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The isolated bioluminescent bacterium was identified as Photobacterium leiognathi strain MS using 16 S rRNA
sequence analysis and subjected to malachite green (MG) dye degradation. The Box-Behnken based response
surface methodology (RSM) was employed in optimizing medium conditions exhibiting maximum growth at pH
8.0, temperature 30 °C, NaCl 3.5%, and peptone 6.5%. Photobacterium leiognathi strain MS was capable of tol-
erating high concentration of MG (1.0 gL™) with 92.50% decolorization potency within 24 h. UV-Vis, FTIR, and
LC-MS QTOF analyses confirmed biodegradation of MG into several metabolites as well as its catabolism

pathway. A significant increase in the activity of laccase was obtained which revealed its major involvement in
the degradation of MG dye. Moreover, phytotoxicity and cytotoxicity analyses illustrated that the metabolites
generated were less toxic than the parental compound.

1. Introduction

Bioluminescent bacteria are the foremost copious and widely dis-
tributed light-emitting organisms. They hold numerous remarkable
flamboyant properties, including ability to grow at low temperature
(psychrophiles), high salinity (halophiles) and pressure tolerance
(barophiles). Malachite green (MG) is a compound belonging to a group
of triphenylmethane dyes (Yang et al., 2015), usually used in the textile
industries as coloring agents for papers, toys and plastic varieties
(Cheriaa and Bakhrouf, 2009). It is also used as a potential agent for
treating fungal and protozoal infections in aquaculture and fisheries
(Shedbalkar and Jadhav, 2011). In the medical field, it has been utilized
as a disinfectant and anthelmintic (Singh and Nakate, 2013). Potential
exposure to MG occurs to the people working in dye and aquaculture
industries (Culp and Beland, 1996). Its toxicological effects include
carcinogenesis, mutagenesis, teratogenesis, chromosomal aberrations,
and respiratory toxicity (Srivastava et al., 2004). Hence, it is not ap-
proved by the United States Food and Drug Administration and is listed
as a priority chemical for carcinogenicity. But, due to its low cost, good
efficacy and lack of appropriate alternatives, it is still used in many
areas throughout the world.

Previous studies have been reported on different groups of MG de-
colorizing microorganisms including yeast (Jadhav and Govindwar,
2006), fungi (Jasinska et al., 2012; Shedbalkar and Jadhav, 2011),
microalgae (Daneshvar et al., 2007) and bacteria which embrace Ci-
trobacter sp. (An et al., 2002), Mycobacteria sp. (Jones and Falkinham,
2003), Aeromonas sp. (Ren et al., 2006), Pseudomonas sp. (Wu et al.,
2009), Achromobacter sp. (Wang et al., 2011), Exiguobacterium sp.
(Wang et al., 2012) and Micrococcus sp. (Du et al., 2013).

The present study aimed to determine the use of P. leiognathi strain
MS for the biodegradation and detoxification of MG dye. As per the
literature review, the bioluminescent microorganisms and members of
genus Photobacterium have not yet been reported to degrade and de-
toxify the MG dye. The experimental data from LC-MS QTOF analysis
led us to propose a potential possible pathway for degradation of MG
dye.

2. Materials and methods
2.1. Dye and chemicals

Malachite green hydrochloride (Basic green 4), practical grade, CAS
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No.: 123333-61-9 was purchased from Himedia Co. Ltd. Stock solution
of the dye was prepared in distilled water (D/W) and sterilization was
performed using 0.22 pm syringe filter (Axiva). All other chemicals
were of analytical grade and highest purity.

2.2. Isolation and identification of bioluminescent bacteria, bioluminescence
measurements, and acclimatization

A marine fish, saundali (Lactarius lactarius) was used as a source to
isolate bioluminescent bacteria. For 16S rRNA sequence analysis, DNA
sequencing was accomplished from Agile life science technologies,
India Pvt. Ltd. Pune. The phylogenetic tree was constructed using
MEGA 7 software and the evolutionary history was inferred using the
maximum likelihood method. For bioluminescence measurements, the
bioluminescence intensities were measured at room temperature using
a Varian Cary Eclipse Fluorescence Spectrophotometer (Agilent
Technologies, USA, Instrument Serial Number: MY14410002) (Watkins
et al., 2018).

To increase the dye decolorizing potency, acclimatization was per-
formed by exposing isolated strain (P. leiognathi strain MS) to various
MG dye concentrations (Wang et al., 2011). It was performed up to 1.0
gL concentration of MG dye. All assays were performed at pH 7.0 and
27 + 2°C room temperature under static condition. The acclimatized
strain was consistently maintained on dye agar plates and used for
further experiments.

2.3. Statistical media optimization by experimental design

Based on the preliminary experiments, variables such as pH, tem-
perature, NaCl, and peptone were identified to have strong effects on
the responses. Therefore, these factors were elected as the variables
tested in the 29 run experiment of the Box-Behnken design experiment
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(Table 1). They were designated as A, B, C, and D and boundary con-
ditions for each factor with actual design are depicted in Table 1. These
four factors were prescribed into three coded levels, +1, 0, —1 for
high, intermediate, and low value, i.e., pH (6, 8 and 10), temperature
(25°C, 30°C and 35°C), NaCl (0.5%, 3.5% and 6.5%) and peptone
(0.5%, 6.5% and 12.5%).

