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Abstract

The employment of versatile bacterial strains for the efficient degradation of carcinogenic textile dyes is a sustainable tech-
nology of bioremediation for a neat, clean, and evergreen globe. The present study has explored the eco-friendly degradation
of complex Reactive Green 12 azo dye to its non-toxic metabolites for safe disposal in an open environment. The bacterial
degradation was performed with the variable concentrations (50, 100, 200, 400, and 500 mg/L) of Reactive Green 12 dye.
The degradation and toxicity of the dye were validated by high-performance liquid chromatography, Fourier infrared spec-
troscopy analysis, and phytotoxicity and genotoxicity assay, respectively. The highest 97.8% decolorization was achieved
within 12 h. Alternations in the peaks and retentions, thus, along with modifications in the functional groups and chemical
bonds, confirmed the degradation of Reactive Green 12. The disappearance of a major peak at 1450 cm™! corresponding
to the -N=N- azo link validated the breaking of azo bonds and degradation of the parent dye. The 100% germination of
Triticum aestivum seed and healthy growth of plants verified the lost toxicity of degraded dye. Moreover, the chromosomal
aberration of Allium cepa root cell treatment also validated the removal of toxicity through bacterial degradation. Thereafter,
for efficient degradation of textile dye, the bacterium is recommended for adaptation to the sustainable degradation of dye
and wastewater for further application of degraded metabolites in crop irrigation for sustainable agriculture.
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Introduction

The environmental damage resulting from the discharge of
wastewater from the textile industry is an escalating global
concern. The textile industry generates a substantial volume
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of wastewater that contains a diverse range of chemicals,
primarily complex and toxic dyes. Approximately 10,000
synthetic dyes are used in the textile industry, with a global
production of 7 x 107 metric tons per year. This tremendous
production and release of dyes pose a significant threat to
environmental safety (Qin et al. 2016; Sampaio et al. 2018).
Most importantly, dyes altogether are accountable for ele-
vated levels of chemical oxygen demand, biological oxygen
demand, and total organics when discharged into aquatic
systems (Forss et al. 2017). Wherein dyes in aquatic environ-
ments can undergo chemical changes, leading to the creation
of new compounds that may have different levels of toxic-
ity compared to the original molecules (Padamavathy 2003;
Bunti¢ et al. 2017). Azo dyes are a significant component of
pollution and are a widespread type of complex dyes com-
monly used in textile dyeing (Jadhav et al. 2011). Azo dyes
are recognized as resistant to biodegradation and extremely
poisonous. These compounds are extremely stable and diffi-
cult to break due to the presence of an azo bond (-N=N-) as
the main chromophoric group (Krishnamoorthy et al. 2018).
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Reactive dyes are classified as azo dyes because of the azo
bonds, viz., Reactive Green 12 (RG12), Reactive Black 5
(RB)Y), Reactive Green 19 (RG19), and Reactive Yellow 2
(RY2), etc. (Hatice 2010). The abundance of such dyes and
their byproducts in inadequately treated wastewater is visu-
ally unappealing and results in decreased sunlight penetra-
tion. This leads to a reduction in photosynthetic activity,
dissolved oxygen levels, and water quality (Ryu et al. 2023).
Additionally, it has serious detrimental impacts on aquatic
plants and animals, causing significant environmental issues
globally (Jadhav et al. 2011; Alsukaibi 2022). Additionally,
the genotoxic, carcinogenic, and mutagenic potential of azo
dyes on humans is well acknowledged (Goud et al. 2020),
which requires complete degradation these days.

Over the years, various physical and chemical processes,
including oxidation processes using ozone, filtration, ion
exchange, adsorption, coagulation, flocculation, electro-
chemical treatment, Fenton, photocatalysis, and membrane
processes, have been exercised to remove contaminants
from the wastewater (Khan et al. 2022). Nevertheless, these
methods are inefficient and produce a vast volume of harm-
ful sludge as a secondary contaminant, causing additional
environmental and community issues (Bilinska et al. 2019;
Bharti et al. 2019). On the contrary, biological treatment
procedures are environmentally friendly, economically
efficient, sustainable, no sludge generating, and globally
acceptable (Bilinska et al. 2019; Kishor et al. 2021). The
employment of enzymes, bacteria, fungi, yeast, archaea,
and algae to derive degradation some of them are utilized
in the bioremediation of textile dyes (Peng and Guo 2020;
Singh et al. 2022). Specifically, using bacteria for wastewater
treatment enables the process to circumvent structural obsta-
cles (Bunti¢ et al. 2017). Bacteria are incredibly versatile
and can adapt to a broader range of environments (Bholay
et al. 2012) and are thought to be the most effective agents
because of their rapid development, extensive versatility, and
metabolic adaptability as compared to other microbes (Bil-
inska et al. 2019; Garg et al. 2020). Hence, the bacteria are
preferred to execute the proper treatment and biodegradation
of textile dyes and wastewater. Bacteria possess the ability to
break down, remove color, remove toxins, and convert vari-
ous contaminants into minerals through specific metabolic
pathways (Cao et al. 2019; Kishor et al. 2021).

