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Abstract
Textile effluent is one of the most hazardous industrial pollutant sources. It is generated in huge volumes and contains a wide 
array of toxicants. Reactive azo dyes, which are xenobiotic compounds, are predominantly utilized by textile industries for 
dyeing cotton, viscose, wool, and silk. The conventional physicochemical treatments used by industrial effluent treatment 
plants are ineffective in dye degradation. The present study thus attempted to find a potential treatment for reactive azo dyes. 
A novel bacterial consortium VITPBC6 was constructed with the most potent and compatible reactive orange 16 (RO-16) 
decolorizing isolates of tannery and textile effluents, and the isolates were identified as Bacillus flexus VITSP6, Bacillus 
paraflexus VITSPB7, Bacillus megaterium VITSPB9, Bacillus firmus VITEPB1, B. flexus VITEPB2, and Bacillus aryab-
hattai VITEPB3. The physicochemical factors of RO-16 decolorization were optimized by response surface methodology. 
Consortium VITPBC6 was able to tolerate a high concentration of RO-16 up to 800 mg L−1. A cocktail of enzymes includ-
ing azoreductase, tyrosinase, laccase, lignin peroxidase, and manganese peroxidase was involved in RO-16 degradation by 
VITPBC6. Consortium VITPBC6 degraded RO-16 following zero-order reaction. The enzymes of consortium VITPBC6 
had a Vmax of 352 mg L−1 day−1 for RO-16 degradation; however, the Km value was high. VITPBC6 biodegraded RO-16 
resulting in the formation of small aromatic compounds. Lastly, different toxicity assays conducted with untreated RO-16 
and its corresponding biodegraded metabolite revealed that the toxicity of biodegraded metabolites was significantly lower 
than the untreated dye.
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Introduction

Environmental pollution is a persistent global phenomenon, 
which consequently affects biodiversity, ecosystems, and 
human health. Globally, the textile industry is the second 

largest polluter of water and contributes 20% in the produc-
tion of the world’s wastewater (Yaseen and Scholz 2019). 
The major hindrance in treating textile effluent is caused by 
industrial dyes. According to global estimations, 280,000 tons 
of textile dyes are released along with the effluents annually 
(Madamwar et al. 2019). Reactive azo dyes in particular 
are popularly utilized in textile industries as they are water 
soluble, anionic, cost-effective, available in bright shades of 
wide range, simple in application, and excellent in terms of 
light-fastness and wash-fastness. Reactive azo dyes are com-
pounds that form covalent linkage with the textile fibers and 
contain the azo group as their chromophores. Azo dyes con-
stitute a major fraction (95%) of reactive dyes (Pal 2017). 
These can be chemically characterized as dyes containing 
the functional azo group “–N = N–” joining two symmetrical 
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and/or asymmetrical similar or non-azo alkyl or aryl radical. 
These dyes form the second largest class among all other dyes 
(Benkhaya et al. 2020). However, a major concern with the 
use of reactive dyes is their poor fixation property. The dyeing 
process leads to the loss of approximately 20–50% of unfixed 
reactive dyes along with effluent (Ghaly et al. 2014). The reac-
tive azo dyes are stable and xenobiotic compounds. These 
remain unaffected during conventional effluent treatment pro-
cesses. Therefore, the discharge of dye containing effluent 
directly into environment can cause serious damage to nearby 
water-bodies, aquatic organisms, soil, animals, and human 
beings. Dyes discharged in water bodies obstruct sunlight 
penetration, disturb physicochemical factors (e.g., dissolved 
oxygen (DO), biological oxygen demand (BOD), chemical 
oxygen demand (COD), total dissolved solids (TDS), pH), 
hamper neurosensory and metabolic system in fishes thereby 
affecting their mortality rate, and destabilize the food chain by 
suffocating flora and fauna (Ayed et al. 2017; Hassan and Carr 
2018). On the other hand, soil contaminated with dye affects 
its fertility, disrupts photosynthesis in plants, hinders seed ger-
mination and growth rate of plants, and lowers plant respira-
tion (Rehman et al. 2018; Ikram et al. 2022a). These persistent 
hazardous compounds affect biomagnification (Erkurt 2010). 
Dyes are known to be allergenic, mutagenic, and carcinogenic 
to human beings. Frequent cases of contact dermatitis, allergic 
conjunctivitis, rhinitis, asthma, and other allergic responses 
have been reported after occupational exposure. Colon and 
bladder cancer occurs commonly upon dye exposure (Ikram 
et al. 2022b).

Bioremediation by microorganisms is a potential and 
promising approach for dye removal. Microbial organisms, 
including bacteria, algae, filamentous fungi, yeasts, and 
actinomycetes, have demonstrated absorption, transforma-
tion, reduction, degradation, or mineralization of hazardous 
compounds (Saratale et al. 2011, 2013; Ajaz et al. 2020). 
Bacterial azo dye degradation and mineralization has been 
the topic of research for a very long time. Bacteria are of 
particular interest due to their high rate of dye degradation. 
Some effective azo dye decolorizing bacterial strains include 
Bacillus sp., Pseudomonas stutzeri, Aeromonas hydrophila, 
Enterococcus sp., Providencia spp., and Pseudomonas rett-
geri (Bhatia et al. 2017; Joshi et al. 2020; Saha and Rao 
2020; Srinivasan and Sadasivam 2021). It was observed that 
mixed bacterial cultures or consortia were able to degrade 
azo dyes to a greater extent than that of the pure cultures. 
Microbial communities are metabolically diverse, which 
reflects in their ability to utilize various dye molecules as 
carbon sources (Stolz 2001; Shade et al. 2012). The syner-
gistic relationship between the different microbial species 
results in these species attacking dye molecule at different 
positions. The degradation product thus generated can fur-
ther be used by remaining microbial species. In contrast, 
pure bacterial cultures are less versatile in terms of their 

biodegradation potential, as they can degrade specific dye 
molecules (Jadhav et al. 2010; Holkar et al. 2016). Guo et al. 
(2020a) formulated consortium CG-1 consisting of Zobel-
lella, Rheinheimera, and Marinobacterium that efficiently 
degraded a variety of dye substrates (metanil yellow, direct 
blue B, acid black ATT, and acid violet 7). In another study, 
azo dye reactive red 170 was effectively degraded by a con-
sortium of Bacillus subtilis, Brevibacillus borsstelensis, and 
Bacillus firmus (Barathi et al. 2022).

In the current study, a bacterial consortium that was 
adapted to industrial effluents was constructed for reac-
tive orange 16 (RO-16) degradation. The physicochemical 
factors affecting bacterial dye decolorization were opti-
mized to maximize dye decolorization. The mechanism 
of RO-16 degradation was studied in detail. The enzymes 
responsible for dye degradation were identified, and reac-
tion kinetics were studied. Furthermore, the dye degraded 
metabolites were characterized to uncover the probable 
dye degradation pathway. Finally, toxicity assays were per-
formed to assess any toxicity present in the dye degraded 
metabolites.

Materials and methods

Chemicals used

Pure reactive dye RO-16 was procured from a textile indus-
try in Mysuru, Karnataka. Concentrated dye stock solution 
was prepared at 20 g L−1 in milli-q water. Stock solutions 
were sterilized through 0.22-µm cellulose acetate (CA) 
syringe filters and stored in sterile polyethylene bottles. 
Dilutions were constituted from the stock solution for further 
studies. Maximum absorbance of each of the dyes was noted 
by scanning the region 200–700 nm in a UV–Vis spectro-
photometer (Shimadzu UV-1800).

Microbiological media were purchased from the HiMedia 
Laboratories Pvt. Ltd., India. Different inorganic and organic 
chemicals were bought from Sisco Research Laboratories 
Pvt. Ltd., India; Thomas Baker (chemicals) Pvt. Ltd, India; 
and Fischer Scientific India Pvt. Ltd. All the chemicals were 
analytical grade and pure.

Industrial sample collection

An industrial effluent sample was collected from a tannery 
industry at Ambur, Tamilnadu (12.7904° N and 78.7166° 
E). Samples were collected in polyethylene bottles using the 
grab sampling technique. The samples were then stored in 
iced coolers, and transported to laboratory for further pro-
cessing (Simpson 2017).
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Industrial sample characterization

The collected effluent samples were filtered through What-
man filter paper no. 42 (diameter 90 mm) to eliminate large 
particulate matters. The resulting filtrate was then used to 
determine different physicochemical parameters. The quan-
tity of color was measured based on the colorimetric, ADMI 
method and the specific color of the samples was identi-
fied by the spectroscopic method as described by APHA 
(1992). Temperature and pH were measured with a ther-
mometer (Thomas Scientific) and pH meter (Hanna instru-
ments) respectively. Conductivity meter (Hanna instruments, 
HI98312 DIST) operated at 25 ℃ was used to note the elec-
trical conductivity (EC). A DO meter and sensor (Hanna 
Instruments, Portable Dissolved Oxygen Meter — HI9146) 
were used for detecting DO. BOD, COD, total solids (TS), 
TDS, and total suspended solids (TSS) were measured as 
described by APHA (1992) and USEPA (1978). The cati-
onic constituents (Ca2+, Mg2+, Na+, Cu+, Zn2+, Fe3+, total 
Cr content, Cd2+, and Ni2+) of the sample were quantified 
using a flame atomic absorption spectrophotometer (AAS) 
(Agilent, model 55B AA). Anionic constituents Cl− and 
SO4

2− were determined using the Mohr method and turbi-
dimetric method respectively (Rice et al. 2017).

Isolation and screening and quantification 
of the decolorization potential of dye decolorizing 
bacteria from industrial samples

Indigenous bacteria from the leather industry sample were 
isolated following enrichment method, as was reported in 
our previous study (Saha and Rao 2020). Bacterial colo-
nies with distinct morphology were selected and preserved 
as pure cultures. The isolated bacteria were then primarily 
screened in test tubes containing Luria Bertani (LB) broth 
amended with 50 mg L−1 of RO-16. After inoculation (1%), 
the test tubes were kept in an incubator at 37 °C (TECH-
NICO Digital Bacteriological Incubator TLPPL 104) until 
visible decolorization occurred (6 days).

