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Abstract

The risks from heavy metals in soil and rice from a farmland in a Nanjing suburb, southeastern
China, were evaluated using the geo-accumulation index, a health risk assessment and an in-vitro
simulation. The concentrations of heavy metals (Pb, Cr, Zn, Cu, Cd, Hg, and As) in the soil and rice were
determined in the present study. The results showed that at the two stages measured, the order of geo-
accumulation index values (except those of Pb and Zn) was Cd>As>Hg>Cu>Cr. Moreover, the heavy
metals with lower Lo values exhibited lower risks at both stages in the study area. The farmland in the
study area was not polluted by heavy metals, according to the evaluation of the total heavy metal contents
and their chemical speciation. The order of bio-concentration factor was Cd>Cu>Zn>Pb>As>Cr>Hg.
For all heavy metals, the non-carcinogenic doses of the different exposure pathways indicated that
¢pbr,, . >Cbl,  >CDL for children and adults. The HI values for adults and children from heavy
metals before rice sowing were 0.0984 and 0.634, respectively, indicating that these metals had little
influence on the human body. The HI values for adults and children for heavy metals at the rice
harvesting stage were 0.146 and 0.879, respectively. Before rice sowing, the lifetime carcinogenic risk
values for local adults and children were 5.60 x 107° and 8.15 x 107, respectively. At the rice harvesting
stage, the lifetime carcinogenic risk values for local adults and children were 3.01 x 107 and 4.48 x 1075,
respectively. At both stages, the order of CF values for adults and children was Cd>Cr>As>Pb. The total
amounts and bioavailable amounts of the heavy metals ingested by adults and children through eating
the local rice did not exceed the tolerable weekly intake values, indicating that there is no health risk
from eating the local rice. However, draining and drying the field at the proper time would improve the

Eh value of the paddy soil.
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Introduction

Heavy metal pollution has been widely studied
because it causes environmental and public health
problems worldwide [1]. Heavy metals and metalloids
(Hg and As) can be not degraded and these elements are
easily enriched in soils. They can enter the human body
through the food chain and accumulate continuously [2].
The extensive use of sewage irrigation, pesticides and
chemical fertilizers makes the content of heavy metals
continuously accumulate and aggravate in farmland [3].
The contamination of agricultural products with heavy
metals has become an important factor that restricts
the sustainable development of agriculture and rural
economies. Therefore, it is urgent to determine the level
of heavy metals in farmland and take corresponding
measures to solve the series of resulting ecological
issues.

Rice is one of the main staple crops in Jiangsu
Province. When the cadmium content of rice is
excessive, it will affect rice growth, development, yield
and quality. In particular, cadmium accumulation poses
a serious threat to the life and health of humans and
livestock due to biological amplification in the food
chain and even affects the quality and safety of rice
[4]. In comparison with its tolerance of other heavy
metals and metalloids, rice has a stronger tolerance to
Cd, however, Cd easily becomes concentrated in rice
[5]. Li et al. [6] conducted field and pot experiments to
evaluate the factors affecting heavy metal accumulation
in rice grain and subsequently to explore the differences
among rice cultivars when exposed to Cd. The results
showed that of the tested metals, Cr and Cd were
the dominant contaminants in samples from the test
areas, with 100.0% and 59.6% of all grain samples
exceeding the maximum permissible concentration.
Lei et al. [7] demonstrated the pollution conditions and
human health risks by determining the concentrations
of the heavy metals (Pb, Cd, Cu, and Zn) in paddy
soils and white rice around seven mining-affected
areas in Hunan Province. The ranges of concentrations
of Pb (23.9-1595.8 mg/kg), Cd (0.3-9.5 mg/kg),
Cu (31.2-321.5 mg/kg) and Zn (56.1-3478.9 mg/kg)
in all paddy soils were significantly higher than the
background values for Hunan Province and even
exceeded the maximum permissible concentrations
for paddy soil quality recommended by the Ministry
of Environmental Protection of China. Rogan et al.
[8] demonstrated that the heavy metal contamination
of paddy soils and rice from Koc'ani field (eastern
Macedonia) resulted from irrigation with riverine water
that was impacted by past and present base-metal
mining activities and acid mine drainage. Very high
concentrations of As, Cd, Cu, Pb and Zn were found in
the paddy soils (47.6, 6.4, 99, 983 and 1.245 pg/g) and
rice (0.53, 0.31, 5.8, 0.5 and 67 pg/g) in the western part
of Koc"ani field. Hence, it is necessary to determine the
degree of heavy metal pollution in farmland to avoid
excessive heavy metal enrichment in rice.

