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Abstract: In the present study, Chryseobacterium geocarposphaerae DD3 isolated from textile industry
dye effluent in West Bengal, India, displayed significant tolerance to sulfonated di-azo dye Congo red
(CR), up to 500 ppm. The optimum decolourisation revealed that C. geocarposphaerae DD3 was capable
of 96.52% decolourisation of 0.2 g L~! CR within 12 h of treatment in the presence of 5 g L~! glucose
as supplementary carbon source. Biodegradation analysis of decolourised CR containing water was
investigated by FTIR, MS and 'H NMR, which confirmed the absence of azo bond as well as the toxic
aromatic amines. Further, phytotoxicity analysis was performed to assess the toxicity of CR before
and after bacterial treatment. Growth indexes of Vigna radiata L. seed confirmed that the biodegraded
water was non-phytotoxic in comparison to the control CR solution. Multivariate analyses confirmed
the same, showing significant differences between measured plant health indicators for CR solutions,
whereas no significant differences were found between distilled and treated water. This study is
novel as it is the first report of dye degradation by C. geocarposphaerae and may lead to a sustainable
way of treating dye-contaminated water in the near future.

Keywords: wastewater; textile dye; Congo red; Chryseobacterium; water treatment; decolourisation;
biodegradation; phytotoxicity

1. Introduction

In today’s world, water pollution is an increasingly critical health issue in the context
of rising industrialisation and climate change. Access to potable water is becoming rarer
and more expensive worldwide. Among the plentiful causes of pollution, a major threat
is the textile industry, as it often releases dye-containing effluents into natural water
bodies [1]. From an economic viewpoint, although the textile industry plays an important
role in any country, it is still an environmental polluter, causing more than 20% of global
water pollution alone [2]. As stated by the World Health Organization (WHO), coloured
effluents released after dying treatment by textile industries cause 17-20% of total water
pollution worldwide. It has been found in a case study that 1.65 mg L~! azo dye released
into the Cristais River, Sao Paulo, Brazil caused a mutagenic effect in humans [3]. It has
also been estimated that roughly 10-15% of the total in azo dyes used globally in textile
production are lost through effluent, as they do not bind to textile fibre [4,5]. Approximately
200 billion litres of coloured wastewater are generated every year throughout the world [6].
Environmental legislation mandates that textile factories treat effluents before discharge
into receiving water bodies [7]. However, synthetic textile azo dyes are unmanageable and
carcinogenic [8] in nature due to the presence of —N=N— bonds [9], making them resistant
to the impact of detergents, sunshine, temperatures, or other types of degradation [10].
Mainly, electron deficiency is the foremost reason why textile dyes become less susceptible
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to the conventional decolourisation process [11]. Nearly 2 years are required to degrade
dye-derived aromatic amines in river and sea sediments [1,12]. Over 10,000 highly water
soluble, commercial dye compounds are regularly used in the textile industry to dye
fibres [13], causing general environmental concern.

Generally, the dye-containing effluents are intensively coloured and alkaline in
pH (8.0-11.0) [14,15]. These types of effluents are also reported to be high in biochem-
ical oxygen demand (BOD), chemical oxygen demand (COD), total suspended solids
(TSS) [16], metal contamination [17] due to the presence of dye and additives (like sodium
carbonate, caustic soda and other salts) [7] and temperature [18]. In this context of heavy
water pollution, recycling wastewater produced by the textile industry is timely and im-
portant. Classical remediation approaches based on physical and chemical reactions are
expensive and generate secondary pollutants containing amine residues, which are highly
carcinogenic and show long-term effects on human as well as aquatic life. Further, chemical
degradation processes are so expensive that industries often prefer not to bear that much
of the cost [19]. Microbiological treatment is not that over-priced; moreover, it is an envi-
ronment friendly, sustainable and efficient procedure [20]. Among different biological dye
degradation processes [19], microbe-mediated azo dye degradation started back in the 1970
with the isolation of three bacterial strains, namely, Bacillus subtilis, Aeromonas hydrophila
and Bacillus cereus [21,22]. Since then, many other bacterial strains have been reported in
the field of dye bioremediation. In comparison to conventional processes, bacterial dye
degradation is one of the best options for treatment of dye-containing textile effluent. While
traditional processes are limited in their chemical and physical processes, environmental
bacteria have the capability of rapidly adapting under adverse conditions [23], facilitating
growth followed by degradation of dyes in a dye-contaminated environment. Enzymatic
networks of bacteria are so well built that they are able to break down the complex chemical
structures of synthetic azo dyes to use as essential nutrient sources (carbon and nitrogen
sources) for their growth and development [19].

