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ARTICLE INFO ABSTRACT

Keywords: Methyl orange (MO) is a dye commonly used in the textile industry that harms aquatic life, soil
Textile wastewater and human health due to its potential as an environmental pollutant. The present study describes
165 rRNA the dye degradation ability of Serratia marcescens strain ED1 isolated from textile effluent and
A,ST characterized by 16S rRNA gene sequence analysis. The laccase property of bacterial isolate was
Nitrogen and carbon source . oo . 4 | N

Laccase confirmed qualitatively. The effects of various factors (pH, temperature, incubation time, and dye

concentration) were evaluated using Response Surface Methodology (RSM). The maximum dye
(MO) degradation was 81.02 % achieved at 37 °C temperature and 7.0 pH with 200 mg/L dye
concentration after 48 h of incubation. The beef extract, ammonium nitrate and fructose sup-
plementation showed better response during bioremediation among the different carbon and
nitrogen sources. The degree of pathogenicity was confirmed through the simple plate-based
method, and an antibiotic resistance profile was used to check the low-risk rate of antibiotic
resistance. However, the fate and extinct of degraded MO products were analysed through UV-Vis
spectroscopy, FT-IR, and GC-MS analysis to confirm the biodegradation potential of the bacterial
strain ED1 and intermediate metabolites were identified to propose metabolic pathway. The
phytotoxicity study on Vigna radiata L. seeds confirmed nontoxic effect of degraded MO metab-
olites and indicates promising degradation potential of S. marcescens strain ED1 to successfully
remediate MO dye ecologically sustainably.

1. Introduction

The industrial textile sector plays an essential role in the global economy and societal fabric, underlying critical facets of day-to-day
life. However, its growth comes conjointly with considerable environmental risk, mainly demonstrated through large amounts of
wastewater production. This wastewater is a complex mixture of diverse inorganic and organic pollutants, ranging synthetic dyes,
heavy metals, aliphatic hydrocarbons, polycyclic aromatic hydrocarbons (PAHs), benzene, and endocrine-disrupting chemicals (EDCs)
[1,2]. Of particular concern are synthetic dyes, the complex aromatic compounds acclaimed for their stability and recalcitrance to
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bioremediation. Their persistence raises substantial challenges to conventional degradation processes, requiring novel approaches for
successful remediation.

Besides other groups of textile dyes, azo dyes are synthetic colorants widely used in the textile, food, and paper-pulp industries.
They are preferred over natural dyes due to their superior fastness, lower cost, ease of application, and excellent stability against light,
temperature, synthetic chemicals, and microbial destruction [3]. The discharge of azo dyes containing colorants into the atmosphere,
on the other hand, can pose a significant danger to aquatic, soil life, and human health, causing inflammation, diarrhoea, and
gastrointestinal illnesses. Furthermore, azo dyes and their decomposed compounds are poisonous, cancerous, and mutagenic [4].
Methyl orange (MO) is the most commonly used azo dye in the textile business, and it is readily discharged into the atmosphere via
industrial waste. It is extremely water soluble and has a unique orange-red hue [5]. The discharge of MO dye into the atmosphere
without sufficient treatment can have detrimental consequences on the water, soil, air, and human health. For example, MO dye can
potentially contribute to the development of smog and ground-level ozone. These contaminants can negatively impact human health,
increasing the risk of heart disease and causing respiratory issues. Additionally, it floats on land or water surfaces, where it may enter
lakes, rivers, and other bodies of water. This harms aquatic life and makes water unsuitable for human consumption [6]. Additionally,
MO dye contributes to climate change because it can combine with other atmospheric chemicals to create greenhouse gases like CO5
and CHy, which trap heat and promote global warming and chemical characteristics of MO dye is shown in Table S1. Many scientists
are trying to discover ways to decompose such manufactured compounds to safeguard the ecosystem [7]. Various biological, chemical,
and physiochemical treatment techniques have been used to handle industrial textile wastewater, including membrane separation,
microbes, enzyme decomposition, adsorption, oxidation, filtering, coagulation, and precipitation [8].

In recent years, eliminating azo dyes and dye residues from the atmosphere has been successfully accomplished through micro-
organism decomposition. Numerous microorganisms, such as bacteria, fungi, and algae, can degrade and discolor azo dyes [9]. Two
distinct processes—dye adsorption by microbial biomass and dye breakdown by microbial cells—are primarily involved in microbial
degradation [10]. Although various microorganisms are shown to be effective in mineralizing and decolorizing textile pollutants,
bacterial degradation is a preferable choice as bacteria are quick to grow, easily culturable, and better adaptable to various envi-
ronmental circumstances with more flexible behaviour over biomass development on diverse substrates. Several bacterial species have
been found to decompose textile effluent pollutants effectively; these include Bacillus sp., Thermus sp., Aeromonas sp., Pseudomonas sp.,
Serratia sp., Shewanella sp., Sphingomonas xenophaga BN6, Pigmentiphaga kullae K24, Caulobacter subvibrioides C7-D, Salinivibrio sp.,
Franconibacter sp.1MS, and Geobacillus thermoleovorans KNG 112 [11,12]. According to earlier study findings, S. marcescens exhibits
disintegrating activity for lignin, palmarosa oil (green oil), oily culinary refuse, p-cresol, low-density polyethylene, chlorobenzenes and
pentachlorophenol (trash from wood and paper mills) [13-18]. Extracellular laccase, manganese peroxidase (MnP), NADH-DCIP
reductase, MG reductase, and CV reductase enzyme of bacteria Serratia sp. was discovered during the decolorization of triphenyl-
methane (TPM) dyes of Malachite Green (MG) and Crystal Violet (CV) [19].

The degradation process of azo dyes is facilitated by bacterial enzymes, namely azoreductase and, laccase, which catalyse the
cleavage of azo bonds (-N=N-) present in the dye molecule. The resulting aromatic amines are oxidized and metabolised into less
hazardous by-products [20]. An extraordinary source of antibiotic-resistant bacteria and genes in wastewater treatment plants
(WWTPs). furthermore, WWTPs can provide an ideal environment for transferring antibiotic resistance genes between bacteria. As a
result, to use these bacteria on a wide scale in treatment plants, it is essential to determine the antibiotic resistance profile of chosen
bacteria [21]. The utilization of antimicrobial susceptibility testing (AST) in bioremediation is a crucial technique for determining the
levels of antibiotic resistance present in bacterial isolates. Automated platforms, such as the Vitek® 2 compact system, can be utilised
to conduct this testing, offering prompt and precise outcomes. The efficiency of microbial degradation of azo dyes may be impacted by
several factors, such as pH, temperature, incubation duration, degradation timeframe, and concentration of the degraded dye [22]. The
Response surface methodology (RSM) assists in optimizing these practical factors and improving the efficacy of bacterial decompo-
sition [23]. Multiple techniques exist for evaluating the toxicity of dyes and their by-products, each characterised by unique sensitivity,
resolution, and cost levels. In order to verify the deterioration of the dye and/or the existence of aromatic amines, it is possible to
conduct analyses utilising techniques such as ultraviolet—visible spectrophotometry, Fourier-Transform infrared spectroscopy (FT-IR),
and Gas Chromatography-Mass Spectrometer (GC-MS) [24].

The present investigation centres on the isolation of bacteria, evaluation of their AST profile, and basic plate-based pathogenicity,
as well as the enhancement of biotransformation through utilising a central composite design (CCD) in response surface methodology.
Furthermore, the assessment of MO dye degradation was conducted through the utilization of a UV-vis spectrophotometer, FT-IR, and
GC-MS. The potential degradation pathway was analysed, and the toxicity of both the initial dye (MO) and the degraded metabolites
was evaluated on certified mung bean (Vigna radiata L.) seeds. The utilization of microbial degradation presents a viable strategy for
the remediation of industrial effluents that harbour such contaminants. This research endeavour aims to address, utilize, and provide
foundational insights regarding said bacteria.