If plants are stressed at seed germination by heavy
metals, the quality of seed germination directly affects
the quality and yield of crops [9]. Low concentrations
of heavy metals can promote the germination of crop
seeds, while high concentrations will inhibit their
germination [10]. Under the same conditions, different
tissues of the same variety have different physiological
and biochemical mechanisms for absorbing heavy metals
due to the differences in their external morphology
and internal structure, and the accumulation of heavy
metals in these tissues is quite different. Zhang et al.
[11] reported that heavy metal accumulation varied
among plant organs and that accumulation decreased
in the order roots>stems>leaves. The bioaccumulation
factor (BCF) results revealed that during the grain-
filling stage, the rice had high BCF values (>1) for Cd
and Zn. Heavy metals in the environment can enter the
human body through respiratory tract inhalation, skin
contact, diet, etc., and food consumption is the main
absorption pathway. Lan et al. [12] assessed the human
health risk from heavy metals (Pb, Zn, Cu, Cd and As)
in rice grains collected from a mining-impacted and a
noncontaminated area in South Hunan Province using an
in vitro simulation method. Chen et al. [13] investigated
the uptake and accumulation of Cd by leek and rape.
The bioavailability of Cd in human gastric juice and
the human health risk from Cd in vegetables grown in
Cd-polluted soil and soil remediated with amendments
(zeolite + earthworm attapulgite + earthworm manure)
were determined using an in vitro simulation test and a
health risk assessment, respectively.

To evaluate the level of heavy metal pollution in
soil, it is necessary to consider human activity as well
as the geochemical background values of the metals.
Additionally, natural diagenesis may cause changes
in background values. The geo-accumulation index
proposed by Muller (1969) [14] takes this factor into
account, thereby addressing a shortcoming of other
evaluation indexes, e.g. potential ecological hazard index
[15], enrichment factor [16] and Nemero comprehensive
index [17], etc. The geo-accumulation index method
is extensively used to assess heavy metal pollution in
soils since the method considers the influence of the
geological background [14]. Additionally, heavy metals
enter the body and affect human health via ingestion,
inhalation and dermal contact. The health risk
assessment model is able to assess the health risk from
individual heavy metals based on these three pathways
(non-carcinogenic risk and carcinogenic risk) [18].
Therefore, this study aimed to (1) evaluate the level
of heavy metal pollution in a paddy soil in a Nanjing
suburb by the geo-accumulation index method; (2)
study the heavy metal concentrations in rice roots using
the bio-concentration factor; (3) assess the cumulative
carcinogenic and non-carcinogenic risks via health risk
assessment; and (4) investigate the inadvertent ingestion
of heavy metals by humans through rice based on in
vitro tests.
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Methods and Materials
Study Area

Xugao village, southwest of Hengxi street,
Jiangning district, Nanjing city, was selected as the
study area. This area has a subtropical monsoon climate
with abundant rainfall, and the rainfall is unevenly
distributed in four seasons. In the winter half-year
(October to March), the rainfall is affected by the cold
polar continental air mass; the northerly wind prevails,
bringing less rainfall. In the summer half-year (April
to September), the rainfall is affected by tropical or
subtropical marine air masses, with prevailing southerly
winds that bring abundant precipitation. There are four
types of vegetation in the study area, viz. cultivated,
mountain forest, swamp and aquatic vegetation, and
the agricultural cultivated vegetation area is the largest.
Mountain forest, swamp and aquatic vegetation are
natural vegetation types.

Sample Collection and Preparation

Lianjing2 (one of the main local rice cultivars)
was bred in 1992 by the Lianyungang Institute of
Agricultural Sciences wusing a medium-variation
single Taiwan rice plant. This rice variety grows to
approximately 109 cm, has short sword leaves and
exhibits strong tillering. The total number of grains per
panicle is approximately 115, and the seed setting rate is
approximately 90%. The 1000-grain weight is 27 g and
the rice quality is good; however, it is difficult to thresh.
Soil samples (0-20-cm depth) were obtained from the
rice rhizosphere before sowing (May 2019) and at the
harvesting stage (September 2019). Five sampling
points were selected and located with GPS tools. Five
samples were collected from each sample site. The soil
type throughout the study area is a calcareous soil. The
soil samples were labelled as follows:

A (118°68°71.37”E,31°66°91.42”N—
118°68°67.78”E,31°66°92.06”N),

B (118°68°63.7”E,31°66°90.13”N—
118°68°69.12”E,31°66°87.83”N),

C (118°68°62.57”E,31°66°87.29”"N—
118°68°68.58 E,31°66°84.76”N),

D (118°68°47.98”E,31°66°72.48”"N—
118°68°50.77”E,31°66°71.09”N), and
E (118°68°49.91”E,31°66°68.19”N—
118°68°44.33”E, 31°66°68.51”"N).