Congo red (CR) has been reported to persist in the environment for a long time—
the reason why it is considered as one of the recalcitrant azo dyes. Furthermore, CR is
also carcinogenic due to the presence of aromatic amine groups and is used in textile
manufacturing. Hence, CR is considered as a model complex pollutant [24]. A few
studies have reported on CR biodegradation using different bacteria, including Bacillus sp.
ACT1 mediated degradation (0.05% CR) in ~30 h [25], Pseudomonas luteola mediated 95%
degradation efficiency against 0.02% CR after 12 h [26] and Shewanella xiamenensis mediated
87.5% CR biodegradation in 16 h [27].

This study sought to investigate the biodegradation and detoxification of CR using
a newly isolated thermotolerant bacterium Chryseobacterium geocarposphaerae DD3 that
has not been reported earlier. The mechanism of CR biodegradation and the associated
metabolites /by-products were systematically evaluated with FTIR, MS and 'H NMR
techniques. C. geocarposphaerae has been reported on earlier for its plant growth promoting
activity [28], but this study elaborates a new approach to bioresource utilization in terms of
azo dye bioremediation to find potential applications in textile wastewater remediation.
To our knowledge, the present study is the first to report on C. geocarposphaerae mediated
azo dye biodegradation and detoxification, and is novel in this respect. As this bacterium
was isolated from contaminated textile effluent, it was hypothesized to confer elevated
tolerance to synthetic azo dyes.

2. Materials and Methods
2.1. Wastewater Collection and Characteristics

Coloured effluent was collected in sterilized polythene bottle from the dye house
outlet of a textile industry operation situated in West Bengal, India (latitude and longitude:
22.73718° N and 88.31861° E, respectively). QGIS 3.1 was used to prepare the map of
the study area (Figure 1). Immediately after collection, some physical parameters of
the wastewater, e.g., pH, temperature, colour, and smell, were recorded. Within 48 h of
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collection, the water sample was characterized for total suspended solids (TSS) and total
dissolved solids (TDS) using a HORIBA multi-parameter meter (U-50), as well as chemical
oxygen demand (COD), biological oxygen demand (BOD), and oil and grease following
the standards of APHA (APHA 1999) [29].

85.000 86.000 §7.000 88.000 89.000 90.000 91.000 92.000

T 27.000 5

26.000

g
*—*n\j‘ﬂ 8 AT & ™
o ‘ Batigladesh i | -
E Fi. re - o 4 2
2’ )vj ~ 1 -
{ s g
ARABIAN SEA Y L ) 7 Bay of Bengal " 4 y
w“ ¥ p A0 N . » 24.000
\ o _, Iy
\ Ra

\ \ ]
W~ {

b ¢ {' : 23.000
\ 1 ]
v £ :

/" Sri Lanka y ® sampie_collection_site
% NAME_1_West ']
INDIAN OCEAN 5] NAME_1 West Benga 2200
0 500 1000 km
t' 85.000 86.000 87.000 88.000 89.000 90.000 91.000 92.000

Figure 1. QGIS mapping of study site (Inset: sample collection site).

2.2. Polyphasic Characterization of the Bacterial Isolate
2.2.1. Bacteriological Analysis

Serially diluted collected coloured water sample was inoculated in modified nutrient
agar (NA) medium (without yeast extract, pH 7.0) at 37 °C overnight. Fast growing colonies
were isolated to examine their dye tolerance capacity in the modified NA medium supple-
mented with minimum dye concentration (0.1 g L1 each of Congo red, Malachite green,
Brilliant yellow, and Methyl red). Among different bacterial isolates, DD3 demonstrated
growth against all the studied azo dyes (best against Congo red) other than Malachite
green; thus, DD3 was chosen for further study. The isolate DD3 was primarily classified
by Gram staining. Biochemical categorization of DD3 was performed on activity of extra-
cellular enzymes (protease, amylase, catalase, and urease), substrate hydrolysis (cellulose,
tributyrin, and olive oil), salt tolerance, pH, citrate and lysine utilization, motility, thermal
death point, and antibiotic sensitivity tested using standard protocols [30].

For primary size and shape analysis of DD3, bacterial smear was fixed on a cover
glass by 2.5% glutaraldehyde solution for 30 min and was dehydrated by passing it
through 50-90% of alcohol for 5 min in each step. The bacteria on the cover glass were
platinum-coated using JEOL JFC 1600 Auto fine coater (Tokyo, Japan) and observed under
scanning electron microscope (JEOL JSM-6390, Tokyo, Japan) with 20 KV accelerating
voltage. Further detailed morphometric analysis was performed by fixing freshly prepared
overnight grown DD3 culture on carbon-coated grid followed by staining with 0.2% uranyl
acetate. Then, the grid was observed under transmission electron microscope (JEM-1011
100 KV TEM, Peabody, MA, USA).

