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Abstract An Escherichia coli arsRp::luc-based biosensor
was constructed to measure the bioavailability of arsenic (As)
in soil. In previous induction experiments, it produced a linear
response (R*=0.96, P<0.01) to As from 0.05 to 5 umol/L after
a 2-h incubation. Then, both chemical sequential extraction,
Community Bureau of Reference recommended sequential
extraction procedures (BCR-SEPs) and E. coli biosensor, were
employed to assess the impact of different long-term fertiliza-
tion regimes containing N, NP, NPK, M (manure), and NPK+
M treatments on the bioavailability of arsenic (As) in soil. Per
the BCR-SEPs analysis, the application of M and M+NPK led
to a significant (P<0.01) increase of exchangeable As (2—7
times and 25 times, respectively) and reducible As (1.5-2.5
times and 1.5-2.3 times, respectively) compared with the no
fertilization treated soil (CK). In addition, direct contact assay
of E. coli biosensor with soil particles also supported that
bioavailable As in manure-fertilized (M and M+NPK) soil
was significantly higher (P<0.01) than that in CK soil (7 and
9 times, respectively). Organic carbon may be the major factor
governing the increase of bioavailable As. More significantly,
E. coli biosensor-determined As was only 18.46-85.17 % of
exchangeable As and 20.68-90.1 % of reducible As based on
BCR-SEPs. In conclusion, NKP fertilization was recommend-
ed as a more suitable regime in As-polluted soil especially with
high As concentration, and this E. coli arsRp::luc-based
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biosensor was a more realistic approach in assessing the bio-
availability of As in soil since it would not overrate the risk of
As to the environment.
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Bioavailability - Sequential extraction - Microbial biosensor

Introduction

Arsenic (As) is an odorless and nearly tasteless but toxic
natural element. It is classified as one of the most toxic and
prioritized pollutants by the WHO and EPA. The permissible
level of As in potable water is 10 pg/L for most European
countries and the USA (Nordstrom 2002). Inorganic As is a
serious human carcinogen, and its accumulation in the body
may contribute to the cancer risk of the bladder, liver, kidney,
and skin, even at low concentrations (Naujokas et al. 2013).
Generally, As contamination originates from its release from
the Earth’s crust due to a variety of geochemical conditions or
microbiological activity (De Brouwere et al. 2004; Dowdle
et al. 1996; Nickson et al. 1998). In addition, increasing
application of agricultural chemicals, such as fertilizers, or-
ganic manure, and pesticides, could also increase the risk of
As pollution to farmland and humans (Chirenje et al. 2003; Li
et al. 2010; Li and Chen 2005).

To comprehensively imitate the bioavailable metal fraction
in soil, kinds of chemical sequential extraction procedures
(SEPs) based on a series of selective reagents were widely
introduced to clarify the relationship of metal and geochemi-
cal phases (Huang and Kretzschmar 2010; Larios et al. 2013;
Wenzel et al. 2001). There are different definitions of metal
fraction based on different extraction methods, for example,
according to a proposal of the European Community Bureau
of Reference (BCR), the -acid extractable, -reducible, and -
oxidizable metal was defined as the SEPs fraction (Rauret
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etal. 1999). Recently, BCR-SEPs were widely used to analyze
different metal fractions which could reflect the release of
metal from solid-phase soil and metal mobility in soil
(Degryse et al. 2009; Giller et al. 2009; Peijnenburg et al.
2007). Although sequential extraction procedures have been
popularized in the analysis of metal fractions, it was still
criticized because of its low repeatability and representative-
ness due to the use of different reagents and procedures
(Filgueiras et al. 2002; Nolan et al. 2003; Toevs et al. 2006).