The first stage of bacterial degradation and decolorization
involves the enzymatic breaking of azo linkages (Pandey
et al. 2007; Singh et al. 2017). Azo dyes can be decolor-
ized and degraded through enzymatic treatment, which
involves the use of oxidoreductase enzymes. Laccase and
azoreductase are important enzymes in this process. Laccase
is a non-specific oxidase enzyme that can oxidize different
aromatic compounds, while azoreductase is a specific pro-
tein that helps in reducing azo bonds. Reducing factors like
NADPH and NADH enable azoreductase to effectively break

@ Springer

down the azo bonds and catalyze the decolorization process
(Kumaran et al. 2020; Fazeliyan et al. 2021).

However, in order to address the chronic dyes and deter-
mine the cause of toxicity, whether it is due to degraded dye
products or by the parent molecule itself, this is a compre-
hensive and wide-ranging approach. Evaluating the toxic-
ity of pollutants and intermediates generated during their
breakdown is essential for determining the feasibility of a
bioremediation process. The toxicity assessment of azo dyes
has been reported using several tests, such as phytotoxic-
ity, microbiological toxicity, genotoxicity, and mutability
assays, as documented by Jadhav et al. (2010) and Parshetti
et al. (2010). Utilizing plants to assess the phytotoxicity and
genotoxicity of both degraded and undegraded dye can be
a highly cost-effective method. Furthermore, this approach
can significantly promote the reuse of degraded nontoxic dye
water in sustainable agriculture for the purpose of irrigation
and safe disposal in the environment.

Therefore, keeping in view the facts, the current study
investigated the bacterial strain Bacillus Cereus SSC (B.
cereus SSC) for decolorization and degradation of RG12
dye to uncover the biological events involved in dye reme-
diation. In addition, both the parent dye and degraded dye
were tested for phytotoxicity and genotoxicity to assess the
detoxification of the parent dye in terms of seed germination,
seedling development, and genomic changes.

Materials and methods
Textile dye and chemicals

The textile RG12 dye (C4yH;,C13N(NiO,,;S,;.Nag, Mol.wt.:
1845.5 g/mol, %,,, = 656 nm, monoazo dye) used in the
study were purchased from the Techno Color Corporation,
Govandi, Mumbeai (Fig. 1). The RG12 is most popularly used
in the textile and carpet industries. However, all reagents
used in the analyses and media constituents were of analyti-
cal grade with the highest purity (Sigma-Aldrich Chemicals
Pvt. Ltd).

Bacterial strain and its maintenance

The bacterial culture (B. cereus SSC; ACCESSION No:
LC720431) employed in the study was isolated from the
textile effluent and maintained in the MTRC laboratory,
V.B.S. Purvanchal University, Jaunpur, Uttar Pradesh, India
(25.7464° N, 82.6837° E). The culture of bacteria was rou-
tinely grown in nutrient broth at 30 °C, and decolorization
was performed in a modified dye medium (glucose 5.0 g.
L™, NH,Cl 1.5 ¢.L™"; K,HPO, 0.5 ¢.L™'; MgSO, 0.1 g.L7";
CaCl, 0.1 g.L.!; and FeSO, 0.07 g.L.™!, pH 7.0) with dye for
bacterial adaptation.
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Fig.1 The molecular chemical structure of Reactive Green 12 dye
used in the current study. The dye structure was drawn by using the
software ChemDraw 18.1 version structured as Guendouz et al.
(2013)

Biodegradation studies

Decolorization of dye was conducted in the sets of conical
flasks of 100 ml size containing minimal broth media (Pep-
tone 5.0 g, NaCl 5.0 g, Beef extract 3.0 g, water 1000 ml at
pH 7.0) in different concentrations (50, 100, 200, 400, and
500 mg/L) of RG12 dye. The aliquots of dye solutions were
filtered using the syringe filters (0.22 um) and aseptically
added to the sterile medium prior to bacterial inoculation.
All sets were inoculated with 200 uL of bacterial inoculum
and incubated BOD in an incubator at 37°C. The sets were
constantly monitored, and samples were collected every half

hour. Prior to measuring the absorbance, the samples were
subjected to centrifugation at 12,000g for 1 min in order
to eliminate any suspended materials. All the sets run con-
ducted in at least triplicates (n = 3).

The percentage of dye decolorization was calculated as
below:

IOO(AbStO - Absgf)

Decolorization percentage (%) = m
510

were, Abs,, = Absorbance at the initial of culture,
Abs,; = Absorbance at the end of culture.

High-performance liquid chromatography (HPLC)
analysis

The textile dye (200 mg/L) analysis was conducted using
an RPC-18 column (250 mm X 4.5 mm) fitted with a dual-
wavelength detector, employing the isocratic flow method.
A 10 pL sample was injected for gradient elution using a
mobile phase consisting of methanol and water in a ratio of
90:10 v/v. The flow rate was set at 1 mL/min, and the col-
umn temperature was maintained at 20 °C. The spectra were
obtained using the Shimadzu Prominence Binary Gradient
HPLC LC-20AD Pump.