Decolorization assay was carried out with potent isolates 
in decolorizing media (DM), as described in our previous 
study (Saha and Rao 2020). Decolorization was quantified 
in percentage using the following equation:

Compatibility assay of all the dye decolorizing 
potent isolates

Compatibility of three potent isolates that were identified 
in our previous study (Saha and Rao 2020) and three potent 
isolates identified in this study was used for the purpose of 

(1)Decolorization % =
Initial absorbance − Final absorbance

Initial absorbance
× 100

building up of a consortium. This assay was carried out in 
Mueller Hinton (MH) agar plates. Bacterial isolates were 
inoculated in nutrient broth (NB) and incubated at 37 ℃ 
for 24 h to obtain seed cultures. Two bacterial isolates were 
swabbed and streaked against each other in each plate. The 
plates were then incubated at 37 ℃ for 48 h. Compatibility 
between two isolates was confirmed by the absence of any 
inhibition zone.

Bacterial consortium build‑up for efficient RO‑16 
dye decolorization

A bacterial consortium consisting of six potent bacterial 
isolates was constituted. Bacterial seed cultures of the indi-
vidual strains were prepared by inoculating them in LB 
broth at 37 ℃ for 12 h. The prepared seed cultures were 
then inoculated in equal proportion (1:1:1:1:1:1) in 50 mL 
LB broth containing dye supplementation (Mohanty and 
Kumar 2021).

Identification of the dye decolorizing bacterial 
isolates

Bacterial isolates that were selected for consortium build-up 
were identified. The genus of the bacterial isolates was first 
identified tentatively by characterizing their morphological 
and biochemical features, according to Bergey’s Manual of 
Determinative Bacteriology (Holt et al. 1993).

Furthermore, molecular biology techniques (16S rRNA 
sequencing) were applied to identify the bacterial isolates 
until the species level. Bacterial gDNA was isolated (phe-
nol/chloroform method described by Wilson (2001)) and 
amplified by providing the primers 27 F and 1492 S in a 
polymerase chain reaction (PCR) (Bio-Rad T100 Thermal 
Cycler). The 16S rDNA amplicons were subjected to puri-
fication followed by sequencing (Thermo-Fisher Sanger 
Sequencing kit in Applied Biosystems 3730 × l Genetic 
Analyzer). A consensus sequence was obtained from the 
forward and reverse sequences using an aligner software 
(BioEdit). The basic local alignment search tool (BLAST) 
provided by the National Centre for Biotechnology Infor-
mation (NCBI) database was used for a comparative analy-
sis of the obtained consensus sequence with other sub-
mitted sequences of the database. The sequences with the 
highest similarity to the consensus sequence were aligned 
along with the consensus sequence using MUSCLE, a 
phylogenetic tree (neighbor-joining tree) was constructed, 
and bootstrapping (1000 replicates) was performed in 
MEGA 7. The p-distance method was applied to calculate 
the evolutionary distances. The analysis involved a total 
of 20 nucleotide sequences. The obtained sequence was 
deposited in NCBI and denoted with accession numbers 
for future reference.
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Selection of suitable media, salt, carbon, 
and nitrogen sources for RO‑16 decolorization 
by consortium

Different media, such as LB broth, minimal salt medium 
(MSM) (g L−1 composition: K2HPO4 4, KH2PO4 4, 
(NH4)2SO4 2, MgSO4.7H2O 5, CaCl2 0.01, and FeSO4.7H2O 
0.01), and DM, were studied. Salt sources, such as sodium 
chloride (NaCl) and sodium sulfate (Na2SO4), were used. 
Carbon sources studied were glucose, xylose, fructose, 
arabinose, lactose, sucrose, and starch. Nitrogen sources 
included were beef extract, malt extract, peptone, ammo-
nium chloride (NH4Cl), ammonium sulfate (NH)2SO4, and 
potassium nitrate (KNO3). Overnight bacterial cultures (3% 
v/v) were inoculated in media and kept in an incubator at 37 
℃ for 4 days. Media, salt, carbon, and nitrogen sources that 
promoted efficient decolorization potential were selected for 
response surface methodology (RSM).

Statistical design for optimization of RO‑16 
decolorization by consortium — RSM (D‑optimal)

The D-optimal design was used for optimizing the decol-
orization of RO-16 by the consortium in RSM (Rauf et al. 
2008). Seven independent variables, viz., temperature, pH, 
initial dye concentration, arabinose concentration (carbon 
source), peptone concentration (nitrogen source), Na2SO4 
concentration (salt source), and inoculum volume were cho-
sen to design the experiment. Table 1 demonstrates the dif-
ferent levels of the independent variables used for this study. 
The D-optimal design generated 46 runs of the experiment. 
The experimental design was obtained in Design-Expert 
7.0.0, Stat-Ease, Inc., Minneapolis, USA. After conducting 
the experiments, a response surface experiment was done 
to create a prediction model for deduction of the curvature, 
interaction among the independent variables, and identifi-
cation of the local optimum independent variables which 

causes maximum dye decolorization. The experimental 
model to estimate response surface is given by the second-
order polynomial equation as follows:

where “Y” is the decolorization percentage, “n” is the num-
ber of factors, “β0” is the constant coefficient (intercept 
term), “βi” is the linear coefficient of “xi,” “βij” is the inter-
active coefficient between “xi” and “xj,” “βii” is the quadratic 
coefficient, and “xi” and “xj” are the input factors.

Maximum dye tolerance assay of RO‑16

Initial RO-16 concentration was altered within the range 
of 100 to 800 mg L−1 to study the dye tolerance ability of 
the consortium. The media was supplemented with differ-
ent dye concentrations and decolorization was monitored 
under optimized conditions. The flasks were incubated for 
4 days under static condition. Decolorization percentage was 
then determined.

Preparation of cell‑free extract for enzyme assays

Cell-free extracts of the individual strains and consor-
tium were prepared and used for examining the presence 
of different enzymes. Individual bacterial isolates and the 
consortium were inoculated in 40 mL LB broth supple-
mented with RO-16 (50 ppm) and incubated until com-
plete decolorization occurred. Bacterial broth was then 
harvested at 12,000 × g for 15 min (REMI C-24 Plus). 
The resulting supernatant was passed through a 0.22-µm 
CA filter to obtain cell-free extracellular enzymes. On the 
other hand, cell pellet was washed thoroughly in 50 mM 
phosphate buffer (pH 7) and then stored at − 20 ℃ for 
future use. For obtaining intracellular enzymes, the frozen 
pellet was dissolved in equal volume of chilled phosphate 
buffer and subjected to ultrasonication (SONICS, Vibra-
cell). Instrument was set at an amplitude of 40% and 10 
strokes (30 s) were applied at an interval of 2 min. The 
ultrasonicated solution was centrifuged at 12,000 × g for 
20 min to remove cell debris. Supernatant containing cyto-
solic proteins was passed through a 0.22-µm CA filter to 
obtain cell-free intracellular enzymes (Telke et al. 2009; 
Leelakriangsak and Borisut 2012).

Enzyme assays

Extracellular and intracellular enzyme extracts were used to 
check for the presence of different dye degrading enzymes.

Azoreductase was detected in a reaction using RO-16 dye 
as substrate. Enzyme activity was assayed in the addition 

(2)
Y = �

0
+
∑n

i=1
�ixi +

∑n−1

i=1

∑n

j=i+1
�ijxixj +

∑n

i=1
�iix

2

i

Table 1   Coded levels of different independent variables used for 
response surface methodology

Independent variables Coded levels

Low 
actual 
(− 1)

High 
actual 
(+ 1)

Temperature (℃), A 25 55
pH, B 4 10
Reactive orange 16 concentration (mg L−1), C 50 500
Arabinose concentration (%, w/v), D 0.1 1
Peptone concentration (%, w/v), E 0.1 1
Na2SO4 concentration (%, w/v), F 0 5
Inoculum (%, v/v), G 3 12
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of nicotinamide adenine dinucleotide (NADH) and flavin 
adenine dinucleotide (FAD) as explained by Bafana et al. 
(2008). Decolorization of the reaction mixture was moni-
tored spectrophotometrically at 492 nm. Tyrosinase was 
identified with the h	 elp of substrate catechol as 
described by Parshetti et al. (2010). Absorbance was moni-
tored spectrophotometrically at 410 nm.

Laccase, lignin peroxidase, and manganese peroxi-
dase were primarily screened in plate assay, followed by 
quantitative estimation. Bacterial isolates were primarily 
screened for laccase by streaking on petriplates containing 
nutrient agar (NA) supplemented with 0.5 mM guaiacol 
and incubated at 37 ℃ for 96 h (Sheikhi et al. 2012). Pri-
mary screening of bacterial isolates for lignin and manga-
nese peroxidase was performed by streaking the isolates on 
azure B agar plates (composed of NA supplemented with 
0.01% azure B and 20% glucose) and incubated at 37 ℃ for 
96 h (Archibald 1992). ABTS (2,2′-azino-bis-(3-ethylben-
zothiazoline-6-sulfonic acid)) substrate was used to quan-
titate laccase enzyme activity as described by Sheikhi et al. 
(2012). Absorbance was determined at 420 nm. Lignin 
peroxidase enzyme activity was quantitated using azure B 
substrate as described by Paliwal et al. (2015). Absorbance 
was measured at 651 nm. Manganese peroxidase enzyme 
activity was quantitated using the substrate manganese sul-
fate (MnSO4) (Paszczyński et al. 1988). Absorbance was 
determined at 270 nm.

An enzyme unit was defined as the quantity of enzyme 
that catalyzed 1 µmol substrate transformation per minute, 
under stated temperature, pH, ionic strength, and substrate 
conditions (Labuda et al. 2018). Enzyme activity was cal-
culated by the following equation:

where “EA” is enzyme activity, “A” is absorbance change, 
“V” is volume of the reaction mixture, “t” is the incubation 
time, “e” is the extinction coefficient of the substrate, and 
“v” is the volume of enzyme.

Protein content of the enzyme extract was measured as 
described in the Lowry’s method (Lowry et al. 1951). Spe-
cific enzyme activity was defined as enzyme units per mil-
ligram of protein content (Földesi, 2019).

Enzyme kinetic study of RO‑16

The enzyme kinetics of RO-16 degradation by the consor-
tium was studied. The consortium was cultured in 20 mL 
LB broth (under optimized conditions) and incubated for 
102 h under static condition. Different initial dye concen-
trations within the range of 30 to 300 mg L−1 were used for 
batch decolorization by the bacterial consortium. Decrease 

(3)EA =
A × V

t × e × v

in absorbance was monitored at λmax of RO-16 at an interval 
of 6 h. Graphs for different reaction orders were plotted with 
final substrate concentration (Ct in mg L−1) and time (t in 
h) to identify the reaction order with closest fit. A graph for 
zero-order reaction (k0) was plotted as Ct vs. t, first-order 
reaction (k1) was plotted as ln Ct vs. t, and second-order (k2) 
reaction was plotted as 1/Ct vs. t. The following equations 
define the different reaction orders (Connors 1990; Atkins 
and de Paula 2006):

where “C0” is the initial substrate concentration (mg L−1).
To determine the Michaelis constant (km) and maximum 

substrate consumption rate (Vmax), dye decolorization rate 
was estimated at altered initial concentrations of dyes. 
Lineweaver–Burk double reciprocal model was then plotted 
as it was the best fit (Berg et al. 2002). The corresponding 
equation for the model has been given below. The Km and 
Vmax values were obtained from the double reciprocal plot.

where “V” is the substrate concentration rate (mg L−1 h−1) 
and “S” is the substrate concentration (mg L−1).