2.2.2. Molecular Characterization by 16S rRNA Amplification and Phylogenetic Analysis

Genomic DNA of DD3 was isolated using Zymo Research Fungal/Bacterial DNA
MiniPrep (D6005). An approximately 1.5 kb size 16S rRNA fragment was amplified using
high fidelity PCR polymerase. The PCR product was sequenced using the universal for-
ward primer (8f) and reverse primer (1492r) with the Sanger sequencing method (Applied
Biosystems 3130x] Genetic Analyzer, Foster City, CA, USA). EzTaxon platform was used for
identification of the 165 rRNA sequence (http:/ /www.ezbiocloud.net/identify, accessed on
23 May 2020). Evolutionary distances between the sequences were calculated and the phy-
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logenetic tree was prepared by the maximum likelihood method using MEGA (version 7.0).
The obtained sequence was deposited at GenBank (accession number MG905828.1).

2.3. Congo Red Decolourisation Study

Dye tolerance capacity of DD3 isolate was determined in terms of maximum tolerable
concentration (MTC). In this context, mineral salts medium (MSM) was supplemented
with 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6 g L~! of CR (BDH laboratory chemical, UAE) and
incubated at 37 °C for up to 24 h. To analyse the effect of static and agitated conditions
(120 rpm) on the decolourisation efficiency of DD3, the bacterial isolate was incubated
up to 48 h in conical flask containing sterile mineral salt media (MSM) with maximum
tolerable CR concentration (0.2 g L™1). Similarly, the optimum temperature for DD3
mediated CR decolourisation was evaluated at 25, 30, 35, 37, 40, and 45 °C, respectively.
Likewise, the effects of varying nutrient sources (1 g L™!) (glucose and peptone as carbon
source; yeast extract and beef extract as nitrogen source) were also investigated in 0.02%
CR supplemented MSM. The effects of different concentrations of glucose (1-5 g L™1)
on DD3 mediated dye decolourisation were studied, too. For the decolourisation and
biodegradation study, 0.2 mL freshly cultured inoculum (1.2 x 10° cfu/mL) was used for
100 mL media: i.e., inoculum: solution (v/v) = 1:500. For all the decolourisation experiments,
bacteria cultured without the presence of dye and CR containing MSM incubated without
bacterial inoculum were considered as biotic and abiotic controls, respectively. Cell-free
supernatant was collected by centrifugation (10,000 rpm for 15 min), and absorbance of the
supernatant was measured at predetermined absorbance maxima (Amax), 498 nm for CR
using UV-visible spectrometer (Microprocessor Visible spectrophotometer, Model: LI-721).
Percentage of decolourisation was calculated from the difference between initial (before
incubation) and final (after growth) absorbance values. The best optimized condition for
the decolourisation was considered for the further experiments.

To calculate decolourisation percentage the following equations was considered:

Initial OD — Final OD

% of decolourisation : Tnitial OD x 100 1

The statistical analysis was performed using the SAS University Edition software.
One-way non-parametric analysis of variance (Kruskal-Wallis test) was used to find the
significance of the treatments in the final % of decolourisation of the solutions. The
comparisons among treatment levels were made with Tukey’s multiple comparison test.
Chi-square statistic was used to test the hypothesis.

2.4. Analysis of Biodegradation Using Different Spectroscopic Methods

For Fourier transform infrared (FTIR) spectroscopic analysis, overnight-incubated
DD3 culture was centrifuged (10,000 rpm for 15 min), and cell free supernatant was
collected separately for the further experiments. FTIR was performed for the control
(0.02% aqueous CR solution) and sample (metabolites /by-products produced after bacterial
decolourisation). The scan was performed in the mid-IR region of 400-4000 cm ! with
two scan repeats using Perkin Elmer, UATR Two Series spectrophotometer. Peaks were
analysed through OriginPro8 software. For sample extraction to perform proton nuclear
magnetic resonance (\H NMR) spectroscopy, centrifuged (15 min at 10,000 rpm at 4 °C) cell-
free supernatant was vortexed thoroughly with an equal volume of ethyl acetate (v/v, 1:1).
The organic layer was parted and further collected by separating funnel and air-dried at
room temperature (35 °C). The collected 5-7 mg of metabolite powder was mixed with
0.5 mL deuterated solvent and analysed by I'H NMR-300 MHZ (Bruker, Billerica, MA,
USA). For mass spectrometric (MS) analysis, a millimolar concentration of the powdered
by-product mixed with spectroscopic grade methanol was used.
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2.5. Phytotoxicity Study

