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Abstract

Arsenite binding was evaluated in two Bacillus strains i.e., B. megaterium and B. pumilus, isolated from arsenic
contaminated soil of Unnao district of Uttar Pradesh (India). Initial results showed that more than 90% of arsenite
was removed by surface binding by the cell wall component in both the tested species of bacteria. Results on the
concentration dependent arsenic binding in bacterial strains exhibited higher efficiency of arsenite binding in B.
megaterium (q,,, - 1000 mg g protein) than B. pumilus (q,,, - 666.7 mg g protein). The pH optima for arsenic (As)
binding in both B. megaterium (pH 6.0) and B. pumilis (pH 8.0) were found to be different. Results on temperature
dependent arsenite binding by B. megaterium showed maximum binding at 30°C, while arsenic binding maxima in B.
pumilus showed a broad temperature range (25°C to 35°C). The kinetic parameters on arsenite binding revealed that
both the bacterial strains followed pseudo-second order kinetics. The As adsorption behavior of the bacterial strains
was better explained by Langmuir isotherm rather than Freundlich model. Results of FTIR spectra on surface binding
of As revealed major spectral changes in the band region of 1600 cm'to 800 cm in case of B. megaterium, indicating
involvement of mainly amines, alkenes and C-N functional groups. Whereas FTIR spectrum of B. pumilus showed
changes in the band region of 3433 cm'to 2924 cm! indicating the involvement of hydroxyl, alkanes, alkenes, amides
and aromatic functional groups in the arsenic binding. A corollary of these results indicated differential binding of
arsenite in both the Bacillus strains was on account of different arsenite binding ligands on cell surface as evident from

the FTIR results as well as different pH and temperature optima.
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Introduction

Among the various heavy metals, arsenic is well-known toxic
metalloid thatis considered as prioritypollutant. Arsenic, predominantly
from natural sources, has also been found to be contaminating
groundwater in parts of the Indian sub-continent. Arsenic is generally
toxic to life but it has been demonstrated that microorganisms can use
arsenic compounds as electron donors or electron acceptors, and they
can possess arsenic detoxification mechanisms [1-3]. The ubiquity of
arsenic in the environment has forced the microorganisms to evolve
an arsenic defense mechanism [4]. Certain microorganisms are known
to have developed the necessary genetic components which confer
arsenic-tolerance mechanisms, allowing them to survive and grow
in environment containing high levels of arsenic that would be toxic
to most of the other organisms [5]. The adverse health effects of As
are well documented [6]. Chronic arsenic poisoning can cause a lot
of human health problems through either contaminated drinking
water or agriculture products irrigated by contaminated water [7-9].
Arsenic occurrence in the environment, its toxicity, health hazards,
and the techniques used for speciation analysis are well known and
has been reviewed [10-12]. Metal adsorption is generally recognized
as fast interaction between metal cations and electronegative surface
of the cell membrane [13]. Since the arsenite in aqueous solution is
present as negatively charged anion, the zeta potential of membrane
surface, apparently unfavourable for negatively charged anions, makes
their removal difficult from the arsenic contaminated sites [14,15]. The
use of microbes for arsenite removal has so far not yielded satisfactory
results as the membrane surface requires preprocessing to change
the surface charge. However, genetic modification of cell surface of
bacterium E. coli is reported to be favourable for the arsenite removal
[16]. Since the arsenite is more toxic than arsenate, the natural selection
pressure might have resulted into arsenite tolerance in some bacteria in
contaminated sites by bringing about required changes in the gene pool.
For successful bioremediation of arsenite by using microorganisms,

an effort is required to target isolation of specifically arsenite-tolerant
bacteria with enhanced efficacy of arsenite adsorption.

In view of the above, the main objective of the present study was
aimed to isolate arsenite tolerant bacterial strains with efficient arsenite
adsorption efficiency, which can be exploited for bioremediation
of arsenic contaminated sites. Further, attempts have been made to
study the nature of arsenite interaction with membrane cell surface by
employing kinetic studies and isotherm studies.

