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Abstract

Continuous excessive irrigation and industrial activities increase the salinity in the environment which poses a threat to the
current technology used in the Methyl Red degradation process. Hence it is quite essential to use a microbe which can be
used in very high saline conditions. The present study focuses on the kinetic and isotherm studies on the novel bacterium
Lactiplantibacillus plantarum SS-AU1 for Methyl Red bio-degradation under high salinity.he degradation was assessed based
on the UV-Spectrophotometer studies. Kinetics and Isotherm studies were also performed to find the mechanism involved.
The findings were also justified by Scanning Electron Microscope images and Fourier Transformed Infrared spectra.The
strain can degrade up to 400 mg L' dye concentration. Kinetic studies revealed chemisorption involvement in the process
where maximum adsorption was observed at 2500 mg g~! and the formation of multilayer on the cell surface was confirmed.
It followed the pseudo-second-order at low dye concentration while the pseudo-first-order at high dye concentration. The
high degradation efficiency, having K, =0.092 mMol ™' L and V,,=0.761 mmol min~", can be attributed to intra-particle
diffusion predicted by the Weber-Morris and Elovich-Model. The weak bonding (E =28 J/mol) is a key-finding behind the
efficient degradation. Infrared spectroscopy study revealed the breakdown of the azo-bond. In addition, a Biodegradation
mechanism has been suggested.
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Introduction However, the production of inexpensive dyes with long-last-

ing coloring effects comes at the expense of extremely robust

A plethora of synthetic dyes (e.g. direct dyes, reactive dyes
etc.) derived from organic compounds are available nowa-
days, widely employed for more repeatable and consistent
dyeing applications in both industries (e.g., textile, paint,
tannery, leather, paper, cosmetics, food and pharmaceutical
industries etc.) and scientific laboratories (e.g., BODIPYFL
(Boron-Dyepyrromethene), fluoresceins, oxazines, pheno-
thiazines etc.) (Bhattacharya et al. 2017; Vinoda et al. 2015).
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organic structures and inert characteristics towards degrada-
tion (Singh 2022). Moreover, degradation products of vari-
ous dyes have been reported to be recalcitrant, cytotoxic and
carcinogenic for living beings (Chen et al. 2009; Mahajan
and Kaushal 2020). Approximately 20-30 various dye
groups may be characterized based on the chemical structure
or chromophore responsible for the dye hue, such as azo,
anthraquinone, methine, nitro, aryl methane, carbonyl, and
others. Among the most popular synthetic dyes, azo dyes
which have the azo (R —N=N —R’) functional group, repre-
sent the largest and most versatile class in the manufacturing
industry (Cui et al. 2014; Mawad et al. 2020). Among azo
dyes, methyl red (MR) is mutagenic and its persistence have
major environmental and human health consequences, as
reported by many researchers (Gupte et al. 2013; Sharma
et al. 2003, 2009). Several physicochemical approaches have
been investigated to treat dye-contaminated wastewater;
however, the methodologies have substantial disadvantages
including high operational cost, low efficiency, secondary
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contamination, and inapplicability to a wide range of dyes
(Singh 2022). Furthermore, the presence of significant levels
of salts (up to 100 g L~! NaCl) in dye-containing wastewater
also hampers physicochemical treatment (Lellis et al. 2019).
High salts are used in the fixation process of dying which as
aresult increases the salt concentration in the effluent (Mon-
tafiez-Barragéan et al. 2020; Tian et al. 2021). These issues,
along with severe environmental regulations, have sparked
interest in an ecologically sound and cost-effective option for
dye degradation. Conversely, microbial degradation of azo
dyes seems to be a promising strategy and almost no harm to
the environment. These tiny microbial isolates possess inher-
ent metabolic machinery to mineralize and decolorize the
dye completely (Oliveira et al. 2023; Tripathi et al. 2016).
There are several researches available which have used the
potential of biological components to reduce the MR. In
these studies, microorganisms such as Pseudomonas aerugi-
nosa, Zhihengliuella sp. ISTPL4, Aspergillus sp. etc. have
been used to degrade the azo dye (Abd El-Rahim et al. 2021;
Ikram et al. 2022; Takkar et al. 2022). Others have used the
capabilities of the Phyto-based approaches by using Tra-
chyspermum ammi, Sargassum latifolium, Chara vulgaris to
remove the azo dyes efficiently (Mahajan and Kaushal 2020;
Mansour et al. 2022; Kaur et al. 2023). The textile indus-
tries are the biggest azo dye consumers, releasing tonnes of
textile effluent every day. The effluents are characterized by
high biological oxygen demand (80-6000 mg L~' BOD),
high chemical oxygen demand (150-12,000 mg L=! COD),
high salinity (> 10 g L™! NaCl), high color (50-2500 Pt/Co
units), and alkaline pH (7-10), leads to detrimental effects
on the environment (Takkar et al. 2022). Due to the high
solubility of Azo dyes in water, excess dyes used in pro-
cessing can accumulate on lands and in water reservoirs,
making removal complicated through conventional meth-
ods (Kgatle et al. 2021). Finding a salt-tolerant and effec-
tive bio-treatment system for dye degradation in high-saline
wastewater is a challenge. With this objective in mind, a
potential salt-tolerant bacterium (Lactiplantibacillus plan-
tarum strain SS-AUI) was isolated from the River Ganges
and examined as a potential decolourizer of methyl red. The
sampling point was situated close to an effluent dumping
site in Prayagraj, Uttar Pradesh, India. The Ganges River is
one of India's major rivers, providing not only potable water
to 40% of India's population across eleven states but also a
source of livelihood for the people who live along its banks.
Lactiplantibacillus species are generally present in the gas-
trointestinal (GI) tract, Fermented food, water reservoirs etc.
hence they are called ‘nomadic’ microbes (Jeong et al. 2021;
Yu et al. 2021). These species have been involved in a vari-
ety of novel applications such as probiotics production and
antibiotic production and it is a microbe which can withstand
very high salt concentration (Bu et al. 2022; Echegaray et al.
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2023; Rocchetti et al. 2021). Moreover, these bacteria are
non-pathogenic and non-harmful to the environment as well
as it can withstand multiple heavy metals toxicity which
is the major reason behind using them in the treatment of
industrial effluent in this study (Mostafidi et al. 2023; Sunda-
ramanickam et al. 2023; Yilmaz et al. 2022).