It has been reported that chemical extraction may lead to
overestimation of the bioavailability of metal in soil. For
instance, acetic acid-extracted fraction of cadmium (Cd) was
23 times higher than the microbial biosensor-determined Cd
(Kahru et al. 2005). Bioavailability of Cu determined by
microbial biosensor was tenfold lower than that of acetic acid
(Peltola et al. 2005). Microbial biosensor was constituted by a
reporter gene and a promoter responsive to metal under the
assistance of regulator protein (Harms et al. 2006), and it was
another effective approach to assess the bioavailable metal.
Numerous microbial biosensors have been applied to detect
the bioavailability of metal in polluted water or soil
(Bontidean et al. 2004; Liao et al. 2006; Liu et al. 2012) and
reflect the toxicity of metal complex to microbes (Campbell
et al. 2000; Nybroe et al. 2008). Similarly, several microbial
biosensor-based asr operons, which were confirmed as im-
portant resistance systems for As and Antimonite (Sb) in
E. coli (Ramanathan et al. 1997), have been developed to
detect the bioavailability of As (Liao and Ou 2005; Stocker
et al. 2003). Compared with chemical sequential extraction
methods, microbial biosensor was a less expensive, faster,
more convenient, and maneuverable tool to detect metal; what
more significant is that it can reflect the actual bioavailability
and toxicity of metal (Liao etal. 2006; Stocker et al. 2003; Van
Dorst et al. 2010).

Some studies have been focused on the impact of different
long-term fertilization regimes on the accumulation of total As
and the change in soil properties. For instance, Li and Chen
(2005) found that pig manure could increase As accumulation
in soil from 11.8 to 78.9 pg/kg/year in Beijing, China.
However, Li et al. (2010) found that the variation of geolog-
ical source but not exogenous factors played a more dominant
role in determining As concentration in soil. However, the
application of long-term fertilization increased organic carbon
concentration (Liu et al. 2013; Yang et al. 2011) and the
content of phosphorus (P) (Ge et al. 2008; Zheng et al.
2008a) and changed the acidity of soil depending on the soil
conditions (Dong et al. 2012; Zheng et al. 2008b). Meanwhile,
the release of metal including As from the solid phase of soil
was influenced by organic carbon based on the formation of
soluble metal-organic complexes (Cao et al. 2003; Grafe et al.
2002; Harvey et al. 2002; Jackson et al. 2006; Mladenov et al.
2010; Wang and Mulligan 2006). pH and P also have been
confirmed as major factors impacting the release of As by the
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mechanism of competitive anion exchange (De Brouwere et al.
2004; Grafe et al. 2002; Signes-Pastor et al. 2007; Wang and
Mulligan 2006; Yang et al. 2002; Zhao and Stanforth 2001).

Assessing the bioavailability of As in agricultural soil is
significant as the bioavailability of As reflects the actual
environmental risk and the security of agricultural products.
Different long-term fertilization regimes could lead to a great
change of the soil physical and biochemical characteristics
such as organic carbon, pH, and P (Ge et al. 2008; Liu et al.
2013; Yang et al. 2011; Zheng et al. 2008a), which may cause
variation of bioavailable As. There is scant comprehensive
research about the impact of long-term fertilization containing
N, NP, NPK, M (manure), and NPK + M on the bioavailable
As in soils. In this research, in order to provide an accurate and
complete assessment about the impact of long-term agricul-
tural regimes (N, NP, NPK, M, NPK + M) on the environ-
mental risk of As, both chemical BCR-SEPs and regulator
gene arsR-based E. coli biosensor were employed to assess
the bioavailability of As. The followings were addressed: (i)
the relationships between bioavailable fractions of As and
different fertilization regimes in soil, (ii) the intrinsic factors
that affect the bioavailability of As, and (iii) the comparison
between BCR-SEP- and biosensor-determined bioavailability
of As.

Materials and methods
Site description

The soil samples were collected from Qiyang (111° 53" E, 26° 4
N) agricultural experimental stations, located at Taoyuan County
of Hunan Province. These samples are typical red soil (45.0 %
clay, 46.3 % silt, and 8.7 % sand). The long-term fertilization
experiment in the paddy field was initiated in 1990. The applied
amounts of chemical fertilizers were as follows:
160.0 kg N hm 2 year ' urea, 35.0 kg P hm 2 year ' super
phosphate, and 49.8 kg K hm 2 year ' potassium chloride. The
amount of organic fertilization was 22,500 kg hm 2 year .

