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a b s t r a c t

Dietary arsenic (As) intake from food is of great concern, and developing a reliable model capable of
predicting As concentrations in plant edible parts is desirable. In this study, pot experiments were
performed with 16 Chinese upland soils spiked with arsenate [As(V)] to develop a predictive model for
As concentrations in pepper fruits (Capsicum annum L.). Our results showed that after three months’
aging, concentrations of bioavailable As (extracted by 0.05M NH4H2PO4) in various soils varied widely,
depending on soil total As concentrations and soil properties such as soil pH and amorphous iron (Fe)
contents. Furthermore, both the bioconcentration factor (BCF, denoted as the ratio of fruit As to soil As)
and total As concentrations in pepper fruits were largely determined by concentrations of bioavailable
As, which explained 27% and 69% variations in the BCF and fruit As concentrations, respectively. Apart
from bioavailable As, soil pH and Fe contents were another two important factors influencing As accu-
mulation in pepper fruits. Taking the three factors into account, concentrations of fruit As can be well
predicted using a stepwise multiple linear regression (SMLR) analysis (R2¼ 0.80, RMSE¼ 0.17). Arsenic
species in soils and edible parts were also analyzed. Although As(V) predominated in soils (>96%), As in
pepper fruits presented as As(V) (46%) and arsenite [As(III)] (39%) with small amount of methylated As
(<15%). Aggregated boosted tree (ABT) analysis revealed that inorganic As concentrations in pepper fruits
were determined by concentrations of bioavailable As, phosphorus (P) and Fe in soils. In contrast to
inorganic As, methylated As concentrations were not correlated with those factors in soils. Taken
together, this study established an empirical model for predicting As concentrations in pepper fruits. The
predictive model can be used for establishing the As threshold in fruit vegetable farming soils.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Arsenic (As) is ubiquitous in the environment (Nordstrom,
2002), and different As species pose discrepant toxicity to human
beings with arsenite [As(III)] being recognized as a class I and non-
threshold carcinogen (Smith et al., 2002). Due to geological As-
bearing minerals and anthropogenic activities (e.g., As-bearing
wastewater irrigation, As pesticides application, mining and other
e by Dr. Yong Sik Ok.
ademy of Sciences, Beijing,
industrial activities), As has become one common contaminant
threatening human health through food chains (Zhao et al., 2009;
Zhu et al., 2014).

Soil physicochemical properties play important roles in the
mobility of As and subsequent bioavailability, affecting As accu-
mulation in food crops and eventually influencing the health risks
through dietary intake (Zhao et al., 2010; Duan et al., 2013; Xu et al.,
2017). Soil pH usually affects As mobility through adsorption, with
higher pH enhancing As release from soil minerals (Masscheleyn
et al., 1991; Marin et al., 1993). The transformation between arse-
nate [As(V)] and As(III) can be controlled by soil redox potential
(Eh). Generally, As(V) dominates under oxic condition and As(III)
under anoxic condition (Guo et al., 1997). Organic matter (OM) also
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affects As mobility through competing adsorption sites on soil
colloids or directly binding with As (Redman et al., 2002). In
addition, minerals and clay particles can provide As binding sites
(Lin and Puls, 2000) and phosphorus (P) can compete with As for
these binding sites (Peryea, 1991; Moreno-Jimenez et al., 2012;
Kamiya et al., 2013). All these factors could influence As mobility
and bioavailability in soils and consequently affect the As transfer
from soils to crops.

It is difficult to predict As accumulation in plants through the
simple correlation analysis using one property alone (Seyfferth
et al., 2014). Therefore, for the purpose of evaluating the risk of
As-contaminated soils and building the threshold of As in farmland
soils, it is required to quantify the contribution of individual
influencing factor and develop a reliable model predicting As
accumulation in plant edible parts harvested from various soils.
Recently, several empirical models have been built for this purpose.
For example, Ding et al. (2015) used 21 Chinese soils to develop an
empirical model for predicting As concentrations in carrots (Daucus
carota L.). Using 18 Chinese soils, similarly, Dai et al. (2016) obtained
a soil-wheat threshold equation for estimating As transfer from soil
to wheat (Triticum aestivum L.). Recently, Dai et al. (2019) estab-
lished a predictive model for As transfer from soil to pakchoi
(Brassica chinensis L.) using 15 different Chinese soils. Although
some progress has been made in predictive models for As in wheat,
root vegetable and leafy vegetable, so far, no model has been re-
ported yet for fruit bearing vegetables.

