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Abstract: Juru River is one of the most polluted rivers in Malaysia. A dye-degrading bacterial
consortium has been isolated from the river’s sediment. This consortium JR3 consists of Pseudomonas
aeruginosa MMO1, Enterobacter sp. MMOS5 and Serratia marcescens MMO06, which were able to
decolorize up to 700 ppm of the Reactive Red 120 (RR120) dye under optimal conditions with limited
substrate available. Substrate inhibition kinetics were investigated, and, based on the best model, Aiba,
the maximum growth rate was 0.795 h™!, while the saturation constant and inhibitory constant were
0.185% and 0.14%, respectively. In addition, the influence of various metal ions on the growth and
decolorization rate of this bacterial consortium on RR120 was investigated. Chromium showed the
weakest effect on the decolorization of 200 ppm RR120, with 73.5% removal and bacterial growth of
11.461 log CFU mL™'. Zinc yielded the second weakest effect, followed by silver and lead, with
percentages of RR120 decolorization of 63.8%, 54.6% and 50.5%, respectively. Meanwhile, cadmium,
arsenic and copper reduced the decolorization of RR120 in consortium JR3 by half. Mercury strongly
inhibited decolorization by 32.5%. Based on the least inhibited heavy metal in RR120 decolorization
activity of consortium JR3, the best inhibitory kinetic model was Levenspiel, with a maximum growth
rate of 0.632 h™', while the saturation constant and inhibitory constants were 15.08% and 0.5783%,
respectively. The metal-tolerant azo dye-degrading bacterial consortium will be very useful in dye
remediation in metal-laden polluted environments.
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1. Introduction

Dye or colorants were traditionally made from natural ingredients such as henna, cochineal,
saffron, logwood and madder root, which are derived from plants, animals and mineral rocks [1,2].
The majority of these naturally derived dyes are mordants, which require a fixing agent to retain their
color. Yellow was produced by liquids extracted from various plants, brown by Mediterranean mollusk
extract, indigo by Indigofera and purple by the Murex snail [3]. Because there are no fixing agents to
strongly bind natural dyes to fabrics, the routine of washing and drying them tends to cause them to
lose color [4]. Meanwhile, ultraviolet (UV) rays from sunlight are known to fade color because they
easily break down chemical bonds in natural dyes [5].

These drawbacks gave rise to synthetic dyes that lasted much longer than natural dyes. Dyes are
classified based on their chemical structure, which can be further subdivided into natural and synthetic
groups, which include inorganic and organic compounds. Acidic, basic, directed, dispersed, reactive,
solvent, sulfur, and vat dyes are eight classes of dyes. The azo dye family is the most established of
the synthetic dyes and is widely used across all industries [6]. One or more -N=N- groups make up the
aromatic compounds known as azo dyes [7,8]. The azo function is frequently covalently bonded to an
aromatic ring, yielding an aromatic amine (arylamine) upon oxidation or reduction [9]. Azo dyes give
bright, high-intensity pigments compared to anthraquinones. It has reasonable fastness properties, but
is average compared to the carbonyl and phthalocyanine classes. The biggest advantage of azo dyes is
their cost-effectiveness, which is due to the processes involved in synthesizing it. Seventy percent of
the 9.9 million tons of industrial dye used annually, worth USD 30.42 billion, are azo dyes [10,11].
The supply of dyes and pigments is increasing at a pace of 3.5% per year due to the ever-increasing
demand [12]. The majority of synthetic dyes, which find widespread application in the textile, paper,
food, printing, cosmetic and leather sectors, are based on azo compounds [11].

Due to their inexpensive price, simple preparation, fastness, variety and intensity of color, azo
dyes are widely utilized in the textile industry [13]. As an example, certain azo dyes have chemical
groups with a strong affinity for metals [14]. Chromium and copper are the most common metals used
in these dyes, as metal ions provide better binding with fiber, improving the resistance of the dye to
washing. Because of these augmented characteristics, the material is extremely chemically,
biologically and photocatalytically stable. Nonetheless, they degrade poorly in the natural setting
because they are resistant to breakdown from natural causes such as light exposure, water, detergents
and microorganisms [15].

In the remediation of azo dyes, the effects of heavy metals need to be investigated for the
successful deployment of bioremediation. There will be little to no use if the obtained bacteria or
consortium is unable to decolorize azo dyes in the presence of various heavy metals, despite
establishing a high decolorization rate in a controlled environment [16]. The inhibitory effect of a
substrate on the growth or degradation rate of xenobiotics can be mathematically modeled using
models such as the Yano, Aiba, Haldane, Tessier-Edward and Monod models, while the inhibitory
effects of metal ions on the growth or degradation rate of xenobiotics can be mathematically modeled
using models such as the modified Han-Levenspiel, Wang, Liu, modified Andrews and Shukor models.
The effect of the substrate on the growth or degradation rate yields important parameters, such as the
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maximum growth or degradation rate and maximum tolerable substrate concentrations before complete
inhibition is observed. Similarly, the effects of metal ions on the growth or degradation rate can yield
parameters such as the maximum growth or degradation rate and maximum tolerable metal ion
concentration before complete inhibition is observed.