Fourier transform infrared (FTIR) spectroscopy
analysis.

To carry out degradation, the samples (200 mg/L) were
treated with the desired bacterial inoculum. The samples
taken from the degraded dye were centrifuged at 7000g for
20 min to remove bacterial cells, etc. Furthermore, the cul-
ture supernatants were collected employing an equivalent
volume of ethyl acetate. Then after, the obtained samples
were examined by placing a sample drop into the thin-film
cell. Samples were combined in a 5:95 ratio with spec-
troscopically pure KBr for the FTIR analysis. The pellets
were placed in a sample holder and subjected to analysis at
16 scan speeds and in the mid-IR range (400-4000 cm™)
(D’Souza et al. 2017). The degraded products were analyzed
using the PerkinElmer Spectrum Version (10.5.2.636) spec-
trometer for all FTIR investigations.

Phytotoxicity assay

The toxicity of the original and degraded RG12 dye was
assessed using crop seedlings (Triticum aestivium) that were
sterilized using 0.1% HgCl, (w/v) for 5 min. The assay was
performed on two groups, one treated with the parent dye
and the other treated with the degraded dye metabolite. The
degraded dye sample was used to expose seeds and subjected
to a phytotoxicity assay. However, the distilled water was
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used as a control to treat the seeds and irrigation. Seeds
were germinated in disinfected Petri dishes holding filter
paper saturated with the equivalent aliquots of treated and
degraded dye. Each treatment included subjecting the seeds
to both test solutions and maintaining them at room tem-
perature. The seed germination rate was measured after 48 h
of treatment. The germinated seeds were transferred to a
plastic container with cotton at the bottom as a substrate.
They were then exposed to the RG12 dye, along with its
degradation metabolites. The observation continued, and the
assay was conducted for 15 days. The criteria, such as the
percentage of seed germination, root and shoot length, total
number of leaves, and shoot vigor index, had to be recorded
to observe any significant alterations (Kalyani et al. 2009;
Rao and Prasad 2014). The % seed germination was deter-
mined using the following formula.

No. of seeds germinated

Germinationpercentage (%) = x 100

No. of seeds used
While the seedling vigor index (SVI) was determined as
below:

SVI = (Root length + Shoot length) X % Seed germination

Genotoxicity assay

The roots of Allium cepa were employed for the cytotoxic-
ity assay. For the toxicity test, the roots were exposed to
both parent dye solution and dye treated with bacteria. The
treated fresh roots (2-2.5 cm) from both solutions were cut
from the tuber using scissors. The acetocarmine was used
to stain the root tips employing the meristematic squash
technique (Carita and Marin-Morales 2008; Prasad and Rao
2013; Sabeen et al. 2020). Finally, a light microscope (100X)
(Magnus microscopes, model MLX) was used to recognize
genetic abnormalities and chromosomal aberrations.

Statistical analysis
All study experiments were conducted in triplicate (n = 3),

and values are mean + standard deviation. The data was
processed using GPPS 7 and Origin Pro 8.

Result

Decolorization of parent dye

The bacterium (B. cereus SSC) was effectively degraded to
RG12 dye and supplemented into the broth medium under

static conditions. The studies on dye decolorization indicated
that the dye underwent gradual degradation as the incubation

@ Springer

periods (ranging from 0.5 to 12 h) increased. Neverthe-
less, during the incubation period, the sets that were not
inoculated retained their initial color without noticing any
reduction. Therefore, it was evident that the bacterium had
the potential to degrade the RG12 dye within a 12-h time-
frame. The lower quantities of dye underwent degradation
more readily, but larger concentrations required a somewhat
longer duration for degradation (Fig. 2).

HPLC analysis of degraded and undegraded RG12
dye

The HPLC testing of both treated and untreated exhibited
significant differences in the peaks and their retention times.
The development and disappearance of distinct peaks in the
degraded samples collected after 4, 8, and 12 h of incuba-
tion revealed the process of degradation. The analysis of the
parent dye identified four unique peaks, including a promi-
nent peak at a retention time of 2.784 min and three smaller
peaks at retention times of 3.955, 3.072, and 3.392 min.
The samples that underwent degradation after 4 h exhib-
ited four clearly identifiable peaks with retention times of
2.662,6.092, 7.042, and 13.503. However, the examination
of samples after 8 h of incubation indicated the presence of
three peaks at retention times of 4.758, 6.006, and 6.579. In
addition, the dye that was treated for 12 h during analysis
exhibited only a single peak at a retention time of 6.324.
Furthermore, all of the significant peaks observed in the
original dye were disappeared in the final samples. The
observed differences in the HPLC chromatogram, charac-
terized by distinct peaks, provide evidence for the follow-
ing biotransformation and biodegradation of RG12 dye into
smaller metabolites. These findings indicate that the parent
dye underwent degradation after 4, 8, and 12 h of bacterial
treatment. These observations also validated the bacterial
degradation of RG12, as seen by the altered pattern of peaks
and changes in absorbance (Fig. 3).
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Fig.2 Effect of different concentrations (50, 100, 200, 400 and

