dye metabolites
Toxicological studies of dye and its metabolites were car-
ried out using A. cepa test and phytotoxicity assay. A. cepa test
was conducted with respect to parameters such as cytotoxicity,
genotoxicity, Comet assay, antioxidant enzyme status, lipid perox-
idation and protein oxidation.

http://www.ncbi.nlm.nih.gov/
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(954 bp) of strain Providencia sp. SDS is deposited in DDBJ under the
ig. 1. Phylogenetic analysis of 16S rRNA gene sequence of Providencia sp. SDS. The
nalyses of 1000 replicates. The scale bar (0.01) indicates the genetic distance. Brac

.8.1. A. cepa test

.8.1.1. Cytotoxicity and genotoxicity analysis. Small bulbs of A. cepa
ith uniform size and shape were exposed to water initially for
evelopment of roots. The bulbs thus prepared were grouped in
o three sets, followed by 48 h exposure to dye sample (500 mg l−1

f Red HE3B, Set I), biodegradation metabolites of dye (500 mg l−1,

et II) and water (control, Set III). After exposure, the bulbs were
emoved and thoroughly washed in running tap water and used for
urther cytotoxicity and genotoxicity studies as reported previously
8].

.8.1.2. Comet assay (single cell gel electrophoresis). Comet assay
as carried using previously quoted protocol [12,13]. For each slide,

5 randomly chosen nuclei were analyzed using an inverted micro-
cope. A computerized image analysis system (Comet version 1.5)
as employed to measure % DNA damage (%T) and tail length (TL).

.8.1.3. Antioxidant enzyme status, protein oxidation and lipid perox-
dation. Antioxidant enzymes namely catalase (CAT, E.C. 1.11.1.6),
uperoxide dismutase (SOD, E.C. 1.15.1.1), guaiacol peroxidase
GPX, E.C. 1.11.1.7) and ascorbate peroxidase (APX, E.C. 1.11.1.11)
ere analyzed by Spectrophotometric as well as In-gel assays
sing the procedure reported earlier [13]. Spectrophotometric
ssays were initiated by adding aliquots of enzyme extracts con-
aining 50 �g of protein to 3 ml of reaction mixture. In case of
n-gel enzyme assays, protein extracts containing equal amounts
f soluble protein (100 �g) were subjected to native discontinu-
us polyacrylamide gel electrophoresis under non-reducing and
on-denaturing conditions.

Protein oxidation and lipid peroxidation was assayed using
reviously quoted protocol [13]. The reaction of carbonyls with
,4-dinitrophenylhydrazine (DNPH) was used to determine the
mount of protein oxidation. Carbonyl concentration was cal-

ulated from the difference in absorbance of the test and the
lank using extinction coefficient of DNPH (ε = 22 mM−1 cm−1) and
xpressed in nmol of DNPH incorporated mg−1 of protein. Lipid
eroxidation was measured as the amount of MDA produced by
he TBA reaction. The concentration of MDA was calculated using
ers at the nodes indicate the levels of bootstrap support based on neighbor-joining
epresent sequence accession numbers.

an extinction coefficient (ε = 155 mM−1 cm−1) and expressed in
nmol g −1 FW.

2.8.2. Phytotoxicity assay
The phytotoxicity study was carried out at room temperature

using Phaseolus mungo and Triticum aestivum seeds by irrigating
separately 5 ml samples of Red HE3B (500 mg l−1) and its degra-
dation metabolites (500 mg l−1) per day. Control set was carried
out using plain water at the same time. Length of plumule (shoot),
radical (root) and germination (%) was recorded after 7 days.