2. Material and methods
2.1. Materials

The analytical-grade dyes utilised in the present investigation were procured from the Central Drug House (P) Ltd. (CDH). Beef
extract, peptone, tryptone, dextrose, sucrose, glucose, maltose, starch, fructose, mannitol, lactose, NH4Cl, (NHa) 2C204, (NH4) 2SOa,

NH4NOs, KNOs, NaNOs and nutrient media (in g/L: beef extract 5, peptone 3, sodium chloride 5, and agar-agar 20) were procured from
Hi-media (Mumbai, India). Nutrient broth (NB) was used to isolate the bacterial strains. 2-2'-azino-bis- [3-ethyl benzthiazoline-6-
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sulfonic acid] (ABTS), Czapek-Dox Agar (CDA) was used for enzyme assay procured from Sigma-Aldrich in Canada.
2.2. Sample collection, decolorization, and quantitative screening

The wastewater samples were collected from a textile factory’s effluent at SIDCUL (State Industrial Development Corporation of
Uttarakhand), Haridwar, India. To identify the bacterial populations, a 1 mL effluent sample was mixed with 10 mL of nutritional broth
in a 20 mL test container. The mixture was then incubated at 37 °C for 24 h 0.5 pL aliquot was withdrawn from the tube, then serially
diluted to 1077 concentration. Using the spread-plate approach, a loopful of the culture was spread on nutrient agar plates modified
with MO dye and incubated for 24 h. The colonies grown with the clear zone were picked and transferred to fresh media to obtain a
pure culture [25].

For further screening individual colonies of the selected decolorizing bacterial strain were inoculated in 100 mL of nutrient broth in
a 250 mL flask and incubated at 37 °C for 24 h 5 mL of the bacterial suspension was added to 95 mL nutrient broth containing MO
solution in 250 mL conical flasks, and kept at 37 °C on static incubation [26]. A Systronics UV-Vis Double Beam spectrophotometer
2201 was used to measure the optical density of the supernatant at 446 nm after 4 mL aliquots were periodically removed and
centrifuged at 10,000 rpm for 8 min. Control was maintained as MO dye solution without bacteria and kept the same. Bacterial strain
giving more decolorization efficiency was selected and screened for the dye concentration (50, 100, 200 and 300 mg/L) on dye
degradation under the applied conditions. The experiments were carried out in triplicates. The decolorization was calculated using the
following formula [27].

Intial absorbance — Final absorbance

Decolorization (%) = Initial absorbance x 100

2.3. Biochemical characterization, enzymatic assay and molecular identification

Selecting the bacterial strain that produces the most decolorization through morphology and biochemistry involves a combination
of visual observation of colony and cell morphology and biochemical tests to identify the specific strain. Observed morphological
characteristics included cell size, shape, gram nature, motility, and endospore generation. Tests for catalase, oxidase, protease, and
indole synthesis were part of the biochemical analysis [28]. The biochemical analysis was done using biochemical HiCarboTM testing
kits (KB0O09 and KB003) and culture characterized according to Bergey’s manual [29]. A qualitative laccase activity test was performed
on bacterial stain ED1 by inoculating bacteria on a CDA plate enriched with 3 mM ABTS dye at 27 °C for 48 h. The appearance of the
green colored zone around the bacterial colony indicates the presence of laccase activity in bacteria [30].

The bacterium genus was confirmed using Sanger sequencing and examination of the 16S rRNA signature. The 16S rRNA gene
target sequences are amplified using universal primers (forward primer 5- GGATGAGCCCGGCCTA-3' and reverse primer 5-
CGGTGTACAAGGCCCGG-3) prior to sequencing and homology creation using a ribosomal DNA library. The following conditions
were used to conduct the PCR reactions. The template DNA was heated for 3 min at a pre-denaturation temperature of 94 °C to
denature it. Following this, the experimental procedure involved 30 cycles of denaturation at a temperature of 94 °C for 1 min, fol-
lowed by annealing for 1 min, elongation at 72 °C for 2 min, and a final extension at 72 °C for 7 min. The amplified products were
separated in a 1.5 % agarose gel and resolved with the aid of 0.5X tris-acetate-EDTA (TAE) buffer. Subsequently, a gel documentation
system was employed to visualise and capture an image of the gel. The 16S rRNA gene was analysed using the BLAST (blastn) similarity
search tool provided by the National Center for Biotechnology Information (NCBI). The phylogenetic tree was constructed and
evolutionary analyses were performed using the neighbour-joining method with MEGA XI [31-34].

2.4. AST and identification

The VITEK 2 compact systems in microbiology employ a growth-based approach intended for the prompt detection and assessment
of bacterial and fungal organisms’ antibiotic susceptibility. The provision of colorimetric reagent cards that yield digitally decoded
outcomes for bacterial colonies presents several benefits over conventional AST techniques. These advantages include expedited
turnaround time, increased throughput, and enhanced precision and reproducibility [35]. In 0.45 % saline, the 0.5 McFarland standard
of the bacterial solution was diluted to 1.5 X 107 CFU/mL. The VITEK 2 apparatus automatically filled, sealed, and loaded with cards
for incubation and readout. The system utilised Vitek® 2 GN and Vitek® 2 AST- N281 cards for Enterobacteriaceae, which contained
ticarcillin/clavulanic acid, piperacillin/tazobactam, ceftazidime, cefoperazone/sulbactam, cefepime, aztreonam, doripenem, imlpe-
nem, meropenem, amikacin, gentamicin, ciprofloxacin. By comparing the growth of the isolate with the known MICs, the minimum
inhibitory concentration (MIC) was ascertained [36,37].

2.5. Plate-based pathogenicity of isolated strain ED1

Although the isolated bacterium considered of low virulence but it is possible to became virulent under different environmental
conditions. Bacterial virulence is complex process that involves the interplay between the bacterium and its host environment, and its
interplay can be influenced by wide range of factors such as temperature, pH, nutrient availability, and the presence of other mi-
croorganisms [38,39]. The assessment of degree of pathogenicity was conducted through the examination of bacterial growth patterns
on Blood Agar Plate (BAP) and MacConkey Agar Plate (MAP) accordingly (CDH JO 2008F). The utilization of lactose fermentation is
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employed in the selective identification of enteric and Gram-negative bacteria via using the MAP. The haemolytic properties of
bacterial colonies were evaluated on BAP by subjecting them to incubation at 37 °C for a duration of 18-24 h (extended for an
additional 24 h when haemolysis was not observed) and the three types of hemolysis, namely o, f, and y, were assessed.

The study observed the use of MAP, wherein the formation of violet-colored media on bacterial plates after 24 h of incubation was
utilised to aid in the identification of lactose-fermenting bacteria. The presence of greenish clear zones in blood media may suggest the
potential existence of pathogenic bacteria that could threaten the host. BAP and MAP offer insight into the potential for pathogenicity
but do not serve as conclusive assessments. Subsequently, an investigation was carried out on BAP and MAP utilising a methodology
based on scoring [40].

2.6. Carbon and nitrogen sources effects on decolorization

Seven carbon sources (Sucrose, Glucose, Maltose, Starch, Fructose, Mannitol, and Lactose) and nine nitrogen sources (organic:
Peptone, Beef extract, and Tryptone and inorganic: NH4Cl, (NH4)2C204, (NH4)2SO4, KNOs, NaNOs) were used to test the effect of carbon
and nitrogen (1g/100 mL) supplements on the bacterial growth medium enriched with MO dye. The negative control contains MO dye
(200 mg/L) solution without bacterial inoculum or organic or mineral media supplements [41]. For isolate ED1, the maximum growth
rate was observed at regular intervals for 5 days at an optimized pH 7.0 and temperature 37 °C.

2.7. Statistical optimization and experimental design

RSM is a mathematical model that allows the statistical design of a response surface 2-D and 3-D plots, which can be used to predict
the optimal values of the process parameters that impart maximum dye degradation results [42]. For the effective decolorization of MO
dye, central composite design (CCD) was used, and four different factors, i.e., pH, temperature, incubation time, and dye concen-
tration, were considered for experimentation and the relationship between factors [43]. The four factors were divided into five levels
(-a, —1, 0, +1, +a), and their relationship was determined by fitting the second-order polynomial equation [44]. Table 1 contains a list
of the combinations of uncoded independent variables.