500 mg/L) of Reactive Green 12 on its decolorization employing a
bacterium (B. cereus SSC)
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FTIR analysis of degraded and undegraded RG12
dye

The FTIR spectra analysis of both the parent undegraded
and degraded RG12 dye revealed a varying number of peaks
with different wavenumbers. The data from the degraded
and undegraded dye samples were compared and inter-
preted, as depicted in Fig. 4 a, b, ¢, d, and summarized in
Table 1. The undegraded RG12 dye samples exhibited peaks
at 3737 and 3854 cm™!, corresponding to the stretching of
O-H bonds within the molecule. The undegraded parental
RG12 dye samples exhibited peaks at 3737 and 3854 cm™!,
indicating the presence of intra-molecular hydrogen-bound
O-H stretching. The peaks detected at a wavenumber of
1620 cm™! corresponded to the functional groups involved
in —N=N stretching, NH out of the plane, C=0 stretch, NH,
in the plane band, aromatic CH=CHR, and C=N stretching.
The peak value of 3325 cm™! indicated the deformation of
alkane C-H bonds, the presence of RCO-OH (dimer OH)
groups, the stretching of NH bonds in amines, and the asym-
metric stretching of ArO-H bonds in the aromatic ring of
phenol, which is a component of the original dye. The car-
boxylic acid O—H stretching was observed at a wavenumber

of 2361 cm™'. In addition, the analysis identified a peak
at 2132 cm™! corresponding to the stretching of -C=C in
alkyl-substituted compounds. It also detected the stretch-
ing of R-N-C in isocyanide, N=C in R-N=C=S, and
N=N=N. Furthermore, the analysis indicated the presence
of Si—H silane in RG12 dye. The peak value of 1450 cm™!
indicates the presence of a -N=N- azo bond. However, a
signal observed at 585 cm™! indicates the presence of C—Br
stretching in the parent dye (Fig. 4a). Furthermore, the FTIR
spectral analysis of the degraded RG12 dye revealed distinct
peaks that corresponded to certain stages of dye degradation
over time. The observations revealed a greater number of
peaks in the damaged sample compared to the original dye.
Remarkably, there was a substantial decrease in the promi-
nent peaks of the deteriorated samples, which were essen-
tially present in the original dye samples. Moreover, the
appearance of multiple new peaks indicating the inclusion
of functional groups was observed. The FTIR spectra of the
deteriorated dye at 4, 8, and 12 h showed significant shifts in
the peak positions compared to the original dye (RG12 dye).
The absence of a prominent peak at 1450 cm™!, which is spe-
cifically associated with the -N=N- azo link, suggests the
degradation and decolorization of the parent dye due to the
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breaking of azo bonds. The samples subjected to 4 h of bac-
terial treatment displayed peaks at 3307, 2124, 1637, 678,
and 692 cm™! (Fig. 4b). During the degradation process, the
dye exhibited the emergence of several additional peaks after
8 h, including peaks at 3349, 2621, 2124, 1854, 1636, 1206,
703, 671, and 686 cm™! (Fig. 4c). The analysis of the bacte-
rial treatment sample collected over a 12-h period revealed
distinct peaks at wavenumbers of 3419, 2923, 1634, 1407,
1139, 783, 703, 690, 675, and 616 cm™" (Fig. 4d). The peaks
at 3307, 3349, and 3419 cm™!, which correspond to N-H and
O-H stretching, were observed in the samples treated for 4,
8, and 12 h. These peaks were not present in the original dye
sample. Additionally, a peak at 1634-37 cm™' was observed
in the treated samples. Furthermore, it was observed that
the magnitudes of all peaks were diminished. Based on
the observations, the sample that was taken at the 4th hour
decreased from 1637 to 1636 and then further declined to
1634 during the final stage of degradation at the 12th h. The
decrease in peak intensities seen in the FTIR spectrum indi-
cates the degradation of aromatic/aliphatic nitro compound
(NO,) asymmetric and oxime stretching (C=N-OH). The
presence of peak values at 2621-2923 cm™! in degraded
samples (which are not observed in the original dye) indi-
cates the presence of aldehyde and alkane C-H stretching
vibrations. The presence of isocyanide acid in the origi-
nal dye is confirmed by the R—-N-C and N=N=N stretch-
ing observed at 2132 cm™'. In deteriorated samples, the
stretching of the CS bond in sulfur-containing compounds
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is observed around 675-703 cm™". The highest point of the
deteriorated samples at 1139 cm™' indicates the stretching
of the CN bond, which confirms the existence of an amine
compound after 12 h. The peak observed at 3305 cm™! cor-
responds to the stretching vibrations of the -C—H- bonds.
Furthermore, the peak at 2123 cm™! corresponds to the
stretching of aromatic C=C bonds and the stretching of N=C
bonds in the R—-N=C=S group in the deteriorated dye. Fur-
thermore, the peak at 783 cm™! corresponds to the stretching
of the C—ClI bond, the out-of-plane motion of the C-H bond,
the S-OR ester group, and the wagging motion of the N-H
bond in amines. The signal at 1321 cm™" indicates the pres-
ence of aromatic —H, aromatic C—C stretching, =CH out of
the plane, and C—H bending in damaged samples. The peak
at 678 cm™! corresponds to the stretching of C—C bonds and
the stretching of aromatic Ar—H bonds. Hence, the FTIR
spectra of both the original and degraded RG12 samples,
obtained after decolorization, confirmed the breakdown of
azo dyes. Furthermore, the spectra obtained at the 4th, 8th,
and 12th hours provided additional evidence of the progres-
sive degradation of RG12 due to bacterial treatments (Fig. 4
b, c, d).

