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ABSTRACT

Removal of Pb’>* and biodegradation of organophosphorus have been both widely
investigated respectively. However, bio-remediation of both Pb** and organophosphorus
still remains largely unexplored. Bacillus subtilis FZUL-33, which was isolated from the
sediment of a lake, possesses the capability for both biomineralization of Pb®* and
biodegradation of acephate. In the present study, both Pb** and acephate were
simultaneously removed via biodegradation and biomineralization in aqueous solutions.
Batch experiments were conducted to study the influence of pH, interaction time and Pb**
concentration on the process of removal of Pb?*. At the temperature of 25°C, the maximum
removal of Pb®* by B. subtilis FZUL-33 was 381.31 + 11.46 mg/g under the conditions of
pH 5.5, initial Pb?* concentration of 1300 mg/L, and contact time of 10 min. Batch
experiments were conducted to study the influence of acephate on removal of Pb®* and
the influence of Pb®* on biodegradation of acephate by B. subtilis FZUL-33. In the mixed system
of acephate-Pb**, the results show that biodegradation of acephate by B. subtilis FZUL-33
released PO3*, which promotes mineralization of Pb**. The process of biodegradation of
acephate was affected slightly when the concentration of Pb?* was below 100 mg/L. Based on
the results, it can be inferred that the B. subtilis FZUL-33 plays a significant role in
bio-remediation of organophosphorus-heavy metal compound contamination.
© 2016 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
Published by Elsevier B.V.

Introduction

wide sources, including air, water, soil, dust and food (Gloag,
1981).

Lead is a toxin, accumulating in the body through the food
chain, which can harm the liver, kidney, nervous system, and
blood vessels (Bai et al., 2014; Beier et al., 2013; Yang et al,,
2013). Especially for children, excess levels of lead in the body
can cause movement disorders, reduction of attention,
hyperactivity, barriers to cognitive ability and other issues,
seriously affecting the growth of children and threatening
human health (Adriano, 2001; Rainbow, 2002). Nowadays,
people can become easily exposed to lead pollution due to its
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Many chemical methods have been used to reduce the
bioavailability and mobility of Pb®* to avoid its entry into the
food chain. However, most of the chemical methods have the
disadvantages of high operating cost, incomplete precipita-
tion (Kobya et al., 2005) and inhibition of soil fertility (Lasat,
2002). Recently a number of studies on removal of lead by
plants, macro-algae, fungi, and bacteria (Fein et al., 1997; Lin
and Rayson, 1998; Klimmek et al., 2001; Vasconcelos and Leal,
2001; Zang et al., 2014) have been conducted. Several studies
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have reported that a variety of bacteria are considered to
have the ability to affect heavy-metal speciation, bioavail-
ability and mobility by biosorption, biomineralization and
redox reactions (Rizlan et al., 2003; Gadd, 2004; Huang et al.,
2002). Muthusamy et al. (2013) reported the biomineralization
of lead in mine tailings by Bacillus sp. KK1 and indicated the
versatility of autochthonous Bacillus sp.KK1 for bioremedia-
tion of mine tailings. Bai et al. (2014) have studied the
mechanism of soil Pb®* immobilization by Bacillus subtilis
DBM and reported the ability of the strain to convert Pb%* into
more stable forms, which showed the value of biominerali-
zation for phytostabilization of multi-heavy metals in soil.
Huang and Liu (2013b) reported that the biosorption capacity
of the bacterium Pseudomonas sp. LKS06 for Pb?* was found to
be 77.9 mg/g under optimum conditions, and that the
biomass of Pseudomonas sp. LKS06 can be evaluated as an
alternative biosorbent. Guo et al. (2010) reported the excellent
adaptation ability and remediation of entophytic Bacillus sp.
L14 at the initial Pb?* concentration of 10 mg/L, which proved
the superiority of this endophyte in heavy metal
bio-remediation at low concentrations.