To the best of our knowledge, this research is the first
attempt, to use the river Ganges’ self-cleaning capacity
to deal with high salinity effluents. Additionally, this may
also be the first study of the Lactiplantibacillus species for
methyl red degradation.

Materials and methods
Chemicals and media

For the bacterial culturing and other degradation
processes, Luria—Bertani media (LB) (Composition:
Tryptone 10 g/L; NaCl 10 g/L; Yeast Extract 5 g/L; Agar
15 g/L) was purchased from Himedia. Methyl red, DMSO,
Acetonitrile, Ethanol, NaCl, KOH, Glycerol, Indole
Reagent, Hydrogen Peroxide, Urea, Simmons Citrate Agar
were purchased from Himedia. OsO,4 Glutaraldehyde,
HCI, Nutrient Agar, Glucose, Gelatin, Lactose, Sucrose,
Mannitol, Pectin, Crystal Violet, lodin solution, Safranin,
K,HPO,, KH,PO,, MgS0O,, ZnCl,, CaCl, Acetone were
purchased from Himedia. All the chemicals were analytical
grade. A stock solution of MR (5000 mg L~') was prepared
by dissolving 0.5 g MR in 100 mL of absolute ethanol and
stored in a 250 mL amber glass bottle.

Isolation, characterization, and maintenance dye
degrading microbes

The bacteria used in the present study were isolated from
the river Ganges water, Prayagraj, U.P., India. Initially,
five bacterial isolates with methyl red decolorizing activ-
ity were isolated and purified by repeated sub-culturing
on nutritional agar (NA) (Composition: Peptone 5 g/L;
NaCl 5 g/L; Yeast Extract 1.5 g/L; Agar 15 g/L) plates,
and labelled S-1, S-2, S-3, S-4, and S-5. The isolates were
kept at 4 °C and subcultured weekly on new nutrient agar
slants. The pure culture was also stored at —20 °C in
stocks of 20% (v/v) glycerol. Based on their MR decolor-
izing capacity in saline conditions, isolates were screened
and S-1 was selected for further experimentation. The S1
isolate was grown in a 250 mL Erlenmeyer flask contain-
ing 50 mL of LB with salt (100 g L™!) and incubated on a
rotary shaker at 180 rpm at 35 °C temperature to reactivate
the cell growth for inoculum preparation.
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Morphological characterization

The colony morphological characteristics of the isolate were
examined microscopically as prescribed by Cheesbrough
(1981) and Gram staining method (Cheesbrough 1981;
Cappucino and Sherman 2005) using a trinocular
microscope at 100x (Olympus-CX33RTFS2).

Biochemical characterization

The freshly-prepared culture was inoculated in Mineral Salt
Media (MSM) (Composition: K,HPO, 1.73 g/L, KH,PO,
0.68 g/L, MgS0O,.7H,0 0.1 g/L, NaCl 100 g/L, FeSO,.7H,0O
0.03 g/L CaCl,.2 H,0 0.02 g/L, NH,NO; 1 g/L) containing
different types of sugar sources such as Glucose, Lactose,
Sucrose, Manitol, Pectin and Gelatin for sugar utilization and
fermentation tests. After the proper growth at 37.4 °C in the
MSM, 2-3 drops of MR were added to the solution where
color change from yellow to red indicates the fermentation
positive results. The culture was also evaluated for other
biochemical activities such as urease, citrate, indole and
catalase using standard protocols (Sahoo and Prelot 2020).

Genomic characterization

The DNA of the bacterial isolate was extracted
using a standard protocol and subjected to molecular
characterization by 16S rRNA sequencing. The 16S rRNA
gene PCR amplifications were performed with initial
denaturation at 94 °C for 2 min, 35 amplification cycles at
94 °C for 45 s, 55 °C for 60 s, 72 °C for 60 s, and a final
extension at 72 °C for 10 min using forward (5'-GGATGA
GCCCGCGGCCTA-3") and reverse (5'-CGGTGTGTA
CAAGGCCCGG-3') universal primers. PCR products were
excised from a 1% agarose gel after electrophoresis and
purified by using a QIA quick gel extraction kit (Qiagen)
and were sequenced directly with a Biotech Diagnostics
Big-Dye sequencing kit on an ABI 377 sequencer (Applied
Biosystems, Foster City, Calif.). Isolates were assigned a
putative taxonomy based on 16S rDNA sequence analysis
using the NCBI 16S BLAST database.

Dye degradation studies

Bacterial cells were grown as shake cultures at 37.4 °C
in 100 mL of LB medium supplemented with methyl red
(100 mg L™!) and sodium chloride (NaCl, 100 g L™!) at
pH 7.1 in 250 mL Erlenmeyer flasks at 100 r min~!. The
uninoculated media was used as control. 3 mL of test
samples were collected and centrifuged (10,000 rpm
for 15 min) for analysis. The disappearance of color was

recorded at 491.8 nm by UV-VIS spectrophotometer.
The supernatant was taken for the spectrophotometer
examination against the control.

The percentage of degradation was calculated by the
following formula (Kang et al. 2018);

(A= 4y)

As

%D = x 100 (1)

where % D is the extent of percentage degradation, A; &
Ay are initial absorbance and final absorbance respectively.

Optimization of dye degradation conditions

The Correlation of the kinetic properties with dye
concentration and other rate-dependent environmental
parameters (temperature, pH, and dye concentration)
was characterized. The impact of different factors on the
degradation capacity of the S; was studied. The different
factors were pH (5 to 11), temperature (20 to 50 °C),
salinity (0.5-200 g/L NaCl), inoculum size (1 to 10%), Dye
concentration (10 to 60%) and growth condition (stationery
and shaking). Growth was monitored by measuring the
turbidity of the culture at Ayy,. The reusability efficiency
was also investigated, with a new batch of dye supplied to
the media after decolorization until the seventh cycle. The
corresponding second-order polynomial equation, which the
degradation process was following, was fitted to the data by
Microsoft Excel software with a significance R? value. All
the equations were in the form of,

y=ax>+bx+c+6 2)

where y is the degradation and x are independent variables
and denote different parameters. 8 represents the error, a
represents the quadratic coefficient, b represents the linear
coefficient and c represents the intercepts.