In this study, the inhibitory effects of the substrate Reactive Red 120 (RR120) and the effects of
several heavy metals on the decolorization rate of RR120 by a previously isolated consortium, JR3
(Pseudomonas aeruginosa MMO1, Enterobacter sp. MMO5 and Serratia marcescens MMO06), are the
targets of this study. This consortium, isolated from an industrial waste site in Malaysia's Juru River,
was able to consume RR120 as the sole carbon source in the presence of limited co-substrate available,
resulting in a metabolite that was far safer than the parent compounds themselves [17]. Because the
majority of industrial dye waste effluents contain heavy metals, the consortium's ability to
continuously decolorize RR120 under toxic conditions was investigated further. The concentrations of
heavy metals found to have the least impact on the decolorization rate were studied further using
various heavy metals’ inhibition kinetics to obtain valuable inhibitory parameters. To the best of our
knowledge, this is the first study on the use of metal inhibition kinetic models to probe for the
quantitative effects of metal ions on the rate of RR120 dye decolorization by a bacterial consortium in
the presence of various heavy metals.

2. Materials and methods
2.1. Chemicals and equipment

Acetate and Tris buffer reagents were obtained from Merck KGaA, Germany. The azo dye, RR120
(Cas No. 61951-82-4) (Table 1) was purchased from Sigma Aldrich, CO, USA. Other chemicals are
of analytical grade unless stated otherwise.

Table 1. Some characteristics of the investigated dye.

Properties Reactive Red 120

Colour index name Reactive Red-120 (RR120)
Molecular formula Ca4H24C12N14NasO20Se
Molecular weight 1469.34 g/mol

Water solubility 70gL?

Class Diazo (-N=N-)

2.2. Preparation of bacterial inoculum

A total of three strains from consortium JR3 were used in this study. They were identified as
Enterobacter sp. MMO05, Pseudomonas aeruginosa MMO1 and Serratia marcescens MMO6, which
were previously isolated from Juru River, Malaysia [17]. Large-scale cultures of each strain were
grown in a sterile medium containing 10 g L™* of nutrient broth and 2 g L™ of yeast extract to promote
rapid bacterial growth development. Adjustment of the medium to pH 7.0 was carried out using 1 M
HCI or 1 M NaOH. Each strain was individually inoculated into a 1-L growth medium separated into
several conical flasks. Growth of the bacterium was carried out on an orbital shaker at 120 rpm and
room temperature. The bacterial cells were harvested by centrifuging at 10,000 =g at the exponential
phase (18 h#2) at the temperature of 4 <C for 10 min. The resulting pellets were washed twice using
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100 mM Tris buffer and then re-suspended in pH 7 Tris buffer solution to an A600 nm range of 0.9 —
1.0. Additionally, 100 pL from each of the washed cells was mixed to get a final volume of 1 mL or
1%. This was done to standardize the inoculum size.

2.3. Analytical methods

Dye solutions and dye-containing culture media were filtered and sterilized with a Millipore
Millex© GS 0.22-pm unit. The dye concentrations were measured using a UV-visible
spectrophotometer that had been calibrated to the specified maximum wavelengths of each dye
(Shimadzu UV mini 1240). Each of the samples was centrifuged for 10 min at 10,000 x g using a
Beckman Coulter© Microfuge 16 centrifuge. The concentration of the dye was evaluated as follows.

initialabsorbance — finalabsorbance

%Decolorization = ialabsorbance x 100 (1)

Enumeration of the bacteria was carried out using the colony-forming unit (CFU mL™) with
appropriate dilutions.

2.4. Effects of various Reactive Red 120 concentrations on decolorization ability and growth rate of
consortium JR3

Based on previously obtained RSM results, consortium JR3 was inoculated under optimal
conditions for maximum decolorization of RR120 at various concentrations [17]. A total of 1 mL of
seed culture consortium JR3 was inoculated in 100 mL of minimal salts medium (MSM) containing
different concentrations of RR120, and it was incubated under shaking conditions (150 rpm) for five
days. The composition of MSM in (g L) of dH20 comprised Na;HPO4.2H,0 (12.0), KH2PO4 (2.0),
MgCl,.6H20 (0.10), Ca(NOs3)..4H20 (0.050) and FeCl,.4H20 (0.0075), while the trace elements
(mg L) were ZnCls (50), MnCl,.4H20 (30), CoCl2.6H,0 (200), NiC2.6H20 (20), Na,M004.2H,0
(30), H3sBO3 (300) and CuCl2.2H20 (10) [18]. The concentration of NH4(SO4), and the pH varied
depending on the RR120 concentration used, as illustrated in Table 2. Yeast extract was given at a
final concentration of 0.5 g L. Each concentration of RR120 was experimentally designed based on
Table 2 for maximum decolorization ability by consortium JR3, resulting in peak performance.
Reading was taken at an interval of 3 h for the first 24 h, followed by a 12-h interval for the remaining
incubation period. Decolorization of RR120 was determined against the medium as a blank at 525 nm.
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Table 2. Suggested parameters for each variable for optimum decolorization of RR120 by
consortium JR3 based on response surface methodology optimization.