On the other hand, organophosphorus pesticides (OPs)
have become common pollutants due to their extensive use
in agriculture, which could be seriously harmful to humans
and lead to extremely serious environment issues.
Acephate, O,S-dimethyl acetylphosphoramidothioate, as
one of the most widely used organophosphorus pesticides,
has gained public attention. In recent years, it has been
reported frequently that OPs could be degraded by various
bacteria under different conditions. Bacillus cereus, B. subtilis,
Brucella melitensis, Pseudomonas aeruginosa, Pseudomonas
fluorescens, and Serratia marcescens are all found to have the
characteristic of being able to utilize Ops as carbon sources
in aqueous media (Lakshmi et al., 2008). Pseudomonas sp. S-2
separated from a methamidophos workroom was found to
possess an enzyme that is able to degrade methamidophos
(Wu et al., 2005). Ramu and Seetharaman (2014) reported
that P. aeruginosa Is-6 has the ability to degrade acephate,
methamidophos, methyl parathion, dimethoate, and mala-
thion. Xie et al. (2008) reported that Chryseobacterium sp. can
use acephate as the sole carbon and nitrogen sources and
that the biodegradation rate of acephate by this strain was
up to 87.76% at the concentration of 500 mg/L acephate.

Although studies on removal of Pb’* and biodegradation
of organophosphorus have been conducted respectively,
bioremediation of Pb**-organophosphorus remains largely
unexplored. Human activities such as misuse of pesticides
and fertilizers, and mining, industrial, and vehicle emissions
often lead to complex environmental problems of Pb’*—
acephate (Cao et al., 2010; Liu et al., 2013). Some studies on
bio-remediation of multiple contaminants have been report-
ed in recent years. Zang et al. (2014) studied the removal of
acephate and Hg?* with an immobilized microorganism.
Wang et al. (2014) revealed that B. subtilis 38, a mutant species
acquired by UV irradiation, could be an ideal bio-adsorbent
for adsorption of multiple heavy metals. However, there are
few reports on bio-remediation of Pb>*~acephate so far. The
objectives of this article were: (1) to investigate the process of
removal of Pb?* and the characteristics of biodegradation of
acephate by B. subtilis FZUL-33 under different conditions; (2)

to reveal the influence of acephate on biomineralization of
Pb?* and the influence of Pb®* on biodegradation of acephate
by B. subtilis FZUL-33; and (3) to prove that biodegradation of
acephate by B. subtilis FZUL-33 releases PO3*, which promotes
mineralization of Pb?*.

1. Materials and methods

1.1. Preparation of bacterial suspensions

The lead-resistant bacterium was isolated from sedimentin
a lake located in Fuzhou University, China. Identification of
the strain was conducted by 16S rDNA sequence homology
analysis. The process includes extraction of bacterial DNA
according to the standard procedure of Sambrook et al.
(1982), amplification of bacterial 16S rDNA via PCR with
universal primers (27f: AGA GTT TGA TCM TGG CTC AG and
1492r: TAC GGY TAC CTT GTT ACG ACT T) and conducting
sequence homology alignment in GenBank using the BLAST
program.

The isolated bacterium was cultured in LB medium
(Tryptonel%; Yeast 0.5; NaCl 1%) for 48 hr at 37°C. The
bacterial cells were obtained via centrifugation at 8000 r/min
for 5 min at 4°C. The supernatant was discarded and the pellet
was washed with 0.9% NaCl after centrifugation.

1.2. Lead solution and analysis

The stock solution of Pb®* (10,000 mg/L) was prepared by
dissolving analytical grade Pb(NOs), in deionized water. Other
concentrations of Pb?* ranging from 100 to 1000 mg/L as
working solutions were prepared by diluting the stock
solution. The initial pH of working solutions was adjusted by
adding HCI or NaOH solution. The concentration of Pb>* was
measured by inductively coupled plasma optical emission
spectrometry (ICP-OES) (Optima 7000 DV, PerkinElmer, USA).
The concentration of Pb?* was analyzed at 220.356 nm and
samples were analyzed within 7 days after collection
(Dunham-Cheatham et al., 2011).