Analytical study of the dye decolorization 
metabolites

UV‑Vis spectrophotometric analysis

The bacterial consortium was used for decolorization of 
RO-16 in 40 mL LB broth under optimized conditions. The 
culture flasks after inoculation were incubated for 4 days. 
Cellular content was removed from the broth after centrifu-
gation at 15,300 × g for 15 min. Spectral scan (200–800 nm) 
was performed with the resulting supernatant. Dye biotrans-
formation or biodegradation was indicated by a shift in the 
λmax of the solution.

Extraction of metabolites after dye decolorization

Bulk decolorization was performed with the consortium in 
1.5 L of LB broth under optimized conditions. The culture 
broth was incubated 4 days for decolorization. Decolorized 
broths were harvested at 12,000 × g for 15 min. The super-
natant containing dye decolorized metabolites was subjected 

(4)Zero order ∶ Ct = C
0
− k

0
t

(5)First order ∶ ln
(

Ct

)

= −k
1
t + ln

(

C
0

)

(6)Second order ∶

(

1
/

C
t

)

=

(

1
/

C
0

)

+ k
2
t

(7)1
/

V
=
K
m

/

V
max

[S]
+
1
/

V
max
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to filtration (0.22 µm CA filter). Liquid–liquid extraction 
was performed to collect metabolites from the supernatant. 
Acetonitrile resulted in maximum recovery of decolorized 
RO-16 metabolites by the consortium. Extracts were col-
lected and water was eliminated using anhydrous Na2SO4. 
The organic solvent extract was then dried in a rotary evapo-
rator (BUCHI, Rotavapor R-300) (Dawkar et al. 2008). The 
dye decolorized metabolites were obtained in dried powder 
form and used for further studies.

Fourier transform infrared spectroscopy (FTIR)

FTIR (Thermo Nicolet AVATAR 330) of the samples were 
performed using the KBr disc method. Samples were ana-
lyzed within the wavelength range of 400–4000 cm−1 (mid-
IR region) at scan speed 16. At different wavelengths, the 
variations in percentage transmittance were noted.

Ultra high‑performance liquid chromatography (UHPLC)

Reverse phase UHPLC (Waters, ACQUITY H class) was 
performed. Mobile phase chosen for conducting the anal-
ysis was composed of HPLC grade carbinol and water in 
proportions of 1:1. The dye and metabolite samples were 
dissolved (0.1 mg L−1) in a solution having the same com-
position as the mobile phase. Separation was performed in a 
C18 reverse phase column equipped with a photo diode array 
(PDA) detector. The samples were injected at a flow-rate of 
0.8 mL min−1, and spectrum was recorded at the wavelength 
range of 200–700 nm. The sample separation was carried 
out for 20 min.

Liquid chromatography high‑resolution mass 
spectrometry–quadrupole time‑of‑flight (LCHRMS–QTOF)

RO-16 dye and its corresponding degraded metabolites were 
subjected to LCHRMS–QTOF (Agilent technologies, 1290 
Infinity UHPLC System, TOF 6500 series). Separation was 
performed in a HYPERSIL Gold C18 column (100 × 2.1 mm, 
3 µm). The samples were dissolved (1 µg µL−1) in deionized 
water and passed through a 0.22-µm CA filter to remove any 
undissolved particle. Mobile phase consisted of water. It was 
flown at 0.2 mL min−1 for 30 min. Electrospray ionization 
(ESI) was performed in both positive and negative mode 
under the flow of nitrogen (N2) gas (1 mL min−1), and frag-
ment voltage was 175 V. Mass spectra were thus generated. 
The probable degradation products were identified based on 
this analysis.

Toxicity assessment study

The toxicity profile of untreated RO-16 and the correspond-
ing degradation products by the consortium were analyzed.

Phytotoxicity assay

Phytotoxicity assay was performed by assessing the seed 
germination of Vigna radiata (common name: moong) and 
Cicer arietinum (common name: chickpea) and root growth 
from the bulbs of Allium cepa (common name: onion).

Seeds for germination assay were pre-treated with 0.1% 
HgCl2 for 10 min to ensure surface sterilization, followed by 
a thorough wash with treated water. The seeds received three 
treatment types (untreated dye, dye degraded metabolite, and 
distilled water (control)). The treatment sets were subdivided 
based on their concentration, i.e., 500 ppm and 1500 ppm. 
The experiment was conducted in sterilized petriplates lined 
with filter paper. Each petriplate contained ten seeds ran-
domly chosen. The seeds received a treatment of 10 mL on 
the first day, followed by 5 mL every day for a period of 
7 days. Moong seeds were incubated at room temperature 
(35 ℃) and chickpea seeds were incubated at 15 ℃ (Rao and 
Prasad 2014; Salian et al. 2018). The seeds were observed 
every day. At the end of the treatment period, seedling char-
acteristics were noted and relative seed germination (RSG) 
and germination index (GI) were calculated as follows:

where “Ms” is the number of seeds germinated under test 
treatment, “Ds” is the number of seeds germinated under 
control treatment, “Rs” is the mean root length under test 
treatment, and “Rc” is the mean root length in the control 
treatment.

Onion bulbs, after a thorough wash with treated water, 
were grown in hydroponic condition. These were grown in 
250-mL beakers filled with 150 mL of treatment solution. 
Like the germination assay, bulbs were divided into three 
sets of treatment including dye solutions, degraded metabo-
lite solution, and distilled water (control). Treatment concen-
trations used were 500 ppm and 1500 ppm. The bulbs were 
kept at a temperature of 23 ℃ for a period of 7 days (Jadhav 
et al. 2010; Haq et al. 2016). Root growth was monitored 
every day to note down the toxic effect of the treatments. The 
number of roots that sprouted from each bulb was counted, 
and root length was recorded as the mean length of the long-
est five roots from each bulb.

Cytogenotoxicity assay

Onion bulb roots grown during phytotoxicity were fur-
ther analyzed for cytotoxic and genotoxic effects. Roots of 
about 2–2.5 cm were cut from the tip and observed under a 

(8)RSG (%) =
Ms

Ds

× 100

(9)GI (%) = RSG ×
Rs

Rc
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microscope using the meristematic root tip squash technique 
with acetocarmine (Prasad et al. 2013). Roots were divided 
into four groups, including dye-treated roots, degraded 
dye metabolite–treated roots, distilled water-treated roots 
(negative control), and H2O2-treated roots (positive con-
trol). Meristematic cells were observed under a light micro-
scope (Magnus microscopes, model MLX). Mitotic index 
was recoded per 1000 cells scored and aberration index was 
also noted.

where “MI” is mitotic index, “d” is total dividing cells, “c” 
is total analyzed cells, “AI” is aberration index, and “a” is 
total chromosomal aberrations identified.

Microbial toxicity assay

The bacterial growth curves of Escherichia coli, Pseu-
domonas aeruginosa, and Bacillus cereus were used as an 
indicator of toxicity in this assay. The bacteria were divided 
into three groups, viz. dye-treated bacteria, degraded dye 
metabolite–treated bacteria, and control group without any 
treatment. The bacteria (2%, v/v) were inoculated in 40 mL 
LB. Treatments (dye and degraded dye metabolite) were 
supplemented in NB at 200 ppm concentration. E. coli and 
P. aeruginosa were incubated at 37 ℃ and B. cereus was 
incubated at 30 ℃ for 8 h. Bacterial growth was observed 
by measuring the O.D of the culture broth in a colorimeter 
(Systronics digital colorimeter 112) at an interval of 1 h. The 
O.D of the RO-16 dye-treated culture broths were measured 
at 492 nm, and degraded dye metabolite–treated and control 
broths at 600 nm (Asses et al. 2018).

Biotoxicity assay

Artemia salina (common name: brine shrimp) was chosen as 
the test organism for lethality assay (Prasad and Rao 2013; 
Bekhit et al. 2020). Commercially bought Artemia cysts 
(4 g) were hatched in 1 L of sea water in a glass beaker. 
The glass beaker containing cysts was incubated at 25 ℃ 
under a continuous illumination condition for 84 h. Eggs 
were hatched, and the nauplii were grown until instar II and 
III stages. The brine shrimps (~ 500) were then shifted in 
250 mL glass beakers containing 150 mL sea water. Brine 
shrimps were subjected to four kinds of treatment, viz., sea 
water amended with dye, sea water amended with degraded 
dye metabolite, sea water amended with potassium dichro-
mate (K2Cr2O7) (positive control), and sea water without any 
amendment (negative control). The treatments were again 

(10)MI (%) =
d

c
× 100

(11)AI (%) =
a

c
× 100

examined with two different concentrations, i.e., 0.125% 
and 0.5%. Brine shrimps under different treatments were 
incubated under the same conditions as was used for hatch-
ing, for a period of 24 h. After incubation, the shrimps were 
observed under a light microscope for any physiological 
change. The number of survivors was counted in each treat-
ment as follows:

where “S” is survival percentage, “s” is number of survivors, 
and “t” is total number of shrimps.

Statistical analysis

All the experiments were carried out in triplicate. The data 
in this research has been expressed as mean ± standard 
deviation. The corresponding data generated were analyzed 
by one-way ANOVA, two-way ANOVA, and coefficient of 
determination (R2) as per requirement. The significance of 
the results was established based on probability (P-value). 
Test results with probability value (P-value) ≤ 0.05 were 
considered significant.