Phytotoxic effect of degraded and undegraded dye
The seeds of Triticum aestivium exposed to the parent dye

(200 mg/mL) without any treatment showed a germination
rate of 70%, indicating the presence of dye toxicity. On the
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Table 1 Distinct peaks of spectra, peak wavelengths, and probable functional groups of parent and degraded Reactive Green 12 textile dye

obtained after FTIR analysis

Peak number

Peak wavelength (cm™') Probable functional groups

Parent Reactive Green 12 dye (Undegraded)

1 3738 Water OH stretch

2 3854 O-H stretching vibration

3 3325 C-H stretch, RCO-OH (dimer OH), NH stretch in amines, Ar O—H in phenol

4 2361 Carboxylic acid O-H stretch

5 2132 C=C stretching for alkyl substituted, R-N-C isocyanide, N=C stretch in R-N=C=S, N=N=N
stretching

6 1620 —N=N- stretching, NH out of the plane, C=0 stretch, NH, in the plane band, C=N stretch, Ar—
CH=CHR

7 1450 Azo group (-N=N-) stretch

8 585 C-Br stretch

Treated Reactive Green 12 dye (Degraded)

1 3305 C—H stretching

2 3307-3419 N-H and O-H stretching

3 2123 C=C stretch, N=C in R-N=C=S

4 2123-24 Aromatic/aliphatic iso-nitrile (-N=C-) stretching or possible azide stretching

5 2621, 2867, 2923 C-H stretching vibrations of aldehyde and alkane

6 1634-1637 Aromatic/aliphatic nitro compound (NO,) asymmetric stretching, Oxime stretching (C=N-OH)

7 1206 Stretching in phenols and also for N-H deformation in bonded N-H

8 1637 C=C stretch, NH out of the plane, C=O0 stretch, NH, in-plane bend, C=N, N-H deformation

9 1139 CN stretching

10 783 C—Cl stretch, C-H out of the plane, S-OR ester, N-H wag amines

11 703 CS stretching of Sulphur containing compound

12 671-675 C-S stretching

13 686, 690 Aromatic C—H out of plane bending

14 692 Ar-H stretch, Ar C—C stretch, =CH out of the plane, NH stretch, C-H bend

15 678 C—C stretch, Ar—H stretch

other hand, the seeds treated with deteriorated dye samples
displayed a 100% germination rate over a period of 5 days
and did not show any signs of toxicity, which indicated
a loss in toxicity of parent dye after treatments. In addi-
tion, the treatment of seeds with distilled water also did not
show any toxic effect, and seeds germinated 100% and grew
properly. Furthermore, the untreated dye solution resulted
in a significant decrease in both the size of the plumule
and the total number of roots in the germinated seeds. The
size of the plumule in untreated seeds was significantly less
(0.5 cm) compared to the treated seeds, which was 6.00 cm
in length. The shoot length, root length, shoot vigor index,
fresh weight, and dry weight of plants in the treated dye
sample were measured to be 8.0, 4.5 cm, 1950, 1.37, and
0.38 g, respectively. In contrast, the sets treated with the
untreated dye did not exhibit any growth or vegetative
growth (Fig. 5, Table 2). Consequently, the observations of
the shoot, root length, shoot vigor index, dry weight, and wet
weight in both treated and untreated samples demonstrated
a substantial impact of toxicity, resulting in no growth.
Therefore, it was evident that the phytotoxicity experiment

findings demonstrated the capability of the isolated B. cereus
SSC to both decolorize RG12 and detoxify it.

Genotoxic effect of degraded and undegraded dye

Chromosomal aberration was seen in the roots of A. cepa
that were treated with the degraded dye. Multiple genotoxic
lesions, characterized by chromosomal anomalies, were
observed during the metaphase of cell division, as clearly
depicted in the images (Fig. 6).