No. Ammonium sulphate pH Temperature (C) RR120 Desirability
concentration (g L™2) concentration (ppm)
1. 0.6 8.102 34.233 25 0.999
2. 0.6 8.102 34.233 50 0.999
3. 0.6 8.102 34.233 100 0.999
4. 0.645 8.293 34.532 200 1.000
5. 0.681 8.527 33.717 300 0.999
6. 0.702 8.555 33.502 400 0.999
7. 0.711 8.629  33.121 500 0.999
8. 0.822 8.874 31.687 600 0.999
10. 0.841 8.743 28.971 700 0.999

2.5. Primary modeling of Reactive Red 120 decolorization

The Gompertz model was used to calculate specific reduction rates and lag times. This was done
initially to determine the specific rate of reduction for each concentration; these are important
parameters to have before moving on to secondary modeling. The bacterial growth rate on RR120 data
was first converted to a natural logarithm before being used with the modified Gompertz model, which
is commonly used in bacterial kinetics [19-24].

The equation is as follows:

X Xmax um.e
In (X_o) = In( Yo )exp(— exp(m @1 -+1) )
Xo

where

Xo is the initial bacterial concentration (CFU mL™),

Xmax iS the maximum initial bacterial concentration (CFU mL™),
X is the bacterial concentration (CFU mL™),

t is the incubation time (h),

um is the maximum specific growth rate (h™2),

/ is the lag time (h)

2.6. Secondary modeling of Reactive Red 120 decolorization

For primary growth kinetics, an increase in bacterial number (CFU) over time was performed while
fitting the resultant specific growth rate; meanwhile, primary growth activity against RR120
concentration represents secondary growth modeling. When fitting the graph, the Marquardt algorithm
was used, which minimizes the residual sums of squares (i.e., the difference between predicted and
observed). CurveExpert Professional software (version 2.0) was used to fit curves for both primary
and secondary growth graph models. The terms are as follows:

i.Estimation of pwax: The maximal bacterial growth rate is an important parameter for modeling
microbial growth under batch conditions. Each formula has its way of calculating pmax Which
depends on the interaction of the substrate concentration and bacteria tolerance level. Therefore,
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six different estimation methods were used to find the ideal pmax. The estimation was carried out
by utilizing the steepest ascent search of the curve among four datum points.

ii.Estimation of A :In this study, a stochastic model is used to investigate the lag distribution of
consortium JR3 for various RR120 concentrations. It was accomplished by determining the
intersection of points 1 (0 h) and x (start of the exponential phase). To plot the graph, a minimum
of six points were obtained during the lag phase.

iii.Estimation of A: The maximum amount of bacterial growth was carried out by taking the final datum
point at the highest peak.

Table 3. Models used to model secondary inhibition Kinetics using consortium JR3 on
various concentrations of RR120 under optimized conditions.

Models Equation Authors
'umaxs

Yano Sz S [25]
S+Ks+(K_1)(1+K)

Aiba Koo K. +S exp(—KP) [26]

Haldane ﬂm“x;sz [27]

S+K5+Fi
Tessier-Edward 1 (S ) ( > ) 28
essier-Edwar Ay € exp K, exp K. [28]

u s

Monod maxm [29]

Notes: Where
Lmax IS the maximal growth rate (h™?)
K, is the half-saturation constant for maximal reduction (mg/L)
S, is the maximal concentration of substrate tolerated (mg/L)
m,n, K are curve parameters
S is the substrate concentration (mg/L)
P is the product concentration (mg/L)

2.7. Effects of heavy metals on Re (mg/L) active Red 120 decolorization by consortium JR3

In this study, we looked at how well consortium JR3 could remove colour from 200 ppm RR120
under ideal conditions while still dealing with heavy metals. The heavy metals used in this study were
silver, arsenic, chromium, cadmium, copper, lead, mercury and zinc. MERCK AAS standard solution
was used to prepare each heavy metal stock, and 1 ppm of the prepared stock was then added to the
culture media. During the incubation process, the culture medium was shaken (150 rpm). At 525 nm,
the absorbance of RR120 decolorization was measured.

2.8. Effects of chromium and mercury on the decolorization of Reactive Red 120 by consortium JR3

Based on Section 2.5, the chromium that had the weakest effect on the decolorization of RR120
by the consortium JR3 was studied at higher concentrations. Filter sterilized chromium (200 ppm stock
solution) was supplemented to the MSM at the final concentrations of 1, 1.5, 3, 5, 7, 10, 12 and 15

AIMS Environmental Science Volume 10, Issue 3, 424-445.



430

ppm. Readings were taken at 12-h intervals. In the meantime, mercury, which showed a strong
inhibitory effect on the decolorization of RR120 by consortium JR3, was also studied at higher
concentrations. Filter sterilized mercury from a stock solution of 10 ppm were added into the MSM at
the final concentrations of 0.1, 0.3, 0.5, 0.7 and 0.9 ppm. Readings were taken at 12-h intervals.