Besides root and leafy vegetables, fruit vegetable is also an
important daily food for populations around the world. It has been
reported that As accumulation in plant fruits shows evidently dis-
similar characteristics compared with those in plant roots or leaves
(Mayorga et al., 2013). Pepper (Capsicum annum L.), one common
fruit bearing vegetable, is cultivated around China. Therefore,
pepper is one proper plant to investigate the bioavailability of As for
fruit bearing vegetables. In addition, given that different As species
differ in toxicity to human beings (Smith et al., 2002), it is impor-
tant to analyze As species in plant edible parts besides the total As
concentrations. However, previous studies did not pay much
attention to As species in plant edible parts (Ding et al., 2015; Dai
et al., 2016, 2019). Therefore, in this study, a greenhouse pot
experiment was conducted using 16 As(V)-spiked Chinese soils
varying widely with soil properties. The aims of this study were to:
(i) identify the dominant factors influencing As accumulation in
pepper fruits, (ii) develop an empirical model to predict As
Table 1
Physicochemical properties of the soils.

Soil locations pH OM (g kg�1) Clay (%) CEC (cmol kg�1) As (mg kg�1

GD 4.6 46.1 39.9 18.0 9.81
AH 5.1 21.9 29.6 14.4 9.63
HB 5.3 29.5 24.4 9.8 7.19
HL 5.6 54.7 32.8 33.4 6.35
ZJ 5.9 33.4 26.2 20.4 4.82
HN 6.4 27.6 33.7 13.9 10.8
YN 6.5 26.5 24.7 16.1 9.87
JS 6.7 22.6 21.8 18.4 7.59
CQ 6.8 17.0 17.9 24.3 2.04
JL 7.6 33.3 36.2 28.3 8.54
SC 7.7 11.6 15.6 19.9 6.78
SD 7.8 8.0 5.3 5.4 4.55
BJ 7.9 15.1 20.6 10.4 7.52
SX 8.0 21.6 16.7 17.3 7.69
HE 8.0 7.9 14.4 9.5 6.54
HA 8.0 12.2 11.1 10.1 7.44

GD, AH, HB, HL, ZJ, HN, YN, JS, CQ, JL, SC, SD, BJ, SX, HE and HA represent Guangdong, Anh
Shandong, Beijing, Shanxi, Hebei and Henan, respectively.

a a Fe: amorphous Fe, extracted with ammonium oxalate.
b a Al: amorphous Al, extracted with ammonium oxalate.
accumulation in pepper fruits based on soil properties, and (iii)
determine As species in pepper fruits and investigate As trans-
formation in soil-pepper system. The predictive model of As
transport from soils to pepper fruits could help to establish As
threshold in fruit vegetable farming soils, which is important for
improving soil environmental standards for food safety.

2. Materials and methods

2.1. Soil samples and pot experiments

Sixteen soils were collected from 16 different provinces across
China. The specific locations and soil physicochemical properties
are presented in Table 1. The soil samples were collected from the
top 20 cm of each site. Once collected, the soil samples were
transported immediately to the laboratory, air-dried, and passed
through the 2-mm sieve. Soil properties were determined accord-
ing to routine methods (Lu, 2000).

Pot experiments were carried out in a greenhouse from April
30th to November 12th, 2017. The pot experiments included three
treatments, namely i) control (without As(V) addition); ii) addition
of low dose As(V) (As1), namely 0.75 times of the soil quality
standard (SQS) of China (GB 15618e1995) (State Environmental
Protection Administration of China, 1995), i.e. 30, 22.5 and
18.75mg As kg�1 for soils with pH< 6.5, 6.5e7.5 and>7.5, respec-
tively; iii) addition of high dose As(V) (As2), namely 1.5 times of the
SQS, i.e. 60, 45 and 37.5mg As kg�1 for soils with pH< 6.5, 6.5e7.5
and>7.5, respectively. Each treatment had three replicates, giving a
total of 144 pots (16 soils� 3 As levels� 3 replicates). After mixing
the soil with appropriate amount of As(V) (added as Na3A-
sO4$12H2O) and basic fertilizers (0.15 g N kg�1; 0.05 g P kg�1;
0.10 g K kg�1), 5 kg of the mixture was filled into each experimental
pot. The pots were placed randomly in a greenhouse under natural
sunlight with soils being aged for three months (Ding et al., 2015),
duringwhich thewater content of soil wasmaintained at 80% of the
maximumwater holding capacity. Meanwhile, full seeds of pepper
(Capsicum annum L.) cultivar Zhongjiao 107 were kept soaked in
55 �C water for 30min, after which, the seeds were germinated
moistly for 48 h at 30 �C in the incubator with being dark all the
time. The germinated seeds were sown in the moist vermiculites-
pearl ash mixture (1:1) for one month. After soils aging for three
months, three uniform seedlings were transplanted to each pot.
During the growth periods of peppers, plants were watered to
) P (g kg�1) Fe (g kg�1) a Fe a (g kg�1) Al (g kg�1) a Al b (g kg�1)