Materials and Methods
Chemicals and equipment

Stock of As (III) was prepared by dissolving sodium arsenite in sterile
deionized Milli Q water, stored at 4°C in dark. For pH adjustment 0.1N
HCl and 0.1N NaOH solutions were used. The arsenic concentration
were analyzed by using an atomic absorption spectrophotometer
(AAS) (Varian AA 240 FS, Australia) at a wavelength of 193.7 nm. All
chemicals used are of analytical reagent (AR) grade and were product
of Loba Chemicals Pvt. Ltd.

Isolation and identification of bacterial isolates

The arsenite resistant bacterial strains were isolated from arsenic
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contaminated soil of Gaja Khera, Shukla Ganj and Murtaza Nagar
village located in Unnao district (27° 40’ N, 80° 00" E) of Uttar
Pradesh, India. As per survey of U.P. Jal Nigam (a statutory body of
State Government which looks over the development and regulation
of water supply and sewerage systems of state), these areas have been
declared as arsenic affected areas. The soil samples were collected from
a depth of 15 cm in sterile plastic bags. The arsenite tolerant colonies of
bacteria were isolated and screened on nutrient agar plates containing
40 mM of sodium arsenite. The standard microbiological techniques
were employed to screen the microorganism. Discrete arsenic tolerant
bacterial colonies were picked up and maintained in nutrient broth
containing 40 mM of arsenite.

The bacterial isolates were further identified by using standard
morphological and biochemical tests [17] and then send for 16S rDNA
sequencing at Genetech, Biotech Park, Lucknow (U.P., India). The gene
sequences of these strains were submitted at to NCBI. The identified
bacterial strains are Bacillus megaterium (Accession no. KC633281)
and Bacillus pumilus (Accession no. KC633283).

Arsenic biosorption experiment

Biosorption of arsenite was measured in 100 ml Erlenmeyer’s
flask containing 20 ml BSMY II. Exponentially growing culture was
harvested by centrifugation (3000 X, 15 min), washed with distilled
water and the pellets were suspended in the flasks containing different
concentrations (0-100 ug ml") of arsenite. They were kept in shaking
incubator at 30°C temperature for 120 minutes. At the end of
incubation period, 10 ml of sample was taken and centrifuged (1500 X,
10 min). Supernatant was collected in test tubes for the measurement
of remaining as concentration in the medium. The cell pellets were
washed twice with distilled water to remove any unbound metal.
Thereafter, cells were washed with 2 ml of 10 mM EDTA in order
to measure the membrane bound metal concentration. The EDTA
washed cell pellets were washed with distilled water then dried at 60°C
and were digested in acid solution containing 10:1 mixture of HNO,
and HCIO, acids as described by [18]. Total EDTA washed fraction was
also treated in the same way. The substraction of membrane bound as
from the total as removed from the medium gave the concentration of
intracellular uptake of arsenite. Surface bound arsenite concentration
was calculated from EDTA washable fraction.

To study the effect of pH on biosorption of arsenite (IIT) on selected
bacterial strains, experiments were conducted at initial pH 4, 5, 6,7, 8
and 9. Effect of temperature was determined in temperature range of
25°C, 30°C, 35°C, 40°C, 45°C. The initial concentration of as was fixed
at 50 pug ml! for both the above experiments. Rest of the procedure was
same as described for adsorption experiment.

Determination of adsorption isotherms

An isotherm is a plot of amount of solute adsorbed per unit amount
of adsorbent against the corresponding equilibrium concentration in
the solution phase keeping temperature constant. Vital conclusion
can be drawn from these isotherms, which are useful in designing of
adsorption systems. Langmuir and Freundlich isotherms have been
used in this study.

Langmuir isotherm

Langmuir isotherm is obtained from a kinetic derivation of
equilibrium between adsorbed and desorbed molecules [19]. This gives
the following equation-

q,=9,.K,.C +K,.C,

where, q, is the amount of adsorbate adsorbed per unit amount of
adsorbent at equilibrium; K, is the adsorption coefficient (a measure
of adsorption energy) and q _ the amount of adsorbate adsorbed per
unit amount of adsorbent required for mono layer adsorption (limiting
adsorbing capacity).