Heavy Metal Concentration Analysis

The pH values of the soils were determined in a
soil:water (1:2.5) suspension [19]. The redox potential
(Eh) of the soil was measured using a pH meter with
a platinum electrode [20]. The organic matter (OM)
content of the soils was determined using the potassium
dichromate external heating method [21]. The Cr,

Cd, Pb, Cu and Zn in the soil and rice samples were
digested using HNO,-HF-H,O,, and the Hg and As in
the soil were digested with aqua regia. HNO,-H O,
(3:1) was used to digest the Hg and As in rice under
high-pressure, airtight conditions. Tessier’s five-stage
sequential extraction procedure was employed to
determine the chemical speciation of the heavy metals
in the soils. The total contents of the heavy metals (Cr,
Cd, Pb, Cu and Zn) in the aforementioned digested
soil and rice samples were measured using inductively
coupled plasma optical emission spectrometry. The
concentrations of metalloids (Hg and As) in the soil
and rice were determined using a nondispersive atomic
fluorescence spectrometer (AFS-933, Beijing Jitian
Instrument Co., Ltd.).

The vessels used were soaked in 25%-30% HNO,
for longer than 8 h and repeatedly washed with
deionized water. Certified standard reference materials
(GSS-3) purchased from the State Bureau of Technical
Supervision of China were used to ensure the accuracy
and precision of the methods and results. The recovery
rate of the heavy metals in the soil and rice samples
ranged from 86.73% to 109.17%.

Risk Assessment Methods

Geo-Accumulation Index for the Evaluation of Heavy
Metal Pollution in Soils

The geo-accumulation index (I , ) is used to evaluate
the cumulative heavy metal pollution in soil [22]. This
index considers the influence of human pollution factors
and environmental geochemistry on the background
value of heavy metal as well as the variations in the
background value caused by geological differences in
different places [23]. The equation is as follows:

C.
I =log,(——
geo gz(1.51311)

(1)

..where C, is the determined concentration of heavy
metal ; in the soil and B is the local geochemical
background value for the heavy metal. The B values
were obtained by referring to the Soil Environment
Quality Risk Control Standard for Soil Contamination
of Agricultural Land in China (GB15618-2018). The
constant 1.5 was employed because of the natural
fluctuation of the baseline data. I has seven classes:
uncontaminated (1,,,<0), uncontaminated to moderately
contaminated (0<I. =), moderately contaminated
(I<I,,,<2), moderately to heavily contaminated
(<1, =3), heavily contaminated (3<Igeo<4), heavily
to extremely contaminated (4<I,_<5) and extremely
contaminated (I;>5).

The bio-concentration factor (BCF) of heavy metals
is the ratio of the content of a heavy metal in part of
the plant to the content of the same heavy metal in
the soil [24]. This reflects the ability of the heavy metal
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to migrate within the sediment-plant system and thus Cx EFXETXED
indicates the enrichment of the heavy metals in the CDI, .. (mg-m”)=
plant. PEFX24x AT, @
BCF = Metal CDI, . (mg-ke' day')= CxSAx AF x ABS, ><P;“F><ED
Metal @ BW X AT, <10
®)
..where Metal . and Metal  are the concentrations of
heavy metals in the rhizosphere soil and roots of rice HI = ZHQ =HQ, ,THO,, THO, 1 6
(dry soil), respectively. ©)
Health Risk Assessment HI = CDI, ing-nc CDIy e + CDI e
R.D. C D. X ABS
Generally, individuals are exposed to metals in rine RiGin Ry e “(7)
soils by three main pathways, i.e., ingestion, inhalation
and dermal contact [25]. The health risk assessment CR = LADDXCSF ®)

performed in this study is based on those developed
by the United States Environmental Protection Agency
for health risk assessment and the Dutch National
Institute of Public Health Agency, which can calculate
the exposure risks to adults or children from soil metals
[26]. The equations are as follows:

CxIngRXEF X ED
BW x AT, x10°

©)

-1 -1\
CDIing-nc (mg : kg : day )_

Table 1. Parameters for health risk assessment.