0.57 32.9 7.87 12.4 1.03
0.70 33.4 1.98 13.1 1.30
0.39 23.6 3.95 9.1 0.87
1.00 29.0 4.35 17.4 1.92
0.55 32.0 6.11 20.4 0.89
0.58 33.5 5.46 9.6 1.29
1.25 31.4 5.99 12.3 0.78
0.72 32.7 5.06 21.5 0.87
0.65 33.5 2.95 29.7 0.57
0.63 29.5 1.95 22.7 1.56
0.63 29.3 1.37 31.6 0.67
1.09 18.1 0.35 24.6 0.29
0.91 29.5 0.64 49.0 0.69
0.79 29.2 1.43 24.1 0.80
0.72 27.6 1.25 28.8 0.73
0.82 23.6 0.93 19.2 0.47

ui, Hubei, Heilongjiang, Zhejiang, Hunan, Yunnan, Jiangsu, Chongqing, Jilin, Sichuan,



Fig. 1. Contribution rates of different soil physicochemical properties to NH4H2NH4-
extractable As in low dose As(V) treatment (As1) (a) and high dose As(V) treatment
(As2) (b). a Fe indicates amorphous Fe.
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maintain the normal growth of peppers until maturity. To ensure
adequate nutrition for the growth of peppers, appropriate nitrog-
enous fertilizer (0.3 g urea dissolved in water per pot) was applied
at seedling stage. The environmental conditions of greenhouse
were controlled as follows: the temperature was regulated to 30 �C
during daytime and 20 �C at night. There was a 14-h light period
and a 10-h dark period with 50% humidity. The pots were ran-
domized inside the greenhouse and rearranged once every week.

2.2. Determination of soil total As and extractable As

Soil samples from 144 pots were collected after the pepper fruit
maturity. For total As determination, the soil was ground through a
100-mesh sieve, and then digested with aqua regia (3HCl:HNO3, v/
v) and concentrated perchloric acid (HClO4), after which, the
samples were measured for As concentrations using inductively
coupled plasma mass spectrometry (ICP-MS, Agilent 7500, Agilent
Technology, USA). The detailed digestion procedure is described in
supplementary material. Three blanks and three replicates of
standard soil (GBW 07405) were analyzed under the same condi-
tionwith each batch for quality control. The extraction efficiency of
the standards was all between 80% and 120%, and As concentrations
in blank controls were all below the detection limit (2 ng kg�1).

Ammonium dihydrogen phosphate (NH4H2PO4, 0.05M) was
used to extract bioavailable As in soils (Wenzel et al., 2001; Khan
et al., 2010). In detail, 1 g soil (through a 2-mm sieve) was
weighed into a 50-mL polypropylene centrifuge tube, and then
25mL 0.05M NH4H2PO4 was added to the tube. After incubation at
20 �C in an end-over-end shaker at 250 rpm for 16 h, the superna-
tants were collected by centrifuging at 3000 � g for 15min and
then filtered through 0.22-mm filters. The concentrations of As in
the supernatants were determined by inductively coupled plasma
optical emission spectrometry (ICP-OES, Optima 8300, Perki-
nElmer, USA) or ICP-MS, depending on As concentrations of
samples.

2.3. Determination of total As concentrations in pepper plants

On maturity, pepper plants were separated into pepper fruits,
shoots (including stems and leaves) and roots, weighted, and
washed thoroughly with deionized water before being oven-dried.
The ground samples were digested in concentrated nitric acid
(HNO3) through microwave digester (MARS 5, CEM Corporation,
Matthews, North Carolina) (Yang et al., 2018), after which the
samples were diluted with ultrapure water, further centrifuged at
3500 rpm for 10min and filtered through 0.22-mm filters. The final
supernatants were analyzed for As concentrations by ICP-MS.
Blanks and standards were included in each batch for quality
control. The extraction efficiency of the standards was all between
80% and 120%, and As concentrations in blank controls were all
below the detection limit (2 ng kg�1).