Samples treatment and characteristics analysis

Six typical soil samples with different fertilization treatments
(Table 1) were collected (depth 0-20 cm) by the principle of
five-site mixing. Before analyzing the physical and chemical
properties of the soil samples, the samples were air-dried and
passed through a 2-mm sieve. The basic chemical character-
istics of the soil samples are listed in Table 1. The amounts of
organic carbon (C), cation exchange capacity (CEC), and total
N were determined at the Institute of Agricultural Resources
and Regional Planning, Chinese Academy of Agricultural
Sciences. Soil pH was determined with Mettler Toledo FE20
FiveEasy™ pH meter (USA) at a soil to water ratio of 1:2.5.
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Table 1 Characteristics of soil samples

Fertilization® pH (water) Organic C (glkg) CEC (cmol(+)kg)  Total N (g/kg) Total As (mg/kg) Total Sb (mg/kg)  Total Cd (mg/kg)
CK 5.58+0.03  8.24+0.33 10.01+0.05 1.12+0.08 45.30 8.69 1.82

N 4.32+0.06  8.95+0.02 9.12+0.01 1.10+0.06 43.72 7.22 0.79

NP 4.25+0.08  11.12+0.10 9.64+0.01 1.15+0.05 50.21 7.78 1.41

NPK 4.42+0.05 11.61+0.04 9.65+0.01 1.18%0.11 52.42 10.95 1.70

M 6.68+0.04  16.89+0.22 12.29+0.02 1.47+0.03 47.12 3.73 15.64

NPK + M 5.80+0.08  18.64+0.07 10.15+0.01 1.39+0.04 46.44 8.31 8.85

2CK represents unfertilized (control) treatment; N, P and K represent chemicals nitrogen, phosphorus, and potassium fertilizers, respectively; M

represents manure

The digestion of total As was carried out by aqua regia (HCl/
HNO3=3:1 in v/v) and HCIO,4. Total As concentration of
digested solution was detected by Inductively coupled plasma
mass spectrometry (ICP-MS, Agilent, USA).

Addition experiment and BCR-SEPs analysis of As

To assess the impact of different long-term fertilization re-
gimes on the bioavailability of As at different pollution levels,
liquid As solution (sodium arsenite) was added to 50-mL
centrifuge tubes at levels of 0, 50, and 100 mg As/kg dry soil
(water/dry soil=1:1 in w/w), and all treatments were carried
out in triplicate. The centrifuge tubes were then left open and
equilibrated at room temperature for 60 days. After equilibra-
tion, the air-dried soil was grinded completely, and the As
fractions in different fertilization-treated soils were analyzed
by optimized BCR-SEPs as follows (Ure et al. 1993): the acid-
extractable fraction of As (F1) was leached from 1 g of soil by
0.11 M acetic acid, the reducible fraction of As (F2) was
extracted from the residue of F1 with 0.1 M hydroxylamine
hydrochloride, the oxidizable fraction of As was liberated
from the residue of F2 by 8.8 M hydrogen peroxide and 1 M
ammonium acetate, and the last residual fraction of As (F4)
was digested with aqua regia and perchloric acid mixture
according to the aforementioned procedure for total As anal-
ysis. Total As concentrations in the four fractions were also
determined by ICP-MS (Agilent, USA).

Construction and induction of E. coli arsRp::luc-based
biosensor

The plasmid parsRluc of the E. coli arsRp::luc-based biosen-
sor was developed from the elementary plasmid frame
pUCI8luc, which can efficiently express the luminescence
reporter gene luc of commercial plasmid pGEM-luc
(Promega, USA; GenBank accession number X65316) at the
T7 promoter (Hou et al. 2013). For the construction of
parsRluc, a cloned fragment containing the regulatory gene
arsR (GenBank accession number NC_000913) and its pro-
moter Pars was amplified (forward primer SGATCGAGCTC
TTACCTTCCTCTGCACTTAC3'; reverse primer: 5'CCGC

TCGAGTTAACTGCAAATGTTCTTACTGTCCCC3') from
the As resistance system of plasmid R773 of E. coli K-12
(Biomed, China). The T7 promoter of pUCI18luc was
then replaced by arsR and its promoter fragment Pars
(Fig. 1).