..where CDIL . CDI,__, and CDI_ are the average daily
intake from soil ingestion, dermal contact and inhalation
contact, respectively (mg/kg-day); C is the average
concentration of a heavy metal in topsoil (mg/kg); and
IngR (mg/day) is the daily ingestion of soil. EF is the
exposure duration frequency (365 days/year); ED is the
exposure duration (year); BW is the body weight of the
exposed individual (kg); and AT is the time period over
which the dose is averaged (day); and R D is the chronic
reference dose for a heavy metal (mg/kg-day). A hazard
index (HI) approach was applied to assess the overall
potential for non-carcinogenic effects posed by more

Description Parameters - Values References
Children Adults

Ingestion rate of soil IngR (mg/day) 200 100 [11]
Skin area available for soil contact SA (m?/evevt) 2800 5700 [11]
Soil-to-skin adherence factor AF (mg/cm?) 0.20 0.07 [11]
Dermal absorption factor (Cr) ABS_ 0.04 [27]
Dermal absorption factor (Cd) ABS,, 0.14 [27]
Dermal absorption factor (Pb) ABS,, 0.006 [27]
Dermal absorption factor (Zn) ABS, 0.02 [27]
Dermal absorption factor (Cu) ABS_, 0.10 [27]
Particle emission factor PEF (m¥/kg) 1.36 x 10° [11]
Exposure time ET(h/day) 24 [11]
Exposure frequency EF (day/year) 350 [11]
Exposure duration ED (year) 6 30 [11]
Body weight BW (kg) 16.2 61.8 [11]
Average time for carcinogenic ATca (day) LT=365 [11]
Average time for non-carcinogenic ATnc (day) EDx365 [11]
Life time expressed in day LT (day) 72 [27]
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Table 2. Toxicological parameters for different heavy metals of
health risk assessment [11].

RSC,, RID,,
ABSGI

mg/kg/day mg/m?
As 1 3.00E-04 3.00E-04
Cd 0.025 1.00E-03 2.50E-05
Cr 0.013 1.50E+00 1.95E-02
Cu 1 4.00E-02 4.00E-02
Hg 1 1.60E-04 1.60E-04
Ni 0.04 2.00E-02 8.00E-04
Pb 1 1.40E-04 1.40E-04
Zn 1 3.00E-01 3.00E-01

than one chemical (Tables 1 and 2). If the HI is less
than 1, no risk of adverse health effects is indicated. If
the HI is >1, non-carcinogenic effects are possible [27].
The carcinogenic risk (CR), which reflects the
lifetime cancer risk for an individual, can be determined
by multiplying the lifetime average daily dose (LADD)
by the cancer slope factor. The calculations of
LADD were made with equations 5-7 using the dose
averaged over a lifetime (LT) instead of AT. The CSF
values of As, Cd, Cr and Pb are 1.5, 6.3, 0.5, and
0.0085 per (mg/kg/day)!, respectively [28]. A value of
1 x 10°<CR<I x 10 signifies an acceptable risk, and a
value of CR>1 x 10 indicates high risk of cancer.

In-vitro Simulation Test

An improved version of the in vitro simulation
method of Ruby [29] and Rodriguez [30] was used in
this study [12]. In the simulated stomach stage, 4 L
of simulated gastric juice was prepared, containing
0.15 mmol/L NaCl, 2.00 g citric acid, 2.00 g malic acid,
1.68 mL lactic acid, 2.00 mL acetic acid and 5 g pepsin.
The pH value of the solution was adjusted to 1.50 using
12.00 mol/L HCIl. An amount of 600 mL simulated
gastric juice was added to six reactors, and 6.00 g rice
was added to each reactor through a 0.25 mm sieve.
Argon was introduced into the reaction liquid at a rate
of 1.00 L/min to create an anaerobic environment, and
the mixtures were stirred at 100.00 r/min for 1.0 h.
After that, 20 mL of the reaction solution was extracted
with a syringe, centrifuged at 10 000 r/min, and filtered
with a 0.45 um membrane. The contents of Pb, Zn, Cu,
and Cd in the filtrate were analysed by ICP-MS.