2.4. Analysis of As species

Arsenic species in soils and pepper fruits from high dose As(V)
treatment (As2) was analyzed. For soil As species, 1M ortho-
phosphoric acid (H3PO4) and 0.5M ascorbic acid (C6H8O6) were
used as extractants according to the previous study (Giral et al.,
2010). The samples were determined for As species with high
performance liquid chromatography-inductively coupled plasma
mass spectrometry (HPLC-ICP-MS, Agilent 7500, Agilent Technol-
ogy, USA) as outlined in our previous study (Yang et al., 2018).

For As species detection in pepper fruits, 0.5 g air-dried fruit
sample was weighed into a 50-mL polypropylene centrifuge tube
with 5mL 1% HNO3 added, and then digested with the same
procedure for total As determination described above. Arsenic
species in digested solutions were analyzed using HPLC-ICP-MS.
2.5. Statistical analysis

The bioconcentration factor (BCF), which is defined as the ratio
of total As in pepper fruits to total As in soils, was used to charac-
terize the transfer of As from soils to pepper fruits (Algreen et al.,
2014). Contribution rates analysis was based on Pearson correla-
tion analysis. Pearson correlation analysis and predictor impor-
tance by automatic linear modeling were performed by SPSS 20 at a
95% level with the bootstrap value of 1000 replicates. Aggregated
boosted tree (ABT) analysis, performed by “gbm” package in R
software, was used to clarify the relative influence of different soil
physicochemical properties on bioavailable As in soils, BCF and
inorganic As in pepper fruits. For As predictive model construction
from soils to pepper fruits, stepwise multiple linear regression
(SMLR) analysis was performed by SPSS 20with the bootstrap value
of 1000 replicates. All data in this studywere present as means± SD
(n¼ 3). When constructing the predictive model, all data except pH
were log-transformed for normality. The corresponding tables and
figures were completed by Microsoft Office Excel 2007 and Ori-
ginPro 8.5.1.
3. Results

3.1. NH4H2PO4-extractable As in soils

Bioavailable As in 16 soils was extracted by 0.05M NH4H2PO4. In
control soils, extractable As concentrations varied from 0.4mg kg�1

to 1.8mg kg�1 with an average of 1.1mg kg�1 (Table S1). Extractable
As was positively correlated with soil total As concentrations with a
Pearson correlation coefficient of 0.53 (P< 0.05) (Table S2). In low
dose As(V) treatment (As1), extractable As concentrations ranged
from 8.7mg kg�1 to 15.3mg kg�1, with a mean of 11.6mg kg�1

(Table S1), and the extractable As concentrations were significantly
correlated with soil pH, clay contents, OM and amorphous iron (Fe)
with correlation coefficients being 0.79, �0.74, �0.66 and �0.79
(P< 0.01), respectively (Table S2). The ABTanalysis showed that soil
pH explained 61% of the variation in extractable As among different
soil types (Fig. 1(a)). In high dose As(V) treatment (As2), the
extractable As concentrations were in the range of 17.6mg kg�1 and
28.0mg kg�1, with the average being 22.3mg kg�1 (Table S1).
Again, soil pH, clay contents and amorphous Fe explained the most
variation in extractable As among various soils with the Pearson
correlation coefficients being 0.57 (P< 0.05), �0.57 (P< 0.05)
and �0.80 (P< 0.01), respectively (Table S2). By ABT analysis,
amorphous Fe was found to be the most important factor influ-
encing extractable As, explaining the variation up to 74%. Besides
amorphous Fe, soil pH contributed the variation up to 21%
(Fig. 1(b)).



Y.-P. Yang et al. / Environmental Pollution 251 (2019) 651e658654
3.2. The transfer of As in soil-pepper continuum

Arsenic concentrations in pepper fruits were shown in Fig. 2(a).
Generally, As concentrations in pepper fruits remarkably increased
with an increase in spiked doses of As(V) into the soils, e.g. the
control< low dose As(V) treatment (As1)< high dose As(V) treat-
ment (As2). The average As concentrations in pepper fruits for
control, low dose As(V) treatment (As1) and high dose As(V)
treatment (As2) were 59.2 mg kg�1, 226.3 mg kg�1 and 360.4 mg kg�1,
respectively. Bioconcentration factor (BCF, the ratio of fruit As to
soil total As) was introduced to characterize As translocation from
soils to pepper fruits (Fig. 2(b)). Similar to total As concentrations in
pepper fruits, BCF also increased in the order of control< low dose
As(V) treatment (As1)< high dose As(V) treatment (As2), which
were 0.0062, 0.0098 and 0.0104 in average, respectively.