Results and discussion

Effluent sample characterization

The physicochemical characterization of the leather effluent 
sample has been listed down in Table 2. The sample was 
observed as gray colored and consisted of 189 ADMI color 
units. A strong odor was present, which might have arisen 
from the presence of volatile organic compounds. The pH 
was somewhat alkaline but suitable for aqueous organisms’ 
survival. The sample temperature was almost equivalent to 
normal room temperature. BOD was elevated, thus making 
the sample appropriate for release solely in sewers. A high 
BOD reduced the DO content. DO is essential for maintain-
ing fish life and other aqueous organisms, such as caddisfly 
larvae and mayfly nymphs. COD was also found at an ele-
vated level which made the effluent unsuitable for disposal. 
A high COD is a direct indication of the presence of exces-
sive quantities of organic and inorganic chemicals. EC was 
very high and above the limit set by surface water regula-
tions (1989). EC, a function of TDS, is directly correlated 
to the presence of ionic content in the effluent sample. The 
TDS content was above average but within the acceptable 
limit, whereas the TSS content was excessive and more than 
the acceptable limit for irrigation purpose or discharge into 
inland surface water. The hazardous implications of a high 
TSS content include reduced sunlight penetration and dam-
age to fishes and may form septic and unaesthetic deposits 

(12)S (%) =
s

t
× 100
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in lakes and river beds. High TDS and TSS content resulted 
in an increased TS content. Among the dissolved metals, 
the contents of Ca2+, Mg2+, Cu+, Zn2+, SO4

2−, and Cd2+ 
were low, whereas the contents of Na+, Fe3+, Cl−, total Cr 
content, and Ni2+ were very high. The presence of increased 
salinity in effluent is detrimental, when used for agricultural 
purposes. Overexposure to Fe content has not been associ-
ated to any harmful effect in humans; however, laboratory 
studies have reported harmful effects of Fe3+ on aquatic life. 
Cr is an essential dietary requirement; however, overexpo-
sure can be carcinogenic. Ni2+ is considered carcinogenic 
to humans, as well as being hazardous to aquatic life forms, 
including plants and fishes (EPA 2001; Central Pollution 
Control Board 2021).

Isolation, screening, and quantification 
of the decolorization potential of dye decolorizing 
bacteria

The leather industry sample yielded 8 bacterial isolates, des-
ignated as VITEPB1–VITEPB8. The visible decolorization 
of RO-16 was achieved by three isolates VITEPB1–VITEPB3 

after 6 days under static condition. These bacterial isolates 
decolorized > 85% of RO-16 after 6 days under static con-
dition. VITEPB2 was the highest dye decolorizing isolate 
(87.16%), followed by VITEPB1 (85.55%) and VITEPB3 
(85.02%). Effluent and sludge samples from the leather indus-
try, textile industry, paper mill, and wastewater treatment facil-
ity have been previously used for the isolation of dye degrading 
organisms (Thakur et al. 2012; Roy et al. 2018; Al-Ansari et al. 
2022). The stressed conditions and myriad of chemicals pre-
sent in industrial samples acclimatize the microorganisms that 
survive under those conditions. As a result, microorganisms 
develop the ability to counteract different hazardous chemicals 
for their survival. The presence of dyes in the abovementioned 
industrial effluents and sludges thus suggests the probability of 
isolating dye degrading organisms from the industrial samples.

Compatibility assay of the potent dye decolorizing 
bacteria

An essential criterion for the building up of a microbial consor-
tium is that the microbial strains should not exhibit antagonistic 
activity against each other. Compatibility assay was conducted 
with the six most efficient dye-decolorizing bacterial isolates 
VITEPB1–VITEPB3, VITSP6, VITSP7, and VITSP9. Bacte-
rial isolates VITSP6, VITSP7, and VITSP9 were potent dye 
decolorizing bacteria obtained from textile industry effluent in 
our previous study (Saha and Rao 2020). No inhibition zones 
were observed in the MH agar assay plates at 37 ℃ after 48 h. 
Thus, the isolates were compatible with each other and were 
used to build up a consortium designated as VITPBC6. Com-
patibility assay in MH agar has been used in previous studies to 
determine the compatibility of microorganisms (Soundararajan 
et al. 2012; Shinkafi et al. 2016; Krishnamoorthy et al. 2018). 
On the other hand, Haque et al. (2021a, b) performed bacterial 
compatibility assay in yeast extract peptone agar plates follow-
ing the protocol as described by Furuya et al. (1997). However, 
it is noteworthy to mention that several dye degradation stud-
ies involving microbial consortium were conducted without a 
compatibility assay (Lade et al. 2012; Patel et al. 2012; Khan 
et al. 2014; Eslami et al. 2019; Krithika et al. 2021).

Identification of the individual bacterial isolates 
of the consortium

The potent bacterial isolates used to build the consortium, 
i.e., VITEPB1–VITEPB3, VITSP7, and VITSP9 were iden-
tified based on morphological, biochemical, and molecular 
biology techniques (16S rRNA sequencing). According to the 
results of microscopic and biochemical tests of the isolates 
(Online Resource 1), all the isolates VITEPB1–VITEPB3, 
VITSP7, and VITSP9 belonged to genus Bacillus.

The highest sequence similarity of the contig sequence 
of isolates VITEPB1, VITEPB2, VITEPB3, VITSPB7, and 

Table 2   Physicochemical characterization of the leather industry 
effluent

BDL stands for below detection level

Parameters Leather 
industry 
effluent

Temperature (℃) 38
pH 8.8
Color
Concentration (ADMI units)

Gray
189

Smell Pungent
Dissolved oxygen (mg L−1) 1.2
Biological oxygen demand (mg L−1) 600
Chemical oxygen demand (mg L−1) 2400
Total solids (mg L−1) 13,272
Total dissolved solids (mg L−1) 12,958
Total suspended solids (mg L−1) 324
Conductivity @ 25 ℃ (µs cm−1) 21,580
Ca2+ (mg L−1) 49
Mg2+ (mg L−1) 20
Na+ (mg L−1) 4465
Cu+ (mg L−1) BDL
Zn2+ (mg L−1) 0.38
Fe3+ (mg L−1) 7.06
Cl− (mg L−1) 3449
SO4

2− (mg L−1) 409
Total Cr content (mg L−1) 1.7
Cd2+ (mg L−1) 0.6
Ni2+ (mg L−1) 0.5
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VITSPB9 with other existing sequences in the NCBI data-
base was 99.12%, 99.07%, 99.65%, 98.58%, and 98.23% 
respectively. The isolates were thereby identified as Bacillus 
firmus VITEPB1 (accession number: MZ934656), B. flexus 
VITEPB2 (accession number: MZ951161), Bacillus aryabhat-
tai VITEPB3 (accession number: MZ951124), Bacillus paraf-
lexus VITSPB7 (accession number: MZ817967), and Bacillus 
megaterium VITSPB9 (accession number: MZ934417).

Isolate VITSPB6 was identified in our previous study 
(Saha and Rao 2020) as B. flexus strain VITSP6 (accession 
number: MG407663).

The phylogenetic tree depicts the evolutionary relation-
ship of the sequences of the potent isolates with each other 
and their corresponding closely related sequences (Fig. 1).

Selection of media, salt, carbon, and nitrogen 
sources for maximum RO‑16 decolorization 
by the consortium

The consortium designated as VITPBC6 showed efficient 
decolorization in LB broth (87.85%), with Na2SO4 (86.94%), 
arabinose (87.97%), and peptone (85.08%) supplementation.

RSM optimization (D‑optimal) for maximum RO‑16 
decolorization by the consortium

RSM is a sequence of processes with the main objective 
to carry out experiments rapidly and efficiently that leads 
to the determination of optimum operational conditions 
(Mohana et al. 2008). Table 3 contains the data obtained 
from 46 runs of the D-optimal design containing the seven 
independent variables, including temperature, pH, initial 
RO-16 concentration, arabinose concentration, peptone 
concentration, Na2SO4 concentration, and inoculum volume. 
Decolorization percentage was the response corresponding 
to the combined effect of the seven variables. Decolorization 
varied significantly from 0 to 100%, under the test condi-
tions. No decolorization was observed in runs 10, 11, 12, 
19, 32, and 33. On the other hand, complete decolorization 
was observed in run 20. The actual decolorization percent-
age was approximately the same as that of the predicted 
values. The predicted decolorization percentage has been 
obtained, by applying multiple regression analysis, from the 
second-order polynomial equation given below in terms of 
coded factors as:

(13)

Y = +131.23 − 3.89 × A + 20.41 × B − 6.67 × C + 10.10 × D + 4.07 × E + 4.53 × F − 2.75 × G+

0.30 × A × B + 9.53 × A × C + 7.09 × A × D + 2.91 × A × E + 3.43 × A × F − 6.67 × A × G−

9.47 × B × C + 8.63 × B × D − 2.25 × B × E − 0.14 × B × F − 5.35 × B × G − 7.68 × C × D+

8.37 × C × E − 0.76 × C × F + 0.85 × C × G + 9.58 × D × E − 4.40 × D × F − 0.26 × D × G+

7.80 × E × F − 9.01 × E × G − 7.64 × F × G + 4.18 × A2 − 37.07 × B2 − 3.06 × C2 − 31.52×

D2 + 6.11 × E2 − 15.91 × F2 − 34.33 × G2

Fig. 1   Evolutionary relationship 
of taxa. The evolutionary his-
tory was deduced with the help 
of neighbor-joining approach. 
The optimal tree has a branch 
length sum of 0.12818173 as 
shown above. Replicate tree 
percentages that had clusters of 
associated taxa in the bootstrap 
test have been indicated near 
the branches. The evolutionary 
distances are expressed as the 
number of base differences per 
site (P-distance method)
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Table 3   Data from D-optimal design runs for reactive orange 16 decolorization by consortium VITPBC6

Run Temperature (℃) pH RO-16 (mg L−1) Arabinose (%) Peptone (%) Na2SO4 (%) Inoculum (%) Actual decol-
orization (%)

Predicted 
decolorization 
(%)