Y =P, + ZpXi + ZpiXai + ZPiXiX] (equation 1)

The variables Xi and Xj represent dimensionless coded variables, while Y denotes the response variable, which signifies the per-
centage of dye decolorization. The model constant value is designated by fo, the linear coefficient by f;, the square coefficient by fj;,
and the cross-product coefficient by p;; [44].

The coefficient of regression (Rz) and analysis of variance (ANOVA) were computed to assess the model’s fit quality. The significant
impacts of governing factors on decolorization were also investigated using the F-test and P-value. Only variables with P-values lower
than 0.05 were considered to be necessary. Three-dimensional (3D) response surfaces and counterplots were drawn to show the
variables’ individual and cumulative impacts on the reaction. The decolorization was measured in duplicate, and the precision of the
design was determined by using the mean.

A total of 30 runs were conducted using a full factorial CCD (4 factors at 5 levels) [45].

N=2"+2n+n=2"4+2x4+6=30 (equation 2)

The variable N represents the overall quantity of experiments conducted, while n denotes the quantity of factors involved. A
regression model was developed utilising Design Expert software (Version 7.0.0) [45].

2.8. Analysis of MO dye degraded product

2.8.1. UV-visible spectroscopy analysis

The alteration in the decolorization of MO dye was evaluated by utilising a UV-Vis spectrophotometer (Systronics UV-Vis Double
Beam spectrophotometer 2201) to examine the modifications in the spectra. In the decolorization study, a 4 mL (v/v) decolourized
sample was obtained from flasks at various intervals and subjected to centrifugation at 8000 rpm for 15 min to eliminate cellular
biomass. The acquired supernatant was utilised to observe the decolorization process within the wavelength spectrum of 200-700 nm
[461.

2.8.2. FT-IR analysis
The identification of various functional groups in both MO dye and its degraded product was accomplished through FT-IR analysis.

Table 1

Actual levels and range of independent variables for CCD.
Factors -a -1 0 +1 + o
pH 3 5 7 9 11
Temperature, °C 23 30 37 44 51
Incubation time, hours 32 40 48 56 65
Dye concentration, mg/L 100 150 200 250 300
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After decolorization, a 20 mL aliquot was extracted from the flasks and centrifuged. The metabolite was then extracted using an equal
volume of ethyl acetate dried with Na;SO4 and further concentrated and dried using a rotatory evaporator. Subsequently, a specimen
was deposited onto a thin KBr pellet prepared under vacuum conditions using a PCI hydraulic press (15 tonnes) and secured in a sample
holder. The FT-IR analysis was conducted utilising the Nicolet™ 6700 Thermo Scientific, USA spectrometer, spanning a range of
400-4000 cm ™! at a 16-scan speed [47].

2.8.3. GC- MS analysis

The biodegradation products of MO dye were identified through GC-MS analysis, both before and after bacterial treatment, using a
selected strain of bacteria. The collected samples were centrifuged for 10 min at room temperature. The supernatant collected was
extracted thrice with an equal volume of ethyl acetate, dried with Na;SO4 and further concentrated in the rotatory evaporator [48].
The control group, prior to treatment, and the extracted degraded product were analysed using a GC-MS equipped with an AOC-20i
Auto-injector (Model: GC-MS-TQ8040). The conditions under which the operation was conducted are as follows: The front inlet in-
jection mode was maintained in splitless mode, with an initial temperature of 280 °C. The samples were subjected to separation using
an SH-Rxi-5Sil MS capillary column consisting of 5 % biphenyl and 95 % dimethyl polysiloxane. The column had a nominal film
thickness of 0.25 pm df, an internal diameter of 0.25 mm, and a length of 30 m. The temperature of the column was initially set to 80 °C
and gradually increased to 260 °C at a rate of 5 °C per minute, where it was maintained for a duration of 15 min. The mass spectrometry
data was obtained by scanning within 30-490 m/z. Identifying potential degradation products was predicated on their correspondence
with the standard mass spectrum found within the GC-MS library database [49]. The chromatogram’s peaks were identified through a
comparative analysis of the National Institute of Standards and Technology (NIST) and Wiley online libraries. The reaction in-
termediates were identified through spectral comparison with established standards [50].

2.8.3.1. Possible pathway of MO dye degradation. In this study, the degradation pathway of MO dye has been proposed by utilising the
results obtained from GC-MS analysis. MO dye metabolites formed after the treatment were further identified by GC- MS analysis.
Based on the parent structure of MO dye and metabolites produced during the treatment process, the possible degradation pathway of
MO dye was drawn. All structures were drawn in the ChemDraw programme [51].

2.9. Phytotoxicity study

Toxicological studies of untreated (UT) and bacterial-treated (BT) MO were carried out by phytotoxicity studies. A study was
conducted to assess phytotoxicity in Vigna radiata L. (mung Var.IPM3) seeds through a seed germination test that evaluated seed
germination and early seedling growth parameters. The acquisition of mung seeds was made from Uttarakhand Seeds and Tarai
Development Corporation Limited (USTDCL), accompanied by the identification tag number C33214320004. A test on seed germi-
nation was carried out using Petri - plates. Product obtained after 48 h was extracted in the ethyl acetate and dissolved in the water to
form a final concentration of 200 mg/L for phytotoxicity studies. The UT and BT MO dye samples were added to distilled water at a
concentration of 200 mg/L. Distilled water was utilised to prepare UT and BT MO dye four test solutions with varying concentrations of
25 %, 50 %, 75 %, and 100 % v/v. Ten viable seeds were subjected to sterilisation using a 2.0 % w/v mercuric chloride solution for a
duration of 2 min [20]. The experimental procedure involved the placement of seeds between Whatman No. 1 filter papers on Petri -
plates, followed by irrigation with 4 mL of distilled water in the control group, as well as in the UT and BT MO dye solution groups. The
Petri - plates were placed in a BOD incubator at 28 + 1 °C. The number of seeds germinated was observed after 48 h. Following a period
of 5 days, a sample of three seedlings were selected at random from each Petri plate for the purpose of measuring their respective root
lengths, shoot lengths, and biomass. The experimentation involved conducting toxicity tests in three sets, with the percentage of
germination and inhibition documented according to the following formula [52].

Number of germinated seeds
Number of sowed seeds

Germination (%) = x 100

Control — No. of seeds germinated o

Inhibition (%) = Control

100

2.10. Statistical analysis

All the experiments were carried out in triplicates and data are represented as mean + SE. All graphs created in this paper were
plotted using OriginPro 2024 (64-bit) SR1 software for data visualization and analysis.

3. Results
3.1. Screening and characterization of bacteria strain
From the effluent sample, eight morphologically different bacterial strains- ED1, ED2, ED5, ED9, ED12, ED13, ED18, and ED24

were selected primarily based on decolorization zone (=10 mm) on MO dye-supplemented plate and further screened for their po-
tential to degrade MO dye. Further screening of selected strains showed a decolorization rate obtuse after 72 h by ED2, ED5, ED9,
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ED12, ED13, ED18, and ED24 for MO dye. Strain ED1 was exposed to show the eminent decolorization (more than 80 %) of MO in 48 h.
After the selection of efficient bacterial strain ED1, effect of dye concentration was also screened and highest degradation potential
observed for 50 mg/L MO dye solution which is about 92 % and on highest concentration where isolated bacterial strain ED1 can
survive and degraded MO dye solution was 200 mg/L as depicted in Fig. 2D. MO dye concentration on 300 mg/L dose not shows any
degradation after 42 h of incubation.