The chromosomal abnormalities detected in the cells of
A. cepa root tips exposed to parent RG12 dye and degraded
metabolites are depicted in Fig. 7e-h and a—d, respec-
tively. The chromosomal abnormalities detected in root
cells exposed to the dye included chromosome breakage,
multipolar anaphase, irregular prophase, binucleated cells,
aberrant metaphase, and chromosome bridges (Fig. 7e-h).
The presence of aberrant metaphases was observed as the
most common anomaly in all cells that were exposed to dye
at doses of 0.5 mg/mL. Chromosome bridges, resulting from
inefficient replication of chromosomes, have been observed
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Fig.5 Phytotoxicity assay of wheat (Triticum aestivum) seeds exposed with the treated and untreated dye samples

Table 2 Different parameters of the germination of Triticum aestivum
seeds exposed to treated and untreated dye samples

Parameters Treatment of seeds with the dye
samples
Untreated dye Treated dye
Germination (%) 70+ 1.0 100 + 0.62
Plumule (cm) 0.5 +0.62 6+0.6
Number of roots 2 9
Shoot length (cm) nd 8 +0.09
Length of root(cm) nd 4.5+0.72
Shoot vigor index nd 1950
Fresh weight of plant (g) nd 1.37+09
Dry weight of plant (g) nd 0.38 + 0.6

+; standard deviation (n=3)
nd not detected

Fig.6 Treatment of onion (Allium cepa) roots with the exposure of
parent Reactive Green 12 dye and degraded dye solution
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in cells treated with RG12 dye. The cells that were exposed
to RG12 exhibited the characteristics of having two nuclei,
which were likely a result of multipolar spindles (Fig. 7h).
However, slight deviations without any chromosomal
abnormalities were observed in all the cells exposed to the
degraded metabolites (Fig. 7a—d).

Discussion

Employing microbes to biodegrade synthetic and carcino-
genic colors has proven to be a promising biological and eco-
friendly method over traditional treatments. The potential
and capability of new microbes as important agents in pollu-
tion treatment have been ensured by their increased activity
and expanded substrate specificity. The promising microbio-
logical methods perform to be more effective in fully miner-
alizing and detoxifying the highly toxic and colored textile
dyes. However, the concentration of dye is considered to be a
critical variable that influences the effectiveness of decolori-
zation by organisms. The present investigation found that B.
cereus SSC demonstrated the most effective decolorization
at a dye concentration of 200 mg/L. As the concentration
of dye was progressively increased from 50 to 1000 mg/L,
the efficiency of dye decolorization declined. Similar to the
findings of the present investigation, publications indicate
that the efficacy of decolorization reduced progressively as
the concentration of dye increased (El-Bendary et al. 2023).
In a study conducted by Jamee and Siddique (2019), it was
shown that the rate of decolorization decreased gradually as
the concentration of dye increased. The decline in phenom-
ena may be attributed to either the harmful impact of the dye
on bacterial cells or the improper binding of dye molecules
with the active sites of degrading enzymes (El-Bendary
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Fig. 7 Cytotoxic damages observed in meristematic cells of A. cepa roots exposed with parent Reactive Green 12 dye: e chromosome breaks at
metaphase, f abnormal metaphase, g chromosome missegregation h binucleated and degraded: a—d cells with normal metaphase

et al. 2023). Zhuang et al. (2020) reported that an intrinsic
toxicity of higher dye concentration was found to block the
active sites of dye-degrading enzymes, inhibiting bacterial
activity and degradation potential. It was recorded that the
degradation of dye rises as dye concentration drops, and con-
versely, it reduces as dye concentration increases. Moreover,
it was also observed that the static conditions favored the
degradation of the RB12 dye. Similar results have also been
demonstrated by Emadi et al. (2021). The decolorization
of dyes happens by the action of the azoreductase enzyme
under microaerophilic and anaerobic environments. This
enzyme breaks the azo linkages of dyes, resulting in the
formation of colorless molecules (Emadi et al. 2021; Khan
et al. 2014). A similar incidence of enzymatic degradation
of dye under static conditions with lesser oxygen might have
also occurred in our study.

The HPLC is a highly effective device for assessing the
biodegradation of chemical compounds (Thanavel et al.
2020). Tahir and Yasmin (2021) utilized HPLC to assess
the rate of conversion and breakdown of Mordant Black 11
(MB11) dye into different metabolites. The HPLC analy-
sis revealed the presence and absence of peaks in samples
that were incubated for 4, 8, and 12 h, providing evidence
for the breakdown of the dye by the B. cereus SSC strain.
Bera and Tank (2021) consistently observed the formation of
three prominent peaks at retention times of 2.600, 2.981, and
3.439 min in the treated sample. Additionally, they detected
three smaller peaks at retention times of 4.654, 5.458, and