Induction assays of E. coli biosensor harboring parsRluc by
standard As solutions (sodium arsenite) were performed as
follows: a single colony of E. coli biosensor cells was cultured
while shaking (200 rpm/min, 37 °C) in 50 mL Luria-Bertani
(LB) medium containing 100 pg/mL ampicillin for 16 h.
Then, 400 puL culture solution was added to 20 mL fresh LB
(ampicillin 100 pg/mL) and incubated with shaking (200 rpm/
min) at 37 °C until the ODgppnm reached 0.6-0.8. The cell
culture was then diluted to an ODgqo of 0.2 with fresh LB
medium. For the induction of the luminescence signal, 50 pL
of various concentrations of As standard solution (0.05 to
50 uM) in Milli-Q water was added to 96-well cell culture
clusters (Costar, USA), and an equal volume of diluted bac-
terial culture was added. The mixed solutions were incubated
in a Thermo Shaker Incubator (Thermo, Finland) at 30 °C
(200 rpm/min) for 2 h.

After incubation, E. coli biosensor cells were lysed by the
E1500 luciferase assay system (Promega, USA), and the
luminescence signal was detected by Glomax-Muti+
Microplate Multimode Reader (Promega, USA) according to
the supplier’s instructions. At least three independent experi-
ments were conducted in this process.

Determination of bioavailable As by E. coli arsRp::luc-based
biosensor

To assay the total As in soil-water extracts and bioavailable As
in soil-water suspensions, soil-water extracts and soil-water
suspensions were prepared as follows: 1g air-dried soil was
mixed with 9 mL demonized water in 50 mL centrifuge tubes
(Corning, USA). The suspensions were completed by shaking
the water-soil mixture for 24 h at 25 °C. The suspensions were
centrifuged at 16,000¢ for 5 min (Ivask et al. 2004), and the
supernatants were then gathered as soil-water extracts. The
total As in soil-water extracts was determined by ICP-MS
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Fig. 1 Construction of E. coli
arsRp::luc-based biosensor
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(Agilent, USA). The bioavailable As in soil-water suspensions
was determined by E. coli biosensor harboring parsRluc.

Before the induction experiments, 50 or 100 times serial
dilutions of the soil-water suspensions were prepared with
water according to the concentrations of As in soil-water
extracts. In order to avoid the significant influence (P>0.05)
of impurity or particles on the emission of luminescence,
E. coli DH5« containing plasmid pUC18NLR (our laborato-
ry) which can constitutively express /uc under the regulation
of nptll promoter was set as positive control. Final results
were from three independent experiments.

Results
Dose response of E. coli arsRp::luc-based biosensor

After a series of molecular operations, a E. coli biosensor
(deposited in our laboratory) containing 4,631 bp-plasmid
parsRluc was constructed to determine the bioavailability
of As in polluted environments. The response characteris-
tic to different doses of As solution was tested after 2 h
of induction. Results showed (Fig. 2) that the relative
luminescence unit (RLU) presented a positive trend with
the rising of As dose from 0.05 to 10 uM. RLU de-
creased rapidly when the As dose was more than 10 pM,
probably due to the toxic effects of As on the biosensor
cells. In this study, the statistically significant (P<0.05, the
significance analysis in this research was tested by
ANOVA based on the Microsoft Origin 8.0) limit of
detection (LOD) of the biosensor to As was 0.1 pM.
Regression analysis indicated a more linear relationship
(R*=0.96, correlation analysis in this research was con-
ducted by linear regression based on the Microsoft Origin
8.0) between the RLU and As concentration from 0.05 to
5 uM, in which range the As concentration could be
quantified by this biosensor.
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Bioavailability of As in soil treated with different fertilizations
based on BCR-SEPs

Results (Fig. 3) showed that, compared with the soil samples
treated with different fertilization regimes, the CK soil pos-
sessed the lowest F1 fraction (exchangeable As) and F2 frac-
tion (reducible As) at all the three As addition levels, and
statistical analysis indicated that the F1 fraction in CK soil was
significantly lower than that in soil treated with manure con-
taining M and NPK + M (P<0.05). Further, the F2 fraction in
CK soil was significantly lower than that in the other five
fertilization-treated soils. On contrary, the CK soil had the
highest F4 fraction (inactive As) at all the three As addition
levels, and it was significantly higher than that in soil treated
with NP, M, and NPK + M (P<0.05). The F3 fraction (oxi-
dizable As) in CK soil had no obvious difference with other
five soils treated with different fertilization.