Arsenic concentrations in pepper roots and shoots were also
assayed (Table S3). Similar to As concentrations in pepper fruits, As
concentrations in both roots and shoots also increased with the
increasing soil pH. Among various pepper tissues, As concentra-
tions in shoots were much lower than those in roots, but much
higher than those in fruits. Additionally, As accumulation in pepper
fruits was significantly positively correlated with As concentrations
in both shoots and roots (Fig. S1).

Both As concentrations in pepper fruits and BCF distinctly
altered among soil types, depending on extractable As concentra-
tions and soil pH. Arsenic concentrations in pepper fruits were
significantly correlated with extractable As, soil total As and Fe
contents at P< 0.01 level and with soil pH and OM contents at
P< 0.05 level (Table 2). Soil extractable As, Fe contents and soil pH
explained the variation of As in pepper fruits up to 69%, 11% and 7%,
respectively (Fig. 3(a)). The BCF was significantly correlated with
extractable As in soil, Fe contents, soil pH, amorphous aluminum
(Al), OM and clay contents at P< 0.01 level (Table 2). Soil extract-
able As, soil pH and Fe contents explained the variation of BCF up to
27%, 21% and 18%, respectively (Fig. 3(b)).
Fig. 2. Arsenic concentrations in pepper fruits (a) and BCF of As from 16 soils to pepper
fruits (b). DW represents dry weight. GD, AH, HB, HL, ZJ, HN, YN, JS, CQ, JL, SC, SD, BJ,
SX, HE and HA represent Guangdong, Anhui, Hubei, Heilongjiang, Zhejiang, Hunan,
Yunnan, Jiangsu, Chongqing, Jilin, Sichuan, Shandong, Beijing, Shanxi, Hebei and
Henan, respectively. Data are means± SD (n¼ 3). As1 and As2 indicate low dose As(V)
treatment and high dose As(V) treatment, respectively.
3.3. Predicting As concentrations in pepper fruits

As shown in Table 2, As concentrations in pepper fruits were
significantly positively correlated with concentrations of extract-
able As (P< 0.01), total As in soils (P< 0.01) and soil pH (P< 0.05),
whereas negatively correlated with Fe (P< 0.01) and OM (P< 0.05)
contents. The results of automatic linear modeling revealed that
extractable As concentrations in soils, Fe contents and soil pH were
the most important factors, in total explaining the variation of fruit
As concentrations up to 87% (Fig. 3(a)). Consistent with the results
of automatic linear modeling, extractable As concentrations in soils,
Fe contents and soil pHwere efficiently introduced to the predictive
equation by SMLR analysis with the final R2 of 0.80 (Table 3). After
the equation was established, overall 16 soils and 5 additional soils
were used to verify the equation (Fig. 4). Based on the equation, As
concentrations in pepper fruits grown in these soils were well
predicted, showing that all predicted values within the 95% pre-
diction intervals (Fig. 4).

3.4. Arsenic species in soil-pepper continuum

Arsenic species in soils and pepper fruits from high dose As(V)
treatment (As2) were analyzed. Inorganic As was the predominant
species in all 16 soils and As(V) was on average accounting for 96.1%
of total As in soils, with the remaining being As(III), dimethy-
larsenate (DMA) and monomethylarsenate (MMA), accounting for
about 4% totally (Table S4). In pepper fruits, As(V), As(III) and DMA
were detectable, while MMAwas undetectable. Similarly, inorganic
As was also the dominant As species which was up to 85.2% on
average (Fig. 5(a)). Among these As species, however, the distri-
bution in pepper fruits was distinctly different from that in soils. In
pepper fruits, the proportions of As(III) and DMA substantially
increased, accounting for 39.1% and 14.8% of the total As, respec-
tively, As(V) occupied 46.1% of total As concentrations.

In addition, Pearson correlation analysis indicated that the con-
centrations of inorganic As were significantly positively correlated
with extractable As concentrations (P< 0.01) and P contents
(P< 0.05) in soils, while negatively correlated with Fe contents
(P< 0.01) and clay contents (P< 0.05) in soils (Table S5). Consistent
with total As concentrations in pepper fruits, ABT analysis also sug-
gested that extractable As concentrations and Fe contents in soils
distinctly contributed to the variation of inorganicAs concentrations,
which accounted for 45% and 21%, respectively. Interestingly, unlike
total As, P contents in soils played an important role in the variation
of inorganic As concentrations (24%) in pepper fruits (Fig. 5(b)). By
linear regression analysis, inorganic As concentrations were linearly
dependent on extractable As concentrations, P contents, Fe contents
and clay contents in soils (Fig. S2 (a-d)). However, neither As(III) nor
DMA concentrations in pepper fruits were significantly correlated
with those factors in soils (Fig. 5 (c) and (d)).
Table 2
Pearson correlation analysis between As concentrations in pepper fruits or BCF and
soil physicochemical properties.