Fourier transform infrared spectroscopy
and scanning electron microscopy analysis

For identification of change in the functional groups of MR
metabolites, FTIR spectrum (4000-400 cm™!) of cell-free
aqueous samples was performed before and after biodegrada-
tion of 600 mg L. The tested samples were F-1 (untreated
MR), F-2 (red to colourless), and F-3 (red to black). Scanning
Electron Microscopy (SEM) characterization was carried out
further to investigate the surface alteration of the bacterium
cell wall (prescribed by Hartmann et al. 2010) using SEM-
JOEL(JXA-8100) (Li et al. 2018). The samples were included;
control ABS-1 (without MR, 5 g/L. NaCl concentration),
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control ABS-2 (without MR, 100 g/L. NaCl concentration) &
ABS-3 (MR degradation, 100 g/L NaCl).

Degradation kinetics studies of Lactiplantibacillus
paraplantarum

For the study of degradation kinetics, freshly prepared 2%
inoculum was added in 100 g L~! NaCl, pH 7, LB media.
After every 30 min interval, samples were taken out and
centrifuged at 10,000 RPM for 15 min. The supernatant was
then characterized by the spectrophotometer at 491.8 nm,
and the percentage degradation was calculated by Eq. (1).
The percentage of degradation vs. time gives the degradation
kinetic curve from where the rate constant can be calculated.

Adsorption isotherm studies

Adsorption efficiency was calculated at 10% MR concentration,
2% inoculum size, 100 g.L_1 NaCl concentration, 37.4 °C,
180 rpm and pH 7. The samples were taken out at regular
intervals of 30 min. Samples were centrifuged at 10,000 rpm
for 15 min and the supernatant was used to calculate the
difference in the concentration of MR using Eq. (1). The
pellet was dried and weighed and the adsorption efficiency
was calculated by the following Equation (Piccin et al. 2011).

\4
9= (=) g 3)

where q, is the adsorption coefficient, C; & C; are initial and
final concentration respectively, V is volume of sample and
W dried biomass.

Langmuir isotherm and Freundlich isotherm were
checked for the adsorption efficiency process (Takkar et al.
2022).

The equation of Langmuir isotherm is as follows;
(N S N Cog _ Cy L1

qeq ql?‘l qu Ceq qeq ql?‘l qu

“

where g, is adsorption efficiency at time equilibrium, q,,
is maximum adsorption efficiency which can be calculated
from the intercept of the graph. C,g is the concentration of
MR at equilibrium and b (L/mg) is the Langmuir constant,
which can be calculated from the slope of the graph. It
represents the affinity of sorbate with sorbent where a higher
value of b indicates higher affinity.

The adsorption characteristics of the Langmuir model can
be understood by a dimensionless constant Ry,

_ 1
1 +bg,,

R,

The values of R; show whether the adsorption is favorable
or not. If 0<R; <1, the reaction is favorable, R > 1, the

* @ Springer

reaction is unfavorable, R; =0, the reaction is irreversible
and R; =1, the reaction is linear. This model is applicable for
monolayer adsorption (Sahoo and Prelot 2020).

The equation of Freundlich Isotherm for multilayer is as
follows:

1
longq = lOgKf + (; )logceq (5)

where n and K; denote Freundlich constants. ‘n’ denotes the
intensity factor for adsorption and K; represents adsorbed
ions concentration at equilibrium (Takkar et al. 2022). The
1/n value gives the characteristics of the adsorption process.
If 1/n <1, ordinary Langmuir or chemisorption is followed
and if 1/n> 1, cooper adsorption is followed (Sahoo and
Prelot 2020).

Redlich-Peterson Isotherm (Eq. 6) and SIPS Isotherm
(Eq.7) are the composites of Langmuir and Freundlich
isotherm. They are designed to overcome the limitations
of these isotherms. Freundlich Isotherm cannot calculate
maximum adsorption coefficient, which is being solved
by the SIPS isotherm, which has similar assumptions to
Freundlich, but maximum adsorption coefficient can also
be calculated from Kumara et al. (2014). The equations are
as follows:

C(.‘
lnq— = finC, — In(A) (6)

TR PN ,
qe Qmasz C@ Qm ( )
where C, and q, are equilibrium dye concentration and
equilibrium adsorption coefficient, respectively. B (exponent
lies between 0 and 1) and A (L mg_l) are R—P constants.
Whereas K (L mg'l) is SIPS equilibrium constant (Kumara
et al. 2014; Ayawei et al. 2017).

The Dubinin—Radushkevich (D-R) isotherm postulates
a Gaussian-type distribution of pores on the multilayer
surface. From this isotherm, the mean binding energy of
adsorbate with adsorbent can be calculated (Ayawei et al.
2017).

Ing, = Inqpp + ﬂ£2 (8)

where € = RTln(l + cl)

qpr(mg/g)is adsort;ed dye in the pores of the formed
layer, (mol?/KJ?) is constant of adsorption energy and €
(J/g) is adsorbent Polanyi potential in equation (8). R is gas
constant (8.314 J/K mol) and T is Kelvin temperature of
the system. The mean adsorption energy E (KJ/mol) can be
calculated by using following formula [37. 38, 39]:
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Harkin—Jura (Eq. 9) & Halsey Isotherm (Eq. 10) express
the possibilities of the heterogeneous pore distribution on
the surface of the adsorbent (Ayawei et al. 2017; Amin
et al. 2015).

1 B 1
7oA (7 )1osc ©)
Ing, = —1 InK, — —1 InC

qe ny H ny eq (10)

B, & A are Harkin—Jura constants whereas ny& Ky
are Halsey constants in Eq. (9) and Eq. (10) respectively
(Ayawei et al. 2017; Amin et al. 2015).

Assumption of Temkin isotherm is that the heat of
adsorption of a system decreases linearly rather than
logarithmically with increasing coverage of the system.
The heat of the system is directly related to the binding
energy of adsorbate with adsorbent. The graph can be
obtained by plotting q. versus In Ce. The equation is as
follows,

q, = <]£>lnAT+<R—T>lnC€ (11
bT bT

where B, = u
b
T

R is gas constant, T is system kelvin temperature, K;
equilibrium binding constant related to the maximum
binding energy and b is adsorption heat.