1.3. Acephate solution and analysis

Analytical-grade acephate (99% purity) was purchased from
Micxy Reagent (Shanghai, China). A 10,000 mg/L stock
solution of acephate was prepared using 30% acephate,
emulsifiable, purchased from Pesticide Factory in Yongtai,
Fujian, China and was used for preparing the desired
concentrations of acephate in aqueous solution. Acephate
residues were analyzed by a Hitachi high performance
liquid chromatography (HPLC) (1260 Infinity, Agilent, USA)
equipped with a C18 column (XB-C18, 5 pm, 4.6 x 250 mm,
Welth, Shanghai, China). For the HPLC analysis of acephate,
aliquots (1 mL) of the acephate aqueous solution were
extracted by ethyl acetate (2 mL) in a rotary shaker for 2 hr
at room temperature. The ethyl acetate layer was centri-
fuged at 8000 r/min for 10 min, dried over anhydrous
Na,SO,4 and evaporated using a stream of nitrogen (Tang
and You, 2012). The samples used for injection were
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prepared by dissolving residues with 2 mL of acetonitrile
and filtering through a 0.45 pm syringe filter. Water—
acetonitrile (95:5 by volume) mobile phase was used at a
flow rate of 1 mL/min and the samples were detected at
210 nm with injection volume of 20 pL.

1.4. Analysis of phosphate

A 1000 mg/L phosphate stock solution was prepared by
dissolving an accurately weighed quantity of analytical
grade Na,HPO, in deionized water. Standard solutions of
phosphate were prepared from the phosphate stock solu-
tion. Samples were collected by filtering with a 0.45 pm
microporous membrane and stored at 4°C. Phosphate
residues were detected by ion chromatography with a
Metrosep A SUPP 5-250 column (Dahllof et al., 1997).
Chromatographic conditions were as follows: eluent:
3.6 mmol/L Na,CO3 with 2% acetone; column temperature:
40°C; flow velocity: 0.7 mL/min; and pretreated samples
mixed with eluent at volume ratio of 1:99 (pretreated
samples: eluent) before use (Shotyk et al., 1995; Fein et al.,
1997).

1.5. X-ray diffractometry

The powder samples from experiments of biomineraliza-
tion for X-ray diffractometry (XRD) analysis (MiniFlex600,
Rigaku, Japan) were prepared via centrifugation of bacterial
suspensions, dehydrated by lyophilization and ground into
a fine powder by using a mortar. The powder samples were
measured under the conditions of Cu Ka incident
beam monochromated by a nickel filter at a tube voltage of
40 kV and tube current of 20 mA. The diffractograms
were collected by scanning the region of 26 from 5° to 80°
at 8°/min.

1.6. Batch experiments

1.6.1. The effects of pH, time and initial Pb®* concentration on
removal of Pb**

The effects of pH, time and initial Pb®* concentration on
removal of Pb>* were investigated by adding the pellet (1 g/L)
to 30 mL Pb** solution in 100 mL Erlenmeyer flasks and
shaking at 180 r/min at 25°C for 120 min. After shaking, the
pellet was separated by centrifugation. The supernatant was
used for the analysis of Pb?* concentration.

The pellet was added to 100 mg/L Pb®* solution and
shaken for 120 min at pH values ranging from 1.0 to 5.5 to
determine the optimum pH for the removal of Pb?*. The
effect of time on removal of Pb?>* was determined by batch
experiments conducted at regular intervals of time up to
120 min with initial Pb?* concentration of 100 mg/L and pH
of 5.5. The effect of initial Pb?* concentration on removal of
Pb?* was investigated by varying the Pb®>* concentration at
pH 5.5 and shaking for 120 min.

1.6.2. The interaction between acephate and Pb>* in the process
of bioremediation of acephate-Pb®* by bacteria

The influence of acephate on removal of Pb®* by bacteria
was researched by adding the pellet to a mixed solution of
acephate (380 mg/L) and Pb?* (100 mg/L) at pH 5.5, shaking
at 180 r/min at 25°C for 2 days. The influence of Pb?* on
biodegradation of acephate by bacteria was researched
by adding the pellet to mixed solutions with different
concentrations of Pb?* and acephate (380 mg/L) at pH 5.5,
shaking at 180 r/min at 25°C for 2 days.