In the simulated intestinal stage, the pH value of the
reaction solution was adjusted to 8.0 using a saturated
solution of NaHCO,. Trypsin (0.36 g), bile salt (20 g),
and argon (1.00 L/min) were added to each reactor,
and the mixtures were stirred for 4.0 h at 100 r/min.
The pH value of the reaction solution was determined
every 15 min. To maintain the pH value at 8.0, when

the pH value increased, HC1 at 12.00 mol/L was added
to the solution. After the start of the small intestine
stage, 20.00 mL of the reaction solution was taken after
4.0 h, centrifuged at 10000.00 r/min and filtered through
a 0.45 pm membrane. The contents of Pb, Zn, Cu, and
Cd in the filtrate were determined by ICP-MS.

The bioavailability of Pb, Zn, Cu, and Cd in the
rice at the simulated gastric and intestinal stages was
calculated by equation (9):

Ba="" s 100%
Cm

sTs (9)

..where BA is the bioavailability of heavy metals
absorbed by rice, %; C, is the total soluble amount of
heavy metals in the reaction solution of the gastric
or small intestine stage, mg/L; V is the volume of
the reaction solution in each reactor, L; C_ is the total
amount of heavy metals in the rice sample, mg/kg; and
m_ is the mass of the rice sample added to the reactor,
kg. The daily average heavy metal intake through the
soil-human pathway is calculated as follows:

Wm :Cm X Wsoil (10)

..where W _'is the amount of the heavy metal absorbed
by eating rice, pg/d; C_ is the content of the heavy metal
in rice, mg/kg; and W is the daily rice consumption
(389 g/d for adults and 277 g/d for children).

The amount heavy metals absorbed into the body
through rice was calculated by equation (11).

W, =W, xBA "

..where W, is the amount of heavy metals that can be
absorbed every day, pg/d; W _ is the intake of heavy
metals; pg/d; and BA is the bioavailability of specific
heavy metals, %.

Results and Discussion
Level of Heavy Metal Pollution in Rice Soil

Before rice sowing and at rice harvesting, the pH
values of the soils ranged from 7.93 to 8.14 and 7.91 to
8.04, respectively. Rice, an acid-loving crop, can grow
under acidic conditions, at pH 4.5-5.5. The pH value
of paddy soils should be between 6.0 and 7.5 [31]. The
nutrients needed by plants are most effective in soils
within this pH range, which is conducive to nutrient
absorption and utilization by plants. A pH value below
5.5 is not conducive to the absorption of calcium or
magnesium. If the pH value is excessively high or low,
it is not beneficial to the growth of plants; under these
conditions, plants are prone to symptoms of nutrient
deficiency, e.g., stunted growth, yellowed young leaves,
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withered or scorched leaf margins, and rotten capillary
roots [32]. In addition, the soil Eh was between -154.70
to -144.00 mV and -189.50 to -180.60 mV during the
two stages, respectively. The reduction in Eh intensity
may result in the production of various sulfides. Hence,
draining and drying the field in time can improve the
Eh value of soil.

The concentrations of Cr, Cd, Pb, Cu, Zn, Hg and
As in soil of study areca at the before sowing of rice
were 84.51+£3.19, 1.15+0.17, 50.48+3.44, 27.05+0.35,
70.00+0.65, 0.29+0.02 and 15.41+0.09 mg/kg,
respectively. However, the concentrations of Cr, Cd,
Pb, Cu, Zn, Hg and As in soil of study area at the
before sowing of rice were 49.19+1.35, 0.48+0.08,
55.7443.03, 13.03+0.73, 78.29+1.95, 0.16+0.01 and
7.7244.07 mg/kg, respectively. The L., values of Cd
were significantly higher than those of the other heavy
metals and metalloids during the two stages in this
study. This may be because it is of higher ecotoxicity
[33] and the value of Cd in soil of study area were near
the limit for Cd content proposed by GB15618-2018. In
both stages, the order of Lo values (except those of Pb
and Zn) was Cd>As>Hg>Cu>Cr. Moreover, the metals
with the lower I values exhibited a low risk at both
stages in the study areas (Fig. 1). Fig. 2a) shows the
content of the five species (residual, organic matter-
bound, iron-manganese oxide-bound, exchangeable
and carbonate-bound) of heavy metals in soils during
the two stages. The content of the chemical species of
Cr in soil before rice sowing and at the rice harvesting
stage was as follows: residual>organic matter-bound>
iron-manganese oxide-bound>exchangeable>carbonate-
bound (Fig. 2b). Similarly, the percentages of residual
As, Zn and Hg were higher than those of the other
species of these metals. In addition, the percentages of
residual Cd, Pb and Cu decreased significantly between
the two stages, and the percentages of their iron-
manganese oxide-bound species increased. Generally,
the content of the iron-manganese oxide-bound species
in soils before rice sowing was higher than that at the
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Fig. 1 The Lo values of heavy metals in soil at the different
growth periods of rice.
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Fig 2. The concentration of heavy metal speciation in soil at the
before sowing a) and harvesting b) periods of rice.