2.9. Statistical analysis

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

3. Results and discussion

3.1. Identification and phylogenetic position of the isolates

The Pseudomonas aeuroginosa strain BCH, one of the strains used
in present study was isolated previously [14]. The second strain
used in the consortium development was isolated by enrichment
culture technique and identified as Providencia sp. SDS using 16S
rRNA gene sequence analysis. The 16S rRNA gene sequence was
blasted at NCBI server followed by downloading of the homologues
sequences and construction of phylogeny using MEGA4 software
tool. Fig. 1 showed phylogenetic relationship between the Providen-
cia sp. SDS and other related microorganisms found in the GenBank
database. The digits adjacent to nodes are the statistical frequency
of the indicated species. The numbers shown in parentheses are
accession numbers of different species. The nucleotide sequence
accession number AB540649. P. aeuroginosa strain BCH was previ-
ously quoted for decolorization of Direct orange 39 [14]. Similarly,
other Pseudomonas species are also well known for dye decoloriza-
tion [8]. However, very few reports are available regarding the role
of Providencia species in bioremediation.
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Table 1
Various dye decolorization by Providencia sp. SDS (PS), Pseudomonas aeuroginosa strain BCH (PA) and consortium SDS.

Dyes Providencia sp. SDS (PS) Pseudomonas aeuroginosa strain BCH (PA) Consortium SDS

% Decolorization Time (h) % Decolorization Time (h) % Decolorization Time (h)

Red HE3Ba 90 12 94 5 100 1
Red HE7Ba 78 48 91 6 97 1
Scarlet GDRa 89 14 93 9 98 3
Brown 3 RELa 85 12 84 14 99 7
Green HE4BDa 94 48 96 3 100 2
Direct red 5Ba 89 20 92 2 98 1.5
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6 repeated dye addition cycles with little variation in percentage
decolorization as well as time requirement (Fig. 2b). The decreas-
ing percentage decolorization was observed from 6th to 9th cycle
with increase in the time requirement. Furthermore addition of
dye in the 10th cycle dose not showed any decolorization. The
Ramzol black 5Ba 88 20

a 50 mg l−1.

.2. Decolorization analysis

.2.1. Comparative study of the decolorization of various
ndustrial dyes by using individual strain (PA and PS) and
eveloped consortium-SDS

The decolorization efficacy of a microorganism depends up on
ts potential to degrade various dyes [21]. The ability of a pure
ulture as well as the developed consortium SDS to decolorize var-
ous industrial dyes viz. Red HE3B, Red HE7B, Scarlet GDR, Brown
REL, Green HE4BD, Direct red 5B and Ramazol black 5B (50 mg l−1)
ere tested in the yeast extract medium under static conditions.
esults presented in Table 1 clearly shows that developed con-
ortium stand efficient compared to the pure cultures in terms
f percentage decolorization and time required for decolorization.
nhanced rate of decolorization for various direct and reactive dyes
y using bacterial consortium has been reported earlier [5].

.2.2. Decolorization under various physico-chemical conditions
The effect of various physicochemical conditions (agitation,

emperature, pH, dye concentration and repeated dye additions)
n the decolorization of Red HE3B by using the consortium SDS
as studied in detail. Monitoring of Red HE3B decolorization under

tatic condition showed 100% decolorization within 1 h, however
ercentage decolorization activity was found to be retarded in case
f shaking conditions, showing only 20% decolorization even after
4 h incubation. The inhibition of Red HE3B percentage decoloriza-
ion under shaking conditions might be due to the azo nature of
he dye. Under aerobic conditions azo dyes are generally resistant to
ttack by bacteria [22]. Azo dye decolorization by bacterial species if
ften initiated by enzymatic reduction of azo bonds, the presence of
xygen normally inhibits the azo bond reduction activity since aer-
bic respiration may dominate utilization of NADH; thus impeding
he electron transfer from NADH to azo bonds [23]. Temperature
tudies revealed that consortium was operative over a wide rage
f temperature, i.e. from 20 to 50 ◦C. The variation in temperature
ose not seemed to hamper Red HE3B decolorization. On the other
and, pH was found to be the crucial parameter during the decol-
rization process. The pH studies showed that, neutral pH (7) was
avorable for optimum decolorization, whereas extreme acidic (3
nd 5) or alkaline pH (9 and 11) retards the decolorization. The
H is directly associated to the overall biochemical processes and
ventually with the growth of microbial systems. Although, growth
as observed at acidic and alkaline pH, the cell density might not

e sufficient to favor the optimum decolorization.
To assess the maximum decolorization ability of consortium