2. Results and discussion

2.1. Removal of Pb** by B. subtilis FZUL-33

The isolated strain FZUL-33 was identified as B. subtilis based on
its 16S rDNA sequence homology analysis. The removal of Pb**,
as affected by pH, interaction time and Pb** concentration, was
investigated in this section. The results are shown in Fig. 1. The
pH played a significant role in the process of removal of Pb**. The
biosorption of Pb®* rose as the pH value increased, due to the
metal ions competing with protons for available binding sites on
the cell surfaces at lower pH values (Fig. 1a). The experiments
were only conducted at pH values ranging from 1.0 to 5.5, because
Pb?* begins to precipitate at pH 6.0 due to the high concentration
of OH™ ions. As Fig.1b shows, the process of removal of Pb?* by B.
subtilis FZUL-33 was very fast, and it reached equilibrium within
10 min. The removal amount of Pb?* by B. subtilis FZUL-33 rose as
the initial Pb?* concentration increased from 100 to 1300 mg/L in
the solution. Maximum removal was reached when the initial
Pb?* concentration was 1300 mg/L (Fig. 1c). The maximum
removal volume of Pb?* by this strain was 381.31 = 11.46 mg/g
under the conditions of pH 5.5, initial Pb®* concentration of
1300 mg/L, interaction time of 10 min and temperature of 25°C.
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Fig. 1 - The bacteria removal of Pb®* effects by pH (a), interaction time (b) and Pb>* concentration (c).
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Fig. 2 - X-ray diffraction (XRD) diffractograms of Bacillus
subtilis FZUL-33 after and before mixing with Pb?*: (a) the
connection between contact time and biomineralization of
Pb?*; (b) the effect of bacterial cell activity on
biomineralization of Pb**,

2.2. X-ray diffraction analysis

After interaction between Pb®* and bacterial cells, the pellets
were collected at different times for XRD analysis. As Fig. 2a
shows, no distinct pattern was observed at the beginning.
After mixing bacteria cells with Pb®* for 0.5 hr, an XRD pattern
of peaks corresponding to pyromorphite (Pbs(PO,4)sOH) (JCPDS
card no. 08-0259) became gradually apparent. The pattern
became more apparent as the time increased. Conversion of
the amorphous phase to the crystal phase required only
0.5 hr, which indicates that the process of the Pb>* biominer-
alization by B. subtilis FZUL-33 occurs rapidly.

Fig. 2b shows that the heat-killed B. subtilis FZUL-33 could
not form Pbs(PO4)sOH, which suggests that the activity of
bacteria is required for biomineralization of Pb?*. In addition,
the acid stability of biomineralization products was investi-
gated. It was found that the deposit still remained stable after
immersion in 1073 mol/L HCl and 5 x 10~* mol/L H,SO,
solution, which is of significance for environmental
problems.

2.3. The influence of acephate on removal of Pb>* by B. subtilis
FZUL-33

In the mixed system of acephate-Pb**, the process of
biodegradation of acephate by B. subtilis FZUL-33 reached
equilibrium within 24 hr and the degradation rate was 81.7%
(Fig. 3). In addition, the increase of phosphate concentration
tracked the release of phosphate group after degradation of
organophosphorus. The process of removing Pb** by the
strain reached equilibrium within 12 hr and the removal rate
of Pb?* was 87.4%, which was increased by 20% compared with
the control without acephate. The rise in Pbs(PO4)3;OH con-
centration also matched the reduction of Pb>* during the 0-
6 hr period, which is the same as the reaction of bacteria and
Pb*>* without acephate. Further, it was found that the
concentration of acephate decreased greatly and the phos-
phate group concentration increased greatly in the 6-12 hr
range, while the Pb?* concentration reduced from 32.73 to
12.65 mg/L and the Pbs(PO,4)30H concentration increased from
102.53 to 141.97 mg/g simultaneously (Fig. 3). The results
suggest that some part of the phosphate and Pb®* trans-
formed to Pbs(PO4)3OH during this phase.