Jovanovic isotherm postulates about the mechanical
contact between adsorbate and adsorbent (Ayawei et al.
2017).

lnqe = anmax - KJCe (12)

q,, is Jovanovic maximum adsorption which is in
mechanical contact between adsorbate and adsorbent.
K; (L/g) is Jovanovic constant related to the fraction of
adsorbates involved in mechanical adsorption.

Elovich isotherm postulates that the adsorption sites
exponentially increase with increasing adsorption. The
graph can be obtained by plotting In (qe/C.) vs q. (Ayawei
et al. 2017). The equation is as follows,

q. q.
1”5 = InkK,q,, — — (13)

e m

where q,,, is maximum adsorption capacity and K, is related
to the adsorption of adsorbate on the adsorbent.

Adsorption kinetics studies

The Lineweaver—Burk plot was plotted to investigate the
possible enzymes involved in the process. The equation is
as follows

v, i1V, a4

<|=

where V is reaction velocity, [S] is dye concentration, K, is
Michaelis constant and V, is maximum reaction velocity.

To check the kinetics of adsorption of MR with time,
Lagergren models were explored. There are two types of
Lagergren model: pseudo-first-order model and pseudo-
second-order model. The Lagergren pseudo-first-order
model (PFO) is as follows:

l0g(q,, — q,) = logq, — k1 (15)

where k; is the pseudo-first order rate constant and can be
calculated from the slope of log (q.,—q,) vs time plot.
The pseudo-second-order model (PSO) is as follows:

—=—+— (16)

where h, is the second order rate constant and can be
calculated by the following equation (Feng et al. 2012).

hO = k2qe2

Weber and Morris model (IP), also known as intra-
particle mass diffusion model, was also explored for the
adsorption kinetics. The equation of Weber and Morris
model is as follows (Cappucino and Sherman 2005):

g, = ki* +C (17

where k; is inter-particle diffusion rate constant and C; is
thickness of the boundary layer and can be calculated from
q, versus t’? plot.

The adsorption & desorption rate of the MR was
calculated by the Elovich kinetic model whose equation
is as follows (Ayawei et al. 2017).

1 1
q, = =Inln(ap) + =In(t) 18
where o is the adsorption rate and f is the desorption rate
constant and they can be calculated by plotting g, versus In
t graph.
Statistical validation
All tests were carried out in triplicate. Along with their

determinations, experimental errors were illustrated and
assessed using standard error (error bars). The data from

* @ Springer
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Fig.1 SEM images of S-1. a

5 g/L NaCl pre-MR degradation
MR, b 100 g/L NaCl pre-MR
degradation MR, ¢ 100 g/L
post-MR degradation, d 100 g/L
NaCl pre-MR degradation at
30,000 magnification, e 100 g/L
NaCl post-MR degradation at
30,000 magnification
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the earlier experiments were collected and subjected to an
analysis of variance ANOVA test with a 95% confidence
interval on SPSS software for statistical analysis.

Results and discussion

Morphological, biochemical and molecular
identification

The morphological characteristics, colony characteristics,
and other biochemical features of the isolate S-1 were sum-
marized in Supplementary Table S1 and shown in Figure 1.
According to microscopic investigations, S-1cells were
slightly curved, rods and occur singly, in pairs, and some-
times in short chains. However, under stressful conditions,
active S-1 cells can produce dormant spherical endospores
that might be located centrally or terminally (Fig 1a). These
growing endospores may aid in the S-1’s ability to survive
in low salt conditions to sustain for extended periods of time.
Similar findings were reported by many authors. Sari et al.
(2019) reported a round-shaped structure at the terminal
region of heat-killed cells of Lysinibacillus fusiformis W1B6
(Tripathi et al. 2016). Li et al. (2018) have also reported a
somewhat similar structure in the endospore formation by
rod-shaped bacteria (Li et al. 2018). Hence the endospore-
like modification in the S-1 morphology indicates the stress
condition due to the low salt level in the media (0.5% NaCl)
which will be justified further in this study by the growth
studies on various salt concentrations. 10% NaCl concentra-
tion which is optimum for the S-1, shows a different type of
structure as compared to 0.5% NaCl. Majorly, it is almost
similar to the conventional rod-shaped structure with a slight
curve (Fig 1b). Moreover, the cells are single in 0.5 % NaCl
as compared to chains in 10% NaCl. The major change in
the morphology post-MR degradation is a longer chain with
a slightly uneven shape as compared to even shaped struc-
ture in pre-MR degradation (Fig. 1c—e), as also reported
by Takkar et al. (2022) (Takkar et al. 2022). A number of
carbohydrate utilization assays were also carried out with
Glucose, Gelatin, Lactose, Sucrose, Mannitol, and Pectin.
Results showed that S-7 was able to utilize all carbon sources
supplied, except Gelatin (see Supplementary Table S1). It
has been proven that S-1 followed the fermentation route and
verified methyl red test. Yu et al. (2021) showed that Lac-
tiplantibacillus sp. can efficiently thrive on several carbon
sources such as Glucose, Maltose, Sucrose, Galactose and
Fructose while Diao et al. (2022) also reported that Mannitol
was utilized by the same species (Yu et al. 2021; Diao et al.
2022) (Table 1).

Other biochemical assays showed that S-1 is a Gram-
positive non-motile bacterium with catalase, urease, and
citrase activity, summarized in Supplementary Table 2.

Saleh et al. (2022) have reported similar observations except
for the urease test, which is negative in their results (Saleh
et al. 2022). According to colony morphology, physiology,
and biochemical characterization, those isolates were
presumptively identified as Bacillus. The S-1 isolate seems
to be alkaliphilic and moderately halo-tolerant, growing
optimally at a pH range of 7-11 and NaCl concentration
range of 1-16 %.

The 16S rRNA gene sequences were submitted via
‘BANKIT’ option of Gen Bank on NCBI webpage to get
Gen Bank accession number(s) for nucleotide sequence(s)
(0Q459850). The novel strain was subjected to genomic
relatedness analysis to confirm membership to the genus
from a public database. Phylogenetic studies of S-1, based
on core 16S r RNA genome phylogeny confirmed its
similarity > 95.5% with the Lactobacillaceae family.

Effect of physico-chemical parameters on dye
decolourization

The optimization of physico-chemical conditions
of MR degradation by the novel Lactiplantibacillus
plantarumSS-AU1 isolate was carried out on different
salinity, pH, initial dye concentration, inoculum size, and
temperature under aerobic shaking conditions (180 rpm).