1 26.25 4 313.59 0.10 0.10 5 3 1.88 2.68
2 55 10 50 1 1 5 12 62.75 61.95
3 55 4.2 275 1 0.10 2.99 11.71 17.78 18.54
4 25 10 500 0.10 0.49 5 12 10.12 5.09
5 55 10 500 0.49 0.75 5 3 96.3 95.36
6 25 10 298.47 1 1 2.76 3 92.46 91.78
7 55 4 172.58 1 1 0 12 1.3 0.95
8 25 4 500 1 1 5 12 0.42 1.84
9 55 10 50 1 0.10 5 3 80.19 81.51
10 55 4 50 0.10 1 5 3 0 0.09
11 55 4 50 0.10 1 5 3 0 0.09
12 55 10 500 0.10 0.10 0 3 0 1.54
13 55 4 207.60 0.10 0.54 0 7.72 0.45  − 0.92
14 55 10 50 1 0.10 0 12 73.52 75.03
15 25 4 50 1 0.10 5 12 9.38 6.92
16 55 10 500 0.49 0.75 5 3 95.22 95.36
17 55 10 50 0.62 0.10 0 3 85.23 80.12
18 25 10 50 1 0.10 0 3 83.39 84.891
19 55 4 500 0.10 1 0 3 0  − 0.72
20 25.94 10 50 0.65 0.52 4.84 11.15 100 103.15
21 55 10 50 0.10 0.10 5 12 17.84 13.97
22 25 4 50 1 1 0 3 4.17 4.63
23 55 10 50 0.25 1 0 3 23.82 15.37
24 25 6.9 500 1 0.10 5 3 2.78 2.599
25 41.47 9.2 495.44 1 0.10 0 3 22.32 21.97
26 25 10 500 0.10 0.49 5 12 0.35 5.09
27 55 10 50 0.10 0.10 5 12 10.36 13.97
28 25 6.8 50 0.10 0.10 1.83 3 81.47 81.63
29 41.77 7.4 361.36 0.10 1 5 7.34 94.48 94.54
30 25 10 50 1 1 0 12 81.01 79.7
31 55 4 232.71 0.71 0.10 0 3 3.02 4.48
32 55 10 500 0.10 1 1.35 12 0  − 0.26
33 25 4 500 1 0.10 0 12 0 0.22
34 25 10 500 0.10 1 0 3 0.35  − 2.40
35 25 10 220.60 0.10 0.10 0 12 70.01 69.44
36 25 4.1 500 0.30 0.44 0 3.28 9.01 8.07
37 41.85 7.2 500 0.53 0.57 0 12 72.32 72.34
38 25 10 50 0.10 1 5 3 65.25 63.54
39 46.08 10 500 1 0.10 5 12 0.59  − 0.24
40 44.32 4 500 1 0.48 2.96 3 0.55  − 34.2
41 25 4 50 0.10 1 3.31 12 9.3 9.56
42 25 10 500 0.48 0.10 2.88 7.37 90.93 90.74
43 55 4 500 0.10 0.10 5 12 0.91 0.8
44 42.22 4 50 0.10 0.10 0 12 5.39 6.43
45 25 10 220 0.10 0.10 0 12 69.68 69.44
46 55 10 500 1 1 0 6.23 95.89 96.19
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The actual and predicted decolorization percentage data 
indicate that the empirical models actually fit the obtained 
data with an R2 value of 0.9978 and adjusted R2 value of 
0.9901. The adjusted R2 value suggests that 99.01% vari-
ability in decolorization percentage can be explained with 
the help of its relation with the input variables included in 
the model. The predicted R2 value 0.9305 was also in rea-
sonable agreement with the adjusted R2 value 0.9901. The 
adequate precision ratio of 30.193 indicates sufficient signal 
for navigating the design space.

The fitting results of the quadratic response surface model 
in terms of ANOVA have been shown in Table 4. F-value 
of the model was measured at 130.07, and p-value was less 
than 0.0001. Thus, it is evident that the model is significant. 
Significant model terms were indicated by p-values less than 
0.05. In this case, the model terms A, B, C, D, E, F, G, AC, 
AD, AE, AF, AG, BC, BD, BE, BG, CD, CE, DE, DF, EF, 
EG, FG, B2, D2, E2, F2, and G2 were significant. Lack of 
fit F-value of the model was 0.99 that is insignificant rela-
tive to the pure error. This implies that the quadratic model 

Table 4   Analysis of variance 
(ANOVA) test for the selected 
response surface quadratic 
model of reactive orange 16 
decolorization by bacterial 
consortium VITPBC6

Source Sum of squares Degrees of 
freedom

Mean square F value p-value
Prob > F

Model 69,172.69 35 1976.36 130.07  < 0.0001
Temperature (A) 449.11 1 449.11 29.56 0.0003
pH (B) 11,260.05 1 11,260.05 741.06  < 0.0001
Dye concentration (C) 1133.39 1 1133.39 74.59  < 0.0001
Carbon source (D) 2779.69 1 2779.69 182.94  < 0.0001
Nitrogen source (E) 463.10 1 463.10 30.48 0.0003
Salinity (F) 620.42 1 620.42 40.83  < 0.0001
Inoculum (G) 229.89 1 229.89 15.13 0.0030
AB 2.13 1 2.13 0.14 0.7162
AC 2273.33 1 2273.33 149.62  < 0.0001
AD 1169.91 1 1169.91 77.00  < 0.0001
AE 200.54 1 200.54 13.20 0.0046
AF 277.79 1 277.79 18.28 0.0016
AG 913.36 1 913.36 60.11  < 0.0001
BC 2186.13 1 2186.13 143.88  < 0.0001
BD 1700.57 1 1700.57 111.92  < 0.0001
BE 124.56 1 124.56 8.20 0.0169
BF 0.50 1 0.50 0.033 0.8597
BG 731.04 1 731.04 48.11  < 0.0001
CD 1041.52 1 1041.52 68.55  < 0.0001
CE 1594.12 1 1594.12 104.91  < 0.0001
CF 14.11 1 14.11 0.93 0.3580
CG 20.17 1 20.17 1.33 0.2760
DE 2027.05 1 2027.05 133.41  < 0.0001
DF 460.11 1 460.11 30.28 0.0003
DG 1.43 1 1.43 0.094 0.7654
EF 1359.52 1 1359.52 89.47  < 0.0001
EG 1550.50 1 1550.50 102.04  < 0.0001
FG 1439.19 1 1439.19 94.72  < 0.0001
A2 43.94 1 43.94 2.89 0.1199
B2 2771.65 1 2771.65 182.41  < 0.0001
C2 30.31 1 30.31 1.99 0.1882
D2 3331.65 1 3331.65 219.27  < 0.0001
E2 112.57 1 112.57 7.41 0.0215
F2 863.75 1 863.75 56.85  < 0.0001
G2 2792.06 1 2792.06 183.76  < 0.0001
Lack of fit 2792.06 5 15.12 00.99 0.5041
Pure error 76.34 5 15.27 - -
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is statistically significant for predicting the decolorization 
percentage.

The 3D surface plots depicting interactive effects of the 
different pairs of the independent variables on decolorization 
percentage by the consortium, while maintaining the remain-
ing variables at or near the central level, have been repre-
sented in Fig. 2. According to the constructed model, the 
optimum values for achieving the maximum decolorization 
were 40 ℃ temperature, pH 7.38, 218.75 mg L−1 dye, 0.61% 
arabinose, 0.55% peptone, 2.5% Na2SO4, and 7.5% inoculum.

Maximum RO‑16 tolerance assay by consortium 
VITPBC6

Dye concentration plays an important role in inhibiting 
bacterial decolorization because of dye toxic effect, inad-
equate cell to dye ratio, and blockage of enzyme active sites 
by dye molecules (Saratale et al. 2011). In this study, dye 
concentration effect was thus studied on the RO-16 decol-
orization of consortium VITPBC6 (Fig. 3). Consortium 
VITPBC6 could maintain efficient decolorization (> 90%) 
even at the highest concentration (800 mg L−1). Compared 
to the recent studies on bacterial consortium, consortium 
VITPBC6 possessed better decolorization property even at 
very high dye concentration. Eskandari et al. (2019) con-
stituted two bacterial consortia PsGo (Pseudoarthrobacter 
and Gordonia) and StSp (Stenotrophomonas and Sphingo-
monas) capable of decolorizing only 36% and 25% RB-5 at 
the highest concentration of 100 mg L−1 respectively. Guo 
et al. (2020b) studied metanil yellow G (MY-G) decoloriza-
tion by the mixed bacterial consortium ZW1 (mainly com-
posed of Halomonas (49.8%), Marinobacter (30.7%), and 
Clostridiisalibacter (19.2%)). The highest concentration of 
MY-G (500 mg L−1) exhibited an inhibitory effect on ZW-1, 
which led to a very low decolorization (8.2%). Guo et al. 
(2021) further continued his study with MY-G using a differ-
ent halo-thermophilic bacterial consortium HT-1 composed 
of Bacillus, norank_f_Bacillaceae and Piscibacillus. The 
highest MY-G concentrations (300 mg L−1 and 400 mg L−1) 
inhibited bacterial growth resulting in no dye decolorization.

Enzyme assays

Azo dye degradation is mediated by bacteria with the help 
of several oxidoreductive enzymes, such as azoreductase, 
DCIP reductase, amino pyrine N-demythlase, tyrosinase, 
veratryl alcohol oxidase, laccase, lignin peroxidase, and 
manganese peroxidase (Dave et al. 2015). Enzymatic assays 
were thus conducted to shed an insight into the biodegrada-
tion mechanism of RO-16. The assays were conducted with 
the individual bacterial strains and consortium VITPBC6 
to compare the specific enzyme activities (Tables 5 and 6). 
Tyrosinase had high specific activity in all the strains, and 

strain VITEPB2 had the highest specific activity. Tyrosi-
nase had the second highest specific activity in consortium 
VITPBC6. Manganese peroxidase had the highest specific 
activity in strain VITEPB1, followed by strains VITEPB2, 
VITSPB9, VITEPB3, and VITSPB7. Manganese peroxi-
dase activity was not detected in strain VITSP6. The high-
est specific activity of lignin peroxidase was noted in strain 
VITEPB1, followed by strains VITEPB3, VITSPB9, and 
VITSPB7l, whereas it was not produced by VITSP6 and 
VITEPB2. However, both the manganese and lignin per-
oxidase activity in VITPBC6 was higher than any of the 
individual isolates. Lower amount of azoreductase compared 
to the other enzymes was produced by all the individual 
strains and VITPBC6. Laccase had the lowest specific 
activity and was produced by strains VITEPB1–VITEPB3 
and consortium VITPBC6. The induction and activity of 
enzymes produced by a consortium is not the sum of the 
induction and activity of enzymes produced by the individ-
ual strains constituting the consortium. Consortium GG-BL 
(composed of Galactomyces geotrichum and Brevibacillus 
laterosporus) expressed veratryl alcohol oxidase activity 
induction by 304% more than that of the individual strain 
(B. laterosporus) producing it, while the induction of ribo-
flavin reductase, tyrosinase, NADH–DCIP, and azoreductase 
activities was less in the consortium than in the individual 
strains producing these enzymes (Waghmode et al. 2011; 
Kurade et al. 2012).