The relationship between dependent and independent variables was
explained by a second order polynomial equation in RSM (Eq.).

n n

n n
Y=oy + Z oA + Z OliiAiZ + Z Z OCiinAj
i=1 i=1

i1 j=1 (€]

where, Y is the predicted response; a, is model intercept; A; and A; are
independent variables; a;, a; and a;; are regression coefficients for
linear, square and interaction effects respectively. ‘n’ indicates the
number of independent variables and (n = 4) in this study. All ex-
periments were carried out in triplicate. Bioluminescent bacterial cul-
tures were grown in a shaking condition (120 rpm) and their lumines-
cence output in a.u. (arbitrary unit) and corresponding optical densities
(ODs) were estimated after an incubation period of 18 h. Absorbance
measurement was performed using a UV-Visible spectrophotometer
(UV-1800, Shimadzu, Japan). Design expert software (Version 11.0,
Stat-Ease Inc., Minneapolis, USA) was used for statistical analysis and
experimental design.

2.4. Decolorization assay

Decolorization of MG was expressed in terms of percentage (%) by
few modifications in previously described method (Deng et al., 2008). A
UV-Visible spectrophotometer (UV-1800, Shimadzu, Japan) was used
for absorbance measurement. Decolorization experiments were per-
formed in triplicate and its activity was calculated as follows:

Table 1
Box-Behnken design matrix with variables along with actual and predicted responses.
Run Independent variables Responses
Coded variables oD (Y,) Light intensity (Y,) (a.u.)
A:pH B: C: NaCl  D: Peptone Actual Predicted Externally Studentized Actual Predicted Externally Studentized
Temperature (°C) (%) (%) response Response Residuals Response Response Residuals

1 0 -1 -1 0 0.6020 0.5812 1.205 455.66 445.02 1.643

2 0 0 +1 0 1.24 1.28 —1.524 770.66 775.82 —0.528
3 0 -1 +1 +1 0.5330 0.5428 —0.547 390.32 399.30 —1.345
4 0 0 +1 0 1.22 1.28 —2.617 768.88 775.82 -0.717
5 0 0 +1 0 1.28 1.28 0.063 775.77 775.82 —0.005
6 -1 0 +1 +1 0.5540 0.5370 0.965 401.69 403.62 -0.271
7 0 +1 +1 +1 0.6780 0.6768 0.064 544.56 536.33 1.222

8 +1 0 -1 0 0.4850 0.4810 0.220 355.68 369.01 —2.191
9 +1 0 +1 -1 0.3450 0.3562 —0.625 255.33 250.57 0.681
10 +1 -1 +1 0 0.6350 0.6458 —0.601 511.73 513.30 —0.220
11 +1 0 0 0 0.5890 0.5783 0.594 431.22 429.37 0.261
12 0 0 -1 -1 0.3940 0.3916 0.131 282.33 269.92 1.994
13 0 0 +1 0 1.33 1.28 2.558 783.44 775.82 0.792
14 0 -1 0 0 0.6120 0.6065 0.301 489.55 478.92 1.642
15 -1 +1 +1 0 0.8650 0.8560 0.502 685.55 682.13 0.485
16 O 0 0 -1 0.4800 0.4690 0.616 352.66 355.42 —0.389
17 0 0 0 +1 0.6070 0.6111 —-0.227 462.66 473.22 —1.628
18 0 +1 +1 -1 0.5780 0.5722 0.322 419.35 415.09 0.608
19 0 -1 +1 -1 0.4580 0.4632 —0.285 342.55 355.49 —-2.105
20 -1 -1 +1 0 0.5550 0.5555 —0.025 404.72 402.53 0.309
21 0 0 -1 +1 0.4210 0.4338 -0.717 321.77 317.17 0.659
22 +1 +1 +1 0 0.5870 0.5883 —0.071 429.99 430.33 —0.047
23 +1 0 +1 +1 0.5300 0.5214 0.478 387.25 378.65 1.283
24 -1 0 -1 0 0.5250 0.5397 —0.827 372.55 379.11 —0.952
25 -1 0 0 0 0.6890 0.6970 —0.443 568.93 560.31 1.287
26 -1 0 +1 -1 0.5150 0.5179 —0.158 360.88 366.65 —0.831
27 0 0 +1 0 1.31 1.28 1.484 780.33 775.82 0.461
28 0 +1 -1 0 0.6010 0.6007 0.016 448.66 456.46 -1.149
29 0 +1 0 0 0.8150 0.8300 —0.849 656.32 664.12 —-1.150
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A-B-C

% Decolorization = X 100

(2)

A - Initial absorbance
B - Observed absorbance
C - Adsorptive absorbance

2.5. Effect of different physicochemical parameters on decolorization

2.5.1. Effect of dye concentration on decolorization

To analyze the effect of MG concentration on bacterial growth and
decolorization process, initial MG concentrations (0.25-1.0 gL'l) were
added and kept at optimum pH 7.0 and temperature 30 °C under static
condition. Bacterial cells and supernatants were separated after 24 h of
incubation via centrifugation at 10000 X g for 30 min. The adsorbed
residual dye on the biomass was extracted with an equal volume of 1-
Butanol (Wu et al., 2009) and centrifuged at 8000 x g at 4 °C for 20 min
and then both supernatants (culture and 1-Butanol) were used for ab-
sorbance measurement (Ana.x = 618 nm). Bacterial cell count was esti-
mated by centrifugation at 7000 X g at 4 °C for 20 min. The obtained cell
pellet washed with sterile NS (Normal saline, 0.85%) until the complete
removal of dye. An equal volume of sterile NS was added and absor-
bance was measured at 600 nm. McFarland standard absorbance values
were used to calculate bacterial cell count.