8.003 min (Bera and Tank 2021). Similarly, Enterobacter
hormaechei SKB16 produced several degraded metabolites
from the degradation of Reactive Red 198 (RR198). These
metabolites were characterized by a large peak at 3.099 min
and four smaller peaks at 3.425, 3.667, 5.275, and 6.051 min
(Thangaraj et al. 2021). Thangaraj et al. (2021) found that
Enterobacter hormaechei SKB16 produced degraded metab-
olites when RR198 was broken down. These metabolites
were characterized by one major peak at 3.099 min and
four minor peaks at 3.425, 3.667, 5.275, and 6.051 min.
The appearance of additional peaks in the deteriorated dye
indicates the decomposition of a large and complex parent
dye into smaller and more basic components. In an identical
manner, Tahir and Yasmin (2021) observed certain metabo-
lites of Mordant Black 11 dye through the elution peak of the
dye, which occurred at 5.045 min before any bacterial pro-
cessing took place. In the bacterially treated samples, a new
peak emerged at 4.556 min. The peaks were accompanied by
different retention times. The confirmation of the breakdown
of the dye into various metabolites is evidenced by a sub-
stantial shift in the primary peak of both the original dye and
the degraded dye. In addition, the results of another study
conducted by Buthelezi et al. in 2012 provided more sup-
port for the results and findings of the current investigation.

The FTIR analysis conducted in this study revealed that
the deteriorated sample displayed a greater number of peaks
compared to the original dye sample. The prominent peaks
observed in the original dye samples were conspicuously
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lacking in the deteriorated samples. Furthermore, the emer-
gence of many new peaks, which suggest the existence of
extra functional groups, was detected. Several peaks, spe-
cifically at 3307, 3349, and 3419 cm™!, which correspond
to the stretching of N—H and O-H bonds, were seen in the
samples subjected to treatments lasting 4, 8, and 12 h. Addi-
tionally, a peak at 163437 cm™! was also identified. In the
investigation conducted by Prasad and Rao (2014), it was
discovered that the treatment of Aeromonas sps. resulted
in the highest values of 1618.28 and 1570.06 cm™! for the
C=C stretching in Acid Black-24 dye. Ayaz et al. (2015)
showed that when acid blue 113 was analyzed using FTIR
before and after being degraded by Staphylococcus aureus
and Escherichia coli, distinct peaks were observed in the
untreated dye. These peaks indicated stretching of N-H
amine or O—H and aromatic =C—H at 3440 cm~!. Accord-
ing to Telke et al. (2010), the decolorized product’s FTIR
pattern comparison shows that a peak at 1450 cm™! has dis-
appeared, indicating the absence of the (—-N=N-) azo bond.
Similar results were found by Telke et al. (2010) for the
elimination of peaks during the investigation of Aspergillus
ochraceus NCIM-1146 Blue Laccase’s biochemical charac-
terization and efficiency dye degradation. In addition, Emadi
et al. (2022) reported that the absence of the peak corre-
sponding to the biotransformed metabolites indicates that
the azo linkages were broken down during the breakdown
process of AB-113. This might indicate that the dye under-
went degradation and developed new peaks. The changes in
the peaks were most likely influenced by the modifications
in the molecular structure of Reactive Black 5 (RB5). These
modifications include the degradation of its main chromo-
phores, the breaking of the -N=N- bond, the formation of
amino groups, the appearance of additional intermediate
metabolites, and the decomposition of RB5 during the pro-
cess of dye decolorization (Emadi et al. 2022; Al-Tohamy
et al. 2020; Dafale et al. 2008). The decrease in the high-
est levels of intensity in the low-frequency band of spectra
(620-850 cm™') suggested the division of aromatic rings
(Kolekar and Kodam 2012), which has also been observed
in the present work. Al-Tohamy et al. (2020) discovered that
Salsuginibacillus halophiles SSA1575 effectively degraded
the chemical structure of RB5 during the decolorization
process. The removal of these peaks clearly indicated the
breakdown or deletion of the relevant bonds in the MR dye
(Hu et al. 2021). A comparison was made between the FTIR
spectra of the original dye and those of the degraded dye
or metabolites. The analysis revealed notable differences
between the two. After undergoing degradation, new peaks
appeared while the original peaks of the methyl red disap-
peared, indicating a conversion into different compounds
or metabolites. Ikram et al. (2022) showed through FTIR
investigations that the azo bond in the Methyl Red (MR) dye
was eliminated and reduced. In addition, the treated sample
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showed a complete absence of hazardous substances, thus
clearly demonstrating the mineralization of the dye.