This experiment was performed by following the method described before by Rana
et al. [31] with little modification. Seeds of Vigna radiata (L.) R. Wilkzek (mung bean) were
obtained from Indian Agricultural Research Institute, PUSA, New Delhi. After washing,
the healthy and uniform seeds were washed with distilled water thoroughly. Then, surface
sterilisation of those seeds was performed using 0.1% HgCl, treatment, followed by rinsing
6 times with distilled water. For pre-germination treatment, seeds were soaked in 3 different
conditions (3 experimental sets) for 6 h at 30 °C; set 1: Control (autoclaved, double distilled
water), set 2: CR solution (0.02% aqueous CR) and set 3: DD3 treated wastewater (bacteria
decolourised water). Ten seeds were placed on soaked filter paper in Petri plates. For
germination purposes, the seeds were irrigated with equal volumes of autoclaved doubled
distilled water. Initially, after 48 h, the number of germinated seedlings from each plate
was counted and divided by the total number of seeds (10) to calculate the germination
rate. At the end of the experiment (7 days), other seed growth parameters such as length of
root and shoot and number, length, and width of leaves were recorded. For the assessment
of phytotoxicity, the following equations were considered:

number of gemination in test
number of gemination in control

Relative germination = 100 2)

{(radicle length of control — radicle length of test)}

% e 1
% of toxicity radicle length of control X100 (3
Tolerance index — Mean length of longest root 11'1 tratment @

Mean length of longest root in control
Vigour index = {(mean root length + mean shoot length)} 5)

X % of germination

This experiment was performed in triplicate for each experimental set. Permutational
multivariate analysis of variance (PERMANOVA) test with 10,000 permutations was per-
formed using Primer6 (PrimerE) software to determine differences between the treatments.
Principal component analysis (PCA) was conducted on 3 kinds of treatments (distilled
water, 0.2% CR, and bacteria mediated biodegraded CR). Varimax rotation was applied as
orthogonal rotation minimizes the number of variables with high loading on each com-
ponent to facilitate interpretation of the results. Statistical significance was defined as
p <0.05.

3. Results
3.1. Wastewater Collection and Characteristics

The waste effluent was dark greyish blue in colour with temperature of 55 °C and
pH of 8.91. The high COD (4337.34 mgO, L~1), BOD (607 ppm), TSS (223 ppm), TDS
(332 ppm) and oil-grease (6.32 mg L~!) were recorded for the collected effluent sample (see
Supplementary Materials, Table S1).

3.2. Polyphasic Characterisation and Identification of Chryseobacterium geocarposphaerae DD3

Based on the considerable initial tolerance of CR among the other studied dyes to
DD3, this isolate was chosen for further CR decolourisation study. The DD3 isolate was
Gram-negative, non-endospore forming, high-temperature tolerant (up to 95 °C), slightly
halophilic (up to 3% salt/NaCl tolerant), alkaliphilic (growth until pH 12.0), aerobic, and
motile in nature (see Supplementary Materials, Table S2). It was catalase-positive and was
able to hydrolyse different substrates such as tributyrin and casein. Other than this, it also
used lysine as an important substrate for growth. It was able to ferment citrate, D-fructose,
and D-glucose, as carbon sources for growth. The bacterial isolate showed susceptibility
against all the studied antibiotics (polymyxin-B, streptomycin, norfloxacin, penicillin-G,
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O Chryseobacterium geocarposphaerae 914-3561 HG738132 (99.36)
Chryseobacterium indoltheticum DSM 16778 jgi. 1096611 (97.04)
Chryseobacterium soldanellicola DSM 17072 jgi. 1085859 (96.01)
Chryseobacterium gwangjuense THG-A18 IN196134 (97.17)

JUGG s YR460 JUGG01000004 (97.04)

CP013293 s IHB B 17019 CP013293 (96.7§)

Chryseobacterium defluvii DSM 14219 jgi. 1085851 (96.78)
Chryseobacterium nepalense C-5-3 KX129820 (96.4)
Chryseobacterium taihuense CGMCC 1.10941 jgi. 10762 (96.27)
Chryseobacterium angstadtii KM LFND01000007 (96.53)

amoxicillin, chloramphenicol, ampicillin, cefotamine, ceftriaxone, mezlocillin) except the
antifungal fluconazole.

165 rRNA sequencing analysis using an EZ-Taxon server revealed that isolated DD3
had 99.36% nucleotide identity with Chryseobacterium geocarposphaerae 91A-561. Other than
this, six different Chryseobacterium species also exhibited more than 97% similarity with
DD3 (Figure 2). Thus, based on the results of 165 rRNA analysis, DD3 was identified as
Chryseobacterium geocarposphaerae. The electron micrographs confirmed that the bacteria
C. geocarposphaerae DD3 are coccobacilli in shape (Figure 2). In transmission electron
micrographs, the presence of outer membrane confirmed the Gram-negative nature of
the bacterium.