DS on Red HE3B, consortium was tested against different con-
entrations of the dye (Fig. 2a). The dye concentration from 50 to

50 mg l−1 showed 100% decolorization. Higher dye concentrations
uch as 200 and 250 mg l−1 showed 85% and 70% decolorization
espectively with variation in the time required for decolorization.
his decrease in decolorization efficiency at high dye concentra-
ions may be due to the toxicity of the dye to bacteria and/or
5 100 1

inadequate biomass concentration for the uptake of higher con-
centrations of dye [5]. Repeated use of cell biomass, stand as an
economical parameter in decolorization process and subsequently
for industrial purpose. In the present study we have analyzed the
decolorization efficacy of the consortium SDS by repeated dye
addition. The consortium was able to retain its efficiency up to
Fig. 2. Effect of initial dye concentration on decolorization (a) and effect of repeated
addition of dye on decolorization (b).



S.S. Phugare et al. / Journal of Hazardous Materials 186 (2011) 713–723 717

Table 2
Enzyme activities in case of individual bacterium and consortium SDS.

Enzyme Control cells Cells obtained after decolorization of Red HE3B

PA PS Consortium SDS PA PS Consortium SDS

Veratryl alcohol oxidasea 0.123 ± 0.23 N.D. 0.101 ± 0.43 0.298 ± 0.47* N.D. 0.365 ± 0.34*
Laccasea 0.345 ± 0.032 0.232 ± 0.05 0.378 ± 0.23 0.473 ± 0.37* 0.398 ± 0.13* 0.645 ± 0.54*
DCIP reductaseb 29.34 ± 0.034 23.54 ± 0.43 32.45 ± 0.76 36.47 ± 0.14* 35.39 ± 0.03* 51.43 ± 0.54*
Azo reductasea N.D. 0.134 ± 0.07 0.125 ± 0.05 N.D. 0.324 ± 0.17* 0.312 ± 0.24*

PA: Pseudomonas aeuroginosa strain BCH and PS: Providencia sp. SDS (PS).
a Enzyme activity, Unit mg of protein−1 min−1.

V ls at * < 0.001 by one-way analysis of variance (ANOVA) with Tukey–Kramer comparison
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bserved gradual decrease in decolorization might be due to the
ulture entering into the stationary phase and subsequently into
he death phase, resulting in the inhibition of enzyme systems grad-
ally. Similar studies were reported previously in case of individual
acterial strains [14,24].

.3. Enzymatic analysis

The tracking of the various enzyme activities showed the
nvolvement of various oxidative as well as reductive enzymes dur-
ng the decolorization process. Induction of various enzymes during
ecolorization gives additional insight of decolorization mecha-
ism and also supports the active role of microorganisms in the
iodegradation process. Enzyme activities during decolorization
f Red HE3B incase of individual bacterial strain as well as con-
ortium SDS are as summarized in Table 2. Individually, strain PA
hows presence of veratryl alcohol oxidase, laccase and DCIP reduc-
ase whereas PS shows presence of laccase, DCIP reductase and azo
eductase. On the other hand consortium SDS bears all of these
nzymes. The collective action of all of these enzymes might be
he key of efficacy of consortium SDS. The role of enzymes like
accase, veratryl alcohol oxidase, DCIP reductase, azo reductase in
ye decolorization is well documented [14,17–19]. The collective
nzyme activities of mixed microbial cultures are far better for dye
ecolorization as compared to individual strains [5,8].

.4. Biodegradation analysis
HPLC, FTIR and GC–MS analysis helped us to investigate the
ed HE3B dye degrading mechanism of consortium SDS. The HPLC
nalysis of dye sample collected at the beginning showed a sin-
le peak at retention time 1.7 min (Fig. 3a). As, the decolorization
rogressed the emergence of additional peaks were observed due
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Fig. 4. FTIR spectra of Red HE3B and its biodegradation metabolites obtained after
treatment with consortium SDS.