2.5.2. Effect of shaking, static as well as aerobic and anaerobic conditions
on MG decolorization

The impact of shaking and static conditions on MG decolorization
was analyzed at optimum pH and temperature with shaking at 100 rpm
and at static condition. Impact of aerobic as well as anaerobic condi-
tions on decolorization was conjointly studied using Mineral oil overlay
technique. Both the experiments were performed at the concentration
of 100 ugml ™~ ",

2.6. Product characterization

2.6.1. FTIR analysis

For FTIR analysis, the culture broth after MG decolorization was
centrifuged at 10000 X g at 4 °C for 30 min. The supernatant obtained
was mixed with an equal volume of ethyl acetate and kept it for 24 h
with intermediate shaking in separating funnel. The solvent extract was
then dried by evaporation. FTIR analysis was done in the mid-IR region
of 4000-400 cm ~ ! with 16 scan speed and samples were recorded using
an FT/IR-4600 type A spectrometer, JASCO, Tokyo, Japan.

2.6.2. LC-MS QTOF analysis

2.6.2.1. Sample preparation. After every 2h, the sample was harvested
via centrifugation. The supernatant was extracted using ethyl acetate
(1:1), followed by the concentration of extract by rotary evaporation
(Superfit continental Pvt. Ltd., Model: PBV-7). Further dried sample
was reconstituted with mobile phase and sample was injected to mass
spectrometer. Details of the instrument parameters were mentioned as
follows:

For LC-MS QTOF analysis, the dried extract of the solvent was dis-
solved in the mobile phase. The sample 5 pl was injected into an HPLC
system (Agilent 1290 binary high pressure, equipped with a ZORBAX
RRHD Eclipse plus C-18 analytical column of 3.0 X 100 mm, 1.8 ym
particle size) coupled with Agilent 6540 UHD Accurate-Mass Q-TOF LC-
MS. The compounds were resolved by using solvent A: 0.1% Formic
acid and solvent B: Acetonitrile with 0.1% Formic acid. The flow rate
was kept at 0.2mlmin~!. A linear gradient was set as: t= 0-1,
A =75%; t=1-3, A=55%; t=3-7, A=5%; t=7-10, A = 95%.
The column effluent was introduced into the Dual AJS electrospray
ionization source of the mass spectrometer in positive ion mode. The
MS parameters were set as: capillary voltage 4.5 kV; nebulizer pressure

-1,

30 psi; drying gas flow 11 Lmin~"; drying gas temperature 350 °C;
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fragmentor voltage 165V. LC-MS QTOF accurate mass spectra were
recorded across the range 50-1000 m/z. Data processing was carried
out with Mass Hunter Workstation Qualitative software (version
B.06.00, USA). The reference masses were 121.05m/z and 922.00 m/z.

2.7. Preparation of cell-free extracts

After decolorization, the sample was centrifuged at 8000 X g at 4 °C
for 20 min. The supernatants were used as extracellular enzymes. The
cell pellets were suspended in 50 mM sodium phosphate buffer (pH 7.0)
and sonicated (sonics-vibracell ultrasonic processor) at 4 °C, each of 60
amplitude for 30 s with 2 min time interval. The sonicated cells were
centrifuged at 8000 xg at 4°C for 20 min. The supernatants (extra-
cellular and intracellular) obtained were filtered through 0.22pum
membrane filter (Axiva), and used as the source of enzymes.