In all fertilization-treated soil, the active As (F1 and F2
fractions) gradually increased while the inactive As (F4 frac-
tion) gradually decreased with the increase of spiked As from
0 to 100 mg/kg. Moreover, the application of manure
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R'=0.96, P<0.01

25101 o0
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Fig.2 Dose-dependent induction of E. coli biosensor harboring parsRluc
and its corresponding linear regression
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Fig. 3 Ratios of As fraction-based BCR-SEPs in soil under different
fertilization regimes. a 0 mg/kg As addition, b 50 mg/kg As addition,
¢ 100 mg/kg As addition

fertilization indicated a more obvious effect on F1 and F2
fractions. The application of NPK + M increased F1 fraction
from 4.13 to 14.93 % and F2 fraction from 4.39 to 8.63 %
compared with the CK soil. Similarly, M treatment also in-
creased F1 fraction from 3.58 to 10.02 % and F2 fraction from
3.18 to 7.25 % compared with the CK soil. The increase of F1

fraction in NPK + M and M-treated soils was significantly
higher (P<0.05) than the other treatments (N [0.52 to 3.30 %],
NP [0.35t0 5.30 %], and NPK [0.44 to 4.44 %]). The increase
of F2 fraction in NPK + M and M-treated soils was also
significantly higher (P<0.05) than that in the other treatments
(N [1.00 to 1.50 %], NP [1.28 to 5.37 %], and NPK [0.95 to
5.68 %]). In general, the application of N, NP, NPK, M, and
NPK + M could all promote the transformation of As from the
residual fraction (F4) to the relative active fractions (F1 and
F2), and the M and NPK + M treatments exhibited a more
obvious role. Transformation efficiency of F4 fraction to F1
and F2 fractions followed the order NPK + M > M > NP >
NPK > N (except for the treatment of 0 mg/kg additional As
which followed N > NP > NPK).

The As recovery ratio of BCR-SEPs ranged from 91.34 to
99.52 %, 90.78 to 102.80 %, and 90.27 to 93.59 % at 0, 50,
and 100 mg/kg addition levels of As, respectively, which
showed completely acceptable quality control of As in this
sequential extraction procedure (Van Herreweghe et al. 2003).

Bioavailability of As in soil treated with different fertilization
based on E. coli biosensor

In consideration of the possible interference of arsenate and
organic As in natural soils, bioavailable As described in this
research based on biosensor was expressed as an equivalent
concentration including arsenate and organic As. A direct
contact assay of E. coli arsRp::luc biosensor cells with soil
particles in soil-water suspensions indicated that the bioavail-
ability of As in soil-water suspensions was significantly
higher (P<0.05, 4.0-10.0 times, Table 2) than the total As in
soil-water solution, and it was in accord with these reports
which have showed that the direct contact assay could reflect
more bioavailable metal than soil-water extract (Ivask et al.
2002, 2004). The increase of As addition levels from 0 to
100 mg/kg in M- and NPK + M-treated soils have 7 and 11
times, respectively, the accumulation of bioavailable As in
soil-water suspensions compared with CK soil. At 50 mg/kg
As addition level, the concentrations of bioavailable As in
soil-water suspensions of different fertilization-treated soil are
as follows: NPK + M > M > NP, and M and NPK + M
treatments were, respectively, 4.0- and 5.0-times higher than
the NP-treated soil. At 100 mg/kg As addition level, the
concentrations of bioavailable As in soil-water suspensions
are as follows: NPK + M > NP > N > NPK, and bioavailable
As in M- and NPK + M-treated soils was 4.0-7.0 times and
5.0-9.0 times, respectively, more than that in N-, NP-, and
NPK-treated soils (Table 2). In summary, soil-water suspen-
sions could reflect significantly more bioavailable As than in a
soil-water solution by biosensor, and the application of ma-
nure fertilization (M and M + NPK) may enhance the bio-
availability of As in soil (7.0 and 9.0 times, respectively)
compared with CK soil. NKP fertilization was recommended
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Table 2 Detection of total As in soil-water solution and bioavailable As in soil-water suspensions of different fertilizations-treated soil samples