to degradation of parent dye (after 1 h) at retention time 1.7,
2.4 and 2.7 min (Fig. 3b). FTIR spectrum of control dye and its
biodegradation metabolites is as shown in Fig. 4. The FTIR spec-
trum of Red HE3B showed presence of different peaks at 3435 cm−1

for –C–H stretching of single bridge alcoholic or phenolic com-
pound, 2926 cm−1 for –CH2 stretching of alkanes, 2097 cm−1 for
displayed –NH3 stretching of amino acid, 1629 cm−1 for –N N–
stretching of azo bonds, 1404 cm−1 for –OH deformation of alco-

hols, 1228 cm−1 for –S O stretching of sulfites, 1047 cm−1 for
–S O stretching of sulfonic acids. The FTIR spectrum of Red HE3B
metabolites showed major peaks at 2866 cm−1 for –C–H stretch-
ing of alkanes, 1635 cm−1 for stretching of secondary amides,
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Table 3
GC–MS spectral datasheet of metabolites formed after degradation of Red HE3B.

Sr. no. Molecular weight of metabolite (M.W.) Retention time (min) Name of metabolites Mass peaks

1 173 22.78 2-Aminobenzenesulfonic acid

2 463 22.94 3-Amino-5[(4-amino-6-chloro-1,3,5-
triazin-2-yl)amino]-4-
hydroxynaphathalene-2-sulfonic
acid methanethiol (1:1)

3 319 24.45 3-Amino-4-hydroxynaphthalene-2-
7-disulfonic
acid

4 146 28.07 6-Chloro-1,3,5-triazine-2,4-diamine

5 159 26.66 2-Aminonaphthalene-1-ol

6 144 21.86 Naphthalene-1-ol

1
d
f
T
l

−1 −1
560 cm for stretching of amino acid salts, 1452 cm for –C–H
eformation of alkanes, 1209 cm−1 for –S O stretching of sul-
onic acids, 1109 cm−1 for –C–OH stretching of secondary alcohols.
he disappearance of peak 1629 cm−1 in case of dye metabo-
ites gives the evidence of azo bond cleavage by the azoreductase.
The GC–MS analysis showed the probable metabolites produced
during the Red HE3B biotransformation process. The structures
of the detected compounds were assigned from the fragmen-
tation pattern and m/z values. Table 3 shows molecular ion
chromatograms for metabolites extracted from the culture super-
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Fig. 5. Proposed pathway of Red HE3B biodegradation.
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Table 4
Effect of untreated and treated (biodegraded) dye Red HE3B on root length, mitotic
index (MI), number and frequency of micronuclei and chromosome breaks obtained
for the Allium cepa tests.

Analysis Samples

Control Red HE3B3a Red HE3B metabolitesa

RL (cm)Mean ± SD 3.91 ± 0.12 3.32 ± 0.68 3.87 ± 0.34
MI Mean ± SD 11.10 ± 0.21 13.36 ± 1.16 10.98 ± 0.43
MN 0 5 1
CB 1 3 2
TA 1 8 2
TCA 2512 2589 2674
Frequency of TA 0.04 ± 0.006 0.30 ± 0.23* 0.07 ± 0.01

a 500 mg l−1; RL: root length; MI: mitotic index; MN: micronuclei; CB: chro-
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Table 5
Effect of untreated and treated (biodegraded) dye Red HE3B on number and fre-
quency of chromosome aberrations obtained for the Allium cepa tests.

Analysis Samples

Control Red HE3Ba Red HE3B metabolitesa

AB 3 16 3
DA 0 14 0
MC 0 3 1
LC 1 4 3
BC 0 2 0
AL 0 3 0
ML 1 3 0
TCA 5 45 7
TMO 279 346 294
Frequency of TCA 1.79 ± 0.23 13.00 ± 1.04* 2.38 ± 0.44

a 500 mg l−1; AB: anaphase with bridge; DA: delayed anaphase; MC: multipolar
chromosome; LC: laggard chromosome; BC: binucleated cell; AL: anaphase with
loss; ML: metaphase with loss; TMO: total number of mitotic cells observed; and

clude that, this plant has great sensitivity towards the textile dye
and can be used as a environmental monitoring agent. The samples
treated with biodegradation metabolites showed significantly less
DNA damage, the values almost matching to control. This concludes

Table 6
Detection of DNA damage in the root meristem cells of Allium cepa exposed to Red
HE3B and its biodegradation metabolites using Comet assay.