rice harvesting stage, which may be due to the fertilizer
applied in the process of planting rice. In both stages,
the content of the exchangeable species of the heavy
metals was the lowest of all chemical species. The
exchangeable state of heavy metals is easily absorbed
by rice, thus, the low levels of exchangeable heavy
metals may have led to a lower concentration being
adsorbed in the local rice. Therefore, the farmland in
the study area was not polluted by heavy metals based
on the evaluation of their total content and chemical
speciation.

Bio-Concentration Factors in the Rice-Soil
System

Table 3 shows the concentrations of heavy metals
in different tissues of rice and their BCF values. The
order of Cr content in the different rice tissues was
root >leaves>grain>stem>rice husk>polished round-
grained rice. The BCF values of Cr were 0.0403 and
0.2940, respectively. The alkaline soil in the study area
can significantly affect the speciation of Cr in soils.
The higher pH values of soils in the study area can
significantly affect the speciation of Cr. Lower pH value
in soils transform Cr(VI) into stable Cr(III), which can
reduce the migration capacity and toxicity of Cr in soils
[34]. In contrast, a higher pH value in soils is conducive
to the formation of Cr(IV), especially in alkaline soils.
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Table 3. The concentration of heavy metals of roots, stem, leaves, grain, rice husk and polished round-grained rice.
Root Stem Leaves Grain Rice husk | Polished round-grained BCF value
(mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg) rice (mg/kg)
Cr 1.98 0.43 0.58 0.53 0.22 0.21 0.04
+0.08 +0.38 +0.02 +0.06 +0.03 +0.03 '
cd 1.50 0.09 0.19 0.17 0.08 0.10 316
+0.13 +0.02 +0.03 +0.004 +0.01 +0.01 ’
b 13.75 3.19 1.43 3.57 1.35 1.22 025
+0.75 +0.15 +0.21 +0.37 +0.28 +0.55 ’
7n 22.24 13.30 13.80 24.06 8.61 8.44 028
+0.60 +1.60 +0.74 +1.52 +0.94 +0.94 ’
5.52 1.13 3.14 3.13 1.51 1.62
Cu +0.80 +0.13 +0.13 +0.02 +0.04 +0.05 042
H 0.004 0.002 0.002 0.002 0.002 0.002 0.03
g +0.004 +0.005 +0.006 +0.01 +0.01 +0.001 ’
0.52 0.01 0.21 0.28 0.30 0.42
As £0.09 +0.07 +0.10 +0.07 0.8 £0.12 0.07

All values are mean of three replicates (n = 3).

The overall order of Cd accumulation in the different
tissues was root>leaves>stem. The concentration of Cd
in rice roots was generally 5-63 mg/kg in farmland
polluted by heavy metals [35]. The Cd content in this
study was only 1.50 mg/kg, and there was no pollution
by heavy metals according to the evaluation of geo-
accumulation index. The BCF value of Cd in rice was
3.158. The urinary system will be damaged if excessive
Cd accumulates in the kidney. The main manifestation
of renal damage is proximal tubular dysfunction, which
is not fatal but may slightly affect life expectancy.
The pH value is one of the most important factors
affecting the amount of Cd adsorbed by rice roots. It
was reported in a previous study that the quality of Cd
absorbed by plants was negatively correlated with the
pH value of the soil within a certain range of pH values.
In addition, Cd mainly exists in the form of water-
soluble Cd. On the root surface, Cd ions compete with
H* for binding sites. The root surface releases positive
ion binding sites with the increase in pH value, resulting
in more Cd binding and absorption [36]. The redox
value (Eh) was also one of the main factors affecting
the bioavailability of Cd in soil. The content of water-
soluble Cd in soil, the total amount of Cd absorbed
by rice and the amount of Cd above ground increased
with the increase in the Eh value in paddy fields. When
the soil was in a reduction state, the amount of sulfur
reduced to S* increased with the decrease in redox
potential and precipitated with Fe, Cd and Hg ions in
the soil, thus reducing the concentration of heavy metal
elements in the soil solution [37]. This may be the
reason why the proportion of residual Cd was lower
than that of the residual fractions of other heavy metals.