2.8. Enzyme assays

Several oxidative enzymes have been stated to aid in dye decolor-
ization in bacteria in recent times (Du et al., 2013). In the present study,
the four different enzymes, viz., laccase, veratryl alcohol oxidase, tyr-
osinase and DCIP reductase were scrutinized to identify whether these
enzymes are involved in the decolorization of MG. The enzyme assays
were conducted with the slight modification from previous methods
(Jadhav and Govindwar, 2006; Du et al., 2011; Lade et al., 2015). The
activities of these four enzymes were assayed spectrophotometrically.
The activity of laccase was determined for different substrates, viz.,
toluidine, ABTS (2, 2%-azino-bis-3-ethylbenzothiazoline-6-sulfonic
acid), and syringaldazine. For toluidine (Ap.x = 366 nm) and ABTS
(Amax = 420 nm), laccase activity was determined in a reaction mixture
of 2ml containing 1.5ml of 0.1 M acetate buffer (pH 4.8), 0.2ml en-
zyme and 0.3 ml respective substrates, 10% ABTS and 0.15% toluidine.
For syringaldazine (Ap.x = 530 nm), 2ml of the reaction mixture was
prepared by adding 1.5ml of 0.1 M acetate buffer (pH 4.2), 0.2ml
enzyme and 0.3 ml 0.28 mM syringaldazine. The activity of tyrosinase
(Amax = 475nm) was determined in a reaction mixture containing
1.4 ml of 50 mM potassium phosphate buffer (pH 6.0), 0.1 ml enzyme,
and 0.5ml 2mM 1-DOPA (3, 4-dihydroxyphenylalanine). For NADH-
DCIP reductase (Anax = 475nm) activity, the assay mixture contained
50 uM DCIP, 28.57 mM NADH in 50 mM potassium phosphate buffer
(pH 7.4) and 0.1 ml enzyme solution (sonicated cells suspension) in a
total volume of 5.0 ml. Veratryl alcohol oxidase (Apax = 310 nm) ac-
tivity was determined using veratryl alcohol as a substrate. Reaction
mixture (2 ml) contained 4 mM veratryl alcohol in 1.7 ml 50 mM citrate
phosphate buffer (pH 3) and 0.2 ml enzyme to start the reaction. Total
protein content was determined by Lowry method, using bovine serum
albumin as a standard. All the assays were performed in triplicate.

2.9. Toxicity studies

2.9.1. Phytotoxicity study

Vigna radiata and Lens culinaris seeds were used to evaluate the
toxicity of MG and its degraded solution. 10 seeds were germinated in
petri plate having wetted cotton with 0.1 gL.~* MG dye and its degraded
solution of the identical concentration in the respective plates. Seeds
germinated in water wetted petri plates were used as a control. The
phytotoxicity study was performed at room temperature for 3 days and
watered with the same solution as per experimental setup. All experi-
ments were performed in triplicate. Percentage of seed germination (%
G), Seedling vigor index (SVI) and Root length stress tolerance index
(RLSTI) were calculated as per the methods mentioned by Amin et al.
(2013).

2.9.2. Cytotoxicity study
In the present study, the cell toxicity of MG and its degraded solu-
tion was studied using Allium cepa. The bulbs were placed in the
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solution of MG, MG degraded solution (concentration 100 ug ml~!) and
in water as a control for 4 days at room temperature. Test solutions
were reinstated every day throughout the experiment. At the 5th day
the length of roots of each bulb was measured. Staining procedure for
root tips was carried out as per protocol specified by Chukwujekwu and
Van Staden (2014) with some modifications. Finally, interphase and
dividing cell counts were studied. The Mitotic index (%), No. of aber-
rant cells (%) and Percent Root length were calculated as per mentioned
by Akinboro and Bakare (2007).

3. Results and discussion
3.1. Isolation and identification of bioluminescent bacteria

A bacterial strain capable of showing bioluminescence was suc-
cessfully isolated (Fig. S1) and identified as P. leiognathi strain MS by
16S rRNA gene sequence analysis. The sequence was deposited in the
GenBank database under accession no. KY672852. Phylogenetic posi-
tion of P. leiognathi strain MS is shown in Fig. S2.

3.2. Media optimization, model building and statistical analysis by RSM

3.2.1. Experimental design
A 29-run Box-Behnken, fitting a second-order response surface is
tabulated in Table 1 along with actual and predicted responses.

3.2.2. Response surface analysis of optical density (OD)

The data obtained from the experimental runs were subjected to
multiple regression analysis. The obtained coefficients were used to
build the following equation:

OD = + 1.28 - 0.0443 x A + 0.0607 x B + 0.0637 x C +
0.0461 x D -0.0895 x A x B-0.0150 x A x C + 0.0365 x A x D
+ 0.0510 X B x C + 0.0063 x B x D + 0.0250 x C X D -
0.3473 x A2 -0.2667 x B2 - 0.3541 x C? - 0.4450 x D? 3)

Maximum OD (1.328) was observed at pH 8.0, temperature 30 °C,
NaCl 3.5% and peptone 6.5%. As shown in Table 2, ANOVA of re-
gression model demonstrated that the model was highly significant, as
it was evident from the fisher's ‘F' test with a very low probability value
(p-value of model < 0.0001), with high F-value (230.98). Linear effects
of pH, temperature, NaCl, peptone, interaction effects of pH with
temperature (AB), pH with peptone (AD) and temperature with NaCl
(BQ), square effects of all four factors, viz., pH (A%, temperature (B2,