The above equation can also be written in linear form as-

c, 1 C,

qe qmax b qmax

Where, C, is equilibrium concentration (mg 1?), q, is amount
adsorbed per gram of adsorbent at equilibrium (mg g’), q_ is
Langmuir constant related to the maximum adsorption capacity and
b is energy of adsorption. The value of q__ and b were calculated from

the slope and intercept of the graph.

Freundlich isotherm

This isotherm is derived from empirical consideration and
expressed as-

qe = KCe'®

where, qe is the amount adsorbed (mg g'), Ce is equilibrium
concentration (mg 1), K, is the adsorption coefficient [Freundlich
constant (mg g')], which is a measure of adsorption capacity or
fundamental effectiveness of the adsorbent. It is directly related to the
standard free energy change, empirical constant ‘n’ is a measure of the
adsorption intensity [20].

The model can be linearised logarithmically as below,
Log q, = (1/n) log C + log K,

Thus a plot between log q, and log C, is a straight line. Values of K,
and 1/n are calculated from plotting of graph between log q,and log
C,, which is residual heavy metal concentration. A high K, and high ‘n’
value are indicative of high adsorption throughout the concentration
range. A low K, and high ‘n’ value indicates low adsorption throughout
the studied concentration range. A low ‘n’ value indicates high
adsorption at strong solute concentration.

Determination of adsorption kinetics

Kinetic study of metal adsorption by the selected bacterial strains
was carried out at 50 pug ml" initial concentration of arsenic at room
temperature, wherein the extent of adsorption was analyzed at regular
time intervals (5, 15, 30,45, 60, 90,180 and 240 minutes) until as removal
attains a saturation level. The Lagergren first order and pseudo-second-
order models were used to test adsorption kinetics data to investigate
the mechanism of biosorption.

The Lagergren rate equation is most widely used model for the
sorption of a solute from a liquid solution and the first order rate
expression is given as [21].

kl

t
2.303

Where, qe and qt (ug mg™) are the amounts of metal adsorbed on
the algal surface at equilibrium and time t, and k, (min™) is the rate
constant of first order adsorption. The slope and intercept of the plot
of log (qe-qt) versus t were used to determine the value of Q, and k,.

log(q, —q,)=1log Q, -

The pseudo-second order kinetic model in its integrated and
linearized form has been used and is given as [22].

t 1 1
——t

q kg’ q
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Figure 1: Comparison between extracellular and intracellular biosorption by Bacillus megaterium and Bacillus pumilus at different pH (4-9). Data are the mean of three
replicates + SD. Data was analyzed by one way analysis of variance (Duncan Multiple Range Test) at p<0.05. Different alphabets show significant differences between

the treatments.

where k, (g mg™ min™) is the rate constant of second-order adsorption.
The slope and intercept of the plot of t/q versus t were used to determine
the value of g, and k,. It is important to notice that for the application of
this model the experimental estimation of g, is not necessary.

Fourier transforms infrared (FTIR) spectroscopy

FTIR spectroscopy was used to detect the changes in the membrane
surface moieties in bacteria which are responsible for biosorption of
arsenic. The bacterial pellet treated with fixed concentration of arsenic
for 2 hours were collected and oven dried for 12 hours at 50°C. A
measured amount of biomass was mixed with KBr (1:100). Then the
mixture was grounded into fine particles with a pestle and mortar and
was compressed into translucent sample disk by a manual hydraulic
pressure. The spectra for both control and treated cells were measured
within the range of 400-4000 cm™ using a KBr window by Fourier
Transform Spectrophotometer (Nicolet 6700, Thermoscientific USA).
The background obtained from the scan of pure KBr was automatically
subtracted from the sample spectra.

Statistical analysis

All the experiments were conducted in triplicates and the reported
value for each studied parameter are means +SD. Data were analyzed
by one way analysis of variance (ANOVA) at p<0.05. Statistically
significant data are shown by different alphabets by using Duncan
multiple range test (DMRT) using the SPSS software (Version 7).