Pepper Fruits BCF

AseP 0.74** 0.40**
Total As 0.45** e

Fe �0.49** �0.57**
pH 0.29* 0.46**
amorphous Al �0.28 �0.41**
OM �0.29* �0.42**
Clay e �0.56**
CEC �0.25 e

*P < 0.05; **P< 0.01.
AseP: NH4H2PO4-extractable As.



Fig. 3. Contribution rates of different soil physicochemical properties to As concentrations in pepper fruits (a) and BCF (b). AseP and a Al represent NH4H2PO4-extractable As and
amorphous Al, respectively.

Table 3
Prediction equations for As concentrations in pepper fruits.

Treatments Regression Model R2 n RMSE

Control log (As) ¼ 1.49 þ 0.04 pH 0.26 16 0.07
log (As) ¼ 2.72 þ 0.02 pH - 0.76 log (Fe) 0.60 16 0.05

As1 þ As2 log (As) ¼ 1.13 þ 1.05 log (AseP) 0.33 32 0.23
log (As) ¼ 0.84 þ 0.91 log (AseP) þ 0.07 pH 0.38 32 0.22
log (As) ¼ 4.20 þ 0.84 log (AseP) þ 0.02 pH - 2.03 log (Fe) 0.61 32 0.17

all log (As) ¼ 1.75 þ 0.53 log (AseP) 0.69 48 0.21
log (As) ¼ 1.37 þ 0.52 log (AseP) þ 0.06 pH 0.71 48 0.20
log (As) ¼ 4.15 þ 0.52 log (AseP) þ 0.02 pH - 1.71 log (Fe) 0.80 48 0.17

As1: low dose As(V) treatment.
As2: high dose As(V) treatment.
AseP: NH4H2PO4-extractable As.

Fig. 4. Prediction equation validation in 16 different soils (a) and another 5 soils not used to build the equation (b). NX, XJ, SN, HI and JX represent the provinces of Ningxia, Xinjiang,
Shaanxi, Hainan and Jiangxi, respectively.
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4. Discussion

4.1. Major factors controlling As bioavailability in soils

In this study, we found that As(V) was the absolutely dominant
As species in upland soils (Table S4). Therefore, 0.05M NH4H2PO4
was used to extract bioavailable As in soils, because P shares the
same adsorption sites of soil minerals with As(V), thus NH4H2PO4
could efficiently extract As(V) from soil. Previously, sodium bi-
carbonate (NaHCO3, 0.5M) was also used to extract bioavailable
As from soils (Ding et al., 2015). In our preliminary experiment,
we compared the efficiency of NaHCO3 and NH4H2PO4 extraction
and found that the extraction efficiency of NaHCO3 was much
lower.

Bioavailable As indicates active As in soils which can be easily
taken up by plants. In control treatment, concentrations of
bioavailable As in soils were positively correlated with soil total
As, and no significant correlation with any other soil factors
(Table S2). Without exogenous As(V) addition, As concentrations
in all these 16 soils were quite low, mainly from geogenic
weathering of As-bearing minerals. This may explain why the
bioavailable As in control soils only depended on soil total As,
not related with soil properties. In contrast to the control, soil pH
and amorphous Fe became the most important factors in con-
trolling As bioavailability among different soil types upon the
exogenous addition of As(V) (Fig. 1). This result is consistent with
that reported by Ding et al. (2015), who found that soil pH and
Fe oxides had significant direct effects on bioavailable As in soils
and carrot As concentrations. However, soil pH and amorphous
Fe contributed differently to the variation of bioavailable As