Table 2
ANOVA statistics for the fitted quadratic polynomial of OD.
Source Sum of df Mean F-value  p-value
squares square
Model 2.39 14 0.1705  230.98 < 0.0001 significant
A-pH 0.0236 1 0.0236 31.96 < 0.0001
B-Temperature  0.0443 1 0.0443 60.01 < 0.0001
C-NaCl 0.0486 1 0.0486 65.91 < 0.0001
p-Peptone 0.0255 1 0.0255 34.53 < 0.0001
AB 0.0320 1 0.0320 43.42 < 0.0001
AC 0.0009 1 0.0009 1.22 0.2881
AD 0.0053 1 0.0053 7.22 0.0177
BC 0.0104 1 0.0104 14.10 0.0021
BD 0.0002 1 0.0002 0.2117 0.6525
CD 0.0025 1 0.0025 3.39 0.0870
A? 0.7825 1 0.7825 1060.35 < 0.0001
B? 0.4614 1 0.4614 625.20 < 0.0001
c? 0.8132 1 0.8132 1101.96 < 0.0001
D? 1.28 1 1.28 1740.20 < 0.0001
Residual 0.0103 14 0.0007
Lack of Fit 0.0023 10 0.0002 0.1120  0.9975 not significant
Pure Error 0.0081 4 0.0020
Cor Total 2.40 28
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NaCl (C?) and peptone (D% respectively, were found significant terms
for OD. The F-value of 0.11 implies the lack of fit was not significant
and the predicted R? of 0.9893 was in reasonable agreement with the
adjusted R? of 0.9914; indicated that this response surface design can
be used for modeling the design space. In our study, signal to noise ratio
(adequate precision) was observed to be 47.0482. As the value of
47.0482 implies adequate signal, this model can be used to navigate the
design.

3.2.3. Response surface analysis of light intensity

The second order polynomial model for light intensity was regressed
by only the significant terms represented in equation obtained by using
regression coefficients as shown below:

Light Intensity = + 775.82-35.26 X A + 49.16 x B + 60.39 x C +
41.26 X D-90.64 x A X B —30.21 Xx A X C + 2278 X A XD +
4344 x B x C+ 19.36 X B X D + 17.64 x C x D-172.72 x A2-
96.04 x B? - 168.66 x C? - 253.23 x D? @

The results of ANOVA analysis (Table 3) showed that this model was
highly significant (p < 0.01) with F- value of 474.21. The predicted R?
of 0.9887 was in reasonable agreement with the adjusted R* of 0.9958.
However, Non-significant lack of fit was good. In the present model, the
lack of fit F-value was 3.73 implies the lack of fit was not significant
relative to the pure error and can be used for further analysis. Hence,
this analysis permitted the use of response surface for modeling the
design space. Notably, all factors have exerted a significant effect on
light intensity as all of them possess p - value < 0.05. The adequate
precision was observed to be 68.737 indicating an adequate signal
implies requisite quadratic model.

In this study, maximum bioluminescence was observed (783.448
a.u.) at pH 8.0, temperature 30 °C, NaCl 3.5% and peptone 6.5%. Here,
we observed a direct relationship between OD and luminescence as OD
increased, luminescence was also increased and vice versa.

3.2.4. Effect of different variables on OD and light intensity

3D surface plots and contour plots were used to study the interac-
tion effects of two variables AB, AC, AD, BD, BC, and CD on optical
density and light intensity. As we can observe in Fig. 1a and g, bacterial
growth was significantly affected by the lower and higher concentra-
tions of pH and temperature. The elliptical shape of a contour plot
showed a highly significant interaction between pH and temperature. In
the present study, there was less bacterial growth observed as we
moved towards more alkaline or acidic pH. In case of temperature, very
low (below 10°C) and very high (above 40°C) levels were pre-
dominantly affected the bacterial growth. There was no growth ob-
served below very low and beyond very high temperature. Hence, there
was no bioluminescence observed. The maximum OD (1.328) and light
intensity (783.448 a.u.) were observed at optimum pH (8.0) and tem-
perature (30 °C). Fig. 1b and h, demonstrate the interactive effect of pH
and NaCl on OD and light intensity which showed quadratic response.
Effect of NaCl on OD and light intensity was less effective at lower pH
than the higher. This could be attributed to the fact that pH optima was
in the range of 7.0-8.5. Hence, the response was lower above and below
this range. OD and light intensity were increased with increase in NaCl
concentration and vice-versa. In present study, the maximum con-
centration tolerated by bacteria was 7.5% and beyond this no growth
was observed. Among all factors, NaCl showed a marked effect on cell
density and light intensity probably due to halophilic nature of P.
leiognathi strain MS. The circular nature of the contour plot of OD
showed a moderate interaction between NaCl and pH, while elliptical
nature of contour plot showed the interaction was highly significant in
case of light intensity. In the previous report, the optimum concentra-
tion of NaCl identified was 3.1% (Lee et al., 2001). However, the
maximum values of OD and bioluminescence were observed at NaCl
3.5% (optimum). As evident from Fig. 1c and i, pH and peptone had
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Table 3

ANOVA statistics for the fitted quadratic polynomial of light intensity.
Source Sum of squares df Mean square F-value p-value
Model 749500 14 53533.26 474.21 < 0.0001 significant
A-pH 14919.07 1 14919.07 132.16 < 0.0001
B-Temperature 28999.09 1 28999.09 256.88 < 0.0001
C-NaCl 43763.79 1 43763.79 387.67 < 0.0001
p-Peptone 20431.04 1 20431.04 180.98 < 0.0001
AB 32864.07 1 32864.07 291.12 < 0.0001
AC 3650.46 1 3650.46 32.34 < 0.0001
AD 2075.21 1 2075.21 18.38 0.0008
BC 7548.05 1 7548.05 66.86 < 0.0001
BD 1499.32 1 1499.32 13.28 0.0027
CD 1244.47 1 1244.47 11.02 0.0051
A? 193500 1 193500 1714.02 < 0.0001
B? 59823.44 1 59823.44 529.93 < 0.0001
c? 184500 1 184500 1634.40 < 0.0001
D? 416000 1 416000 3684.70 < 0.0001
Residual 1580.46 14 112.89
Lack of Fit 1427.25 10 142.72 3.73 0.1083 not significant
Pure Error 153.21 4 38.30
Cor Total 751000 28

significant interactions for OD and light intensity. The maximum con-
centration of peptone used in the present study was 12.5% above which
less growth was observed while the optimum concentration was 6.5%.