Chryseobacterium zeae DSM 27623 jgi. 1107777 (97.81)
Chryseobacterium formosense LMG 24722 JPRP01000004 (96.65)
Chryseobacterium massiliae 90B AF531766 (96.63)
Chryseobacterium arachidis DSM 27619 jgi. 1107773 (97.17)
JWTA s TPWI9 JWTA01000017 (96.4)

20KV X15,000 1pm 0003 1644 SEl

T ™

_|

'(Cbr:\ iseobacterium geocarposphaere DD3 MG905828. I)

[—— Chryseobacterium ginsengisoli DCY 63 JN§52949 (97.3)

Chryseobacterium limigenitum SUR2 IN§11705 (96.14)

Cimyseobacterium aahli 168 JX287893 (96.14)

5

Chryseobacterium ginsenosidimutans THG 15 GUI38380 (96.78)

Figure 2. Phylogenetic tree of Chryseobacterium geocarposphaerae DD3 (Inset: scanning electron micrograph and transmission

electron micrograph of C. geocarposphaerae DD3 representing its shape and structural characteristics).

3.3. Congo Red Decolourisation Study

Upon treating C. geocarposphaerae DD3 with increasing concentrations of CR, the bac-
teria showed MTC at the concentration of 0.5 g L~!. Therefore, the bacterium showed
tolerance up to 500 ppm CR concentration. The initial rate of dye decolourisation was more
than 90% at 12 h of incubation, irrespective of various concentrations of CR used for the
study (Figure 3A). C. geocarposphaerae DD3 mediated optimum decolourisation was 97.58%
in the presence of 0.02% CR after 12 h. Beyond this concentration, % of decolourisation
was found to be decreased with increasing initial dye concentration. Decolourisation by
C. geocarposphaerae DD3 was studied under both static and agitated conditions (120 rpm)
with 0.02% dye concentration. Maximal decolourisation was observed at 97% in the pres-
ence of agitation after 48 h of incubation. Therefore, agitation was adapted for further
studies. Among a range of studied temperatures (3045 °C), the highest percentage (96.5%)
of decolourisation was found at 37 °C for C. geocarposphaerae DD3 mediated CR decolourisa-
tion (Figure 3B). Figure 3C shows that C. geocarposphaerae DD3 mediated CR decolourisation
was influenced by all the studied nitrogen and carbon sources to an extent, whereas yeast
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96.34% for glucose) the decolourisation response. On varying the concentration of glucose
as additional carbon source, the % of decolourisation increased with increasing glucose
concentration, and the highest decolourisation (97.96%) was observed in the presence of
5 g L~! glucose for CR supplemented (0.02%) media at 12 h. Statistical analysis showed
significance for both the factors medium used for reaction and reaction time with a p-value
0.0041 and 0.0417, respectively (see Supplementary Materials, Figure S1). Hence, based on
the paired tests between the conditions, the statistically significant experimental condition
was further used for the biodegradation analysis and toxicity assessment study.
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Figure 3. Study of CR decolourisation by C. geocarposphaerae DD3: (A) Effect of different percentages of CR dye; (B) effect of
temperature (°C); (C) effect of different nutrient sources (nitrogen source and carbon source) on % of decolourisation.

3.4. Analysis of Biodegradation Using Different Spectroscopic Methods

Incubation with C. geocarposphaerae DD3 successfully resulted in decolourisation of
CR. The bio-transformed metabolites related to the decolourisation were characterised by
FTIR, MS, and 'H NMR. The result of FTIR analysis of the CR sample and decolourised
water showed differences in various peaks, indicating the change/presence of various
functional groups. The result of FTIR analysis of the control CR sample showed peaks
in the regions of 645 cm~! (C-C bending vibration of aromatic rings), 1446 cm ™! (aro-
matic C=C stretching vibration), 1520.63 cm~! (C=C stretching vibration in benzene ring),
1584 cm~! (-N=N- azo bond stretching vibration), 1740 cm~ ! (-C=0 stretching vibration),
and 1450-1200 cm ™! (phenolic C-O stretch vibration). In the FTIR spectrum of metabolites
obtained after decolourisation of CR by C. geocarposphaerae DD3, the disappearance of
the peak at 1584 cm~! for -N=N- stretching vibration hinted at the reductive cleavage of
azo bond of CR; the disappearance of functional groups at 1450-1200 cm~! for phenol
C-O stretching vibration indicated biodegradation of CR; and absence of vibrated stretch
within 645-831cm ! indicated absence of carcinogenic aromatic amine in the treated wa-
ter sample (Figure 4A). The MS analysis of the studied sample indicated similar results
(Figure 4B). By analysing the m/z spectra, a few intermediates, namely, sodium 4-amino-3-
(phenyldiazenyl) naphthalene-2-sulfonate (m/z 324.2721), sodium 3,4-diaminonapthalene-
2-sulfonate (m/z 260), and aniline (m/z 99.08) followed by toluene (m/z 92.00) were
identified. 'H NMR peaks of the treated water sample appeared at 5-1.5 ppm (-R3CH),
indicating conversion of the aromatic component to an aliphatic one [32]. The absence
of 'H NMR peaks at §-7.5 (Ar-H) (Figure 5) in our study clearly indicated the absence
of the carcinogenic aromatic amine in bacteria-treated aqueous CR solution [33]. Peaks
in 5-6.6-8.0 are reported to be attributable to the presence of aromatic protons [32]. The
absence of this stretch in this study indicated the degradation of CR without forming any
carcinogenic amine as by-product (Figure 5). The peak in 6-2.3 ppm indicated the presence
of the relatively non-toxic end-product toluene in the treated water.
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Figure 4. C. geocarposphaerae DD3 mediated biodegradation analysis: (A) FTIR of untreated and treated dye containing
water sample represents the breakdown of chemical structure of CR; (B) mass spectrometry of bacteria treated water sample
to identify the m/z ratios of intermediates produced after the treatment.
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Figure 5. 'H NMR spectroscopy of C. geocarposphaerae DD3 treated water sample.