Analysis Samples

Control Red HE3Ba Red HE3B metabolitesa

TL (�m)
Mean ± SD

26.64 ± 3.03 43.18 ± 3.02* 27.63 ± 2.03
osome breaks; TCA: total number of cells analyzed; and TA: total number of
lterations. Values are mean of three experiments, SD (±), significantly different
rom the control (roots germinated in water) *P < 0.01, by one-way analysis of vari-
nce (ANOVA) with Tukey–Kramer comparison test.

atants. On the basis various enzyme induction and mass
pectrum analysis, the possible Red HE3B biodegradation path-
ay adapted by the consortium SDS is as illustrated in Fig. 5.

nitial cleavage might start off with reduction of azo bond
ith action of azoreductase followed by subsequent oxida-

ive and reductive cleavage with the help of various oxidative
nd reductive enzymes viz. veratryl alcohol oxidase, laccase
nd DCIP reductase. According to our proposal, the azoreduc-
ase catalyzed initially reductive cleavage of azo bond leads
o the formation of 2-aminobenzenesulfonic acid having mass
eak (m/z) 173 and postulated reactive intermediate. Asymmetric
leavage of this intermediate by laccase resulted in to forma-
ion of 3-amino-5[(4-amino-6-chloro-1,3,5-triazin-2-yl)amino]-4-
ydroxynaphathalene-2-sulfonic acid-methanethiol (1:1) having
ass peak (m/z) 465 accompanied by release of benzene (m/z)

8. The oxidative attack on this phenyl moiety by veratryl alcohol
xidase produce 3-amino-4-hydroxynaphthalene-2-7-disulfonic
cid with mass peak (m/z) 320 and 6-chloro-1,3,5-triazine-2,4-
iamine (m/z) 146. Further, 3-amino-4-hydroxynaphthalene-2-
-disulfonic acid undergoes desulfonation reaction to produce
-aminonaphthalene-1-ol having mass peak (m/z) 159 followed
y deamination reactions resulted to naphthalene-1-ol with mass
eak (m/z) of 144. The conversion of complex dye molecules to
impler metabolites by oxidative and reductive mechanism with
he aid of various oxidoreductive enzymes is well documented
8].

.5. Toxicity analysis

Assessment of the ecological and genetic impact of dyes and
heir metabolites produced after biodegradation on plant popula-
ions is of great importance as plants are important commercial
roducts and are consumed by people. In the present study we
ave used Allium test for toxicological analysis of dye and dye
etabolites. Cytogenetic analysis showed strong genotoxic effect

f dye Red HE3B on the root cells of A. cepa (Table 4). Cytotox-
city analysis is made depending up on increase or decrease in
he mitotic index (MI). MI serves as an important parameter of
ytotoxicity studies in environmental biomonitoring [25]. Insight
o Table 4 gives clear idea regarding the strong genotoxic effect
f Red HE3B dye molecules as compared to its biodegradation
etabolites. Mitotic index of the samples exposed to 500 mg l−1

f the Red HE3B was 13.36%. On the other hand, mitotic index of

he samples exposed to 500 mg l−1 of dye metabolites was found
o be 10.98%, which is almost equal to that of control (11.10%).
ecreased mitotic index compared to the control can serve as an

ndicator of presence of cytotoxic compounds in the environment
8,12]. However, increased mitotic index might be associated with
TCA: total number of cells with alterations. Values are mean of three experiments,
SD (±), significantly different from the control (roots meristem germinated in water)
*P < 0.001, by one-way analysis of variance (ANOVA) with Tukey–Kramer compari-
son test.

the tumor formation, uncontrolled cell division, ultimately exert-
ing detrimental effects on the cells [8,25]. Besides mitotic index
different kinds of chromosomal aberrations were observed, the
most common chromosomal abnormalities in all treatments were
c-mitosis, laggards, chromosome breaks, anaphase bridges, sticki-
ness and micronuclei. Statistical analysis of the genotoxicity tests
showed that the percentage of aberrant mitotic cells caused by
the Red HE3B was significantly different from that of the control,
as shown in Tables 4 and 5. Similar observations were previously
noted with the textile effluents and dye, which concludes these
molecules, exerts the strong chromosomal alterations as well as
affects cell division process badly [8,25,26].