Fig. 5. Arsenic species in pepper fruits in high dose As(V) treatment (As2) (a), contribution rates of soil properties to inorganic As in pepper fruits (b), and the correlation of As(III)
(c) and DMA (d) in pepper fruits and soils. DW represents dry weight. GD, AH, HB, HL, ZJ, HN, YN, JS, CQ, JL, SC, SD, BJ, SX, HE and HA represent Guangdong, Anhui, Hubei, Hei-
longjiang, Zhejiang, Hunan, Yunnan, Jiangsu, Chongqing, Jilin, Sichuan, Shandong, Beijing, Shanxi, Hebei and Henan, respectively. AseP represents NH4H2PO4-extractable As.
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between low dose As(V) treatment (As1) and high dose As(V)
treatment (As2) (Fig. 1). Soil pH contributed much more in low
dose As(V) treatment (As1), while amorphous Fe contributed
more in high dose As(V) treatment (As2). In general, soil pH
takes more important role in the precipitation and sorption of As
on soil mineral surface. Once concentrations of As in soils are
approaching to the absorbing ability of soil mineral surface, the
potential absorbing sites from internal mineral could be the
more important factor regulating As bioavailability (Tang et al.,
2007). Therefore, in the high dose As(V) treatment (As2),
amorphous Fe was the most important factor regulating As
bioavailability in soils (Fig. 1(b)). Besides soil pH and amorphous
Fe contents, clay and OM contents were another two important
factors impacting on As bioavailability in soils. Due to the
adsorption by clay materials (Lin and Puls, 2000) and binding
with OM (Redman et al., 2002), the concentrations of bioavail-
able As in soils exhibited an increasing trend with the decreasing
of clay and OM contents in low dose As(V) treatment (As1)
(Table S2). On the other hand, high OM contents also might
cause high As bioavailability because of the competition for
binding sites on soil colloids between As and OM (Redman et al.,
2002). Thus, considering these two opposite effects together, it's
not strange that OM didn't contribute much in As bioavailability
in high dose As(V) treatment (As2) (Fig. 1(b)).
4.2. Predictive model establishment for As accumulation in pepper
fruits and As transfer from soil to pepper

In our study, a reliable predictive model was effectively estab-
lished for As accumulation in pepper fruits (the edible part of
pepper plants). Our results showed that As concentrations in pep-
per fruits varied significantly among soils (Fig. 2(a)). In high dose
As(V) treatment (As2), total As concentration in pepper fruits
grown from Shandong soil was about 10-fold higher than that from
Hunan soil even at the exposed dose (Fig. 2(a)). For this variation,
bioavailable As in soil was the most significant factor, which
contributed about 70% to the variation (Fig. 3(a)). Therefore,
bioavailable As was efficiently introduced to the predictive equa-
tion for total As concentrations in pepper fruits (Table 3).
Additionally, in low dose As(V) treatment (As1), soil pH was the
most important factors controlling bioavailable As, and coinciden-
tally, soil pH was also efficiently introduced to the predictive
equation (Table 3). In high dose As(V) treatment (As2), Fe contents
and soil pH, which were the most important factors controlling
bioavailable As (Fig. 1(b)) and both the factors were also coinci-
dentally introduced to the predictive equation (Table 3). In some
previous studies with carrots and pakchoi, soil total As concentra-
tions could efficiently predict As concentrations in edible plant
parts (Ding et al., 2015; Dai et al., 2019). However, our study showed
that for pepper fruits, bioavailable As coupled with soil pH and Fe
contents built a more efficient model predicting As accumulation in
fruits.

In general, BCF, the ratio of As in plants to As in soils, was used to
characterize the transfer of As from soils to plants (Algreen et al.,
2014; Ding et al., 2015; Dai et al., 2019). Similar to As accumula-
tion in pepper fruits, BCF varied significantly among different soil
types (Fig. 2(b)), and was significantly positively correlated with
total As accumulation in pepper fruits. This result suggested that
BCF could efficiently characterize the transfer of As from soils to
pepper fruits. For the variation of BCFs among different soil types,
bioavailable As concentration in soil was the most important
contributor (Table 2 and Fig. 3(b)), which was consistent with the
previous studies (Alam et al., 2003; Huang et al., 2006). Apart from
the bioavailable As in soil, soil pH and Fe contents were also two
major controlling factors for BCF variation (Table 2 and Fig. 3(b)).
Ding et al. (2015) and Dai et al. (2019) also showed that BCF of As in
carrots and pakchoi generally increased with an increase in soil pH.
Warren et al. (2003) confirmed that BCF of As in vegetables was
significantly influenced by Fe oxides and could be reduced through
adding Fe oxides to As-contaminated soils.