The order of Pb accumulation in the different tissues
of rice was root>stem>leaves. The BCF values for Pb
were lower than those for the other heavy metals; these
results may be due to the lower mobility of Pb in the

soil and the few exchangeable states of lead in the soil.
It was reported that the contribution of Pb adsorption
and absorption to the accumulation of lead in plants
was much greater than that of root absorption and
transportation to the upper part of the ground in some
arcas with high concentrations of atmospheric Pb [38].
Pb is absorbed by rice roots that take up the dissolved
Pb ions in the soil solution; hence, the exchange state of
Pb before rice sowing was higher than that at the rice
harvesting stage. The BCF values of Zn, Cu, Hg and
As were similar and are discussed simultaneously in
this work. The BCF values of Zn, Cu, Hg and As were
0.2841, 0.4238, 0.0268 and 0.0668, respectively, and Cu
had the highest BCF value. Lower concentrations of Cu
can promote rice growth and development. However, Cu
can destroy the structure and function of the rice cell
membrane when its concentration exceeds the threshold
value for rice growth; Cu affects the permeability of
the rice cell membrane and damages the antioxidant
enzyme system and chloroplast structure of the plant,
thus inhibiting rice development [39]. According to the
analysis in this study, the contents of Cu in the soil
and plants were within the normal range. In addition,
excessive Zn content can endanger the root system
of rice and prevent the growth of the root system. In
addition, brown spots and necrosis have been observed
on the ground under conditions of high Zn concentration
stress; however, this situation was not observed in this
study. Finally, overall, the order of the heavy metal BCF
values in rice was Cd>Cu>Zn>Pb>As>Cr>Hg.

Human Health Risk Assessment
Table 4 shows the non-carcinogenic doses and

hazard exposure levels of the metals in the soil samples
for both children and adults. For all heavy metals,
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the noncarcinogenic doses of the different exposure
pathways indicated that CDI, _ >CDI,  >CDI, - for
children, which may be due to the hand-to-mouth habits
of children. CDL .. was clearly the main exposure
pathway for local residents. Before rice sowing, the
HI values of heavy metals in soil for children were
significantly higher than those for adults, implying that
children were more casily affected by the heavy metals
in soils. Their HI value was lower in comparison with
the other literature, which may be caused by main
farmland and no chemical plants in the study. A similar
phenomenon was also found at the rice harvesting stage,
and the HI values for children were higher than those

for adults. Surprisingly, in both adults and children,
the HI values before rice sowing were obviously higher
than those at the rice harvesting stage. This situation
occurred because several heavy metal elements were
absorbed by rice during the growth process, decreasing
their content in soil throughout the rice growth stage.
The HI values for adults and children for heavy metals
before rice sowing were 0.0984 and 0.634, respectively,
indicating that these metals have little influence on the
human body. The HI values for adults and children for
heavy metals at the rice harvesting stage were 0.146
and 0.879, respectively. The order of HI values at the
harvesting stage was Pb>As>Cd> Hg> Cr>Zn>Cu

Table 4. Non-carcinogenic doses and hazard exposure of metals in soil samples to children and adults through three routes.