The effect of interaction between temperature and NaCl on OD and
light intensity is depicted in Fig. 1d and j, indicates a significant in-
teraction between them and it moderately affected the response. In
addition, the OD and light intensity were hampered by their higher and
lower levels. The response surface curves showed in Fig. le and k, il-
lustrated that the interaction between temperature and peptone was
highly significant for light intensity and it possesses the elliptical con-
tour plots, while, it was insignificant for OD. Fig. 1f and 1 showed the
interactive effect of NaCl and peptone on OD and light intensity, which
found to be insignificant for OD, while it was significant for light in-
tensity. It was found that increased or decreased concentration of
peptone didn't affect the effectiveness of both on OD and light intensity.

In this study, we have accomplished medium optimization of this
bacterium, in order to obtain a maximum surface area for the maximum
growth so as to induce higher decolorization potency. As this bacterium
is a strict halophile, we obtained profoundly efficient growth of this
bacterium in the regular water body. In our experiment, we exposed our
bacterium to Nutrient Broth [(NB) having a composition (gL’l), 10.0
Peptone, 10.0 Beef extract, 5.0 NaCl, pH 7.3 + 0.1], to investigate its
decolorization potency. We obtained maximum decolorization 82% at 1
gL concentration, in comparison with 92.5% at 1 gL~ MG dye in LM
medium. Thus, this result indicated that this bacterium has a novel
ability to endure high stress environments like high salinity, as well as
low salinity (real water bodies). Hence, this bacterium is a paramount
choice for the bioremediation of textile effluent not only in coastal areas
but also in local water bodies.

3.3. Effect of different physicochemical parameters on decolorization

3.3.1. Effect of dye concentration on MG decolorization

Fig. 2C showed the influence of initial MG concentration on deco-
lorization and cell biomass. The amount of % decolorization varied
with varying initial dye concentration. An inverse relationship between
MG concentration and decolorization was observed. The results in-
dicated that decolorization potency decreased from 98.23 to 92.50% as
the initial dye concentration increased from 0.25 to 1.0 gL!. These
results intimated that an increase in dye concentration might be af-
fecting the enzyme activity concerned in decolorization and degrada-
tion of MG, ultimately resulting in the decreased decolorization rate.
Similar results were observed in the studies carried out by Kagalkar
et al. (2011) and Ayed et al. (2009). On the other hand, as initial dye

concentration increased (0.25-1.0 gL'l), cell biomass concentration in
terms of colony forming units ml ™' was also increased (10.80 x 10% to
27.93 x 108 CFUmI ™), intimating that MG or its degraded products
might be utilized by bacteria for their growth.

3.3.2. Effect of shaking, static as well as aerobic and anaerobic conditions
on MG decolorization

Higher decolorization % was observed in the static condition
(92.80%) as compared to the shaking condition (89.17%). As these
bacteria grow well in shaking condition, simply increased bacterial
count was observed (19.03 x 10® and 12.33 x 108CFUmIl~! for
shaking and static respectively) as shown in Fig. 2B. The results ob-
tained prompted that decolorization was independent on the con-
centration of aerobic molecular oxygen. Decolorization was achieved in
both aerobic and anaerobic (static) conditions (Fig. 2B). In aerobic, it
was achieved at a higher percentage (92.04%) while less in anaerobic
condition (83.73%). Bacterial cell count (CFU ml~!) was observed to be
same in both the aerobic and anaerobic conditions (11.47 x 10% and
11.57 x 10 CFUmI ') respectively.

3.4. Product characterization

3.4.1. FTIR analysis

In order to confirm the degradation of malachite green by P. leiog-
nathi strain MS, the dye solution was subjected to FTIR spectral ana-
lysis, before and after degradation. The results obtained showed note-
worthy variation in the fingerprint region (1500-500cm™') of FTIR
spectra of MG and MG degraded solution. For the MG, peaks in the
fingerprint region (1500-500cm™') correspond to the mono-sub-
stituted and para-substituted benzene rings, supporting peaks to this
were observed at 1635.34cm ™! for C=C stretching vibration of the
mono-substituted and para-substituted benzene rings. A peak at
1218.79 cm ™! for C-N stretching vibrations represent the presence of
amino groups and a peak at 770.42cm ™! for C-H bending vibrations
represents the presence of methylene groups. Spectrum conjointly
showed peaks at 3313.11 cm ™' for O-H stretching vibrations for sec-
ondary amines. Moreover, the absence of all these peaks in the spec-
trum of MG degraded solution strongly indicated that P. leiognathi strain
MS mediated biotransformation of MG resulted in degradation of MG.
The fingerprint region of MG degraded solution revealed the emergence
of new peaks (1435.74 and 1404.85 for OH, 951.78 and 666.29 for
C=C, 2995.87 and 2911.02 for C-H, 3433.64 for N-H). Therefore, the
present results of FTIR analysis intimate that the prominent exposed
functional groups in the MG degraded solution include —-OH, N-H,
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C=C, C-H, which corroborates the MG degradation. peaks at 315 nm and 425 nm respectively (Fig. 2A).
The current study involved extraction of samples at different time
3.4.2. LC-MS QTOF analysis intervals followed by LC-QTOF MS-MS analysis. Target m/z values were
UV-Visible spectra of MG degraded solution showed the dis- selected based on previous reports available on MG degradation and