Enzyme kinetic study of RO‑16 decolorization 
by the bacterial consortium

Determination of reaction order

The effect of different initial concentrations on RO-16 decol-
orization by consortium VITPBC6 is depicted in Table 7. 
The table presents Ct obtained at different time intervals 
for the specified C0 values. During RO-16 batch decoloriza-
tion, there was a slow linear decrease in Ct during the initial 
phase; however, the Ct values dropped rapidly during the 
latter phase. The rapid drop in Ct for the C0 values of 50, 
100, 150, 200, 250, and 300 occurred at 66 h, 72 h, 84 h, 
72 h, and 96 h respectively. Figures 4a–c represent the differ-
ent reaction order kinetic models for RO-16 decolorization. 
A zero-order kinetic model plotted as Ct vs. t followed a 
more linear relationship compared to that of the other kinetic 
models. Furthermore, the reaction rate constants of different 
kinetic models at varied initial dye concentrations and the 
corresponding R2 values have been estimated and presented 
in Table 8. The table shows that the R2 values of the zero-
order kinetic model ranged from 0.8753 to 0.9522 and were 
closer to unity than that of the other kinetic models. There-
fore, it can be concluded that VITPBC6 decolorized RO-16 
following zero-order reaction kinetics. Very few studies have 
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Fig. 2   3D surface response plots of reactive orange 16 decoloriza-
tion by bacterial consortium VITPBC6 as an effect of the interaction 
of the independent variables. a pH and dye concentration. b Carbon 

source and salinity. c Nitrogen source and pH. d Inoculum and pH. e 
Salinity and carbon source. f Inoculum and salinity
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reported zero-order reaction kinetics for bacterial azo dye 
degradation. Sarioglu et al. (2007) reported an anaerobic 
mixed culture that degraded basic red 46 following first-
order reaction kinetic at low dye concentration (50–250 mg 
L−1), and then shifted to zero-order kinetic at high dye con-
centrations (500–1000 mg L−1). Tan et al. (2013) reported 
a microbial community composed of dominant microbial 
strains belonging to phyla Actinobacteria, Bacteroidetes, 
Proteobacteria, and Firmicutes decolorized acid brilliant 

scarlet GR following a zero-order reaction. In another study, 
halo-alkaliphilic bacterium Nesterenkonia lacusekhoensis 
EMLA degraded reactive red 35 following zero-order kinetic 
during the initial 4 h, and then followed a first-order reaction 
thereafter (Prabhakar et al. 2021). On the contrary, major-
ity of kinetic studies on bacterial azo dye degradation have 
reported a first-order reaction. In two subsequent previous 
reports, Karunya et al. (2014) and Nachiyar et al. (2016) con-
stituted consortium CN-1 composed of Citrobacter freundii 
(2 strains), Moraxella osloensis, Pseudomonas aeruginosa, 
and P. aeruginosa BL22 and consortium CN-1A composed 
of M. osloensis, P. aeruginosa, Citrobacter freundii, Bacil-
lus sp., and Bacillus thuringiensis that decolorized mordant 
black 17 and acid black 24 respectively following first-order 
reaction kinetics. Das and Mishra (2019) reported a bacterial 
consortium MA12C composed of Bacillus pumilus, Zobel-
lella taiwanensis, and Enterococcus durans that decolorized 
remazol navy blue by following first-order kinetics. Simi-
larly, another indigenous bacterial consortium decolorized 
direct blue 2B following first-order kinetics under increas-
ing temperatures and initial dye concentrations (Cao et al. 
2019). The zero-order reaction kinetics obtained for RO-16 
decolorization in our study essentially means that the rate of 
dye decolorization is independent of the initial dye concen-
trations. It is notable that the dye concentrations might have 
been very high compared to that of the enzymes produced 
by the consortium, which might have resulted in a zero-order 
dye decolorization in both cases.
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Fig. 3   Reactive orange 16 (RO-16) dye tolerance assay with bacterial 
consortium VITPBC6

Table 5   Specific activity of enzymes expressed by individual bacterial isolates

ND stands for not detected

Enzymes VITSP6 VITSPB7 VITSPB9 VITEPB1 VITEPB2 VITEPB3

Azoreductase
(NADH)
  • Extracellular 7.112 ± 0.214 10.177 ± 0.316 10.756 ± 0.375 7.575 ± 0.187 9.455 ± 0.406 8.745 ± 0.191
  • Intracellular 1.567 ± 0.057 5.779 ± 0.151 2.449 ± 0.022 17.526 ± 0.489 17.411 ± 0.712 19.586 ± 0.259

(FAD)
  • Extracellular 3.693 ± 0.040 3.378 ± 0.021 2.526 ± 0.463 3.408 ± 0.153 3.852 ± 0.286 4.634 ± 0.232
  • Intracellular 3.172 ± 0.598 3.376 ± 0.173 6.347 ± 0.157 4.894 ± 0.395 7.677 ± 0.456 5.887 ± 0.203

Tyrosinase
  • Extracellular 214.23 ± 3.428 289.3076 ± 1.242 180.634 ± 1.733 209.206 ± 3.059 355.28 ± 38.95 246.343 ± 1.256
  • Intracellular 219.49 ± 0.746 367.258 ± 1.28 63.273 ± 2.343 362.774 ± 0.479 544.54 ± 3.935 541.396 ± 1.308

Laccase
  • Extracellular ND ND ND ND ND ND
  • Intracellular ND ND ND 13.329 ± 0.104 7.440 ± 0.794 6.986 ± 0.147

Lignin peroxidase
  • Extracellular ND ND ND ND ND ND
  • Intracellular ND 0.761 ± 0.016 2.539 ± 0.171 49.444 ± 0.832 ND 15.676 ± 0.342

Manganese peroxidase
  • Extracellular ND ND ND 226.174 ± 0.555 153.367 ± 2.719 135.99 ± 0.891
  • Intracellular ND 85.368 ± 1.050 283.002 ± 2.506 426.994 ± 1.179 299.096 ± 1.429 33.831 ± 24.263

35463Environmental Science and Pollution Research  (2023) 30:35450–35477

1 3



Determination of Vmax and Km

The decolorization rate was calculated for different initial 
RO-16 concentrations and has been tabulated in Table 9. 
Furthermore, the data obtained was applied to the recip-
rocal form of the Michaelis–Menten equation that is the 
Lineweaver–Burk equation. The applicability of this 
equation was verified by plotting a graph with 1/V vs. 
1/S (Fig. 5). The experimental data clearly showed a good 
fitting to the Lineweaver–Burk model equation, and the 
R2 value was recorded as 0.9733. The graph has an inter-
ception of 1/Vmax and a slope of Km/Vmax that was used to 
derive the Vmax and Km values of the enzymes involved in 
RO-16 decolorization. The Vmax and Km values obtained 
were 352 mg L−1 day−1 and 1453.426 mg L−1 respectively. 
Comparatively, very less kinetic studies have been con-
ducted with bacterial consortium. The Vmax values found 
in this study were comparable to that reported for Rema-
zol black B decolorization by a bacterial consortium com-
posed of the predominant strains of P. aeruginosa, Rho-
dobacter sphaeroides, P. mirabilis, Bacillus circulance, 
NAD 1, and NAD 6 (Dafale et al. 2008). The obtained 
values were much higher than that reported for direct black 
38 decolorization by a bacterial consortium composed 
of Pseudomonas stutzeri and Cardiobacterium hominis, 

Table 6   Specific activity of enzymes expressed by bacterial consor-
tium VITPBC6

ND stands for not detected

Enzymes VITPBC6

Azoreductase
(NADH)
  • Extracellular 10.978 ± 1.963
  • Intracellular 15.695 ± 0.915

(FAD)
  • Extracellular 1.856 ± 0.397 
  • Intracellular 4.48 ± 0.457

Tyrosinase
  • Extracellular 232.643 ± 15.877
  • Intracellular 29.667 ± 0.566

Laccase
  • Extracellular ND
  • Intracellular 3.589 ± 0.768

Lignin peroxidase
  • Extracellular 104.791 ± 12.299
  • Intracellular 54.786 ± 2.803

Manganese peroxidase
  • Extracellular 342.11 ± 1.289
  • Intracellular 49.933 ± 0.476

Table 7   Data from batch 
decolorization experiment with 
different initial reactive orange 
16 concentration by consortium 
VITPBC6

C0 and Ct are expressed in the units of mg L−1

Values are expressed as mean ± standard deviation

Time (h) Initial substrate concentration (C0)

50 100 150 200 250 300

Final substrate concentration (Ct)

0 50 ± 0 100 ± 0 150 ± 0 200 ± 0 250 ± 0 300 ± 0

6 49.1 ± 0.77 93.56 ± 0.33 150 ± 2.15 200 ± 0.55 246.62 ± 1.28 283.33 ± 5.09
12 48.12 ± 0.46 92.26 ± 1.08 145.69 ± 1.24 199.61 ± 0.55 239.56 ± 2.65 280.97 ± 6.63
18 46.98 ± 0.67 90.42 ± 0.75 143.93 ± 1.33 196.03 ± 0.39 231.75 ± 2.3 275.12 ± 8.6
24 46.32 ± 0.63 89.08 ± 0.83 140.13 ± 1.42 188.97 ± 0.85 229.58 ± 0.42 258.57 ± 2.94
30 44.93 ± 0.66 87.76 ± 0.33 138.71 ± 0.67 186.29 ± 0.74 223.27 ± 2.96 253.75 ± 0.52
36 43.72 ± 0.37 86.47 ± 0.15 137.02 ± 1.36 184.44 ± 2.3 205.67 ± 1.56 240.75 ± 3.28
42 40.03 ± 2.07 85.87 ± 0.49 134.75 ± 0.63 174.28 ± 1.22 211.67 ± 2.25 228.77 ± 1.24
48 35.75 ± 0.45 83.93 ± 1.2 133.58 ± 0.67 155.67 ± 1 155.51 ± 1.9 210.98 ± 2.19
54 32.54 ± 0.95 74.59 ± 1.97 119.17 ± 1.12 132.26 ± 1.26 141.24 ± 0.93 200.71 ± 1.96
60 27.87 ± 1.74 69.46 ± 2.97 110.73 ± 5.72 126.62 ± 0.63 120.22 ± 0.61 189.79 ± 0.87
66 8.47 ± 1.79 62.05 ± 1.24 63.43 ± 15.2 113.61 ± 1.87 113.11 ± 0.79 165.98 ± 2.79
72 7.53 ± 1.6 42.48 ± 12.53 47.36 ± 5.23 95.56 ± 1.14 62.07 ± 2.64 150.88 ± 0.23
78 5.48 ± 0.7 26.75 ± 1.3 28.61 ± 2.63 86.33 ± 0.87 50.36 ± 0.17 126.1 ± 2
84 4.78 ± 0.53 18.12 ± 3.41 21.4 ± 2.37 63.34 ± 1.56 41.34 ± 0.02 108.78 ± 1.6
90 4.65 ± 0.5 7.61 ± 0.75 16.29 ± 0.47 31.44 ± 0.52 39.55 ± 0.42 93.4 ± 0.7
96 4.17 ± 0.65 7.51 ± 0.07 13.05 ± 0.7 25.16 ± 0.33 38.57 ± 0.44 16.24 ± 0.28
102 3.33 ± 1.23 7.3 ± 0.07 11.86 ± 0.38 14.2 ± 2.18 14.58 ± 0.24 14.44 ± 1.83

35464 Environmental Science and Pollution Research  (2023) 30:35450–35477

1 3



whereas lower than that reported for reactive green 19 
decolorization by a bacterial consortium composed of 
Zobellella taiwanensis and Bacillus pumilus (Bafana et al. 
2007; Das and Mishra 2017). The high Km value indicates 
the low affinity of the enzymes towards the substrate dye 
molecule, and it may stem from the fact that the reactions 

were conducted at high initial dye concentrations. Previous 
enzyme kinetic studies conducted with lower initial dye 
concentration exhibited low Km values (Cai et al. 2015; El-
Kader et al. 2019), whereas those conducted with higher 
initial dye concentration showed high Km values (Cossolin 
et al. 2019; Saha et al. 2022).