The results of the phytotoxicity test showed that the seeds
had a germination rate of 70% when exposed to a concentra-
tion of 200 mg/L of RG12 dye. However, when the seeds
were exposed to the degraded dye sample, a germination
rate of 100% was observed. Previous studies also demon-
strated the inconsistent influence of artificial colors and their
changing concentrations on the process of seed germination
in many plant species, including Triticum aestivum, Vigna
radiata, Vigna aconitifolia, Vigna sinensis, and Cicer ari-
etinum. The investigation indicated that when the quantity
of dye increased, it hindered the germination percentage of
all plants (Ergene et al. 2009; Jadhav et al. 2016). Thangaraj
et al. (2021) also reported similar results, showing signifi-
cant toxicity with low germination rates of 10 and 23.3%
following exposure to the parental dyes RR198 and Reactive
Yellow 145 (RY 145), respectively. Studies also reveal that
degraded dye metabolites may also be toxic. Emadi et al.
(2021, 2022) reported that the parent form of RB5 dye was
not toxic and poisonous, but their degraded metabolites were
found to be toxic, and because of toxicity, maize seeds were
not germinated. However, in our study, parent dye was found
to be toxic while degraded showed no toxicity and gave
complete (100%). However, dye degraded by Enterobacter
hormaechei SKB16 demonstrated higher seed germination
rates, with 100% germination rate and growth of radical
lengths 2.3 and 2.0 cm, respectively, for RR198 and RY 145
dyes (Thangaraj et al. 2021). In contrast to the observations,
the application of parent RG12 dye did not result in germi-
nation, possibly due to the higher toxicity of the untreated
dye. Furthermore, Kurade et al. (2016) discovered that the
metabolites generated from the decolorization process of
Dispersed Red (DR54) dye utilizing Bacillus laterosporus
were proven to be non-toxic, therefore indicating success-
ful detoxification of the DR54 dye. This demonstrates that
the samples subjected to treatment do not have any harmful
effect on the growth of the plants under study. The study
found that the destroyed dye metabolites did not harm plant
growth, suggesting that water cleared by the bacterium is
suitable for irrigation without any safety concerns (Fareed
et al. 2022). After the dye was decolorized and degraded, the
germination rate increased to more than 90% when metabo-
lites were present (Amin et al. 2020). Hence, the results of
this investigation further validated the harmless characteris-
tics of the dye’s degraded metabolites obtained from RG12
dye and the bacteria B. cereus SSC, suggesting their possible
application in dye degradation. The findings given above
provide clear evidence that the dye has undergone thorough
mineralization and detoxification (Bera and Tank 2021).

An examination of chromosomal aberrations in the mer-
istematic root tip cells of A. cepa is considered a valuable
test for assessing the genetic toxicity potential of pesticides,
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sewage, and industrial wastewaters (Grover and Kaur 1999;
Leme and Marin-Morales 2009; Radic et al. 2010; Haq et al.
2016). The normal cells did not exhibit any chromosomal
aberrations or nuclear abnormalities. Chromosomal abnor-
malities, such as chromosome breakage, irregular prophase,
chromosome bridges, multipolar anaphase, binucleated cells,
and aberrant metaphase, were observed in cells that were
exposed to parent dye. Important abnormalities that need
to be addressed include structural abnormalities in chromo-
somes, such as bridges, breaks, and loss, as well as delays
in chromosomal replication, adhesion, and the presence of
many poles. These abnormalities are caused by aneugenic
agents, as discussed by Leme and Marin-Morales in 2009.
This phenomenon could be attributed to the interactions or
inhibitions of vital structures involved in the formation of
the mitotic spindle, which obstructs the advancement of cell
division and results in chromosomal abnormalities (Castro
et al. 2021). Furthermore, meristematic root cells that are
exposed to toxic wastewater exhibit a range of chromo-
somal abnormalities, such as multipolar anaphase, vagrant
chromosome, anaphase with chromosome break, disrupted
metaphase, and lagging chromosome (Puvaneswari et al.
2006)—evaluation of toxicity and microbiological break-
down of azo dyes. Jadhav et al. (2011) reported that the
amount and frequency of anomalies decreased through the
process of dye biodegradation. Previous studies have also
confirmed the presence of a comparable form of genotox-
icity in textile effluents (Carita and Marin-Morales 2008;
Jadhav et al. 2010).

Conclusion

In conclusion, the bacterial strain B. cereus SSC demon-
strated exceptional efficiency in decolorizing and degrading
the RG12 dye within 12 h, achieving a remarkable 97.8%
decolorization of 200 mg/L dye. Analyses through HPLC
and FTIR revealed a significant reduction in absorption lev-
els, with distinct differences in the FT-IR spectra between
the original dye and its metabolites, showing varied peaks
at different wavelengths. The bacterial degradation was evi-
dent from the loss of azo linkages (—-N=N-). The HPLC
analysis displayed fluctuations in peaks and retention times,
indicating dye degradation. B. cereus SSC effectively con-
verted RG12 into non-toxic byproducts, as confirmed by
100% seed germination and healthy plant growth in a phy-
totoxicity assay. Furthermore, genotoxicity experiments on
Allium cepa cells, too, showed no adverse effects from the
degraded dye, affirming the successful elimination of the
dye. Therefore, according to the findings of this study, the
newly examined bacterial strain can be utilized in the pro-
cess of bioremediation and detoxification of textile dyes.
Consequently, we strongly advocate for the use of bacterial

inoculum for the remediation and detoxification of textile
contaminants. Further, it is also recommended that degraded
and detoxified dye wastewater be recycled for the irrigation
of agricultural crops.
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