Effect of inoculum size on the rate of degradation

The effect of inoculum size was investigated while main-
taining pH, salinity, temperature and dye concentration con-
stant at 7.0, 100 g L™!, 35 °C and 100 mg L=}, respectively.
Results showed that the dye removal capacity was affected
significantly by the inoculum size used (Fig. 2).

The degradation rate increased with the increasing
inoculum sizes from 1 to 10 % (Fig 3a). The most signifi-
cant degradation rate of 21.54 mg/h was obtained when
10% inoculum was used. Whereas 8%, 6%, 4%, 2% and
1% of inoculum sizes have degradation rates of 19.84
mg/h, 16.20 mg/h, 14.15 mg/h, 13.21 mg/h and 6.63 mg/h,
respectively (p =3.5E-03). Results showed that degrada-
tion rate doubled sharply from 6.63 to 13.21 mg/h at 1%
and 2% of inoculum sizes. Furthermore, thresholds for
degradation products were expressed as a percentage of
the methyl red dye. It was observed that with increasing
inoculum size from 1% to 10%, time required to achieve
maximum degradation reduces (Fig 3b). The thresh-
old degradation of inoculum size of 10 % and 8 % were
achieved within 4.5 and 5 h, respectively. Furthermore,
threshold degradation was attained in 6.5 h and 7 h with
6% and 2%, respectively. While inoculum size of 1% was
shown to have longer threshold degradation after 24 h. Sari
et al. (2019) showed a similar trend, indicating that the
dye removal capability of the method varies dramatically
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9Lactiplantibacillus plantarum strain SS-AUI1 16S nbosomal RNA gene, partial sequence
@Lactiplantibacillus paraplantarum strain DSM 10667 16S ribosomal RNA, partial sequence
" [ 9 Lactiplantibacillus pingfangensis strain 382-1 16S ribosomal RNA, partial sequence
Q 9Lactiplantibacillus plantarum strain NRRL B-14768 16S nibosomal RNA, partial sequence
Lactiplantibacillus plantarum strain CIP 103151 16S nbosomal RNA, partial sequence
A Lactiplantibacillus plantarum stram JCM 1149 16S nibosomal RNA, partial sequence
ogl.actiphmibadﬂns plantarum strain NBRC 15891 16S ribosomal RNA, partial sequence
@ 9Lactiplantibacillus plantarum strain NBRC 15891 16S ribosomal RNA, partial sequence
3I.actiplmtﬂ>acillns plantarum strain JCM 1149 16S nibosomal RNA, partial sequence

I 0.005 I

{ Lactiplantibacillus argentoratensis strain DKO 22 16S ribosomal RNA, partial se...
@Lactiplantibacillus pentosus strain 124-2 16S ribosomal RNA, partial sequence

Fig.2 Phylogenetic Tree of SS-AU1. The Phylogenetic tree revealed that the Bacterial species was Lactiplantibacillus plantarum strain SS-AU1
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Fig.3 a Variation in Dye degradation rate (Y-axis) against initial
inoculum size (X-axis). This graph shows that the degradation rate
is not constant but changing b Percentage degradation (Z-axis) with

with increase in inoculum size. They demonstrated that
raising the initial inoculum size to 10% (v/v) improved the
degrading efficiency of Lysinibacillus fusiformis W1B6
(Tripathi et al. 2016).

Effect of salinity

The effect of varying salinity (0.5-180 g L™!) was inves-
tigated while maintaining pH, inoculum size, temperature
and dye concentration constant at 7.0, 2 % (v/v), 35 °C
and 100 mg L™!, respectively. As a result, shown in Fig-
ure 4a, percentage degradation was time-dependent which
increased significantly with an increase in salinity from 0.5 to
120 g L7!, thereafter, decreasing sharply. The isolated strain
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was capable of degrading up to maximum of 94.8 % methyl

red within 24 h after inoculation in the presence of 120 g.L~!

NaCl. The maximum degradation decreased to 77.26%,

81.46% and 29.36% in the presence of 140, 160 and 180
g L' salinity, respectively (p=3.3E-04). Similarly, growth
analysis of bacterial isolates showed that ODgs, values were
increased with increased salinity from 0.5 to 120 g L™, there-
after decreased (Fig 4b). The highest degradation percentage
was observed in between 10 and 120 g L™! salinity, where
ODg;, values were greater. However, samples grown in very
low or high salinity concentrations could not show good per-
formance in decolorization. Our finding suggests that activ-
ity of azo reductase enzyme of isolates may be affected by
the surrounding concentrations of salt. As our strain has the
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ability to grow in both lower (0.5 g L™') as well as higher
saline concentrations (180 g L™1), it could be effectively used
for large-scale bio-decolorization. The moderate decoloriza-
tion ability with lower growth rates at lower and higher saline
concentrations may cause plasmolysis and/or loss of activity
of cells. Many studies discovered that bacteria had a remark-
able capacity to adapt to a wide variety of salt concentrations.
Recently Diao et al. (2022) shown that Lactiplantibacillus
sp. can grow up to 5 % NaCl concentration (Yu et al. 2021)
Bhattacharya et al. (2017) observed that the Nesterenkonia
lacusekhoensis EMLA3 can efficiently decompose up to 96%
MR at 48 h in the presence of 5.0, 20, 40, and 60 g L' NaCl.
At higher salt concentrations of 80 and 100 g L™, however,
deterioration was reduced by up to 60 and 48%, respectively,
after 48 h. (Bhattacharya et al. 2017). In this investigation,
however, a maximum of 94.8% MR degradation was reached
after 24 h of inoculation in the presence of 120 g L™! NaCl.
In another study, Cui et al. (2014) showed that Klebsiella sp.
strain Y3 can degrade the MR efficiently in a 1-4% saline
environment (Cui et al. 2014). Our findings reveal that iso-
lated L. plantarum SS-AUI not only survives in extremely
high salinity but also degrades at a rate of more than 90%.