Comet assay (single-cell gel electrophoresis, SCGE) was per-
formed to assess the genotoxic potential of the dye Red HE3B and its
biodegradation metabolites. The sensitivity of the SCGE or Comet
assay allows rapid prediction of genotoxic potential of compounds
and has been shown to be useful for in vivo and in vitro biomon-
itoring of environmental pollutants [27,28]. In the present study
A. cepa bulbs were exposed to dye Red HE3B and its biodegrada-
tion metabolites (500 mg l−1). The isolated nuclei from the root
meristem cells were used for electrophoretic analysis, due to naked
condition and high DNA content the nuclei are highly sensitive
to the electrical field. The percentage of tail DNA (% of DNA in
comet tail) and tail length (�m) was measured and it was observed
through ANOVA test that, a significant difference in the parameters
tested as compared to control (Table 6), the comets observed are
as shown in Fig. 6[A]. The results presented here collectively con-
%T
Mean ± SD

40.24 ± 4.21 58.51 ± 4.12* 41.32 ± 3.43

a 500 mg l−1; values are mean of three experiments, SD (±), significantly differ-
ent from the control (roots meristem germinated in water), *P < 0.001, by one-way
analysis of variance (ANOVA) with Tukey–Kramer comparison test.
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ig. 6. Toxicity analysis using root cells of Allium cepa exposed to Red HE3B and its b
nzymes as SOD – I; CAT – II; APX – III, GPX – IV. The samples tested are as-control (a);
f 500 mg l−1 (c).

onsortium SDS was found to be efficient not only for degradation
f Red HE3B but also for its detoxification.

Reactive oxygen species (ROS) are chemically-reactive
olecules containing oxygen and formed as a natural byproduct

f the normal metabolism of oxygen and have important roles
n cell signaling. Several studies have shown that environmental
ollutants can induce the production of ROS in plant cells as well
s in mammalian cells which induce oxidative stress and cause
xidative damage to lipid, protein and DNA [29,30]. Sometimes
nder environmental stress conditions ROS levels can increase
ramatically, which results in significant damage to cell structures
leading to DNA damage, protein oxidation and lipid peroxida-

ion) and this cumulates into a situation known as oxidative
tress. Cells are normally able to defend themselves against
OS damage through the use of enzymes such as superoxide
ismutases, catalases, ascorbate peroxidase, lactoperoxidases,
lutathione peroxidases and peroxiredoxins. In the present study,

able 7
nalysis of antioxidant enzymes activities (SOD, CAT, APX, and GPX), protein oxidation,
iodegradation metabolites after treatment with consortium SDS.

Parameter analyzed C

SOD activity (inhibition of NBT reduction by 50%) mg−1 protein h−1

CAT activity (nmol of H2O2 utilized) mg−1 protein
APX activity (�moles of oxidized ascorbate formed) min−1 mg−1 protein
GPX activity (�moles of tetraguaiacol formed) min−1 mg−1 protein
Protein oxidation (Carbonyl content in nmol mg−1 protein)
Lipid peroxidation (MDA nmol g−1 FW)

a 500 mg l−1; values are mean of three experiments and SD (±) is significantly differe
ukey–Kramer comparison test.
raded metabolites. [A] Comets observed and [B] zymographs of various antioxidant
dation metabolites of Red HE3B (500 mg l−1) (b); and dye Red HE3B at concentration

we have tried to evaluate the role of textile dye Red HE3B in the
induction of oxidative stress using Allium test. Studies of various
antioxidant enzymes viz. SOD, CAT, APX and GPX were assayed
using the A. cepa root cells exposed to dye Red HE3B as well as
its biodegradation metabolites. Results summarized in Table 7
shows that Red HE3B is indices activities of SOD, APX and GPX
and suppressed activity of the CAT. Similar observations were
noted previously in case of A. cepa exposed to aluminium [13]. The
zymographs obtained after in gel enzyme assay are as shown in
Fig. 6[B]. Such phenomenon of antioxidant enzyme stimulation
or inhibition might be associated with gene induction, as it is
well documented that genes encoding antioxidant enzymes are