Fig. 4   Reaction order kinetic 
models of reactive orange 16 
decolorization at different initial 
concentrations. a Zero-order 
model. b First-order model. c 
Second-order model
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Table 8   The rate constants 
from batch reactive orange 16 
decolorization tests

Constants 50 mg L−1 100 mg L−1 150 mg L−1 200 mg L−1 250 mg L−1 300 mg L−1

Zero-order kinetic model
  k0 (mg L−1 h−1) 0.4575 0.9088 1.3543 1.8215 2.308 2.7996
  R2 0.9064 0.8791 0.8753 0.9344 0.9522 0.9383

First-order kinetic model
  k1 (h−1) 0.0272 0.0256 0.0248 0.0260 0.0278 0.0298
  R2 0.8582 0.7508 0.8098 0.771 0.8676 0.6534

Second-order kinetic model
  k2 (L−1 mg−1 h−1) 0.00322 0.00124 0.00076 0.000658 0.00063 0.00065
  R2 0.7871 0.5843 0.683 0.5107 0.5662 0.388
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Analytical study of RO‑16 decolorized metabolites

UV‑Vis spectrophotometric analysis

The spectra of RO-16 dye and its corresponding decolorized 
metabolites obtained with consortium VITPBC6 have been 

represented in Fig. 6. RO-16 dye showed maximum absorb-
ance at 492 nm, whereas the maximum absorbance peak 
shifted for the degraded RO-16 metabolites. The degraded 
metabolites exhibited maximum absorbance at 250 nm and 
290 nm respectively. In addition, after dye decolorization, 
the intensity of the peaks was significantly decreased. The 
examination of UV–Vis’s spectra is the most preliminary 
step to identify the nature of dye decolorization that can be 
either biosorption or degradation. As pointed out by Chen 
et al. (2008), the absence of the major visible light absorp-
tion peak (noted with dyes) or the presence of a new peak 
indicates the occurrence of dye degradation. Thus, it can be 
presumed that the decolorization of RO-16 by consortium 
VITPBC6 occurred due to cleavage or transformation of the 
dye chromophore, i.e., biodegradation of the dye molecule 
leading to its decolorization.

FTIR analysis

The FTIR spectrum of RO-16 has been illustrated in Fig. 7a. 
The hydroxyl group (“–OH”) appeared at 3369.64 cm−1, 
and secondary amine (“–NH”) bend was observed at 
1577.77 cm−1. The peaks at 3070.68 cm−1 and 1492.9 cm−1 
correspond to aromatic “–CH” and ring stretch respectively. 
The carbonyl group (“–C = O”) appeared at 1286.52 cm−1, 
while the sulfonate group (–SO3) was seen at 1132.21 cm−1. 
The chromophore “–N = N–” peaked at 1658.78  cm−1. 
The RO-16 spectrum fingerprint region exhibited peaks at 
833.25 cm−1, 754.17 cm−1, and 617.22 cm−1 representing 
“C–H” out of plane deformation vibration, “N–H” out of 
plane deformation vibration, and “–OH” out of plane bend-
ing vibration.

The FTIR spectrum of degraded metabolites of RO-16 
by consortium VITPBC6 has been represented in Fig. 7b. A 
change in the spectrum was noticed when compared to that 
of the RO-16 spectrum. “–OH” group peak was shifted to 

Table 9   Reaction rate of reactive orange 16 decolorization by consor-
tium VITPBC6

Values are expressed as means of three experiments

Initial dye concentration 
(mg L−1)

Final dye concentration 
(mg L−1)

Decolorization 
rate (mg L−1 h−1)

50 4.17 0.477396
100 7.51 0.963438
150 13.04666667 1.426597
200 25.16333333 1.821215
250 38.57333333 2.202361
300 16.24 2.955833
400 27.66666667 3.878472
500 27.16666667 4.925347
600 39.396 5.839625
700 34.79 6.929271
800 40.77333333 7.908611
900 135 7.96875
1000 297.664 7.316
1100 379.712 7.503
1200 536.88 6.9075
1300 645.952 6.813
1400 766.88 6.595
1500 1167.936 3.459
1600 1271.104 3.426
1700 1371.488 3.422

y = 98.833x + 0.068
R² = 0.9733
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Fig. 5   Lineweaver–Burk double reciprocal plot of reactive orange 16 
decolorization kinetics by consortium VITPBC6
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3309.85 cm−1. Asymmetrical “–CH3” stretching vibration 
was observed at 2962.66 cm−1 and 2881.65 cm−1. A peak 
at 1635.64 cm−1 corresponds to the carboxylic acid group 
(“–COOH”), and 1398.39 cm−1 represents “–CO” stretch-
ing vibration. Asymmetric “–SO3” stretching vibration 
peaked at 1093.64 cm−1. The peak of the “–N = N–” group 
was absent. The significant changes in the spectrum of the 
degraded metabolite, when paralleled with that of the RO-16 
spectrum, presumably suggest that the changes occurred due 
to transformation or degradation of the dye molecule.

UHPLC analysis

The UHPLC elution profile of RO-16 dye has been 
depicted in Fig. 8a. The chromatogram reveals a single 
sharp peak, and the dye molecule eluted at 1.756 min. 
The single peak in this case indicates the purity of the 
dye molecule (Saha and Rao 2020). On the other hand, 
the chromatogram of the degraded metabolites exhib-
ited multiple peaks (Fig. 8b). The degraded metabo-
lites eluted at 1.117 min, 2.227 min, 1.305 min, and 

Fig. 7   Fourier transform 
infrared spectra analysis of a 
reactive orange 16 (RO-16) and 
b degraded metabolite of RO-16 
by consortium VITPBC6
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5.565 min. The disappearance of the major peak that 
was observed in RO-16 chromatogram and the appear-
ance of multiple other peaks in the degraded metabolite 
chromatogram clearly indicated that the dye molecule 
transformed or formed different compounds after bio-
degradation by VITPBC6.

LCHRMS–QTOF analysis

LCHRMS QToF analysis was performed to identify the 
unknown compounds that were formed after RO-16 degra-
dation. The chromatogram and mass spectrum of degraded 
RO-16 metabolites by consortium VITPBC6 have been rep-
resented in Fig. 9a–d. The dye molecule in this case under-
went an initial reduction of the “–N = N–” bond that led to 
the formation of two compounds with m/z 318.0286 (M + 2 
peak) and 280.9955 (M peak) respectively. The compounds 
further underwent reactions, such as aromatic ring opening, 

reductive cleavage, desulfurization, and activation of C–O 
and C–N bonds resulting in the formation of compounds 
with m/z values of 284.0299 (M peak), 246.2 (M peak), 
200.0381 (M peak), 168.0245 (M − 1 peak), and 156.0245 
(M + 1 peak) respectively. The probable pathway of the deg-
radation has been illustrated in Fig. 9e. The dye molecule 
was therefore degraded by the consortium VITPBC6 into 
different simpler aromatic compounds than the complex par-
ent dye compound.

Toxicity assessment study

Seed germination assay

Data obtained with the seeds of P. mungo have been pre-
sented in Table 10. Seeds treated with RO-16 dye exhib-
ited lower RSG, GI, and root and shoot length compared 
to that of the degraded RO-16 metabolite by consortium 

Fig. 8   Ultra high-performance 
liquid chromatogram of a reac-
tive orange 16 (RO-16) and b 
degraded metabolite of RO-16 
by consortium VITPBC6
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Fig. 9   Liquid chromatography-mass spectrophotometry analysis of biodegradation products of reactive orange 16 (RO-16) by consortium VIT-
PBC6. a Chromatogram. b, c, and d Mass spectra. e Probable structures of the biodegraded products

35469Environmental Science and Pollution Research  (2023) 30:35450–35477

1 3



VITPBC6. Degraded RO-16 metabolite–treated seeds had 
an RSG and shoot length comparable to that of the control 
seeds. However, the root length was less than that of the 
control seeds. Statistical analysis suggested that the effects 
of different treatments on the plant seeds were significantly 
different from each other (P-value 1.62741E-06 < 0.05, 
Fstatistics > Fcritical). However, concentration variation did 
not have a significant effect on the plant seeds (P-value 
0.178958 > 0.05, Fstatistics < Fcritical). Table 10 also repre-
sents the data obtained with seeds of C. arietinum. Seeds 
treated with RO-16 showed lower RSG, GI, radicle, and 
plumule length compared to that of the corresponding 
degraded dye metabolite. Therefore, it can be presumed 
that the degraded dye metabolites significantly reduced 
the toxicity of the dye molecules but were not completely 
non-toxic. Data obtained with different treatments on C 
arietinum seeds were statistically significant with P-value 
0.00281 < 0.05 and Fstatistical > Fcritical. However, similar to 

that observed in P mungo seeds, concentration variation 
did not produce any significant effect on C. arietinum 
seeds (P-value 0.365 > 0.05, Fstatistical < Fcritical). Plant bio-
assays have been widely used to assess different environ-
mental contaminants. Previous studies have been reported 
with P. mungo seeds used for assessing the toxicity of 
dye degradation, such as remazol red, reactive blue 172, 
methyl red, and RB-5 degradation, wherein the degraded 
dye metabolites showed a non-toxic effect on the seeds 
(Saratale et al. 2013; Lade et al. 2015; Waghmode et al. 
2019; Al-Tohamy et al. 2020). Similarly, earlier studies 
performed with C. arietinum seeds for evaluating the tox-
icity of dye degradation, such as methyl orange, tartrazine, 
amaranth, procion red-H3B, and dye mixture (azo, anthro-
quinone, and triphenylmethane) degradation showed that 
the degraded metabolites significantly reduced the toxicity 
of the dyes (Dixit and Garg 2018; Bera and Tank 2021; 
Kumar et al. 2022).
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Root growth assay