appearance of the most important peak of MG at 618 nm and two minor initial screening through LC-MS QTOF. Results showed that the
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Fig. 1. (continued)

degradation of MG by P. leiognathi strain MS showed the presence of
two different pathways. The simultaneous presence of both pathways
eventually results in rapid and efficient degradation of MG as indicated
in Fig. 3. Pathway I concerned sequent demethylation of MG forming
desmethyl derivatives of MG i.e. mono, di, tri, and tetradesmethyl MG
which was similar to Yang et al. (2015) and Lee and Kim (2012). It is
vital to note that decolorization of MG is not due to N-demethylation of
MG i.e. formation of mono, di, tri, and tetradesmethyl MG but further
degradation of MG must occur to destruct the chromophore structure
(Yang et al., 2015). Generally, central carbon radical formation due to

hydroxylation destructs the dye chromophore structure (Chen et al.,
2007; Oturan et al., 2008). Pathway II involved hydroxyl radical attack
on MG at central carbon position producing pseudo base or carbinol
form of MG. This form of MG was found to be colorless, therefore the
transformation of MG into carbinol form initiated decolorization pro-
cess. This carbinol form of MG further broken down at the bond be-
tween the central carbon atom and N, N-dimethyl amino phenyl rings
by oxidation, resulting in the formation of (dimethyl amino-phenyl)-
phenyl methanone and N, N-dimethyl aniline. (Dimethyl amino-
phenyl)-Phenyl methanone further sequentially demethylated to form
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under static condition.

(methyl amino-phenyl)-phenyl methanone and (aminophenyl)-phenyl
methanone. Besides pathway I and II, in addition (dimethyl amino-
phenyD)-phenyl methanone oxidized to produce 4-dimethyl benzoic
acid and benzene, (methyl amino-phenyl)-phenyl methanone, oxidized
to form 4-methyl benzoic acid and benzene and finally (aminophenyl)-
phenyl methanone oxidized to form aminobenzoic acid and benzene
resulted in the complete degradation of MG as shown in Fig. 3.

It was obvious that as the aromatic ring opened, the formation of
different types of compounds was expected. The proposed degradation
pathway relied upon the 14 compounds identified by LC-MS QTOF
analysis. The mass spectra of MG and its degraded metabolites are given
in Fig. S4 to support the biodegradation pathway. Several previous
studies on MG degradation involved the formation of a leuco form of
MG (LMG), which is highly toxic reduced form of MG (Cha et al., 2001;
Wang et al., 2011; Jasinska et al., 2012). In our study of P. leiognathi
strain MS mediated MG degradation, the reduced form LMG was not
detected.

3.5. Enzyme assays

In the present study, the highest enzyme activity was observed in
extracellular crude extract of enzymes with preference to substrate to-
luidine 0.417 + 0.008 U mg of protein~* min~?, while for ABTS
0.136 * 0.004 U mg of protein™ ! min~! and 0.143 = 0.003 U mg of
protein~! min~" for syringaldazine. The intracellular crude extract of
the enzyme also showed the laccase enzyme activity, for toluidine it
was 0.154 * 0.002 U mg of protein~ ! min~?, while 0.115 + 0.017 U
mg of protein~! min~' for ABTS and 0.097 + 0.004 U mg of pro-
tein”! min~! for syringaldazine. In addition, tyrosinase enzyme ac-
tivity was also calculated, for intracellular it was observed to be
0.016 + 0.001 U mg of protein~ ' min~ ' and for extracellular it was
0.240 *+ 0.002 U mg of protein ™! min~". For NADH-DCIP reductase,
the intracellular activity found was 0.265 *+ 0.003 U mg of protein !
min ! and extracellular activity was 0.397 + 0.002 U mg of protein !

min~!. Moreover, intracellular and extracellular activities for Veratryl
alcohol oxidase were 0.042 + 0.003 U mg of protein ' min~' and
0.074 *+ 0.001 U mg of protein~! min~! respectively. The ability of
extracellular and intracellular crude extracts of the enzyme to oxidize
different common substrates especially toluidine suggested that the
induction of laccase enzyme activity during the degradation of MG by
P. leiognathi strain MS.