2.9. Inhibition kinetics of heavy metal on RR120 decolorization by consortium JR3

The initial study based on Section 2.7 illustrated that chromium results in the weakest effect on
the decolorization ability of consortium JR3; hence, differences in increased concentration of
chromium of up to 10 ppm were used to investigate the inhibition rate. The seed culture was incubated
in 100 mL of MSM containing 200 ppm RR120 with different concentrations of chromium (0, 1, 1.5,
3, 5, 7, 10 and 12 ppm). The culture was incubated under shaking conditions, and the absorbance
reading was taken at an interval of 3 h for the first 12 h, followed by 24-h intervals until 72 h. The
values of the specific RR120 reduction rate coefficient piat each initial chromium concentration were
obtained by plotting In (u decolorization) vs. time. A nonlinear curve was obtained by plotting against
metal concentrations; the modeling could be done to determine the constants based on Table 4. A no-
lag-phase Gompertz model was employed for primary kinetics to determine each chromium
concentration’s umax Value. During the secondary model, the inhibitory kinetics on RR120 reduction
was calculated using the specific reduction rate obtained from the no-lag-phase Gompertz model in
primary modeling. The models in Table 4 were used to obtain the lowest K (half-saturation constant)
and K; (inhibition constant).

Table 4. Metal inhibition kinetics used to model in consortium JR3.

Models Equation Author
Modified Han-Levenspiel co\m [30]
"= tmax (1 - Ccrit)
Wang Unax [31]
RN
1+ (K_C)
Liu K, [32]
=K 4C
Modified Andrews U C [33]
r=—
CZ
Ks+C + (71)
Shukor CA\" [34]
T = Unmax (1 - (g) )

2.10.  Statistical analysis

The corrected Akaike information criterion (AlCc), The root-mean-square Error (RMSE), the
adjusted coefficient of determination (R?), the bias factor (BF) and the accuracy factor (AF) were the
error functions utilized in this study to discover which model is the best. The variables of the RMSE
equation below are n, which is the number of experimental data, Ob;, that denotes the observed or
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experimental data, Pd; is the predicted data and p is the number of parameters assessed by the
model [35].

RMSE = JZ?:I(Zdi; 0k (3)

In linear regression, the best-fitting model is determined by R?, or the coefficient of determination.
However, in nonlinear regression, R? does not give a comparative analysis where the number of
parameters between models is different. To overcome this, the adjusted R? was used to calculate the
closeness of the feature of the nonlinear models to unity. In the adjusted R? formula, 2 is the total
variance of the y variable, and RSS is the residual sum of square

RSS
Adjusted(RZ) =1- S_)E (4)
. . A=-RH(n-1)
Adjusted(R?) =1 — —p—1 (5)

The Akaike information criterion (AIC) provides a method to select a model for the relative quality
of a given statistical model in a given set of experimental data. However, the AlCc is used for data sets
with a large number of parameter or those that have a smaller number of values [36]. For each data set,
the AlICc was calculated based on the following equation:

R 2 1 2
AlCc = 2p+n1n($)+2(p+ 1)+ (Pn‘l'_ ;(f;— ) (6)

Here, n indicates the number of experimental points and p denotes the number of parameters in
the model. The AICc provides information about the variations in the number of parameters and the
fitting between two models. The smallest AlCc value would indicate the best fit between the
models [36].

To test the goodness of fit of the models used, the BF and AF were used. In a molybdenum
reduction, the BF should be equal to 1 to provide an ideal match between the observed and predicted
values. The value of the BF that is greater than 1 signifies a fail-safe model, and a BF less than 1
signifies a fail-negative model. A value of AF that is > 1 signifies a less precise prediction.

. [~ (Pd;/0b)
Biasfactor = 10 (; log T) (7)
Accuracyfactor = 10 (®)

3. Results
3.1. Effect of initial Reactive Red 120 concentration on the growth of the consortium

RR120 growth kinetics was determined by measuring the cell growth rate at different RR120
concentrations for 72 h, as shown in Figure 1. The primary growth model was constructed based on
the modified Gompertz model. This was done initially to obtain the piax value for each concentration,
which is required before secondary modeling [37,38]. From 25 ppm to 700 ppm of RR120, the
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consortium reached an exponential growth rate at 24 h of incubation. The consortium reached the
highest growth rate at 200 ppm, and then it started to decrease with an increase in RR120 concentration.
As shown in Figure 1, a high RR120 concentration above 200 ppm had a negative effect on the
consortium growth rate. The highest cell growth was observed at 200 ppm with 26.1 In CFU mL™ at
48 h, followed by 100 ppm with 25.9 In CFU mLt. Meanwhile, the concentration of RR120 resulted
in better cell growth of the consortium at 50, 100, 200 and 300 ppm, as compared to 25 ppm alone.
Beyond 400 ppm, the increasing concentration of RR120 significantly inhibits the consortium growth
rate. For instance, at 700 ppm, the growth rate reached a plateau at 36 h with 21.5 In CFU mL™. In
comparison with 200 ppm, 700 ppm reduced the consortium growth by 74.72% at 36 h.

27 1

261 —e— 25 ppm

—O—50 ppm

—— 100 ppm
—x— 200 ppm
—&— 300 ppm
——400 ppm
—&— 500 ppm
—{3- 600 ppm
=X=700 ppm

25 1

24 1

23 1

Ln CFU/mL

22 1

21 3

20

Time (h)

Figure 1. Effects of various RR120 dye concentrations on consortium growth rate. Data
points represent mean +SD.

3.2. Secondary modeling of consortium JR3 on the various concentrations of Reactive Red 120

The model's fitness in terms of envisaging the rate of decolorization (q) is illustrated in Figure 2.
The correlation coefficient value for the RR120 inhibition Aiba model was 0.9939, illustrating a good
fit, while the Yano model gave a slightly lower value of 0.9799. The low correlation coefficient value
of 0.1986 indicates a poor fit (Table 5).