By analysing 'H NMR spectra and m/z values from MS spectrometry, probable
intermediates formed after CR biodegradation were identified, and the biodegradation
pathway was predicted by means of chemistry (Figure 6).

3.5. Phytotoxicity Study

The phytotoxicity of CR before and after C. geocarposphaerae DD3 mediated biodegra-
dation was studied. Figure 7A,B shows germinated seedlings pre-treated with DD3-treated
water and CR solution, respectively. Figure 7C shows a comparison of seedling growth (in
CR solution, C. geocarposphaerae DD3 treated water, and control, i.e., distilled water).
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Out of all the parameters measured in relation to the phytotoxicity assessment, three
parameters, namely, the germination rate, % toxicity, and vigour index, showed significant
differences in the treatment with CR solution compared to DD3-treated water and control
(Table 1). The detailed plant growth indexes measured to assess the phytotoxicity of CR
are listed in Table 1.

Table 1. Phytotoxicity assessment of CR solution and C. geocarposphaerae treated water sample in
comparison to the control.

Characteristics Control DD3 Treated Water CR Solution
Plumule length 3cm 1.9 cm -
Radicle length 5.6 cm 5.4 cm -
Root length 2.4 cm 3.4 cm 1.1 cm
Number of roots 9 11 2
Shoot length 6.0 cm 4.4 cm 1.3 cm
Number of leaves 2 2 -
Length of leaf 1.9 cm 1.5cm -
Width of leaf 0.8 cm 0.8 cm -
Germination rate 90% 80% 50%
Relative germination 100% 88.89% 55.56%
% toxicity 0% 3.57% 100%
Tolerance index - 141 0.45
Vigour index 756 624 120

i

signifies no growth, control denotes autoclaved double dist. water; DD3 treated water denotes bacteria
decolourised water and CR solution denotes 0.02% aqueous CR solution.

From individual variable analysis, based on correlations, four groups of variables
(group 1: tolerance index and root length; group 2: % toxicity, number of leaves, radicle
length, and width of leaves; group 3: vigour index and shoot length; group 4: relative
germination and germination rate) showed strong correlations (98%) with each other
(Figure 8A). The selection was made based on correlation analysis. Multivariate analysis
with PERMANOVA test was performed with the variables germination rate, plumule
length, root length, number of roots, shoot length, and number and length of leaves. Sig-
nificant differences were found between the different treatments (p < 0.0033). A principal
components analysis (PCA) was performed (Figure 8B), showing 96% of total data vari-
ance explained by two principal components (PC) (PC1 was 90.9% and PC2 was 6.5%).
Figure 8B shows loading of PC1 versus PC2. The relationship of CR contamination to seed
germination was clearly observed as discussed before by You et al. (2019) [34]. Highest
positive loading of PC1 was on 0.02% CR solution, indicating their variations may follow
similar trends along with negative loading of number and length of root, which is a key
index for CR contamination on seed germination. All plant germination indexes were
focused on second and third quadrants, reflecting contamination with different sensitivi-
ties. The samples corresponding to the control (distilled water) and treated water showed
non-significant difference, i.e., samples treated with CR showed nearly the same growth
indexes as the control.
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with significant differences between the different treatments (p < 0.0033); (B) Principal component analysis results, loading
plot PC1 vs. PC2 showing 96% total data variance.