In our study, the effect of MG on the induction of polyphenol oxi-
dases (laccase and tyrosinase) and oxidoreductases (NADH-DCIP re-
ductase and Veratryl alcohol oxidase) was also assessed to scrutinize
percentage variation in their activities. It was found that 49.46% (ex-
tracellular) and 53.12% (intracellular) enzyme activity of laccase was
induced by the addition of MG. Similarly, induction of tyrosinase by
addition of MG was found to be 17.05% and 2.32% for extracellular and
intracellular respectively. In case of oxidoreductases, NADH-DCIP re-
ductase had 28.21% (extracellular) and 38.46% (intracellular) induc-
tion in the enzyme activity. While, for veratryl alcohol oxidase, the
percentage induction in the enzyme activity was 5.25% and 6.09%
respectively for both extracellular as well as intracellular. Thus, sig-
nificant increase in the activities of these enzymes indicated involve-
ment of these enzymes for MG degradation. Based on the obtained re-
sults, it was found that the laccase was more active and favored the
initial breakdown of MG followed by the induction of other enzymes.
Mutual action of these oxidoreductases as well as polyphenol oxidases
was responsible for biodegradation and detoxification of MG.

3.6. Toxicity studies

3.6.1. Phytotoxicity study

The values of %G, SVI, RLSTI of control, MG and MG degraded
solution intimated that MG was toxic to both Vigna radiata and Lens
culinaris seeds. There was 60% and 70% inhibition of seed germination
observed in MG solution treated with Vigna radiata and Lens culinaris
seeds respectively as shown in Table 4. The extracted metabolites or
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Table 4
Phytotoxicity comparison study of MG and its degraded solution on Vigna radiata and Lens culinaris.
Water Vigna radiata Lens culinaris
MG degraded solution MG solution Water MG degraded solution MG solution
% G 100 100 45 + 5.0** 100 100 35 + 5.0%*
Root length (cm) 4.04 = 0.15 2.83 = 0.27* 0.67 = 0.12** 2.12 = 0.07 1.54 = 0.07* 0.17 = 0.02***
Root length (%) 100 69.80 + 4.0** 16.47 + 2. * 100 72.66 * 0.96%*** 8.20
SVI 404.5 + 15.50 283.0 = 27.0* 30.75 = 8.75 212.5 = 7.50 154.5 = 7.50* 6.25 *
RLSTI 0.0 67.88 + 2.08*** 15.35 = 1.21** 0.0 72.68 = 0.96%** 8.20 *
The values are mean of two experiments + SEM. significantly different from control at *p < 0.05, **p < 0.01, ***p < 0.001 by one-way analysis of variance

(ANOVA) with Tukey-Kramer comparison test.



S.S. Sutar, et al.

Table 5

Biocatalysis and Agricultural Biotechnology 20 (2019) 101183

Cytological effects of treatment with MG and its degraded solution on A. cepa root tip cells.

Germination No. of cells examined No. of dividing cells Mitotic index (%) Aberrant cells (%)
Control Yes 500 262.50 = 7.50 52.50 = 1.50 0
MG D Yes 500 226.0 = 6.0 45.20 = 1.20* 4.0 = 1.0**
MG No - - - -

The values are mean of two experiments =+

SEM. significantly different from control at *p < 0.05, **p < 0.01.

**¥*p < 0.001 by one-way analysis of variance (ANOVA) with Tukey-Kramer comparison test.

MG degraded solution was observed to be far less toxic than MG. Hence
P. leiognathi strain MS mediated biotransformation of MG into meta-
bolites resulted in detoxification of MG. As compared to control, in MG
degraded solution seedling root length observed to be less, intimating
that MG degraded solution was more sensitive to seedling root elon-
gation. Similar results were observed in the previous reports of Yang
et al. (2015); Shedbalkar and Jadhav (2011).

3.6.2. Cytotoxicity study

The results of the effect of MG, MG degraded solution on root
growth of A. cepa are shown in Table 5. There was no germination of
bulbs observed in MG solution intimating that MG was highly toxic to
Allium cepa. The values obtained from % RL, % MI and % aberrant cells
showed decreased root elongation in MG degraded solution as com-
pared to control. Earlier reports suggested that whenever there was a
decrease in root elongation there was always a reduction in no. of di-
viding cells. In the present study, MI of bulbs kept in MG degraded
solution was observed to be slightly decreased as compared to control
and few chromosomal aberrations were also observed. As per Timothy
et al. (2014), declination in MI attributed to the interference in the cell
cycle and increased incidences of chromosomal aberrations were ob-
served. In the present study, majorly anaphase bridges were observed
(Fig. S5 1i). Overall results suggested that MG was extremely toxic to
roots of A. cepa. The metabolites or MG degraded solution obtained
from P. leiognathi mediated biotransformation was far less toxic than the
MG dye.

4. Conclusion

The current study elucidated the products obtained after degrada-
tion of MG by Photobacterium leiognathi strain MS and in accordance
with this, probable pathway was inferred. The results of impacts of
different operational parameters on decolorization showed excellent
ability to degrade MG dye. Destruction of MG structure led to amino-
benzene derivatives and the toxicity of the degradation products was
remarkably lower, indicating that the strain has a high MG detox-
ification potency. Enzyme analysis indicated the major involvement of
laccase in the degradation of MG by Photobacterium leiognathi strain MS.
Based on the results above, as well as the fact that this bacterium is
competent to withstand both the environments (High and Low salinity),
this study suggests that Photobacterium leiognathi strain MS is a supreme
choice for the bioremediation of textile effluents in all sort of water
environments.
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