R? in statistics plays a major role in giving information about the goodness of fit of a model. In
regression, the determination of R? is a statistical measure of how precise regression predictions are
estimated against the real data points. Therefore, an R? value of 1 indicates that the regression
prediction model perfectly fits the data. However, when modeling with nonlinear regression, this
method does not consider the number of parameters of models and, therefore, does not freely provide
comparative analysis. As a solution, when building the nonlinear models, the adjusted R? was utilized,
as it is calculated based on the number of parameters of models used to work out the quality of
nonlinear models. The adjusted coefficient of determination for Aiba was 0.983, followed by the Yano
model with 0.952. The adjusted R? value did not deviate much from R?, indicating a precise model.

The BF is another good indicator for allocating the perfect match between predicted and
experimental values. When dealing with microbial growth kinetics, a BF value of <1 represents a fail-
dangerous model, while a value of >1 indicates a fail-safe model [39]. The AF should be >1, and any
higher value indicates a fail-safe model. Based on these requirements, only Aiba fits a perfect model,
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with a BF value of 1.006 and an AF value of 1.008. The rest of the models consist of fluctuating values,
indicating a worse-fit model.

The results of curve-fitting by both the primary and secondary models were compared by using
the AIC, which is based on an in-sample fit (goodness of fit). The AIC was developed by Akaike to
estimate the likelihood of a model to predict future values [40]. The corrected version, AlCc, was
utilized by considering that the size of the data set within this study was small. A lower AICc value is
more desired, as a higher value often indicates a less preferrable model. Therefore, only the Aiba model
had the best AICc value of —71.65, followed by the Yano model with —55.42.

The value of the specific growth rate p1tends to increase to its optimal substrate concentration
before it finally decreases at higher concentrations due to substrate inhibition. According to the best
model, Aiba recorded the maximum growth rate (ax) to be 0.795 h™%, while the saturation constants,
also known as the half-velocity constant K and inhibitory constant K, were 0.185% and 0.14%,
respectively.

1.0 1
® Experimental

. 08 @ — Haldane
< [ ] (J Webb
© 061 / — Yano
©
= ./ ° Aiba
; 0.4 A1
© °

0.2 \

o .\
0.0 . T T T T T , 1
0 100 200 300 400 500 600 700 800

RR120 (ppm)

Figure 2. Growth rate on RR120 by consortium JR3, as modeled with various substrate
inhibition kinetic models.

Table 5. Statistical analysis of the kinetics models for consortium JR3. adR2: adjusted R?.

Model p RMSE R? adR? AlCc BF AF

Moser 4 0.256 -0.322 -1.643 -26.31 0.975 1.382
Yano 4 0.053 0.976 0.952 —55.42 1.012 1.062
Tessier-Edward 3 0.073 0.925 0.880 -50.23 1.016 1.105
Aiba 3 0.033 0.989 0.983 —71.65 1.006 1.008
Haldane 3 0.089 0.900 0.839 —-45.05 1.026 1.121
Monod 2 0.243 -1.320 —2.093 —26.99 0.947 1.436

3.3. Effects of heavy metals on Reactive Red 120 decolorization by consortium JR3

The effects of heavy metals were examined for consortium JR3 to establish its ability to remediate
RR120. The heavy metals used in these studies range from the highest toxic to the lowest toxic
elements. Chromium showed the weakest effect on the decolorization of RR120, with 73.5% removal
with bacterial growth of 11.461 log CFU (Figure 3). Zinc had the second weakest effect, followed by
silver and lead, with percentages of RR120 decolorization of 63.8%, 54.6% and 50.5%, respectively.
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Meanwhile, cadmium, arsenic and copper reduced the decolorization of RR120 in consortium JR3 by
half. Mercury strongly inhibited decolorization by 32.5%.

3.4. Effect of mercury on the decolorization of Reactive Red 120 by consortium JR3

Mercury has a profound effect on bacterial consortium activity, as it significantly reduced the
decolorization of RR120 in consortium JR3. Since consortium JR3 was isolated from the Juru River
site, the effects of different concentrations of mercury on the decolorization of RR120 was
investigated. Figure 4 illustrates the effects of different mercury concentrations on the decolorization
of 200 ppm of RR120 and its consortium JR3 growth. The control is the condition of no mercury
introduced to the media (0O ppm). Increasing the mercury concentration results in a decrease in the
decolorization and bacterial growth ability of consortium JR3, where a concentration of 1.6 ppm results
in total inhibition (Figure 4). At 0.1 ppm, no significant reduction in decolorization was observed,
compared to the control. However, increasing the concentration beyond 0.2 ppm resulted in a
significant drop in decolorization (P<0.05), and consortium JR3 lost 50% decolorization capability at
0.4 ppm of mercury. Consortium JR3 was able to tolerate the highest concentration of 1.2 ppm of
mercury, with decolorization of 13.4% and bacterial growth of 10.1 log CFU mL ™.