Fertilization (natural As, mg/kg) 0 addition 50 mg/kg addition 100 mg/kg addition
water biosensor- water biosensor- water biosensor-
soluble As determined soluble As determined soluble As determined
(mg/kg) As (mg/kg) (mg/kg) As (mg/kg) (mg/kg) As (mg/kg)
CK (45.30) 0.01+0.00 ND 0.04+0.00 ND 0.07+0.00 ND
N (43.72) 0.01£0.00 ND 0.06+0.00 ND 0.15+0.01 1.58+0.30
NP (50.21) 0.01+0.00 ND 0.24+0.00 1.53+0.54 0.35+0.03 2.63+0.54
NPK(52.42) 0.01+0.00 ND 0.09+0.02 ND 0.26+0.03 2.73+0.41
M (47.12) 0.28+0.03 1.62+0.18 1.29+0.08 7.24+0.59 2.76+0.09 12.38+£0.49
NPK + M (46.44) 0.25+0.02 1.32+0.09 1.73+£0.07 8.46+1.00 3.26+0.14 15.49+1.45

ND not determined

as a more suitable regime in As-polluted agricultural soil, espe-
cially with high As concentration, because of its slight impact
on the bioavailability of As and complete nutrition to plant.

Discussion

Application of biosensor to assess the bioavailable As
in different long-term fertilizations-treated soils

The application of different long-term fertilization regimes
could lead to a great change of soil characteristics, such as
levels of organic C, P, and the pH (Dong et al. 2012; Ge et al.
2008; Liu etal. 2013; Yang et al. 2011; Zheng et al. 2008a, b),
which could affect the fraction and bioavailability of metal in
soil, thereby posing risk to agricultural products. Sequential
chemical extraction does not represent the actual bioavailabil-
ity of As in soil. Therefore, to accurately assess the impacts of
different long-term fertilization regimes (N, NP, NPK, M,
MINK) on the bioavailability of As in soil, an arsRp::luc-
based E. coli biosensor was constructed and applied in this
research, as well as a chemical BCR-SEPs method.

The reporter gene is an important factor that can affect the
sensitivity of biosensor. In this research, /uc was employed as
the reporter gene because of its high sensitivity and rapid
response characteristics (Billard and DuBow 1998; Hakkila
et al. 2002). Experiments showed that after a 2-h induction,
the biosensor produced an obvious increase of RLU at
0.05 uM As (LOD), which was below the WHO permissible
level of 10 ug/L (equivalent to 0.13 uM) in potable water
(Nordstrom 2002). In addition, other factors such as the host
strain, concentration of host strain, culture medium, and pH
could also affect the LOD of a biosensor (Golding et al. 2008;
Rasmussen et al. 1997; Riether et al. 2001; Tauriainen et al.
1998).

The water-soluble metal represented the most free and
bioavailable relevant metal fraction (Giller et al. 2009;
Peijnenburg and Jager 2003; Worms et al. 2006). However,
direct contact assay of biosensor with soil particles could

@ Springer

reflect a distinctly higher level of bioavailable Cd (20- or
115-fold), Hg (30-fold), and Pb (40-fold) than soil-water
extract assay (Ivask et al. 2002, 2004). Therefore, the direct
contact assay was essential to assess the bioavailability of
metals for biosensor, although the mechanisms involving the
increase of bioavailable metals in direct contact assay are still
not clear. Our result also showed that the bioavailability of As in
soil-water suspensions was significantly higher (4 to 10 times)
than the total As in soil-water extracts. It is in accordance with
the research of Ivask et al. (2007), in which they found that
fourfold more As was available to nonimmobilized sensor
bacteria. However, this result is inconsistent with the finding
of Petanen and Romantschuk (2003), which indicated that there
was no obvious difference of bioavailable As between the
water-extractable fraction and soil-water slurry. The different
characteristics of biosensor strain and soil sample may be major
factors that led to the discrepant result.