4. Discussion

The dye CR seemed to be toxic to the bacterium C. geocarposphaerae DD3 above a certain
concentration, as no growth was recorded after the maximum tolerable concentration. A
similar study of di-azo dye (Navitan Fast Blue) was performed previously by Nachiyar
and Rajkumar [35] for Pseudomonas aeruginosa, which could degrade (90%) 100 mg L~!
Navitan Fast Blue 554, in 24 h with an MTC of 1200 mg L~!; however, concentrations above
this level caused acute toxicity. Better decolourisation was observed under controlled
agitation, as agitation probably dominates bacterial respiration [10] and helps to utilise
NADH as a cofactor to decolourise the azo dyes [36]. A similar experiment performed with
P. aeruginosa showed better dye degradation (0.01% dye concentration) under continuous
agitation (90% degradation in 48 h) than static incubation (80% in 48 h), thus supporting our
findings [35]. The optimum decolourisation was found at 37 °C, but DD3 also demonstrated
decolourisation capacity at 45 °C, which demonstrates the thermotolerant nature of the
bacterium. A similar observation was previously reported by Kolekar et al. [36] on the
effect of temperature (2045 °C) for Bacillus fusiformis mediated disperse blue 79 and acid
orange 10 degradation. Another study reported the effect of temperature (10-60 °C, in
10 °C increments) on CR decolourisation (94.52% of 0.01% CR at 32 = 2 °C) [37]. According
to several earlier reports [38—40], the addition of carbon and nitrogen sources increases
decolourisation efficiency. As observed from this study, yeast extract (nitrogen source)
and glucose (carbon source) positively influenced C. geocarposphaerae DD3 mediated CR
decolourisation. Yeast extract as nitrogen source is probably essential for the regeneration
of NADH, an electron donor that helps the microorganism to reduce the azo bond in
the chemical structure of azo dye [40]. On the other hand, at the initial stage of growth,
the presence of a ready carbon source (glucose) helps to produce secondary metabolites,
extracellular enzymes, which in turn may influence the azo dye decolourisation [38].
According to a report by Singh et al. [41] on the effect of external nitrogen and carbon
sources, Staphylococcus hominis RMLRT03 showed elevated decolourisation (89.81% and
93.24%, respectively) in the presence of glucose and yeast extract. On the contrary, in
our study, C. geocarposphaerae DD3 showed better decolourisation only in the presence of
glucose as a carbon source. It was clearly observed that DD3 can decolourise 0.02% CR
with more proficiency (96.52% in 12 h for the media supplemented with 5 g L~! glucose at
37 °C) and an adsorption efficiency of 66.63 mg/g bacterial cell. Sari et al. [42] previously
described the adsorption efficiency determination. Overall, C. geocarposphaerae DD3 had
better decolourisation efficiency than previously reported in CR decolourisation studies for
Shewanella xiamenensis BCO1 (87.5% decolourisation of 0.02% dye in 16 h) [27], Bacillus sp.
(0.01% dye after 50 h) [25,27], or Bacillus cohnni RKS9 (99% degradation in 12 h for 0.01%
dye) [43]. Mutant Bacillus sp. ACT1 (using UV and Ethidium bromide) showed 0.05%
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degradation ability after a long time interval of ~30 h [25], whereas our isolate of interest
took much less time, only 12 h without any strain mutation.

Bacteria isolated from dye-contaminated sites can process the bioremediation of azo
dye, which is a clear indication of environmental adaptation to toxic synthetic dye [36].
In the present study, CR biodegradation was confirmed by FTIR, MS (Figure 4), and 'H
NMR analysis (Figure 5). Previously, the CR biodegradation pathway was studied mostly
using mixed bacterial cultures [32] or fungal cultures [44], whereas comparatively little
study had been pursued on monoculture-based CR degradation [45]. In this study, mainly
'H NMR spectra and m/z values of intermediates (received from MS study in Figure 4B)
were analysed to hypothesise a CR degradation pathway supported by FTIR. In our study,
according to the FTIR data, the disappearance of functional groups at 1584 cm ! for -N=N-
stretching vibrations and at 1450-1200 cm~! for phenolic C-O stretching vibrations in
the bacteria-treated water sample indicated biodegradation of CR by reductive cleavage
of azo bonds (Figure 4A), as previously studied [8,10]. Ng et al. [27] reported a similar
study on CR degradation by S. xiamenensis BCO1, but the absence of aromatic stretch was
not demonstrated clearly in the treated sample. However, in this study, the absence of
645-831cm ™! stretching vibration for aromatic amine in the treated water sample proved
the degradation of CR without forming harmful secondary pollutants. Biodegradable
intermediates were analysed from MS and 'HNMR. Further comparing this analytical
result in a chemically integrative way allowed us to propose a CR biodegradation pathway
(Figure 6). Possibly the first intermediate sodium 4-amino-3-(phenyldiazenyl) naphthalene-
2-sulfonate was formed from symmetrical cleavage on the chemical structure of CR, making
the molecule accessible to the active site of the enzymes for further degradation reaction.
Then, sodium 3,4-diaminonapthalene-2-sulfonate was formed by reductive cleavage of
azo bond. The significant disappearance of azo peaks from the FTIR spectrum of the
decolourised sample also supported this reaction step. As no significant 'H NMR peak of
product with larger molecular weight was been found in this study, it may be hypothesised
that the intermediates of the biodegraded CR are probably mineralised immediately after
formation and utilised by the bacterium though the TCA cycle in their central metabolism
as carbon or nitrogen sources. This could be supported by the previous work of D’Souza
et al. [45] on CR biodegradation by Alcaligenes sp., where similar intermediates such as
the intermediates 2a and 3a from our study were also formed. It was previously found by
Lade et al. [10] that azo reductase is responsible for reductive cleavage of the azo bond.
The intermediate is presumed to be further cleaved to form low molecular weight aniline
followed by toluene (Figure 6). From a similar study previously performed by Balapure
et al. [32] on reactive black 1 using a mixed bacterial consortium of Lysinibacillus, Raoultella,
Enterococcus, and Citrobacter species, it can be said that the degradation of CR probably goes
through a complete mineralization mechanism. Perhaps bacteria growing in wastewater
containing azo dye use complex dyes as their carbon or nitrogen sources [46] by breaking
them down with the help of a complex oxido-reductive enzymatic system. In this study;,
probably at the time of acclimatization in the CR-containing medium, that enzymatic
system helped the bacterium to degrade the dye. The azo bond of CR might be reductively
cleaved to form enough carbon and nitrogen compounds for the bacterium to consume as
nutrient sources.