The bacterial colonies’ growth on nutrient agar plates indicated significant diversity in cell morphology and other aspects of
colonial morphology among all the isolates. The bacterial strain ED1 was identified as a gram-negative, rod-shaped bacteria that
exhibits a distinct pink or red hue due to a red pigment as depicted tin Fig. 1A. The biochemical tests were performed to determine the
presence or absence of specific enzymes or metabolic pathways in the isolated bacteria. The organism exhibits glucose utilization,
saccharose utilization, esculin hydrolysis, methyl red, voges-proskauer, citrate utilization, urease, catalase, nitrate reduction, orni-
thine, lysine, adanitol, trehalose biochemical activity and with absence activity of endospore formation, lactose utilization, indole
production, HsS production and tryptophan deaminase. Table 2 displays the outcomes of the morphological and biochemical
examinations.

In this study, the bacterial strain ED1 were assayed for laccase activity by qualitative ABTS assay that showed green colored zones
around each bacterial colony in an agar plate after 48 h incubation period as shown in Fig. S2.

3.2. AST and identification

AST and bacterial identification by Food and Drug Administration (FDA) approved following generation identification tool based
on the prior standard library and reference MIC (minimum inhibitory concentration for preventing the growth of isolate) data offered a
modern VITEK 2 (bioMerieux) compact system that resulted in the identification of the isolate. Serratia marcescens with the bio number
2025711451004230 (Lab ID: ED123082022) with 97 % probability was successfully identified by the VITEK 2 system through the
9.02 h processing period. Interestingly, S. marcescens isolate was susceptible to most antibiotic drugs except colistin, which displayed
resistance due to equal or greater than 16.03 + 0.03 pg/mL MIC value in the AST profile, as shown in Table 3; all other antibiotics
displayed susceptibility for the specified MIC. Trimethoprim/Sulfamethoxazole showed the lowest susceptible for MIC of 20 + 0.03
pg/mL and the highest susceptible for MIC of 0.12 + 0.003 pg/mL for levofloxacin and doripenem. In all 17 used antibiotics, only
colistin showed resistance and two antibiotics piperacillin/tazobactam and imlpenem was not shown by this system for S. marcescens
isolate. The susceptibility and resistance of each antibiotics under different MIC value were interpreted by following guidelines from
Clinical and Laboratory Standards Institute (CLSI).

3.3. Sequence alignment and phylogenetic analysis

Molecular techniques reconfirmed the Vitek 2 results. After performing alignment and sequencing procedures, the obtained
sequence data were compared with 16S rRNA gene sequences of other organisms previously deposited in the NCBI Gene bank
database, with the accession number ON 196501. Its genomic DNA gel electrophoresis image depicted by Fig. S1. The phylogenetic
tree of the isolate, which was presented in Fig. 1D, indicates a 97 % similarity with Serratia marcescens. Because it possessed the
decolorization and degradation qualities required for the biotransformation of the MO dye, this strain was selected for the degradation

experiments.
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Fig. 2. Optimization of MO dye decolorization by S. marcescens isolate using different A. organic sources, B. inorganic nitrogen sources and, C.
using different carbon sources, D. Decolorization of MO dye on different concentration.

Table 2

Biochemical characters of isolate ED1.
Tests ED1
Gram’s staining -ve
Shape Rod
Cultural characteristics Red, smooth, convex, entire and round colonies
Motility Motile
Endospore formation -ve
Lactose utilization -ve
Glucose utilization +ve
Saccharose utilization +ve
Esculin hydrolysis +ve
Indole production -ve
Methyl red +ve
Voges-Proskauer +ve
Citrate utilization +ve
Urease activity +ve
Catalase activity +ve
H,S production -ve
Nitrate reduction +ve
Ornithine +ve
Lysine +ve
Adanitol +ve
Trehalose +ve
TDA -ve

+ = Positive, - = Negative, TDA = Tryptophan Deaminase.
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Table 3
Antibiotic-bacterial isolate relationship through the VITEK 2 (bioMerieux) compact system.
Antibiotics MIC (pg/mL) Interpretation
Ticarcillin/Clavulanic acid 8.00 + 0.06 S
Piperacillin/Tazobactam - -
Ceftazidime 1.03 £+ 0.09 S
Cefoperazone/Sulbactam 8.10 + 0.06 S
Cefepime 1.07 + 0.09 S
Aztreonam 1.03 + 0.04 S
Doripenem 0.12 £+ 0.003 S
Imlpenem - -
Meropenem 0.25 + 0.005 S
Amikacin 2.03 + 0.03 S
Gentamicin 1.17 £ 0.17 S
Ciprofloxacin 0.25 + 0.003 S
Levofloxacin 0.12 £+ 0.003 S
Minocycline 2.16 + 0.17 S
Tigecycline 1.03 + 0.03 S
Colistin <16.03 + 0.03 R
Trimethoprim/Sulfamethoxazole 20 + 0.03 S

R, resistant; I, intermediate; S, susceptible; -, Not detected.

3.4. Pathogenicity of isolated bacteria

The simple plate-based pathogenicity test on a blood agar plate can provide helpful information about the pathogenic properties of
a bacterium. Bacteria can produce enzymes or toxins that can lyse (break down) red blood cells or create a transparent or opaque zone
around bacterial growth. This indicates that the bacterium has haemolytic properties. A haemolysis test through simple plate assay
confirmed that the bacterial isolate did not exhibit any haemolytic patterns/clear zones on BAP media plates. MacConky agar is a
widely employed medium in microbiology that isolates and distinguishes gram-negative bacteria based on their selective and dif-
ferential properties. The bacterial plate was subjected to MAP analysis, which confirmed the bacteria’s non-lactose fermenting, gram-
negative characteristics due to the absence of violet-color colonies on the MAP. The plates are displayed in Fig. 1 B and C.

3.5. Effect of various carbon and nitrogen sources on decolorization

The present study investigated the impact of diverse organic and inorganic nitrogen sources (1 g/L), and the outcomes were
graphically represented in Fig. 2. Among all used, three organics (beef extract, peptone, tryptone) and six inorganic nitrogen
(ammonium chloride, oxalate, sulfate, and nitrate with potassium and sodium nitrate) sources showed rapid bacterial growth and best
performance in beef extract and ammonium nitrate, respectively as shown in Fig. 2A and B. The results revealed that the carbon source,
lactose and fructose confront enhancement in MO dye decolorization up to 82.89 and 90 % respectively, within 120 h due to nutrition
available for bacteria through absorption and metabolization of available carbon sources as shown in Fig. 2C. Furthermore, as compare
to other nitrogen sources, peptone, beef extract and ammonium nitrate displayed high performance of about 81.45, 81.69 and 89 %

Table 4
ANOVA results for quadratic model generated for the degradation of MO dye.

Source Sum of Squares Degree of freedom Mean F p-value Result
Square Value Prob > F

Model 8497.92 14 606.99 1421.13 < 0.0001 Significant

A-pH 0.26 1 0.26 0.61 0.4453

B-Temperature 10.71 1 10.71 25.07 0.0002

C-Incubation Time 73.33 1 73.33 171.67 <0.0001

D-Concentration of Dye 345.12 1 345.12 808.00 <0.0001

AB 0.80 1 0.80 1.87 0.1922

AC 1.96 1 1.99 4.67 0.0473

AD 0.64 1 0.64 1.49 0.2412

BC 0.15 1 0.15 0.34 0.5671

BD 0.22 1 0.22 0.51 0.4854

CD 32.46 1 32.46 76.00 <0.0001

A? 6834.18 1 6834.18 16000.55 <0.0001

B? 1799.54 1 1799.54 4213.18 <0.0001

c? 514.53 1 514.53 1204.64 <0.0001

p? 892.29 1 892.29 2089.09 <0.0001

Residual 6.41 15 0.43

Lack of Fit 5.57 10 0.56 3.34 0.096 Not significant

Pure Error 0.83 5 0.17

Cor Total 8504.32 29
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respectively, degradation efficacy of MO dye by S. marcescens ED1.
3.6. Estimation of a response surface for maximal degradation and statistical validation

An experimental investigation was carried out in optimal circumstances to validate the model’s analysis derived from statistical
analysis of CCD. The comparison between actual and predicted responses was performed. The results indicate that the maximum
degradation rate was observed at a pH of 7.0, a temperature of 37 °C, an incubation time of 48 h, and a dye concentration of 200 mg/L,
as illustrated in the 2D and 3D response surface plots presented in Fig. 4(A-F) response.