Factors governing the difference of bioavailable As

Both BCR-SEPs and arsRp::luc-based E. coli biosensor indi-
cated that the application of all the fertilization treatments
containing N, NP, NPK, M, and NPK + M could lead to an
increase of bioavailable As in soil, and more importantly,
manure fertilization (M and NPK + M) has showed a more
obvious impact. Moreover, the more active the As was, the
more easily it was released from the treated soil. In this
research, water-soluble As in soil treated with NPK + M and
M fertilizations was at least 25 times higher than that in CK
soil (Table 2). Even without addition of As, the final concen-
tration of water-soluble As in NPK + M and M fertilization-
treated soils exceeded the safe value for drinking water as
recommended by WHO (10 pg/L).

Several factors may contribute to this result. It has been
reported that the application of inorganic or organic fertilizers
can increase the content of organic carbon in soil and maintain
soil productivity (Liu et al. 2013; Yang et al. 2011).
Additionally, it has been confirmed that As mobilization is
associated with the concentration of dissolved organic carbon
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Fig. 4 Correlation analysis of BCR-SEPs-determined As (F1+F2) and
organic carbon in soil

in soil, which is due to the organic ligands of dissolved organic
carbon (DOC) that facilitate the release of inactive As (F4
fraction) to active soluble As (F1 fraction) through competi-
tive sorption or through solution complexation (Cao et al.
2003; Harvey et al. 2002; Jackson et al. 2006; Mladenov
et al. 2010). In addition, Fe oxyhydroxides precipitated by
microbes have a strong adsorption capacity to As in soil
(Harvey et al. 2002; Mladenov et al. 2010; Yang et al.
2002); Consequently, the enhancement of soluble As could
also lead to an increase of As bound to Fe oxyhydroxides
which belonged to F2 fraction of As . Given that the organic-
bound As was negligible in polluted soil (Sarkar et al. 2007),
only exchangeable As (F1 fraction) and Fe-Mn-oxide-bound
As (F2 fraction) were considered to be potential bioavailable
As as determined by BCR-SEPs in this research. Our investi-
gation also found that the application of inorganic or organic
fertilizers increased the content of organic carbon from 8.24 to
18.64 mg/kg (Table 1), and statistical results showed that the
concentration of potential bioavailable As (F1+F2) was
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Fig. 5 Correlation analysis of biosensor-determined As and organic
carbon in soil at 100 mg/kg As addition level
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Fig. 6 Correlation analysis of BCR-SEP-determined As (F1 + F2) and
biosensor-determined As

positively correlated with organic carbon at all addition levels
of As (Fig. 4), and the correlation coefficients were 0.73
(P<0.05), 0.91 (P<0.01), and 0.90 (P<0.01), respectively,
from low to high As concentrations. These results were similar
with those of Jackson et al. (2006) and Kalbitz and Wennrich
(1998), in which they found a positive correlation between
DOC and soluble As concentrations.

Similarly, biosensor-determined As was linearly correlated
(R*=0.96, P<0.01) with the content of organic carbon in soil
at 100 mg/kg As addition level (Fig. 5). Although the mech-
anism of how the biosensor cells adsorb As in soil-water
suspension is yet to be elucidated, the increase of active As
and the decrease of inactive As were undoubtedly the most
crucial reason that led to a significant increase of bioavailable
As in NPK + M- and M-treated soils.