Effect of initial dye concentration

A series of experiments was performed while maintain-
ing pH, salinity, inoculum size, and temperature i.e. 7.0,
100 g L', 2 % (v/v), and 35 °C, respectively but varying
initial dye concentrations (50, 100, 150, 200, 250, 300, and
400 mg LY. In the present study, the L. plantarum SS-AU1
showed a good performance with the different concentrations

of methyl red. The results showed over 90 % degradation up
to 400 mg L' of dye concentration. It seems that initial dye
concentration affected the degradation capability of the bac-
terium (see Fig 5b). The degradation rate initially increased
from 20.3 to 32. mg h™! with an increase in dye concentra-
tion up to 200 mg.L"!. Following this, there was constant
reduction reaching 15.2 mg h™! for 400 mg L~! initial dye
concentration. Furthermore, the period to attain over 90 %
of degradation was also varied among initial dye concen-
tration. It was obvious that more than 90 % decolorization
could be achieved between 4 and 6 h. Incubation for the
initial dye concentrations of 50-200 mg L™!. Decolouriza-
tion reached a maximum of 95.4 % at 100 mg L~!, while 300
mg L~! achieved 93.5 % decolourization followed by 400
mg L~ showing 93.6 % of decolourization in 24 h of incuba-
tion (Fig 5a) (p =3.7E—06). At concentrations higher than
400 mg L™'MR a black product was formed which could
not be characterized spectroscopically. This study showed
that when the initial dye concentration was increased, the
percentage of decolorization reduced. Bhattacharya et al.
(2017) reported similar findings, demonstrating that initial
dye concentration has a significant impact on the degrada-
tion process. They observed that if the dye concentration is
more than 400 mg L', the degradation is greatly impeded
(Bhattacharya et al. 2017).

The degradation kinetic curve in Figure 5b follows a sec-
ond-order reaction with 0.9697 R? (Supplementary Table 3),
as also reported by Takkar et al. (2022). They demonstrated
the second-order degradation of MR by novel Actinobac-
terium Zhihengliuella sp. ISTPL4 (Takkar et al. 2022). It
is apparent that the deterioration takes place in two stages.
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Fig.5 a Variation of Percentage degradation (Z-axis) with time
(Y-axis) on varying NaCl Concentrations (X-axis) b Variation of
Graph shows the trends of Degradation rate (mg/h) (Y-axis) against

Degradation is quite slow in the initial phase, around 10%
within the first 3.5 h. In the second phase, the degradation
rate was more than 90 % in the additional 3.3 h. Within
24 h, more than 95 % deterioration was accomplished. The
half-life of MR in the reaction is 6.08 h, which suggests that
50% of the MR is degraded in approximately 6 h. Accord-
ing to Lellis et al. (2019), azo dyes have a half-life in the
environment ranging from 2 to 13 years (Lellis et al. 2019).
This study clearly emphasizes the potential of L. plantarum
SS-AUI as an efficient bioremediating tool.

Effect of pH and temperature

To investigate the influence of both pH and temperature on
MR degradation, a wide range of pH (5-12) with a constant
temperature of 35 °C, and temperature (20-50 °C) with
constant pH of 7 was studied while maintaining constant
salinity, dye concentration, inoculum size and incubation
time i.e. 100 g L™!, 2 % (v/v), 100 mg L~!, and 24 h.,
respectively.

The results revealed that the isolate L. plantarum SS-
AUlcould not only survive in a pH range from 7 to 11, but
also degraded the methyl red (Fig 6a) However, at pH 5,
6, and 12, growth of the bacterium was significantly sup-
pressed, and dye degradation potential was also diminished
after 24 h of incubation. At pH 7, 8, 9, 10, and 11, the per-
centages of decolorization were 92.2%, 88.9%, 92%, 97.24%,
and 94.4%, respectively (1.7E—07). Diao et al. (2022)
reported a similar observation for the MR degradation in
Lactiplantibacillus sp at pH ranges 2-9 (Yu et al. 2021).
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The studies on varying temperatures revealed that L.
plantarum SS-AU1 efficiently decolorized the dye with the
maximum degradation of 92.2% at 35 °C. The percentage
degradation at 20, 25, and 30 °C was 18.2, 53.5, and 87.9 %,
respectively (Fig 6b). At temperatures higher than 35 °C, the
percentage degradation was 89.4, 78.9, and 4.8% at 40, 45,
and 50 °C, respectively (5.2E—03). Similar results have been
reported by Bhattcharya et al. (2017) with N. lacusekhoensis
EMLA3 (Bhattacharya et al. 2017). The MR precipitates out
at less than or equal to pH 6 which may be a reason behind
the negligible degradation due to aggregation of the solute
generating a localized high concentration.

Effect of cycle time on biodegradation of dye

The effects of cycle time on the biodegradation of the methyl
red dye were investigated in a batch experiment using
stationary and shaking modes. The experiment was repeated
seven times with the addition of MR (100 mg L™!) each
time. All experiments were performed at constant initial pH,
salinity, temperature, and inoculum size i.e. 7.0, 100 g L7!,
35 °C and 10 % (v/v). The time required for wastewater
treatment at the industrial scale is an important criterion for
the effective adoption of any bioremediating system. The
higher inoculum size of 10% (v/v) was used to make MR
degradation process more rapid.

The result showed that after the first cycle of degradation,
the second cycle takes only 2.5 h, and the seventh cycle 1 h
(Supplementary Fig. S1). The degradation under stationary
conditions was 87.23 % and 92.38 % in the shaking condi-
tions of the first cycle. This subsequently decreased to 79.3
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and 74.3 %, respectively in the seventh cycle. The shift in
the percentage degradation pattern, after the fourth cycle
from stationary to shaking conditions was due to enhanced
cell density. The shaking phase leads to a greater cell mass,
thereby rapidly depleting the media nutrients. A study has
shown a decline in dye degradation capabilities of the bac-
teria due to cell density. A higher cell density and nutrient
depletion are directly proportional (Tripathi et al. 2016).
It is noteworthy that after the seventh cycle, a black color
appears which might be related to another byproduct build-
up. Mahajan et al. (2020) have also studied the reusability of
the inoculum over different cycles and they have concluded
that the microbe can degrade the dye up to 6th cycle after
that the efficiency starts to diminish drastically (Mahajan
and Kaushal 2020).