Results and Discussion

Effect of pH on surface binding and intracellular uptake

Many studies have shown that pH of the surrounding medium was
an important factor in influencing the biosorption of metal ions [23-
25]. The effect of pH (pH 4-pH 9) on arsenic biosorption was studied
for both surface binding and intracellular uptake of arsenic and it was
observed that biosorption was highly dependent on the pH of the
external medium. Results (Figure 1) revealed that maximum surface
binding and intracellular uptake of arsenic occurred at pH 8 and pH
6 for B. pumilus and B. megaterium, respectively. Both the species are
of same genus but B. pumilus binds arsenite in alkaline region whereas

B. megaterium binds it in acidic region. The reason might be change
in the cell wall components of both the species. These results were
also confirmed by FTIR spectra which showed presence of different
functional groups on the cell surface of both the species.

As pH of the aqueous metal solution increases the absorption
capacity of B. pumilus for arsenic also increases up to pH 8 and then
it decreases. These results were in agreement with studies of Wu et al.
and Miyatake [16, 26] who demonstrated reduced metal uptake with
a decrease in pH perhaps due to suitable ionic state of binding ligands
and metal ion species for enhanced interaction. An increase in number
of negatively charged active sites (functional groups such as carboxyl,
hydroxyl, amine and phosphate groups) with increasing pH facilitates
a higher electrical attraction to positively charged metal ions [27,28].
For B. megaterium the maximum absorption of arsenic occurred at
pH 6. The possible reason might be that Arsenic oxides with negative
charge preferred more positive charge on the membrane surface, which
was possible only at acidic pH value. Loukidou et al. and Seki et al.
[15,29] identified availability of different functional groups at different
pH values for binding of metals. A reduced metal uptake rate at pH
values higher than 8 was ascribed to metal-hydroxylation yielding
metal hydroxides or hydrated oxides, which leads to metal passivation.

Effect of temperature on surface binding and intracellular
uptake

The temperature could be an important factor for the energy
dependent metal biosorption onto the microbial cell surface. The effect
of temperature on the surface binding and intracellular uptake of
arsenic was investigated at five different temperature ranges (25°C to
45°C) as shown in Figure 2. An increase in the temperature from 25°C
to 30°C lead to an increase in binding of arsenic by both the bacterial
strains. The intracellular uptake was maximum at temperature of
35°C in both the strains. An increase in the absorption of metals with
increasing temperature could be correlated with endothermic nature of
the absorption process [23,30]. Surface binding was about 80% higher
throughout the tested range of temperature as compare to intracellular
uptake in both the species. This shows that it is the cell surface and
not the metabolic activity which mainly contributes in the removal of
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arsenite by Bacillus species. A further increase in temperature beyond
30°C to 35°C showed decline in surface binding as well as intracellular
uptake of arsenic. Meena et al. [31] reported that an increase in metal
sorption with temperature might be attributed to either increase in the
number of active surface sites available for sorption on the adsorbent
or due to decrease in the boundary layer thickness surrounding the
sorbent, which resulted into reduced mass transfer resistance of
adsorbate.

Effect of As concentration

Effect of different concentrations (10 ug ml”' to 100 pg ml?) of
arsenic on surface binding and intracellular uptake efficiency of aknown
amount of bacterial biomass at optimum pH and temperature is shown
in Figure 3. Continuous increase in surface binding and intracellular
uptake was observed with increasing concentrations of arsenic up to
50 ug ml'. Later on, the rate of As adsorption became more or less
constant in both the strains. These results were in agreement with the
findings of several other workers who suggested that metal sorption

increases with increasing metal ion concentration, and then become
saturated after reaching to a certain metal concentration [32,33]. At
higher concentration, the number of As species available for binding
onto the cell surface of bacteria was enhanced, which ultimately
increased the biosorption of As [34]. Maximum surface binding
(76%) and intracellular uptake (12%) of arsenic was observed in case
of B. megaterium. The surface binding in both the bacterial strains
contributed about 6 times more in total removal of arsenite when
compared with the intracellular uptake of As. These results were in
conformity with the previous reports that a large proportion of metals
remained adsorbed onto the cell surface, and a very small fraction of
metals entered into the intracellular compartment [26,35-37]. A higher
contribution of cell surface binding of metal could be an advantageous
point in the sense that the adsorbed metals can be recovered by using
a suitable desorbing agents, especially in the case of precious metals.
The binding/chelation of metal ions onto the extracellular surface is the
main defense strategy adopted by the microorganisms in mitigation of
metal toxicity [38,39].
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Figure 4: Langmuir and Freundlich isotherm for the adsorption of Arsenic by Bacillus megaterium (A) and Bacillus pumilus (B).
Langmuir Constant Freundlich Constant
Bacterial Strains Max. adsorption capacity = Adsorption affinity Regression Adsorption coefficient Adsorption Regression
‘Q,a (Mg g 'protein) ‘b’ (L mg ) Coefficient ‘R? ‘K; (mg g protein) intensity ‘n’ Coefficient ‘R?
B. megaterium 1000.0 0.0013 0.910 -0.499 1.17 0.781
B. pumilus 666.7 0.0008 0.934 -3.0 1.12 0.838