12 - - 100
@ 0O Growth
O Decolourisation %
- 80 —~
2 111 (% e = <
Q B 60 =
2 (} Q g
Q Q 5
= S - 40 3
% 10 A Q §
1] ’{_‘ 20 O
9 T T T T T T T T 0

Control Pb Ag Zn Cr Hg Cu As Cd

Figure 3. Growth and biodegradation effect of different heavy metals on the decolorization
of 200 ppm of RR 120 by consortium JR3 after 24 h of incubation. Data points represent
mean +SD, n=3.

12

r 100
—&— Growth

_EI —O— Decolourisation% [ 80 g
(E) 11 A F 60 S

T
g L 40 O
— =]
€ 10 - L 20 o
o ]
) 0 [a)

9 T T T T T -20
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
Hg (mg/L)

Figure 4. Growth of the inoculum and decolorization of 200 ppm of RR120 under different
mercury concentrations after 24 h of incubation. Data points represent mean £SD, n=3.
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3.5. Effect of chromium on the decolorization of Reactive Red 120 by consortium JR3

Chromium was found to have the weakest effect on the decolorization ability of consortium JR3.
The extent of tolerance capability was investigated in this study. Increasing chromium concentration
results in less decolorization of RR120 and a lower consortium growth rate (Figure 5). A concentration
of 1 ppm to 3 ppm of Cr results in an average of 75% decolorization activity. There is no significant
difference between these concentrations (P>0.005). An increase beyond 10 ppm results in a significant
drop in decolorization. Additionally, 7 ppm of Cr reduced decolorization by 54.7%, with consortium
growth at 11.13 log CFU. Consortium JR3 was able to tolerate up to 15 ppm of Cr concentration;
however, the decolorization reduced by 90%, suggesting an increase beyond this concentration will
result in total inhibition.

12

r 100

—&— Growth
—O—Decolourisation% | 80

11 A
- 60

- 40
10 1

Growth Log CFU/mL
Decolourisation (%)

20

0 0.2 04 0.6 0.8 1 12 14 16
Cr (mgl/L)

Figure 5. Growth of the inoculum and decolorization of 200 ppm RR120 under different
chromium concentrations after 24 h of incubation. Data points represent mean =SD, n=3.

3.6. Inhibition kinetics of chromium on consortium JR3 ability to decolorize Reactive Red 120

The effects of various kinetics models fitted based on different concentrations of chromium on the
decolorization rate of RR120 by consortium JR3 is interpreted in Figure 6. The correlation coefficient
value (R?) for the RR120 Levenspiel reduction model was 0.98, illustrating a good fit with the actual
data, followed by the Shukor model, with an R? value of 0.97 (Table 6). Another important indicator
for allocating the perfect match between the expected and experimental results is the BF. When dealing
with microbial azo dye decolonization, a BF value of <1 represents a fail-dangerous model, while a
value of >1 indicates a fail-safe model. Besides that, the AF should be >1, and any higher value
indicates a fail-safe model. Based on these requirements, the Levenspiel model fits a good model, with
a BF value of 1.00 and an AF value of 1.02. Moreover, the lowest AICc in the Levenspiel model
indicates a less preferrable model compared to the rest of the models. According to the best model,
Levenspiel recorded a maximum RR120 reduction rate (umax) of 0.632 h™*, while the saturation constant
(K¢) and inhibitory constant (m) were 15.08% and 0.5783%, respectively.
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Figure 6. RR120 decolorization rate by consortium JR3 plotted against the various
concentrations of chromium, as modeled according to the Wang model, Liu model, Shukor
model and Andrews model.

Table 6. Statistical analysis of the kinetics models for heavy metal inhibition, with focus
on chromium for consortium JR3. The BF and AF values are unavailable for the Andrews
model due to the model plot failure.

Levenspiel Shukor Wang Liu Andrews
R? 0.98 0.97 0.97 0.96 0.0
Adjusted R? 0.98 0.96 0.95 0.92 0.0
AlCc -57.85 -55.91 -50.9085  -50.64 -16.64
BIC —-62.17 —-60.23 -55.23 -51.23 -20.97
HQC —62.79 —60.85 —-55.84 -51.85 —21.58
BF 1.00 1.00 1.01 1.01 NA
AF 1.02 1.04 1.05 1.07 NA

4. Discussion

An essential aspect of bioremediation is the correlation between a microbial population's specific
growth rate («) and the substrate (RR120) concentration (S). The association defines a class of rate
rules known as theoretical models that are based on empirical data. These simulations are merely
numerical formulas meant to characterize a system's behavior. The estimations of these parameters
suggest that the Aiba model best describes the inhibition kinetics of consortium JR3’s cell growth.

There are limited data on the RR120 decolorization and utilization kinetics by microorganisms in
the literature, which provides a good opportunity to study its growth kinetics. Most of the studies
concerning substrate inhibition on microbial growth were done with focus on phenol [41],
molybdenum [39], hydrocarbons [42,43] and copper [44], but none focusing on RR120 azo dye to
date. Previous studies on other xenobiotics, such as molybdenum reduction by Bacillus sp. A.rzi,
indicated that Luong developed the best model, followed by Haldane and Monod [45]. Meanwhile, in
the area of pyrene degradation by E. cloacae BT, the Luong model was best fitted with a pax value of
0.032 h™! at a concentration of 200 ppm. Acinetobacter johnsonii was reported to have Aiba as the best
model, with a pnax vValue of 0.537 h™! for the excess effect of nitrogen concentration [46]. Aiba was the
best-fitting secondary model of acrylamide substrate inhibition for Pseudomonas sp. [47], chromium

AIMS Environmental Science Volume 10, Issue 3, 424-445.