Untreated textile wastewater presents hazards when discharged into environmental
sinks (water bodies) utilised for irrigation purpose [47], making it essential to discuss the
risks associated with the treated water with high ecological consequences. In a previous
report, Ponceau 4R showed acute toxicity to Triticum aestivum L. (69% germination rate
on treatment with decolourised sample) and Sorghum vulgare L. [47]. Shoot growth was
earlier reported to be inhibited in Methyl orange contamination [48]. In comparison, our
results show that plants grown in CR aqueous solution probably faced a direct impact
from azo dye molecules in terms of germination inhibition, seedling health, and affected
shoot-root elongation, whereas toxicity of the dye was substantially reduced after bacterial
biodegradation (Table 1). In a previous study by Telke et al. [49], phytotoxicity assessment
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revealed that textile effluent had a detrimental effect on seed germination of Vigna radiata
(20%) compared to the treated sample (60%) and distilled water (70%). Therefore, similar
observations in our study confirmed that biodegraded products of CR (bacteria-degraded
water) were non-toxic and showed no negative influence on seed germination or seedling
growth. In a recent study by Kishor et al. [43], similar effects were observed on seed
germination and seedling growth parameters of Phaseolus mungo L., showing significant
reduction in the toxicity of treated textile wastewater. The bacteria-degraded intermediates
might be used as a source of water or plant growth nutrients for vegetation in the near
future. Findings of the statistical study, i.e., principal component analysis (Figure 8) on
plant germination indexes, clearly demonstrated a distant relationship between the effects
of the CR solution and those of the control and bacteria-degraded water samples. This
clearly indicates that C. geocarposphaerae DD3 is not only able to decolourise CR but also
able to completely detoxify it, resulting in almost zero or insignificant phytotoxicity.

5. Conclusions

Textile dye effluent origin thermotolerant bacterium C. geocarposphaerae DD3 was
studied for its ability to decolourise CR, followed by degradation and detoxification of
CR by the bacterium. With an MTC of 0.5 g L~! CR, C. geocarposphaerae DD3 showed the
highest decolourisation efficiency of 96.52% in the presence of glucose as co-substrate within
only 12 h of treatment. Based upon biodegradation analysis of CR, the process seemed
to involve a complete biodegradation without forming aromatic amines as secondary
pollutants. Intermediates formed after biodegradation of CR exhibited no phytotoxicity
toward the germination and growth of mung bean. This biodegradation and detoxification
of azo dye by C. geocarposphaerae DD3 is a novel approach that could lead to a sustainable
bioremediation method for dye-containing wastewater treatment in the near future. In
conclusion, dye effluent origin, thermotolerant C. geocarposphaerae DD3 degraded and
detoxified recalcitrant CR in a cost-effective manner, and the recycled water could be
used in the future for agricultural/irrigation purposes. This study focused on efficient
bioresource utilization and future opportunities for the circular bioeconomy.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/su131910850/s1, Figure S1: Box plot representing the decolourisation percentage by statistically
significant variables for DD3 mediated Congo red decolourisation. Table S1: Physico-chemical
parameters of the textile effluent from collection site. Table S2: Physio-chemical characterization of
bacterial isolates.
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