The number of roots and root length of A. cepa bulbs under 
different treatments has been recorded in Table 11. The high-
est number of roots was observed in control treatment fol-
lowed by degraded RO-16–treated bulbs. The lowest number 
of roots and root growth was noted in RO-16-treated bulbs. 
When root length was considered, RO-16 degraded metabo-
lite–treated roots showed comparable results to that of the 
control bulbs. The lowest root length was recorded in RO-
16-treated bulbs. The different treatments produced signifi-
cant changes on root length (P-value 0.014027057 > 0.05, 
Fstatistical > Fcritical); however, there was no significant change 
in the number of roots (P-value 0.076000658 > 0.05, 
Fstatistical < Fcritical respectively). The number of roots and 
root lengths were not affected significantly by concentration 
variation in both dye and degraded dye metabolite–treated 
bulbs (P-values 0.99264686 > 0.05 and 0.964533655 > 0.05 

respectively; Fstatistical < Fcritical in both cases). Similar studies 
have been reported that analyzed the toxicity of degraded 
dye metabolites on A. cepa root growth. The toxicity of deg-
radation of dyes, such as Congo red 21, reactive blue 198, 
and textile effluent was evaluated with A. cepa root growth, 
and it was found that root growth inhibition was significant 
after dye treatment, while the inhibition was negligible after 
degraded dye treatment (Jadhav et al. 2010; Poonkuzhali 
et al. 2011; Chakravarthi et al. 2020).

Cytogenotoxcity assay

The cytogenotoxic effects of all the test compounds have 
been tabulated in Table 12. The highest MI was observed 
in roots treated with degraded RO-16 metabolites and nega-
tive control. Positive control roots exhibited the lowest MI, 
followed by the roots treated with RO-16. The increased 

Table 10   Seed germination 
assay

Values are expressed as mean ± standard deviation

Treatments Relative seed 
germination (%)

Germination 
index (GI)

Root length (cm) Shoot length (cm)

Phaseolus mungo
Distilled water 100 ± 0  −  9.43 ± 4.7 17.14 ± 1.59
Reactive orange 16
  • 500 ppm 66.66 ± 11.54 16.1 2.28 ± 1.46 10.9 ± 3.186
  • 1500 ppm 46.66 ± 5.77 10.41 2.66 ± 1.03 3.37 ± 1.30

Degraded reactive orange 16
  • 500 ppm 93.33 ± 5.77 36.59 3.7 ± 1.63 14.05 ± 4.85
  • 1500 ppm 80 ± 20 24.4 3.64 ± 2.56 14 ± 3.61

Cicer arietinum
Distilled water 96.66 ± 5.77  −  1.44 ± 0.39 1.25 ± 0.5
Reactive orange 16
  • 500 ppm 37.03 ± 6.41 21.36 0.83 ± 0.15 0.7 ± 0.14
  • 1500 ppm 18.51 ± 6.41 9.82 0.76 ± 0.25 0

Degraded reactive orange 16
  • 500 ppm 70.37 ± 6.41 74.7 1.53 ± 0.48 1 ± 0.2
  • 1500 ppm 59.25 ± 6.41 32 0.78 ± 0.37 0.46 ± 0.05

Table 11   Root growth assay with Allium Cepa bulbs

Data are expressed mean ± standard deviation

Treatments Number of roots Root length (cm)

Distilled water 79.33 ± 2.08 8.9 ± 0.26
Reactive orange 16
  • 500 ppm 24.66 ± 2.51 3.78 ± 1.36
  • 1500 ppm 6 ± 1 3.06 ± 1.25

Degraded reactive orange 16
  • 500 ppm 54 ± 1 7.44 ± 0.05
  • 1500 ppm 52.33 ± 2.51 8.1 ± 0.65

Table 12   Cytotoxicity assay results of Allium cepa meristematic root-
tip cells

Values are expressed as mean ± standard deviation

Treatments Mitotic index Aberration index

Distilled water (negative control) 10.72 ± 1.39 0
H2O2(positive control) 3.87 ± 0.57 81.01 ± 35.74
Reactive orange 16 500 ppm 4.34 ± 1.53 36.53 ± 2.55
Reactive orange 16 1500 ppm 3.93 ± 1.49 61.41 ± 21.07
Degraded reactive orange 16 

500 ppm
9.59 ± 2.18 2.35 ± 2.72

Degraded reactive orange 16 
1500 ppm

7.29 ± 2.04 9.59 ± 2.88
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MI of degraded dye–treated roots than dye-treated roots 
imply healthy cell proliferation in the former case. AI of 
the dividing cells was also calculated. Positive control root 
cells exhibited the highest AI followed by roots treated with 
RO-16. Negative control root cells had no aberrantions, 
while cells treated with degraded RO-16 showed low and 
comparable aberrant index. Thus, it can be said that toxic-
ity was considerably lowered upon dye degradation, which 
resulted in less aberrant cells in degraded dye–treated roots. 
The different treatments had a significant effect on mitotic 
onion root-tip cells (P-values: 0.019008871 < 0.05 (MI) and 
0.005905559 < 0.05 (AI); Fstatistical > Fcritical in both cases). 
The values of MI decreased and AI increased with increas-
ing concentration and vice versa; however, the effect was 
not statistically significant (P-value 0.30487 > 0.05 (MI) 
and 0.264719 > 0.05 (AI); Fstatistical < Fcritical in both cases). 
The common chromosomal abnormalities observed in the 
dye-treated aberrant cells included chromosomal bridge, 
disturbed metaphase, nuclear bud, and apoptotic cells. The 
observations of this assay were concomitant with previous 
reports (Prasad et al. 2013; Haq and Raj 2018; Gurav et al. 
2021).

Microbial toxicity assay

The growth curves of E. coli, P. aeruginosa, and B. subtilis 
treated with RO-16 and degraded RO-16, as well as control 
without any treatment, have been illustrated in Fig. 10a–c. It 

is evident from the curves that bacterial growth was inhib-
ited upon treatment with dye solution. After 8 h of incu-
bation, bacterial density was very low with dye treatment 
resulting in a flat curve. On the contrary, bacteria treated 
with degraded dye metabolites promoted healthy bacterial 
growth resulting in a gradually increasing curve similar to 
that of the control. The bacterial growth curves under the 
different treatment solution were significantly different from 
control (P-values: 1.76419E-07 < 0.05 (E. coli), 1.07334E-
07 < 0.05 (P. aeruginosa), and 1.88244E-07 < 0.05 (B. sub-
tilis); Fstatistical > Fcritical in all cases). The bacterial growth 
densities of E. coli, P. aeruginosa, and B. subtilis at the 
end of the incubation period were 0.345, 0.325, and 0.36 
respectively in control media; and 0.335, 0.28, and 0.325 
respectively in degraded RO-16 treatment. Thus, it can be 
presumed that both the degraded metabolites did not induce 
any toxic effect on the test bacteria. Previous studies have 
also used microbial growth as an indicator of toxicity after 
dye degradation. Microorganisms, such as E. coli, Sinorhizo-
bium meliloti, Pseudomonas cedrina ESR12, B. cereus 
ESD3, P. aeruginosa, and S. aureus, were successfully used 
for microbial toxicity assay (Asses et al. 2018; Al-Tohamy 
et al. 2020; Haque et al. 2021a; Li et al. 2021).

Biotoxicity assay

The survival percentages of RO-16 and degraded 
RO-16–treated shrimps with respect to positive and 

Fig. 10   Microtoxicity assay of 
reactive orange 16 (RO-16) and 
degraded reactive orange 16 
(DRO-16) with a Escherichia 
coli, b Pseudomonas aerugi-
nosa, and c Bacillus subtilis 
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negative control have been illustrated in Fig. 11. Survival 
percentage was the highest in negative control (100%) fol-
lowed by degraded RO-16 (91.22%). The lowest survival 
percentage was observed in positive control (0.133%) fol-
lowed by RO-16 (58.97%). The treatments were signifi-
cantly different from each other (P-value 0.000785 < 0.05, 
Fstatistical > Fcritical); however, concentration did not induce 
any significant effect on survival (P-value 0.18523 > 0.05, 
Fstatistical < Fcritical). Furthermore, dye-treated shrimps showed 
visible dye accumulation in their midgut. Positive control 
and degraded metabolite–treated shrimps on the other hand 
showed no visible dye accumulation in their midgut. There-
fore, it can be concluded from the results that degraded 
RO-16 metabolites had considerably reduced toxicity level 
than that of the corresponding dye molecules. A salina has 
been proved as a good indicator for detecting the toxicity of 
degraded dye metabolites in previous studies (Huang et al. 
2015; Bilal et al. 2017; de Almeida et al. 2021).

Conclusion

In this study, contaminated industrial samples gave rise 
to a highly efficient dye degrading consortium VITPBC6 
composed of B. firmus strain VITEPB1, B. flexus strain 
VITEPB2, B. aryabhattai strain VITEPB3, B. flexus strain 
VITSP6, B. paraflexus strain VITSPB7, and B. megaterium 
strain VITSPB9. Optimization of the crucial physicochemi-
cal factors affecting dye decolorization by VITPBC6 led to 
efficient functioning by the consortium. Consortium VIT-
PBC6 was able to tolerate the model dye RO-16 at a very 
high concentration thereby indicating the fact that high 
dye concentration in industrial effluents will not be able to 
lower the decolorization potential of VITPBC6. Various 
oxidoreductase enzymes aided in the dye degradation by 

the consortium. Furthermore, the kinetic studies on reaction 
order and enzyme–substrate interaction shed a deep insight 
for process control. VITPBC6 successfully degraded RO-16 
into small aromatic compounds. The dye degraded metabo-
lites produced by the consortium were also examined for 
their toxicity. It was found that VITPBC6 reduced dye toxic-
ity significantly after biodegradation. Thus, bioremediation 
of azo dyes with VITPBC6 will not cause any secondary 
pollution. Therefore, the consortium VITPBC6 studied here 
is a potential candidate for textile industry effluent treatment. 
Future prospect of this research includes scale-up studies in 
a suitable bioreactor for a more practical approach to real-
time textile industry effluent treatment.
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