Table 1: Langmuir and Freundlich isotherm constants for the adsorption of Arsenic by B. megaterium and B. pumilus.

Pseudo Second Order Kinetic Constants

Pseudo First Order Kinetic Constants

Bacterial Isolates = Q (Experimental) -1 2 et 2
Q.(Calculated) (ug/mg) mg) K,(gmg min ) R Q.(Calculated) (ug/mg) K (min ) R
1
B. megaterium 35.62 38.46154 0.006318 0.999 -0.08197 0.006909 0.591
B. pumilus 26.76 28.57143 0.007206 0.999 -0.0846 0.009212 0.702

Table 2: Lagergren pseudo first order and Pseudo- second-order kinetic rate constants of Arsenic adsorption by B. megaterium and B. pumilus.

Biosorption isotherms

Adsorption of arsenic was studied to understand the nature of
adsorption by fitting the experimental data to Langmuir and Freundlich
isotherm models. During modeling of the adsorption of arsenic by
bacterial strains, the related Langmuir constants (g, and b) and
Freundlich constants (K, and ) along with the regression coefficient
(R?) were calculated as shown in Table 1. The Langmuir model assumes
monolayer biosorption onto a surface with a finite number of identical
sites. Langmuir isotherm showed linear plots of 1/qe versus 1/Ce (Figure
4). Langmuir constants g _defined the total adsorption capacity and b
denotes the metal binding affinity of cell. The g, values of the bacterial
strains were found to be in the sequence of B. megaterium > B. pumilus
(Table 1). Based on g, , it was revealed that B. megaterium showed
higher biosorption capacity for arsenic as compare to B. pumius. Hasim
and Chu [29] have suggested that a biosorbent with low g, and high
b could outperform a biosorbent with high g, _and low b, especially in
cases where metal ions to be removed are present in traces.

In the case of Freundlich isotherm, K| represents the adsorption
coefficient and 7 is related to the effect of concentration of metal
ions. The nature of metal adsorption could be defined by both K, and
n values. Plots of Log qe and Log Ce (Figure 4) for the adsorption
of arsenic by both the bacterial strain were found to be non-linear
throughout the concentration range studied. The adsorption coefficient
(K,) was found negative in both the strains which show that none of
them follow Freundlich adsorption isotherm. Based on the R? values,
it was observed that the nature of adsorption of arsenic in both the
strains could be better described only by Langmuir model and in no
case adsorption data fit the Freundlich model. These results are in
agreement with Wu et al. [16], who studied the adsorption of arsenite
in E. coli and showed that arsenite binding followed only Langmuir
isotherm.

Biosorption kinetics

Lagergren first order and pseudo second order plots were
constructed for the adsorption of arsenic by both the Bacillus strains at
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concentration of 50 ug ml* (Figure 5) to test the adsorption kinetics and
nature of biosorption. The t/q vs t plot for pseudo second order kinetics
gave a straight line whereas plot of first order kinetics log (qe-qt) vs t
did not fairly follow a linear relationship. The results suggested that the
second order kinetics is applicable in the case of arsenite biosorption
by the bacterial strains. The rate constants for both the bacterial strain
were calculated from the Lagergren first-order and pseudo-second-
order models as shown in Table 2. The value of regression coefficient
(R?) for the second order adsorption model is relatively high, however
the values of R? for pseudo first order reaction is not satisfactory. The
calculated values of q, value of second —order kinetics fairly agreed
with the experimental q, value. Similarly, several workers observed
that adsorption of metals (As, Cd, Cu, Pb) by bacteria and algae follow
Pseudo second-order kinetics [40-44].