437

substrate inhibition for Serratia sp. [48] and molybdenum substrate inhibition for Enterobacter
sp. [49].

However, this is the first paper to report Aiba as the best model in a combination of mixed bacterial
strains containing Pseudomonas aeruginosa, Serratia marcescens and Enterobacter sp. in RR120,
which follows previously reported individual strains [47,49]. Although the consortium JR3 was able
to decolorize RR120 at more than 400 ppm, increasing the concentration beyond 200 or 400 ppm was
found to be inhibitory to the specific growth. The drastic fall in specific growth rate from 0.795 to
0.445 h™* for 100 ppm to 300 ppm and 0.279 to 0.103 h™* for 400 to 600 ppm, respectively, was because
of a prolonged lag time at those concentrations and the growth inhibition induced by the toxicant
utilized in the investigation. The behavior can be explained by the lack of co-substrate needed to
overcome RR120 saturation in consortium JR3. Although adding more co-substrate could solve the
shortened lag phase at higher concentrations, this might lead to consortium JR3 utilizing the co-
substrate as an alternate carbon source.

The ability of the consortium to decolorize RR120 in the presence of heavy metals provided
valuable insight into its ability to remediate toxic effluents. Juru River not only accommodates textile
industries, but it also houses various heavy machinery industries along the riverside. Due to
anthropogenic activity, untreated waste from this kind of industry is being released into the river.
Under this condition, those native bacteria to the sites are not only exposed to dye waste, but also to
industrial waste containing heavy metals. For instance, one of the earliest studies [50] discovered traces
of Cu, Pb, Zn, Mn and Fe in Juru River sediments. Moreover, Zn, Cu, Pb and Cd were also found in
clams and fish caught in that river [51].

The presence of mercury and lead at concentrations of 18.46 mg L and 0.04 mg L1, respectively,
complicates the situation further. The situation is already worsened with poor dissolved oxygen
levels [52]. Both studies show that there is a positive correlation between the presence of heavy metals
in the river and at industrial sites, as the number of pollutants increases with the rapid development of
heavy machinery factories. To make matters worse, this has been happening for the past 20 years. In
this case, the surrounding environmental conditions influence consortium JR3 in terms of heavy metals
tolerance. Repeated exposure has allowed those native bacteria to acclimatize to new conditions.

Second, microbial survival in polluted environments varies according to inherent structural,
biochemical and physiological properties with gene adaption [53-55]. Prolonged exposure to heavy
metals contaminates, and the bacteria have developed appropriate mechanisms for survivability. Since
consortium JR3 consists of Serratia sp., Pseudomonas sp. and Enterobacter sp., each of these
individual strains has its unique mechanism to cope with heavy metal toxicity. The five main
mechanisms against heavy metals are extracellular sequestration, an extracellular barrier, intracellular
sequestration, the active transport of metal ions and the reduction of metal ions [56].

Uniquely, many genes responsible for heavy metal tolerance are naturally found in some bacteria
before exposure, suggesting that acquired tolerance is a strain’s ability to be further enhanced. As
reported in one paper [57], three genes encoding Cd/Pb/Hg/Zn-transporting ATPase, as well as three
putative genes encoding the Zn/Co/Cd resistance protein CzcD, are naturally present in Serratia
marcescens isolated from roots of Solanum nigrum. Although this bacterium had no previous exposure
to heavy metals, the strain developed tolerance when exposed to Cd. The findings [57] are further
supported by the work of Kotoky et al. [58], where Serratia marcescens was found to be highly
resistant to Cd by utilizing the glutathione-S-transferase mechanism for detoxification [58]. There are
similarities between the attitudes expressed by consortium JR3 in this study and those described by
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Khan et al. [57]. The ability to decolorize RR120 in the presence of cadmium can probably be attributed
to the Serratia marcescens strain MMOG, as this genus is known for its metal-tolerant capability due
to the presence of metal-efflux genes [59]. In addition, Pseudomonas sp. showed high resistance to
heavy metals, antibiotics, detergents and organic solvents [60-63]. The CadR in Pseudomonas spp. is
responsible  for encoding a transcriptional regulatory protein that responds to
Cd(II) » Zn(II) > Hg(IT) [64—66]. This function allows Pseudomonas aeruginosa strains in general to
tolerate heavy metals. The novelty of consortium JR3 is its ability to withstand a large amount of
chromium while maintaining a significant decolorization rate of RR120. This ability is rarely seen in
other bacteria, yet achieving total decolorization at 10 ppm of chromium alone is a valuable asset in
the bioremediation field. The inhibitory effect of chromium on dye biodegradation is discussed in [67],
with the simultaneous removal of 100 ppm of mixed dyes consisting of RR120, Reactive Blue 5,
Reactive Yellow 2 and Reactive Orange 16, with 25 ppm of hexavalent chromium resulting in 76.6—
98.7% decolorization and 51.9-91.1% reduction, respectively, by Pseudomonas aeruginosa ZM120
after 180 h incubation under static conditions. Zhuang et al. observed a significant reduction in Direct
Blue 2 decolorization in Enterobacter faecalis ST5, Clostridium bifermentans ST12 and Oceanimonas
smirnovii ST3 when exposed to 1 ppm of lead and cadmium [68]. However, Pseudomonas aeruginosa
HF5 had a negligible impact on the decolorization of RR120 when supplemented with lead, and it was
able to achieve complete decolorization (>95%) even at 100 ppm of lead [69]. According to Hafeez et
al., Pseudomonas aeruginosa was the best strain among 80 others able to tolerate a high concentration
of lead [69].