Metabolite characterization by FTIR

The wave number corresponding to the Hydroxyl group
(3200-2700), Carboxylic group(1730), Azo group
(1570-1640), Aromatic C-N (1240-1370), C-N amine
(1030-1180), C=C (950) were prominently visible in the
control sample of MR (Supplementary Fig. 5a). In this study,
there were two steps of degradation of MR. It first converts
into a decolorized sample that has only stretched hydroxyl
group, azo bond, C-N amine and C=C with new bond
appearance corresponding to the Phenol group (1350) and
Aldehyde group (1380) (Supplementary Fig. S5b). The sec-
ond step of degradation where a black product was formed
may be due to absence of aromatic amine (Supplementary
Fig. S5¢). Moreover, there is a substantial change in the azo
bond wave number of metabolites as compared to the control

which suggests a change in the azo bond structure in the
metabolites. Sari et al. (2019) and Ikram et al. (2022) have
also reported substantial changes in the hydroxyl, amine and
azo function groups after microbial treatment (Cappucino
and Sherman 2005; Sari and Simarani 2019). Based on the
above observations, following mechanism can be postulated
for MR degradation (Supplementary Fig. S5d). The MR first
breaks down into phenol, an aldehyde and an intermediate
benzyl hydrazine derivative. The final steps show the conver-
sion of benzyl hydrazine derivative into benzyl hydrazine.
Hence in the overall reaction, Methyl Red is degraded in two
steps by SS-AU1 into an aldehyde, a phenol and a benzyl
hydrazine.

Adsorption kinetics models

The Lineweaver—Burk plot was assessed to identify the
theoretical maximum velocity of reaction and possi-
ble enzymes involved in the process. The V , value was
0.761 mmol min~" whereas K, value was 9.1 umol™' L
which shows quite high degradation efficiency. The simi-
lar levels were reported by Cong et al. (2022) where they
reported that novel azo reductase BVU5 can remove MR
with K,,=0.092 mMol ™' L and V,,=0.067 mmol L™ min~!
(Brdaric et al. 2021).

The Pseudo-first order (PFO), pseudo-second-order
(PSO), Elovich kinetic models, and Weber—Morris intra-
particle diffusion model were employed to appraise the
experimental adsorption data of MR dye biodegradation
by L. plantarum SS-AU1. The kinetic parameters at dif-
ferent initial MR concentrations were determined based on
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Table 1 Constants of Lagegren pseudo-second order model

Table 2 Constants of Lagegren pseudo-First-Order Model

Concentrationh, (mg/g min) ~ Theoretical ~Experimental R? Concentra- K, Theoretical g,  Experimentalq, ~ R?
(ppm) q. (mglg)  q. (mg/g) tion (ppm) (mg/g) (mg/g)

Lagegren pseudo-second-order model Lagegren pseudo-first-order model

50 0.34 22.12 22.013 0.9684 50 0.0007 3.29 22.013 0.1019
100 0.45 45.66 45.20 0.9733 100 0.0006 8.05 45.20 0.075
150 0.01 181.82 66.02 0.0519 150 0.002 35.71 66.02 0.76
200 1.13 5.48 89.39 0.1017 200 0.0024 64.82 89.387 0.83
250 0.20 32.15 107.84 0.157 250 0.0024  149.30 107.84 0.88
300 2.62 443 125.784 0.2 300 0.0017 158.49 125.784 0.9
400 6.4 2.03 162.17 0.17 400 0.0015 259.42 162.17 0.78

the corresponding linear equations and are summarized in
Tables 1 and 2.

The Lagergren model for first and second-order reactions
(PFO & PSO) was investigated to study the kinetics of the
process. Supplementary Fig S2a and b show the fitting plots
of the PFO and PSO models, in which the kinetic data fitted
well based on the relatively high R? values. The PSO model
was exhibited at lower dye concentrations (50-100 mg L"),
while PFO model was observed at higher concentrations. At
lower concentrations, the R? value for the PFO model is non-
significant (0.50), however the R? value for the PSO model is
strongly significant (> 0.80) (Table 1). Furthermore, theoret-
ical q, values reveal a substantial divergence (> 80%) from
experimental g, in the PFO model, but a strong similarity
with the PSO model for this range of dye concentration. In
contrast, higher MR concentrations (> 100 mg L) exhib-
ited extremely significant R? (Table 2) values with the PFO
model, but not with the PSO model. The matching q.-values
confirm this. In this range, there is relatively little difference
between experimental and theoretical q, for the first order
and extremely significant divergence for the second order.
This is explained by the fact that at low dye concentrations,
there is a high surface area accessible for adsorption, but at
high concentrations, the free sites accessibility for the dye
molecules is limited. As a result, at lower concentrations,
accessible sites as well as dye concentrations play impor-
tant roles in the PSO model. However, at higher concen-
trations, only accessible sites are important because there
is a constant equilibrium state between the occupied site
and available sites for adsorption over a significant period
of time. As a result, dye concentration becomes an insig-
nificant component for adsorption, and the PFO model is
used in this range. Sari et al. (2019) and Mahajans et al.
(2020) have also studied the validity of PFO and PSO. Sari
et al. (2019) reported that Lysinibacillus fusiformis W1B6
followed the PFO at 100 mg/L dye concentration whereas
Mahajans et al. (2020) reported that the C. vulgaris follows
the PSO at 20 mg/L dye concentration in MR degradation
process (Mahajan and Kaushal 2020; Tripathi et al. 2016)

* @ Springer

The Elovich and Weber—Morris models were investigated
for the study of the mechanism after dye adsorption on the
cell surface (Supplementary Fig. S2¢ and d). The 100 mg/L
dye concentration clearly follows these models (R*> 0.50).
(See supplementary Table S4). The negative values of C;
depict multilayer corrosion induced by the continuous deg-
radation process. The positive K; values imply that there
is a particularly rapid intra-particle diffusion phenomenon
within the multilayer. This could be largely attributable to
the constant degradation process, which restricts the satura-
tion level in the multilayer and leads to a high K| value. The
Elovich model also suggests this phenomenon. There are
clear indications of a simultaneous adsorption-desorption
process, with both constants o & f being positive. A higher
value of « than B indicates the desorption phenomenon. As
a result, available adsorption sites are increasing, explain-
ing the positive value of a. The continuous decrease of all
kinetic model constants may be due to the hindrance phe-
nomenon, in which an increased amount of dye prevents
interaction with available adsorption sites on the cell sur-
face. As a result, the MR is continuously adsorbing on
the surface while also being degraded by the L.plantarum
SS-AUI. Mahajan et al. (2020) concluded that the degrada-
tion is due to the interaction between the functional groups
and dye rather than the surface of the cell (Mahajan and
Kaushal 2020).