The following was the final model-based polynomial equation (second order) for the degradation in terms of actual factors:

Degradation % (Y) = —620.18943 + 56.54974A + 12.23346B + 7.51871C + 1.00607D —0.01593AB - 0.022070AC + 0.00199AD +
0.0017075BC - 0.0003339BD - 0.003560CD - 3.94622A2 - 0.16530B2 - 0.067674C? - 0.0035609D> 3)

The statistical analysis of variance (ANOVA) yielded significant results, as evidenced by a large F-value of 1421.127 and a sta-
tistically significant P-value of less than 0.05 (<0.0001), as presented in Table 4. The "Pred R-Squared" value of 0.9961 exhibits a
satisfactory level of concurrence with the "Adj R-Squared" value of 0.9985. Additionally, the R Squared value of 0.9992, which is in
close proximity to 1, implies that the model employed to traverse the design space is effective (Fig. 3A and B). The absence of a
significant Lack of Fit (LOF) value indicates that the model is statistically appropriate for the provided data.

The Lack of Fit value is typically assessed using an F-test. If the Lack of Fit F-value is not significant (i.e., if the p-value associated
with the F-value is greater than a chosen significance level, often 0.05), it suggests that the model fits the data adequately, and there is
no significant lack of fit. Conversely, if the LOF, F-value is significant, it indicates that there is a lack of fit, and the model does not
adequately explain the variation in the data.

The response variable (Degradation %) is affected by all parameters, and their influencing order can be ranked according to F-
values as Dye Concentration (808.00) > Incubation Time (171.67) > Temperature (25.07) > pH (0.61), elucidating dye concentration
has the most influencing effect in this study.

3.7. Analysis of MO dye degraded product

3.7.1. UV-visible spectroscopy analysis

UV-Vis spectrophotometric analysis showed a characteristic Amax of MO dye at 446 nm wavelength that was absent in the degraded
product, indicating structurally dissipation of MO dye. The process of dye decolorization may be linked to its degradation. The ab-
sorption peak that was observed exhibited disappearance within 24-48 h after incubation. Fig. 5 A shows the disappearance of a
particular peak, indicating the elimination of MO dye through the degradation of azo bond and aromatic rings by the S. marcescens
isolate found in the industrial effluent from the textile industry. The primary cause of MO dye decolorization by this bacterium is
widely attributed to biodegradation.

3.7.2. FT- IR analysis

Fourier-transform infrared spectroscopy (FT-IR) is a fundamental technique employed to verify the presence of MO dye and its
degraded by-product. It can be used to determine if the product has been entirely biodegraded [53]. Functional groups indicate that the
dye has been degraded into more straightforward, biodegradable molecules. The comparison of FT-IR spectra between the original dye
(MO) and its degraded metabolites within a 48-h incubation period indicates the biodegradation of MO dye by bacterial isolate, as
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Fig. 3. Regression plots of decolorization of MO dye, A. Plot represent normal plot of residuals, B. Plot the projection made by the algorithm versus
the actual amount of decolorization.
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Fig. 4. Response surface plots and contour plots, A. pH and temperature, B. pH and incubation time, C. MO dye concentration and pH, D. incu-
bation time and temperature, E. the concentration of MO dye and temperature, F. MO dye concentration and incubation time. This experiment
focused on the examination of two specific factors, while the remaining factors were held constant at a value of zero.

depicted in Fig. 5B. The FT-IR spectra for the unaltered MO dye (prior to degradation) exhibited an absorption peak at 34095.962 cm ™!
and 3186.153 cm ™1, signifying the stretching vibration of the N-H group of amines [54]. The appearance of a band around 3135.923
em ! indicated the stretching of the aromatic C-H group. The peak associated at 2514.093 cm ™! corresponded to the stretching of the
C-H group. Additionally, the peak was recorded at 1055.969 cm ™~ for stretching vibration of an ether group (-C-0-) [55]. The peaks at
1637.261 cm™ ! for N=N and 1243.007 cm ! for C-N coniform the azo nature of the dye [22,56]. Peak 1375.235 cm ! represented and
confirmed the dye’s sulphonic nature (S=0) [9].

In comparison to the control MO dye, the spectra of the treated MO dye exhibited an absorption peak at 3680.270 cm-1, corre-
sponding to the ~OH group, and a new peak formed at 3434.122 cm ™! and 3320.946 cm ™! after the breakage of 34095.9619 cm ™! and
3186.153 cm ™. This is because the hydroxyl group typically exhibits a broad and robust peak in the range of 3600-3200 cm ! due to
the stretching of the O-H bond. The peak at 3434.122 cm ™! and 3320.946 cm ™! is typically associated with the stretching vibration of
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Fig. 4. (continued).

the N-H bend [48]. However, the peak at 34095.962 em ! and 3186.153 cm ™! for N-H stretching vibration widened or shifted the
band locations. A peak confirmed a new C=C group of stretching vibration at 2077.923 cm ™!, a newly generated peak in the treated
sample that was not present in the untreated sample. The peak represents 1553.373 cm ™ 1,1326.386 cm !, and 1255.724 cm ™!, which
indicate the presence of the C-O group, benzene ring mixed with the CH in-plane bending from the phenyl ring and the ethylene
bridge, and amide III bands arise from C-N stretching respectively [54]. The degenerated sample’s missing peak showed that the group
had been eliminated during the decolorization procedure. The observed absence of spectra in the treated samples can be attributed to
the comprehensive degradation of the dye molecule, which resulted in a shift in functional group peaks when compared to the control
[571.

3.7.3. GC- MS analysis and pathway of degradation

The GC-MS findings of the different dye-degraded metabolite products are shown in Table 5. In the present investigation, GC-MS
analysis confirms that MO dye undergoes various transformations after being degraded by isolating ED1 bacteria. Fig. 6A, B depicts
chemical identification by GC-MS spectra and chromatograms of extracted metabolites. Initially, S. marcescens ED1 was observed to
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Fig. 5. A. Observations of the UV-Vis wavelengths of MO dye both before and after 48 h of degradation, B. FTIR spectra of MO dye before and after
48 h of degradation, C. On mung beans, the toxicity profile of untreated and bacterially-treated MO dye at various concentrations (25 %, 50 %, 75
%, and 100 %).

asymmetrically cleave azo bond of MO dye through laccase enzyme activity and simultaneously convert into degraded metabolite, i.e.
naphthalene, 2-methoxy (R-Time = 17.891; m/z = 115.05) with additional dimethyl sulfoxide (R-Time = 3.726 m/z = 63.00), and 2-
oxopropinamide (R-Time = 4.831; m/z = 87.15) by the deamination, desulfonation, and carboxylation processes. Sequentially, via
decarboxylation and oxidation, another intermediate metabolite product called dibutyl phthalate (R-Time = 14.884; m/z = 149.00)
was isomerized into 1,2-benzenedicarboxylic acid, bis(2-methylpropyl) ester (R-Time = 17.891; m/z = 149.00). This product un-
dergoes stepwise decarboxylation and dearomatization to yield hexadecanoic acid, 2- hydroxyl-1- (hydroxymethyl) ethyl ester (R-
Time = 23.740; m/z = 98.10), which subsequently converted into common dye degraded metabolite product 2,3-butanediol (R-Time
= 2.941; m/z = 45.05) and simple hydrocarbon chain metabolite product heptadecane- 2- methyl (R-Time = 16.177; m/z = 57.05).
The product further undergoes decarboxylation to yield small hydrocarbon chain metabolite, i.e. dodecane, 2-methyl (R- Time =
15.756; m/z = 57.05), that ultimately yields simple inorganic compounds after 48 h. Alternatively, these intermediate metabolites may
undergo directly or indirectly enter into fatty acid-oxidation reactions to produce NADH; and FADHj. These reduced molecules may be
utilised in the production of ATP. The suggested method for using isolated bacteria ED1, i.e., S. marcescens, to reduce sulfonated MO
dye is depicted in Fig. 7. A pathway is proposed for the degradation of MO dye, illustrating the numerous phases involved with the
confirmation of degradation into various end products. Additionally, additional research is required to clarify and validate these
processes.