The effect of mercury on RR120 decolorization has a distinct effect on consortium JR3. Normally,
throughout the study, the observed medium slowly loses color from red to yellowish, indicating that
consortium JR3 is consuming the dye; hence, decolorization has occurred. However, when exposed to
mercury, the observed color change was different. After 48 h of incubation, the medium turned a green
color at a mercury concentration of 0.1 ppm, while increasing the concentration to 1 ppm resulted in it
remaining red (data not shown). Resulting in medium color change is a consequence of bacterial
pigmentation induced by consortium JR3.

Mercury is highly toxic to living cells due to its strong affinity for the thiol groups of proteins.
This could result in damage to the cells' protein channels, causing the bacteria to slowly die of
starvation. To overcome this barrier, some species of Pseudomonas produce pyocyanin, particularly
for iron metabolism [70,71]. This could explain why the culture medium turned green due to
Pseudomonas’ pyocyanin. Another possible explanation is the effect of the strains competing for the
same source of nutrients. Consortium JR3 consists of Pseudomonas aeruginosa, Serratia marcescens
and Enterobacter sp. Due to the presence of mercury, these strains are under huge stress and unable to
consume and multiply efficiently. Thus, to increase the odds of survival, Pseudomonas aeruginosa
releases pyocyanin, which is known to inhibit the growth of other organisms [72,73]. Pyocyanin is a
secondary metabolite with the ability to oxidize and reduce other molecules and, therefore, Kkill
microbes competing against Pseudomonas aeruginosa [73].

The cytotoxicity effect of mercury in Serratia marcescens results in the production of prodigiosin,
which allows the bacteria to neutralize the mercury effect [58]. Furthermore, this effect was observed
at 0.3 ppm onward. As the mercury concentration increases, red pigmentation increases with it. This
observation can be explained by the findings in [74], which reported prodigiosin functions to convert
toxic metabolites into the innocuous end product. The authors of [75] observed the red pigmentation
to be correlated with an increased rate of ATP production during the population lag phase. During this
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time, the pigmented cells of Serratia marcescens were able to accumulate ATP more rapidly and
proliferate much faster [75,76]. At higher concentrations, most likely both Pseudomonas aeruginosa
and Enterobacter sp. did not survive, leaving Serratia marcescens to proliferate much better, with no
competition with either bacteria. However, with a lack of a synergistic effect of both species, Serratia
marcescens produces prodigiosin to gain what is lost. Under this condition, Serratia marcescens strain
MMO6 seeks for an abundant energy source that is available from RR120. The ability of consortium
JR3 to withstand up to 1.2 ppm of mercury is an added value, as most bacteria fail to do so. With the
limited number of bacteria, the family is known to resist mercury toxicity, so finding one is extremely
valuable in the bioremediation field. Mercury-resistant bacteria have been described for many phyla,
including those of Actinobacteria, Firmicutes and Proteobacteria [77,78]. A handful of these organisms
are capable of reducing Hg(Il) to Hg(0) and/or degrading methylmercury, or simply resisting it [79,80].
Nevertheless, the ability of bacteria or a consortium to decolorize RR120 in the presence of mercury
has not been reported before. Repeated exposure to industrial waste allows this native bacterium to
adapt and tolerate it much better. Hence, applying the consortium JR3 to textile effluents consisting of
heavy metals, especially mercury, will likely result in red pigmentation due to prodigiosin activity.
This is where consortium JR3 shines compared to the rest of the known dye decoloring strains. The
versatility of these strains could be a key changer in bioremediation application, not only because it is
able to consume RR120 as the sole carbon source, but also because its tolerance toward various heavy
metals provides a good solution for textile effluent treatment.

5. Conclusion

This study illustrates the ability of consortium JR3, which is comprised of Pseudomonas
aeruginosa MMO0L1, Enterobacter sp. MMO5 and Serratia marcescens MMO06, which were previously
isolated from Juru River, Malaysia, to decolorize up to 700 ppm of RR120 and tolerate various heavy
metal types. Discriminatory statistical analysis in modeling studies illustrates that the best growth
kinetic model is the Aiba model. The consortium JR3 was able to decolorize RR120 in the presence of
heavy metals such as silver, arsenic, cadmium, chromium, copper, mercury, lead and zinc. It was found
that chromium had the weakest effect on RR120 decolorization, followed by zinc and lead. Meanwhile,
mercury has the highest inhibitory effect on consortium JR3. In terms of chromium inhibition Kkinetics,
the Levenspiel model had the best fit. A strain which displays heavy metal tolerance and dye-
decolorizing ability is sought after, particularly for bioremediation.
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