Surface characterization of bacterial strains by FTIR

In order to understand the nature of surface binding, it is essential
to identify the functional groups involved in arsenite binding on the
membrane cell surface. The metal binding sites were identified by FTIR
spectral analysis (wave numbers 400 cm™ to 4000 cm™') by comparing it
with the control (Table 3). Conspicuous changes in the FTIR spectrum
were observed after adsorption of arsenic on bacterial biomass. The
results showed that the cell surface of bacterial strains contain several
functional groups such as amide, N-H, alkanes, alkenes, phosphines,
amino, amines and COO" groups which contribute to As binding by
the cell surface of all Arsenite tolerant bacterial strains (Figure 6).

A shifting of the FTIR peak of B. megaterium in the range of 1601
cm were attributed to nitro groups which after adsorption of arsenite
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B.megaterium Control B.megaterium B.pumilus Control B.pumilus
(cm™) Treated (cm™) (cm™) Treated (cm)
- - 3433 3426
- - 3080 3066
2946 - - 2960
- - 2924 2926
1601 1604 - -
- - 1460 1453
1428 1429 - -
- - - 970
888 885 - -

Band Assignment

N-H stretch of Amides & O-H stretch of hydroxyl groups

C—H stretching of fatty acid

CH of CH, stretching mainly lipids

C-H of CH, stretching mainly proteins
N-H bending & C-N stretch
-NO, aromatics

Alkenes, Carboxylic group

S-0 stretch sulphonates, alkenes

C-H bend (Alkenes)

Table 3: IR absorption peaks indicating different functional groups on the surface of B. megaterium and B. pumilus (cm™).

showed a shift towards the left at 1604 cm™ position. A shift in the peaks
from 1428 cm™ to 1429 cm™ could be attributed to carboxylic acid and
alkenes. Some peaks in the band region of 888 cm™ ascribed to alkenes
which changes to 885 cm™ after adsorption of arsenic (Table 3).

Shift in the FTIR peak from 3433 cm™ to 3426 cm™ in B. pumilus
showed stretching of amide and hydroxyl groups. A shift in the peaks
from 3080 cm™ to 3066 cm™ can be attributed to C—H stretching of
fatty acid. Peaks at 2924 cm™ was assigned to C-H of CH, stretching of
proteins, which exhibited a shift towards the wavelength of 2926 cm™
after interaction with arsenite. Some new peaks (2960 cm™ and 970
cm™), not present in the control set, appeared in the arsenite treated
cells. These changes indicated that alkanes, alkenes and sulphonates
moieties present on to the bacterial cell surface were involved in the
arsenite binding. Some peaks in the band region of 1460 cmascribed to
nitro groups also shifted to 1453 cm™ after interaction with arsenite (3).

The of many microorganisms of
polysaccharides, proteins and lipids, these macromolecules confer
several functional groups capable of binding with toxic metal ions
[45]. The present results showed a shift in the IR peaks for Carboxylic,
C-H of alkane, alkene, PO, moeity, amines, amide and sulphonate
groups when treated with arsenite, indicating involvement of these
functional moieties in the arsenite binding. Many workers have also
used the FTIR spectra for qualitative and preliminary analysis of the
chemical functional groups present in the cell wall of microorganisms.
The IR signature of cell surface moieties yields basic information on
the nature of the possible cell surface and metal ion interaction [46-
49]. The carboxyl, hydroxyl, amino, phosphate and sulphate groups on
microbial cell surface have been implicated in the binding of various
charged molecules [50,51]. Carboxylic, C-H of alkane, amine, amide
and amino group were also responsible for the binding of arsenite (III)
in E. coli [16].

cell surfaces consist

Conclusion

Based on the foregoing evidences, it may be concluded that surface
binding of arsenite (about 90%) on the bacterial cell surface might be
the primary mode of arsenite removal and arsenite tolerance in the
isolated bacterial strains. However, pH and temperature optima of
arsenite adsorption including the FTIR results clearly demonstrated
that both the Bacillus strains involve different functional groups in the
arsenite binding, depending upon the cell wall characteristics of each

genotype.
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