3.8. Toxicity of MO dye before and after bacterial treatment

Researchers frequently use the delicate mung bean plant as an example to assess the toxicity of contaminants [20]. In the current
study, separately of UT (untreated) and BT (bacterially treated) MO dye in varying concentrations (25, 50, 75, and 100 %) of 200 mg/L
was created and tested for their toxicity to the mung bean plant. The seedlings watered with 25 % and 50 % UT MO dye exhibited 100
% germination and the most significant root length and biomass. However, as shown in Fig. 5C, the seeds watered with a 75 % dose of
unprocessed dye demonstrated a 30 % reduction in seed germination and adverse effects on root length, stalk length, and biomass
output compared to the control. As shown in Table 6, the seed viability, root length, stalk length, and biomass output of the seedlings
watered with 100 % concentration of UT dye were all inhibited by 40 %, 99.40 %, 92.3 %, and 83.94 %, respectively, when compared
to the control.

However, compared to nonbacterial treated MO dye, the seedlings watered with 25-75 % concentration of bacterially treated MO
dye demonstrated 100 % germination and perpetual root length, stalk length, and biomass output, as shown in Fig. 5C. As opposed to
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Table 5

Degraded products of MO dye after 48 h of incubation through GC- MS analysis.
S.No. Compound Chemical formula R- Time Structure
1 1,2-Benzenedicarboxylic acid, bis (2-methylpropyl) ester C16H2204 17.891 /H

2 Dodecane, 2-methyl Ci3Hog 15.756 >/\/\/\M

3 2,3-Butanediol C4H;1002 2.941 OH

4 2-Oxopropionamide, C3H5NO, 4.831

5. Napthalene, 2- methoxy C11H:00 13.285 O\

6 Isoborneol C10H;:80 9.210 Ho
H

7 Heptadecane -2- methyl Cy7H36 16.177 W

8 Hexadecanoic acid, 2- hydroxyl-1- (hydroxymethyl) ethyl ester C10H3g04 23.740 OH

9 Dibutyl phthalate, C16H2204 14.884 o

10 Dimethyl Sulfoxide C,HgOS 3.726

n =0

HaC™ “CHj

the seeds watered with nonbacterial treated MO dye (100 %), the seeds rinsed with 100 % concentration of bacterially treated MO dye
exhibited 100 % seed germination, 30.11 % root length, 56.21 % shoot length, and 58.72 % biomass output. According to this research,
the bacteria-treated MO dye solution was less or entirely non-toxic for plants than the unprocessed MO dye.

4. Discussion

The demand from various end-use industries, including textiles, paper, leather, plastics, and printing inks, drives the consumption
of dyes in globally [58]. The textile industry is India’s largest dyes consumer, accounting for around 60 % of the total demand. During
the textile manufacturing process of dyeing, printing, washing, and finishing, a large amount of effluent containing toxic chemicals,
dyes, heavy metals, etc., is generated, which can harm the environment and human health if not treated appropriately [59]. To
mitigate the harmful effects of textile effluent, treating it before discharge into the environment is crucial. Many bacteria can
biodegrade and are used in bioremediation processes to clean up contaminated sites. Bacterial biodegradation is the process by which
microorganisms break down organic compounds, such as pollutants, into simpler compounds that are less harmful to the environment.
Microbial degradation offers a promising approach to treating industrial effluents containing toxic pollutants [60].

This given study mainly focuses on isolated Serratia marcescens strain ED1 dye degradation ability particularly targeting the
degradation of MO. Our study extensively employed spectroscopic for monitoring dye removal efficiency and chromatographic for
identifying intermediate metabolites within the proposed metabolic pathway to comprehensively characterize the degradation pro-
cess. The chosen analytical methods were selected based on their sensitivity to detect low concentrations of dye and degradation
products, specificity in distinguishing between different compounds, and compatibility with bacterial culture conditions. Optimizing
parameter on the basis of RSM gave the maximize dye degradation efficiency of MO (81.02 %) with cost -effectiveness manner due to
optimization of reagent usage to reduce the cost without affecting data quality. Validation procedures were done through pathoge-
nicity of strain via the plate-based method and also asses the modern antibiotics with their MIC values for assessment of low risk rate of
antibiotic resistant conducted to ensure the accuracy and reliability of our analytical methods.

The bacterial species belonging to the genus Serratia, a gram-negative facultative anaerobic bacterium in the family Enterobac-
teriaceae, has been recognised for its numerous roles in biodegradation. According to earlier study findings, S. marcescens exhibits

13



A. Pandey et al. Heliyon 10 (2024) e32339

100

B Dimethyl Sulfoxide 0

e

l$l$l$l$l

100-
15 i
S0+ Naphthalene, 2-methoxy s
60 N
40
204 18 143
13 5tg 3 ¥ fiohs't

Y | r 1 1 G Bl Tl B W Rl Bet ol Bt W Wl B B ol Madl M Bel Bl B Wl Yok Bl PR Jaul |
30 60 90 120 150 180 210 240 270 300 330 360 390 420 450 480

100 =
7 (o)
8 2-Oxopropionamide
NH2
2 o
2% 46 57 69
20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480
1007 — T - . - —
30 Dibuty! phthalate ¢
604 NN
404 NN
204 i I
1 sy 76 93104 113 167177 193 205 23 27 -

10 30 50 70 90 110 130 150 170 190 210 230 250 270 290 310 330 350 370 390 410 430 450 470 490

o~ P 1,2-Benzenedicarboxylic acid, bis(2-

60 methylpropyl) ester

- -]
40
di . C/\(
20+
- 41 L 104 2
12 |50J 6931 DI 16 189 205 23
1

U !  } ! 1§ 1 U 1 1 T ) Ll 1 1 L) 1 Ll 1 ’ 1 ! 1 ] Iy ! 1 ! 1 ! | ’ T 1 1 ) ) 5 1 r 1 ! i l ) !
20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480

A

Fig. 6. Chemical identification by GC-MS spectra, A. Chromatograms of Dimethyl Sulfoxide; Naphthalene, 2-methoxy; 2-Oxopropionamide; Dibutyl
phthalate; 1,2-Benzenedicarboxylic acid, bis(2-methylpropyl) ester extracted metabolites of S. marcescens ED1 decolourized MO dye sample through
GC-MS analysis, B. Chromatograms of Hexadecanoic acid, 2-hydroxy-1-(hydroxymethyl) ethyl ester; Heptadecane; 2-methyl, 2,3-Butanediol;
Dodecane, 2-methyl extracted metabolites of S. marcescens ED1 decolourized MO dye sample through GC-MS analysis.

disintegrating activity for lignin, chlorobenzenes, palmarosa oil (green oil), oily culinary refuse, p-cresol, low-density polyethylene,
and pentachlorophenol (trash from wood and paper mills) [13-18]. The 200 mg/L MO dye was found to be decomposed by
S. marcescens for the first time in this research, to the best of our understanding and the literature survey. The MO pigment degraded by
over 80 % after 48 h at 37 °C and pH 7.0 under steady circumstances. It shows that high concentration more than 200 mg/L of the
selected MO dye is toxic for the selected bacterial strain. The study found a concentration above 200 mg/L was toxic for the isolated
strain ED1. Therefore, in this study, a concentration of 200 mg/L dye was preferred for studying the MO dye degradation by strain ED1.
This concentration favored implications in the real world, where the dye percentage in industrial effluent was high. The result was
supported by Ref. [61], who reported that higher dye concentrations have a toxic effect on bacterial cell growth and may be due to
azoreductase enzyme active sites interfering with dye molecules. Thus, lower dye concentrations show higher degradation efficiency
than higher dye concentrations. Extracellular laccase and manganese peroxidase (MnP) activity were discovered during the decol-
orization of Ranocid Rapid Blue (RFB) and Procion Brilliant Blue-H-GR (PBB-HGR), according to Verma and Madamwar [19].