As can be seen in Fig. 4, in period from 0 to 6 hr, the
concentration of Pb** in both groups (control group and
experimental group) decreased greatly. From 6 to 12 hr, the
concentration of Pb?* in the control group (without acephate)
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Fig. 3 - Variety of concentration of acephate, phosphate, Pb>* and Pbs(PO,);0H in mixed system of Pb”*-acephate mixing with
bacteria. (pH: 5.5; contact time: 30 hr; temperature: 25°C; initial Pb?* concentration: 100 mg/L; initial acephate concentration:

380 mg/L).
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Fig. 4 - The processes of removing Pb?* by Bacillus subtilis
FZUL-33 with acephate and without acephate. (pH: 5.5;
contact time: 30 hr; temperature: 25°C; initial Pb?*
concentration: 100 mg/L).

did not decrease any further, while the concentration of Pb**
in the experimental group (with acephate) still showed an
obvious decline. Consequently, it can be inferred that the
bioremediation process by the strain in the mixed acephate-
Pb** system could be divided into 2 phases. In Phase 1, a
certain amount of Pb?* was removed in a short time in this
mixed system; in Phase 2, the POz~ released from the
biodegradation of acephate occurring later contributed to the
biomineralization of Pb?*, which improved the removal of
Pb?* in this mixed system.

2.4. The influence of Pb?>* on biodegradation of acephate by B.
subtilis

In the mixed acephate-Pb’* system, when bacteria was
added, the results show that the variation of acephate
concentration was affected slightly when the Pb?*
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concentration was less than 100 mg/L, and the acephate
concentration significantly decreased within 24 hr. When
the Pb®* concentration added reached 200 mg/L, the reduc-
tion of acephate also decreased obviously, and when it
reached 300 mg/L, there was almost no reduction of
acephate (Fig. 5a). Similarly, the variation of phosphate
concentration showed no significant change in the mixed
acephate-Pb?* system with bacteria cells. When Pb®* concen-
trations were 0 or 100 mg/L, the phosphate concentration
significantly increased within 24 hr; and the concentration of
phosphate had no change when concentration of Pb®* added
reached 300 mg/L, which provided evidence that acephate
cannot be degraded under the condition of 300 mg/L Pb?** in
solution. Thus it could be deduced that high concentrations of
Pb?* could inhibit the biodegradation of acephate by B. subtilis
FZUL-33.

3. Conclusions

This study investigated the removal of Pb** and acephate by B.
subtilis FZUL-33 respectively and focused on the removal of
acephate-Pb®* mixture by the strain. The conclusions we made
were: (1) The maximum removal of Pb*>* of B. subtilis FZUL-33 was
381.31 + 11.46 mg/g under optimal conditions. (2) This strain has
the ability for biomineralization of Pb®*. The product biominer-
alization is Pbs(POy4)sOH, and the crystals become more apparent
as the time increases. (3) In the mixed acephate-Pb’* system
combined with B. subtilis FZUL-33, the PO3~ released from the
biodegradation of acephate contributed to the biomineralization
of Pb**, and the process of biodegradation of acephate was
inhibited when the concentration of Pb®* reached 300 mg/L. (4)
The activity of bacteria is required for the biomineralization and
the product of biomineralization has the characteristic of acid
stability. The results reveal that B. subtilis FZUL-33 has great
ability for removal of acephate and Pb** simultaneously, which
showed its potential for application in bio-remediation of
compound pollution.
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Fig. 5 - The influence of Pb®>* on biodegradation of acephate by Bacillus subtilis. (a) The acephate concentrations change over
time in the processes of biodegradation of acephate by Bacillus subtilis FZUL-33; (b) the phosphate concentrations change over
time in the processes of biodegradation of acephate by Bacillus subtilis FZUL-33.
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