Adsorption isotherm studies

The Freundlich, Langmuir, R-P, SIPS and Elovich isotherms
(Supplementary Fig. S3a—e respectively) were studied to
assess the formation of the layer type, e.g., monolayer or
multilayer. The experimental R? values imply that a mul-
tilayer is growing on the cell surface, as the multilayer-
suggesting isotherms (Freundlich, Sips, and R—P) have
larger R? values than Langmuir (Table 3). The high R?
values for the Freundlich and Sips isotherms indicate the
formation of multiple layers. The value of n is between 1
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and 10, indicating that multilayer formation is favorable,
but 1/n=0.968 indicates that the system's heterogeneity is
very high and the binding energy is quite random. Based
on the Sips isotherm, the q,,,, value of the L. plantarum
SS-AUI is 2500 mg g!, which is very high, and hence the
effectiveness of L. plantarumSS-AU1 in MR degradation
is likewise quite high. As 1-f is equivalent to 1/n, the R-P
model validates the formation of a multilayer in the system.
This has been proven strongly earlier in this article by D-R
isotherm studies. The Elovich isotherm postulates that the
number of adsorption sites induced in the presence of adsor-
bent facilitates the formation of multilayer. The adsorption
is clearly following multilayer formation in the above graph
with lower R? (0.69). Thus, the adsorption coefficient value
is low (i.e. 1.7 x 10° mg/g), compared to the Sips Model
(2500 mg/g). The observations of the model are justified
by the facts observed in the SEM characterization. The for-
mation of multilayer indicates the degradation process is a
surface phenomenon which may be the reason behind the
modified/elongated surface of the cell. Sari et al. (2019)
reported that Lysinibacillus fusiformis WI1B6 follows the
Langmuir isotherm rather than Freundlich isotherm which
predicts the formation of a monolayer structure on the sur-
face of the microbe (Tripathi et al. 2016). Mahajan et al.
(2020) reported that the C. vulgaris follows the Freundlich
model (Mahajan and Kaushal 2020).

Harkin—Jura, Halsey, Temkin and D-R isotherms
(Supplementary Fig. S4a—d) were investigated for
heterogeneous pore distribution on a multilayer system.
Significant R? (0.8063) values of the D-R isotherm
reflect the formation of a porous structure on the cell’s
surface, which may be analogous to numerous ligands.
Bradaric et al. (2021) also demonstrated that biomolecules
(such as Lipopolysaccharide) on the cell surfaces of
Lactoplantibacilli are responsible for the adsorption of
foreign entities, implying that these molecules are required
for degradation processes (Liu et al. 2019). The maximum
adsorption coefficient was 109.18 mg g~!, implying that a
large amount of dye may be accommodated and saturated
in the pores, simultaneously. The system’s mean free
activation energy (activity coefficient) is exceptionally
low, 6.0x 107* g%/J2, suggesting that very little energy is
required to initiate the process. Furthermore, the binding
energy is relatively low, 28.9 J/mol, which is substantially
less than 8 KJ/mol, confirming the presence of physical
forces. The energy is beyond the range of Van der Waal
forces (0.4-4 KJ/mol), implying that other weaker forces
are involved in the process, and so relatively little energy
is necessary to adsorb the dye on the cell's surface (Amin
et al. 2015). Furthermore, the H-J and Halsey isotherms
validate the presence of heterogeneous porous structures
on the multilayer system (Kecili and Hussain 2018). The
uneven surface of the cell morphology observed in the

* @ Springer

SEM characterization also validates the above mathematical
model. The almost perfect fitting of the experimental data
to the Halsey model (R?=0.9988) indicates a highly packed
porous structure on the surface, implying that the system is
particularly efficient in the degrading process. According
to the Temkin isotherm, increasing the coverage of the
adsorbate surface leads to the stabilization of the binding
energy, and hence the heat of the system. The preceding
Fig. 4b clearly shows no signs of saturation; contrary, it
follows an exponential trajectory. This indicates that the
surface's covering is not achieving saturation, but that there
are always residual regions on the surface that are free of
any coupling (Ayawei et al. 2017) and thereby accessible for
adsorption. This suggests that adsorption and degradation
are occurring simultaneously on the cell's surface, with the
degradation rate being greater than the adsorption rate. This
could also explain S-1’s efficient degrading capabilities even
on the seventh cycle of examination (Supplementary Fig.
S1).

The Jovanovic isotherm proposes that, in addition to
physical contact, there is mechanical interaction between
adsorbate and adsorbent. In our study (Supplementary Fig.
S4e), the R? value of Jovanovic isotherms is quite high i.e.,
0.8896. The saturation adsorption coefficient is 24.58 mg/g,
compared to the maximal adsorption efficiency (2500 mg/g),
and the K; is quite low, —0.0057 L/g (Ayawei et al. 2017).

Conclusion

Methyl red is one of the most popular chemical azo dye col-
ourants used in textile, printing, and paper industries, and its
toxicity trigger deleterious effects on human health. To the
best of our abilities, Lactiplantibacillus plantarum SS-AU1,
an alkalaphilic and halotolerant bacterium isolated from the
Ganges River, may have used for the first time in this inves-
tigation as a critical tool to breakdown MR in a high saline
environment. The study demonstrated that several physic-
ochemical conditions, such as pH (7-10), initial dye con-
centrations (50, 100, 150, 200, 250, 300, and 400 mg L_l),
temperature (20-45 °C), and salinity (0.5-180 g L™!), might
influence MR degradation ability of bacterium and should be
regulated for optimal commercial use. Furthermore, after the
first cycle of MR degradation (92.38 %) in 3 h, the second
cycle reduces degradation time to 2.5 h, and the 7th cycle
requires only 1 h for the 74.3 % degradation. The kinet-
ics and isotherm analysis of dye adsorption on the bacterial
surface and the generation of less hazardous metabolites
confirmed by FTIR reveal that isolate is capable of efficient
degradation under high salinity. Thus, the L. plantarum
SS-AUI strain has the potential to be a cost-effective and
efficient MR dyes removal tool via biological routes, par-
ticularly from high salinity industrial effluents.
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