The biochemical and molecular characterization of isolated bacteria is a crucial aspect of microbiology that facilitates identifying
and classifying bacteria based on their metabolic characteristics. Pure separated bacterial colonies on the nutrient agar plate screen
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Fig. 6. (continued).

revealed appreciable variance in colony appearance, including cell form, between all strains. The colony displayed gram-negative, rod-
shaped, and motile bacteria, which are essential as the first piece of information in identifying microorganisms. The 16S rRNA gene is
widely distributed and exhibits a high degree of conservation, rendering it a suitable molecular marker for taxonomic categorization
and phylogenetic investigation [26]. The most efficient and dependable way of categorizing and recognizing bacteria is to align and
compare the genome sequences of isolates and their close cousins. The variety of 16S rRNA gene sequences, their categorization, and
their connection to the target species were all disclosed by the findings of the BLAST analysis. The 16S rRNA gene sequence is a
technique commonly used for identifying and analyzing species because it is the most ideal, preserved, and steady code during mi-
crobial development. Using behavioural (morphological and molecular) and genotypic (16S rRNA gene sequence similarity) profiling
techniques, 97 % identity with Serratia marcescens was discovered. Because it possessed the decolorization and degradation qualities
required for the biotransformation of the MO dye, this strain was selected for the degradation experiments. A study done by Pathak and
Kumar [29] also isolated four bacteria, Bacillus sp., Paracoccus sp., Pseudomonas sp., and Acinetobacter sp., from waste disposal sites
showed positive results of polymer-degrading microorganisms [62]. studied the degradation of malachite green dye by a single isolated
bacterium, Pseudomonas sp. YB2 from the sludge site decolorizes 90.40 % MG dye at a high concentration.

Although S. marcescens is generally considered a bacterium of low virulence, it can still cause infections, particularly in immu-
nocompromised individuals or those with underlying medical conditions so that it can pose a risk to human health [63]. If a pathogenic
bacterium is used to biodegrade a pollutant, there is a risk that it could escape into the surrounding environment and cause harm [64].
Therefore, it is essential to understand the pathogenicity of bacteria and carefully select non-pathogenic strains for use in the
biodegradation process. This can help ensure that biodegradation’s benefits are realized without adversely affecting human health or
the environment. In this study, a plate-based assay of the isolated ED1 strain showed no hemolytic pattern on BAP, and neither lactose
fermenting property on MAP suggested the non-pathogenic nature of isolated strain ED1. A similar study done by Darmawati et al. [40]
conducted comparable plate-based pathogenicity on BAP, MAP, and CAP (Chocolate agar plate) for the selection of bacterial con-
sortium made as a bioremediation agent of hospital effluent in central Java. They found that isolating bacteria that did not produce a
hemolytic zone on the BAP media plate was adequate for this purpose.

Wastewater treatment plants (WWTPs) can be remarkable sources of antibiotic-resistant bacteria (ARB) and genes [65]. These can
then be released into the environment through effluent discharge or biosolids as fertilizer. This can pose a risk to human and animal
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Fig. 7. Proposed pathway for biodegradation of MO dye by S. marcescens ED1.
Table 6
Toxicity effects of untreated and treated MO dye seed on mung beans (Vigna radiata L.) germination.
Conc. of No. of No. of Seeds % Germination Root length (mm) Shoot length (mm) Biomass (mg) Root and shoot ratio
MO dye Seeds Germinated
Sown
UuT BT uT BT UT MO BT MO UT MO BT MO UT MO BT MO uT BT
MO MO MO MO dye dye dye dye dye dye MO dye MO dye
dye dye dye dye
25 % 10 10 10 100 % 100 % 2.53 + 17.76 14.5 £ 62.46 16.4 + 27.86 0.16 + 0.28 &+
0.029 + 0.092 0.058 + 0.029 0.058 + 0.029 0.006 0.006
50 % 10 9 10 90 % 100 % 1.63+ 13.87 12.7 £ 48.56 8.56 + 22.7 + 0.133 0.28 +
0.081 + 0.029 0.087 + 0.087 0.115 0.098 =+ 0.006 0.006
75 % 10 7 10 70 % 100 % 2.83 + 13.7+ 9.63 + 42.8 + 6.5 = 17.5 £ 0.33 + 0.32 +
0.029 0.058 0.029 0.058 0.058 0.058 0.017 0.006
100 % 10 6 10 60 % 100 % 0.23 + 11.67 5.23 + 38.26 4.5 + 16.46 0.03 + 0.30 +
0.012 =+ 0.087 0.087 + 0.087 0.058 +0.173 0.006 0.009
Control 10 10 10 100 % 100 % 38.75 38.75 68.06 68.06 28.03+ 28.03+ 0.58 + 0.58 &+
=+ 0.023 + 0.023 =+ 0.063 + 0.063 0.029 0.029 0.006 0.006

All the values are means of triplicates (n = 3) + SE (Standard Error).
P < 0.05, F statistical value = 100870.07266.
*MO; methyl orange: Conc.: concentration; UT: untreated; BT: bacterial treated.
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health and the environment by promoting the spread of antibiotic resistance. Knowing the sensitivity of bacteria to antibiotics is
crucial for effectively treating bacterial infections, preventing antibiotic resistance, public health surveillance, and research. It can help
identify emerging trends in antibiotics [66]. The study done by Roy et al. [21] on the bioremediation of malachite green dye by two
bacterial strains isolated from textile effluents showed both isolate CV-S1 and CM-S1 were found sensitive to cefriaxone, trimetho-
prim/sulphamethoxazole, azithromycin, and tetracycline, median sensitive to neomycin and ampicilin, doxycycline and resistant to
bacitracin, erythromycin, and cephradine. In this study, we used the Vitek 2 system, an automated microbiology system commonly
used in clinical laboratories to identify microorganisms and determine their susceptibility to antibiotics; it offers a reliable and efficient
method for performing AST. Higher MIC values in microbiological susceptibility tests often indicate lower susceptibility of the bac-
terium to the antibiotic. In this study MIC is 16.03 + 0.03 pg/mL or above, it indicates that a high concentration of the antibiotic is
required for inhibition of the growth of the bacteria. This suggests that the bacteria are resistant to the antibiotic at typical therapeutic
doses. Interpreting MIC readings usually relies on predefined breakpoints set by organizations like the Clinical and Laboratory
Standards Institute (CLSI) or the European Committee on Antimicrobial Susceptibility Testing (EUCAST). Microorganisms are clas-
sified as susceptible, intermediate, or resistant to certain antibiotics according to their MIC values. This information can help design
biodegradation strategies that minimize the risk of antibiotic resistance development and ensure the continued effectiveness of the
biodegradation process. This approach was used in the study of AST through the Viteck 2 system of isolated bacteria used in the
bioremediation process reported the first time.

The RSM method was used for analysis to isolate the impact of the two variables and hold all others constant. This method can
reduce the energy and time spent refining, leading to more productive biodegradation procedures [67]. We performed 30 separate
trials by varying the following four factors: pH, temperature, MO dye content, and breakdown duration. This statistical approach
identifies the most favourable conditions for maximum MO dye degradation efficiency as 81.02 % at pH 7.0, temperature 37 °C with an
incubation time of 48 h, and dye concentration 200 mg/L. Sandesh et al. [7] followed a similar method and procedure to optimize
direct blue-14 dye degradation by Bacillus fermus to achieve 92.76 % at 68.78 ppm dye concentration in 72 h degradation time with 1 g
of sucrose and 2.5 % (v/v) of inoculum.