It has been indicated that organic carbon could lead to the
rise of the mobile and soluble As (Cao et al. 2003; Harvey
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Fig. 7 Comparison of BCR-SEPs-determined As (F1, F2) with the
biosensor-determined As at the three As addition levels: 0 mg/kg,
50 mg/kg, and 100 mg/kg
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et al. 2002; Jackson et al. 2006; Mladenov et al. 2010).
Although there is no direct conclusion to prove that As bound
with organic carbon is available by biosensor cell, however,
interactions between organic carbon and As can be influenced
by various factors such as pH, redox potential, and other
competing ions in aquatic environments, and it could cause
the secondary release of As to aquatic environments and the
rise of bioavailable As (Wang and Mulligan 2006).

pH and P were important direct factors governing the
mobility of As in soil. It has been reported that sequestration
of As from of Fe-Mn oxides of mineral surfaces was consis-
tently increasing with lower pH (Signes-Pastor et al. 2007;
Wang and Mulligan 2006; Yang et al. 2002), because low pH
values could lead to the formation of more positively charged
Fe oxides, and then positively charged Fe oxides could adsorb
more As anions on the mineral surface (Lafferty and Loeppert
2005; Jain et al. 1999). In this research, NPK + M and M
treatments have led to a slight increase of pH, but other
treatments were opposite. Therefore, pH may have partly
contributed to the difference of bioavailable As in differently
treated soil. Although there was no investigation on P after
treatments, the application of NP, NPK, and NPK + M regi-
mens undoubtedly led to an increase of P content (Zheng et al.
2008a; Ge et al. 2008). Meanwhile, P in fertilization may be
another factor affecting the release of As due to its similar
chemical properties to As and its competitive sorption with As
in the soil matrix (De Brouwere et al. 2004; Signes-Pastor
et al. 2007; Zhao and Stanforth 2001).

Comparison of BCR-SEPs-determined As
with biosensor-determined As

Statistical analysis showed a correlation (R*=0.76, P<0.01)
between BCR-SEPs-determined As (F1 and F2 fractions) and
biosensor-determined As (Fig. 6). It manifested BCR-SEPs
and biosensor presented relative consistently to assess the
active As and inactive As, and it was similar with the result
of Tibazarwa et al. (2001), in which they found a correlation
(R*=0.96) between Ralstonia eutropha biosensor-determined
and Ca(NOj),-extractable Ni.

However, biosensor-determined As was only 50 to
66.12 % (0 mg/kg As addition level), 24.13 to 85.17 %
(50 mg/kg As addition level), and 18.46 to 70.1 % (100 mg/
kg As addition level) of F1 fraction of As. Similarly,
biosensor-determined As was only 34.02 to 43.2 % (0 mg/
kg As addition level), 20.68 to 84.61 % (50 mg/kg As addition
level), and 20.03 to 84.24 % (100 mg/kg As addition level) of
F2 fraction of As (Fig. 7). These results indicated that BCR-
SEPs-determined As (F1 and F2 fractions) was not completely
bioavailable by the E. coli biosensor cells, and it was only a
potential available fraction that could be transformed to in-
stantly bioavailable As during the variations of the soil
environment.

@ Springer

The main reason may be because most of the exchangeable
As and reducible As (such as Fe-Mn oxides) were unavailable
instantly to E. coli biosensor even though the direct contact
assay was introduced in this research. The result was consis-
tent with these in which chemical extractions have
overestimated the bioavailability of Cd by 23 times (Kahru
et al. 2005) and 1 M NaOAc-estimated Pb was four times
higher than the bioavailable Pb judged by biosensor (Peltola
et al. 2005).

The variation of environmental factors may lead to the
transformation of As from potential available form to actual
bioavailable form. For instance, The lower E£h (redox poten-
tial) could cause the dissolution of Fe oxide (F2 fraction)
crystallized from soil and lead to the release and desorption
of As bound with Fe oxide (Xu et al. 2011). The above-
mentioned pH, organic C, P, and other factors such as electri-
cal conductivity (EC) and saline ion fluctuation (Sarkar and
Datta 2003, 2004) could also contribute to the transformation
of As to bioavailable form. Based on this result, E. coli bio-
sensor was recommended as a more realistic approach in
assessing the bioavailability of As in soil because it would
not overestimate the current risk of As to the environment.
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