Besides soil properties, BCF varies significantly among different
plant species and plant tissues, indicating different characteristics
of As uptake and transport by plants. Due to the difference of
translocation distance in plants, As accumulation in plant tissues
usually follows the order of roots> stems> gains or fruits. In this
study, the soils properties were similar to the studies of Ding et al.
(2015) and Dai et al. (2019) who used root vegetable (carrots) and
leafy vegetable (pakchoi), but fruit vegetable was used in this study.
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The values of BCF increased in the order of peppers< pak-
choi< carrots, which was similar to the results reported by Huang
et al. (2006). That explained the lower As transfer to pepper fruits
than those in carrots and pakchoi.
4.3. The potential of As transformation in pepper plants

Different As species differ in toxicity to humans. Inorganic As,
especially As(III) is much more toxic than methylated species. In
pepper fruits, inorganic As (including As(V) and As(III)) was the
predominant As species, accounting for more than 85% in average
(Fig. 5(a)). Therefore, although total As concentrations in pepper
fruits were much lower than root and leafy vegetables, the higher
percentage of inorganic As in pepper fruits should be concerned. In
the current study, As(V) was the absolutely dominant As species in
all 16 soils (>96%), while in pepper fruits, a considerable amount of
As(III) (39%) was found comparable to the concentrations of As(V)
(46%). Inorganic As accounted for 69% in rice grains collected from
Chinesemarkets (Chen et al., 2018), while in pepper fruits, it was up
to 85%, suggesting that attention should be paid to As species in the
edible parts of vegetables. This result also suggested that pepper
plants might be able to reduce As(V) to As(III). Arsenate [As(V)]
reduction to As(III) has beenwell demonstrated in rice plants (Duan
et al., 2007). Although Szakova et al. (2007) and Ye et al. (2010) also
observed As transformation among different As species in solana-
ceous vegetables, the mechanismwas still not clear. Besides As(III),
DMA was also detected in the pepper fruits. It has been demon-
strated that DMA in rice grains is originated from the soil and rice
plants don't have the ability to methylate inorganic As to methyl-
ated species (Lomax et al., 2012). However, Raab et al. (2007) re-
ported that some plants might methylate inorganic As to
methylated species. In our study, MMA was detectable in soils,
while it was not detectable in pepper fruits, and the percentage of
DMA in pepper fruits were much higher than those in soils. In
addition, the concentrations of DMA in pepper fruits grown from
different soil types were not significantly correlated to those in
soils, neither correlated to any soil characteristics (Fig. 5(d)). These
results suggested that pepper plants might have the ability to
methylate inorganic As to methylated species, and this hypothesis
needs to be verified in the future studies.

Since inorganic As is much more toxic than methylated As,
therefore, inorganic As concentration is always taken as an indi-
cator for the establishment of As limits in edible plant parts
(Ministry of Health of the People's Republic of China, 2012). How-
ever, the analysis of As species was often ignored in previous
studies about As prediction from soils to edible plant parts (Ding
et al., 2015; Dai et al., 2016, 2019). In this study, we found inor-
ganic As concentrations in pepper fruits were significantly corre-
latedwith the concentrations of bioavailable As, P, and Fe, as well as
clay contents in soils. Among these four factors, bioavailable As
concentration contributed the most to the variation of inorganic As
concentrations in pepper fruits (up to 50%), followed by P, Fe and
clay contents successively (Fig. 5(b)). These results indicated that
these four factors can be used to predict inorganic As accumulation
in fruit vegetables. In addition, for rice, Chen et al. (2018) analyzed
160 rice grains collected from 20 different provinces of China, and
found that the percentages of inorganic As exhibited clearly
geographical pattern, which was lower in northeastern than
southwestern China. Inconsistent with rice, inorganic As percent-
ages in pepper fruits didn't show that pattern, possibly because the
distinct soil conditions between drylands and paddy fields. This
inconsistent characteristic also suggested that the origin of meth-
ylated As in pepper fruits and rice grains might be different, the
former from plants and the latter from soils.
5. Conclusions

Under exogenous As(V) treatments, soil pH and amorphous Fe
were themain factors controlling As bioavailability in soils. The BCF
of As from soils to pepper fruits and As accumulation in pepper
fruits were mainly regulated by soil bioavailable As. Bioavailable As
in soils combining with Fe and pH could efficiently predict As
concentrations in pepper fruits. Regarding As species, As(V) was the
absolutely dominant As species in soils, while in pepper fruits, the
concentration of As(III) was comparable to that of As(V). Inorganic
As concentrations in pepper fruits mainly controlled by bioavailable
As, P and Fe contents in soils, while As(III) and DMA concentrations
in pepper fruits were not correlated with those factors in soils.
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