Incorporating additional carbon and nitrogen sources has been found to augment the degradation of dyes due to their crucial
functions in promoting the proliferation, metabolic activity, and enzyme synthesis of microorganisms engaged in the degradation
mechanism. The carbon source, fructose, sustains and enhances the biodegradation process by up to 90 % due to enhanced laccase
production by bacterial species [68]. The observed results are supported by a previous study where supplemented fructose functions as
a co-metabolite that simulates gene expression of many functional proteins, i.e. oxidoreductases like azoreductase, Lacasse and
ketol-acid reductoisomerase (NADP (+)), which generates reductive power to degrade azo bond of MO dye [69]. Additionally, the
efficient nitrogen sources, beef extract and ammonium nitrate also improve the degradation of MO dye by promoting specific bacterial
growth, stimulating enzyme production, facilitating metabolic activity, and creating a more favourable environment for the break-
down of complex dye molecules. The outcomes are also supported by a decolorization study conducted by Modi et al. [70], where
certain organic compounds, such as peptone, significantly improved azo dye decolorization.

Characterizing the degraded product metabolites of dye utilising UV-Vis spectroscopy, FT-IR, and GC-MS is essential for under-
standing degradation pathways, ensuring product stability, complying with regulations, assessing environmental impact, and
advancing research and development efforts in the dye industry [20,56]. UV-visible spectroscopy is a significant analytical technique
employed for the analysis of dye decolorization. The process of dye decolorization may be linked to its degradation. In this study, the
primary absorption peak of the MO dye is eliminated or a new absorption peak emerges, suggesting that the dye has undergone
complete degradation or a new metabolite has been generated, respectively. Fourier Transform Infrared Spectroscopy (FT-IR) can
analyze a sample’s functional groups and chemical bonds. In the case of biodegradation products from a dye, FT-IR can be used to
determine if the product has been wholly biodegraded [53]. Functional groups indicate that the dye has been degraded into more
straightforward, biodegradable molecules. The formation of a new peak at 3680.270 em ! corresponds to the -OH group, and new
peaks formed at 3434.122 cm ™! and 3320.946 cm ™! after the breakage of 34095.9619 cm ™! and 3186.153 cm ™! showed the N-H bend
vibration. However, the peak at 34095.9619 cm ™! and 3186.153 cm™! for N-H stretching vibration widened or shifted the band
locations. C=C group at 2077.923 cm ™! was a newly generated peak in the treated sample, which was not present in the untreated
sample. The peak at 1553.373 cm™1,1326.386 cm ™}, 1255.724 cm ™! in a sample of treated MO dye showed that changes occurred and,
which confirmed the degradation process because these peaks were not present in the untreated sample. Khan et al. [71] also per-
formed UV-Vis spectroscopy and FT-IR analysis of degraded products for conformation of an absence of functional groups in
dye-treated samples. Various workers also investigated the confirmation of dye degradation through FT-IR analysis by the disap-
pearance of the characteristic absorption peak, the rapid degradation, and the breakdown of aromatic rings collectively suggested that
the isolated bacterium is actively involved in biodegrading the dye [51,72-74].

In the present study, GC-MS analysis has verified that MO dye undergoes degradation into various end products that produce
energy-yielding processes. This study identified products during MO dye degradation that align with previous reports. The biodeg-
radation of MO dye begins probably with a laccase-driven asymmetrical azo bond cleavage by deamination, simultaneously with
desulfonication and carboxylation reactions that gave rise to Naphthalene, 2- methoxy, 2-oxopropinomide, and Dimethyl sulfoxide.
These findings were also consistent with previous study carried out by Baena-Baldiris et al. [57], who reported formation of Naph-
thalene as a product during biodegradation of MO dye by azo bond cleavage through azoreductase and lignin peroxidase enzyme
present in gold-mining Franconibacter sp., 1MS bacterium. Subsequently, these intermediate products are decarboxylated or oxidized
to form Dibutyl phthalate (DBP) by some aromatic oxygenases, as reported by Tan et al. [75]. Further, the DBP product undergoes
isomerization to rearrange into phthalic acid derivatives (i.e. 1,2- Benzenedicarboxylic acid, bis (2- methylpropyl) ester) that oxidized
to form Butanediol/benzoic acid and simple methylated hydrocarbons like Heptadecane or Dodecane. The simple large-chain
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intermediate metabolites were detected in GC-MS due to slow bacterial metabolism. In this investigation, more simple products were
produced due to rapid bacterial laccase reaction [76]. Alternatively, these intermediate compounds like phthalate, fatty acids, and
aldehydes can transformed into acetyl-CoA through p-oxidation that undergoes the kerb cycle to generate reductive power NADH; and
FADH,. Mineralization degrades simple, intermediate compounds into carbon dioxide, water, and other inorganic compounds released
into the environment.

The kind of cleavage, whether symmetric or asymmetric, is determined by the dye structure and the specific enzyme used. Bacterial
laccases with low redox potential may not have the ability to break the azo bond [76]. Our study supports previous research showing
laccase activity in Serratia bacteria, namely in the strain Serratia proteamaculans AORB19, which is well-known for its strong laccase
production [30]. The current study also validates the effectiveness of laccase from S. marcescens ED1 in degrading azo dyes, as shown
by the substantial degradation of MO dye. The results are consistent with the reported mechanism of laccase-mediated azo dye
degradation, which includes asymmetric azo bond breaking, oxidative cleavage, dihydroxylation, deamination, demethylation,
desulfonation, and subsequent chemical changes [77]. Furthermore, molecular docking studies documented in the literature have
significantly contributed to understanding laccase’s potential to interact with azo dyes and aid in their degradation. Such in-
vestigations found laccase to successfully degrade azo dyes, such as pigments red 23, fuchsin base, and Sudan IV, by formation of stable
enzyme-substrate complex as confirmed by MD simulations [78].

Plant growth and reproduction depend on seeds; any harm to their sprouting or development can have severe biological and
economic repercussions [79]. To manage environmental risk, it is essential to consider the seed toxicity of deteriorated goods.
Determining the environmental effects of biodegradation processes and creating successful clean-up plans for polluted locations also
require a knowledge of the seed toxicity of deteriorated goods [80]. Prior research by Sarkar et al. [81] revealed that Congo red (CR)
(bacteria-degraded water) biodegraded products were non-toxic and had no detrimental effects on seed viability or plant development.
As a result, comparable findings in our research supported the finding that the dye solution treated by bacteria was less harmful and
demonstrated 100 % seed viability and excellent biomass output.

Due to their susceptibility to external stresses, mung legumes are frequently used as seeds in poisoning research. In the near future,
plants may be fed with water or minerals from the bacteria-degraded intermediates for plant development.

Our methods offer flexibility in adapting to different bacterial isolates, as demonstrated by the successful degradation of MO by
S. marcescens strain ED1 under optimized conditions. In future this study can contribute to ongoing efforts for scaling-up the process
from laboratory-scale to industrial-scale, enzymes with potential applications in bioremediation, employing metagenomic and tran-
scriptomic approaches for discovery of new enzymes and degradation mechanisms, designing and optimizing bioreactor systems with
help of metallic nanocomposite for large-scale dye degradation, biosensors for detecting dye pollution, bioremediation strategies for
contaminated sites, or value-added products from degradation by-products and also formulation of effective adsorbent with the help of
bacterial enzyme and nanoparticles for adsorption of dye pollution.

5. Conclusion

The findings support, provide the feasibility and offer sustainable method for the recycling of effluent water. The present inves-
tigation represents the initial documentation of the superior MO degradation capacity of the isolated strain, owing to its non-hemolytic
and non-antibiotic resistant nature. To the best of our knowledge and the literature survey, the 200 mg/L MO dye concentration is to be
remediated by the S. marcescens ED1 strain marks the first instance in this research. The presence of beef extract, ammonium nitrate,
and fructose enhanced the decolorization efficacy of the organism. The intermediates produced during the biodegradation of MO dye
did not adversely affect the mung bean seed’s germination, growth, and biomass. The primary objective of this investigation was to
examine the effective utilization of bioresources and potential avenues for mitigating the ecological consequences of industrial op-
erations. Overall, the results suggested that strain ED1 exhibits promise as a proficient decolorizer of azo dyes and has excellent
potential for wastewater treatment.
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