activated by Al-stress [31,32]. The studies with biodegradation
metabolites showed that antioxidant enzyme activities were
almost matching to the control, indicating reduction of the tox-
icity of dye molecules. Based on the over all experimentation
and observations it might be possible that, the dye Red HE3B

lipid peroxidation from the root cells of A. cepa exposed to dye Red HE3B and its

ontrol Red HE3Ba Red HE3B metabolitesa

3.92 ± 1.44 15.21 ± 1.54* 4.05 ± 1.79
49.21 ± 3.43 24.16 ± 2.74* 39.65 ± 2.77*

0.67 ± 0.08 1.48 ± 0.32* 0.73 ± 0.21
18.32 ± 3.54 64.87 ± 3.72* 40.12 ± 2.88*

3.7 ± 1.65 6.47 ± 1.48* 4.07 ± 1.31
0.34 ± 0.18 0.96 ± 0.30* 0.38 ± 0.67

nt from the control at, *P < 0.001, by one-way analysis of variance (ANOVA) with
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Table 8
Phytotoxicity studies of Red HE3B and its biodegradation metabolites.

Parameters Triticum aestivum Phaseolus mungo

Control Red HE3Ba Red HE3B metabolitesa Control Red HE3Ba Red HE3B metabolitesa

Germination (%) 100 40 70 100 60 80
Plumule (cm) 10.10 ± 1.35 5.16 ± 1.46* 7.21 ± 1.87 9.14 ± 1.78 4.66 ± 1.45* 8.51 ± 1.37
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Radical (cm) 8.65 ± 1.23 3.35 ± 1.01* 6.01 ± 1.09

a 500 mg l−1; values are mean of three experiments, SD (±), significantly differe
ariance (ANOVA) with Tukey–Kramer comparison test.

nduces the antioxidant enzyme machinery in the root cells of A.
epa.

The subsequent part of oxidative stress development is oxida-
ion of proteins and lipid peroxidation. Dose dependant increase
as observed in both, protein oxidation as well as in lipid per-

xidation (Table 7). The formation of ROS can lead to the lipid
eroxidation chain reaction and protein oxidation which are
tronger indices of oxidative stress than are alterations in antiox-
dant enzyme levels [33]. The induced level of lipid peroxidation
t might be due to ROS spices generation through dye stress, leads
o the induction of lipid peroxidation chain reaction and oxida-
ive modification of proteins. Increased levels of lipid peroxidation
nd protein oxidation due to the stress developed by Al have been
ocumented previously [13]. Lipid peroxidation and protein oxi-
ation rate in case of samples treated with biodegradation
etabolites seems to like that of control, indicating less toxic nature

f dye metabolites. On the basis of previous literature and observed
esults in our present study, it can be concluded that textile dyes
ossibly serves role in the oxidative stress induction.

The untreated dyeing effluents may be hazardous to the envi-
onment, when straightly used for agriculture. Thus, it was of
oncern to assess the toxicity of the effluent before and after
ecolorization. The phytotoxicity testing was done with two
griculturally important seedlings Phaseolus mungo and Triticum
setivum, which showed better germination in case of biodegraded
etabolites compared to the dye Red HE3B (Table 8). This study

eveals that the metabolites generated after the biodegradation of
ye are less toxic than the original dye molecule.

. Conclusion

A developed consortium SDS bears a versatile property of dye
ecolorization as well as detoxification. The consortium system was
ound to be better alternative as compared to the individual bac-
erial strains. Involvement of dye decolorizing enzymes systems
uggests their role in biodegradation. The dye Red HE3B was found
o be inducer of overall oxidative stress in the root cells of A. cepa,
nd this stress seemed to be released in case of dye metabolites.
tudies presented here demonstrate the success of consortium SDS
or decolorization of dye and simultaneous reduction of toxicity.
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