Life stages Non-ca@inogenic Heavy metals
risks Cr cd Pb Cu Zn Hg As
CDI,, 1.31E-04 | 1.79E-06 | 7.83E-05 | 420E-05 | 1.09E-04 | 4.50E-07 | 2.39E-05
DI, 5.96E-08 | 8.13E-10 | 3.56E-08 | 1.91E-08 | 4.93E-08 | 2.04E-10 | 1.09E-08
Adult I, 2.09E-05 | 1.00E-06 | 1.88E-06 | 1.67E-05 | 8.66E-06 | 8.98E-08 | 2.86E-06
(before sowing HQ,, 8.74E-05 | 7.16E-05 | 7.83E-05 | 420E-05 | 1.09E-04 | 450E-07 | 2.39E-06
of rice) HQ,, 3.97E-06 | 3.25E-05 | 2.54E-04 | 477B-07 | 1.64E-07 | 128E-06 | 3.62E-06
HQ,, 1.07E-03 | 4.00E-02 | 134E-02 | 4.19E-04 | 3.62E-04 | 2.81E-03 | 3.97E-02
HI 1.16E-03 | 4.01E-02 | 137E-02 | 4.61E-04 | 471E-04 | 2.81E-03 | 3.97E-02
CDI,, 1.00E-03 | 137E-05 | 5.98E-04 | 320E-04 | 828E-04 | 343E-06 | 182E-05
DI, 3ATE-08 | 33SE-10 | 3.93E-08 | 9.19E-09 | 5.52E-08 | 1.10E-10 | 544E-09
Children I, 112E-04 | 1.53B-06 | 6.69E-05 | 3.59E-05 | 9.28E-05 | 3.85E-07 | 2.04E-06
(before sowing HQ,, 6.67E-04 | SAGE-04 | 5.98E-04 | 320E-04 | 8.28E-04 | 343E-06 | 1.82E-05
of rice) HQ,, 231E-06 | 1.34E-05 | 2.81E-04 | 230B-07 | 1.84E-07 | 6.90E-07 | 1.81E-06
HQ, . 5.75E-03 | 6.12E-02 | 4.78E-01 | 8.97E-04 | 2.76E-03 | 2.15E-02 | 6.08E-02
HI 6.42E-03 | 6.17E-02 | 479E-01 | 122B-03 | 3.59E-03 | 2.15B-02 | 6.08E-02
CD,, 7.63E-05 | 7.37E-07 | 8.65E-05 | 2.02E-05 | 121E-04 | 243E-07 | 1.20E-05
CDI 5.96E-08 | 8.13E-10 | 3.56E-08 | 1.91E-08 | 4.93E-08 | 2.04E-10 | 1.09E-08
I, 1.22E-05 | 1.18E-07 | 138E-05 | 3.23E-06 | 1.94E-05 | 3.88E-08 | 191E-06
(ta ri‘:‘tﬂsttage) HQ,, 5.09E-05 | 2.95E-05 | 8.65E-05 | 2.02E-05 | 121E-04 | 243E-07 | 1.20E-05
HQ,, 3.97E-06 | 325E-05 | 2.54E-04 | 477E-07 | 1.64E-07 | 128E-06 | 3.62E-05
HQ, 6.25E-04 | 4.71E-03 | 9.86E-02 | 8.07E-05 | 4.05E-04 | 1.52E-03 | 3.99E-02
HI 6.80E-04 | 4.77E-03 | 9.89E-02 | 1.01E-04 | 527E-04 | 1.52E-03 | 4.00E-02
coI,, 5.82E-04 | S5.626-06 | 6.60E-04 | 1.54E-04 | 9.27E-04 | 185E-06 | 9.14E-05
DI 347E-08 | 3.3SE-10 | 3.93E-08 | 9.19E-09 | 5.52E-08 | 1.10E-10 | 544E-09
oI, 6.52E-05 | 6.30E-07 | 7.39E-05 | 1.73E-05 | 1.04E-04 | 2.08E-07 | 1.02E-05
(Hafiléls‘:r;‘;ge) HQ,, 3.88E-04 | 2.25E-04 | 6.60E-04 | 1.54E-04 | 9.27E-04 | 1.85E-06 | 9.14E-05
HQ,, 231E-06 | 1.34E-05 | 2.81E-04 | 230E-07 | 1.84E-07 | 6.90E-07 | 181E-05
HQ, 3.34E-03 | 2.52E-02 | 5.28E-01 | 432E-04 | 3.09E-03 | 1.16E-02 | 3.05E-01
HI 3.74E-03 | 2.54E-02 | 5.29E-01 | 5.87E-04 | 4.02E-03 | 1.16E-02 | 3.05E-01
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Fig. 3 The HQ values for adults and children at the different
growth periods of rice.

(Fig. 3). Kaur et al. [40] reported the non-carcinogenic
doses from the different exposure pathways and found
that CDI,  >>CDI,_ >>CDIL -~ for children, which
may be due to the hand-to-mouth habits of children;
the results were consistent with those in this study. The
health risk assessment was effective for identifying
toxic chemicals and various exposure pathways.
However, the quantitative risk evaluation has several
inherent uncertainties. Most importantly, the total

concentration of heavy metals was used in this study,
which will result in the overestimation of CDI and the
resulting HI. Compared to the total amounts of heavy
metals, the bioavailable or bio-accessible concentrations
can provide a more reliable risk assessment for the
environment and human health. In addition, the
standards were proposed by the USEPA according to
the environmental standards of the USA, and these
exposure parameters for China may be not appropriate
[41]. At present, exposure assessment guidelines for
assessments of human health risks caused by heavy
metals in soils have not been defined. Moreover, the
proposed ABSs for heavy metals are relatively different
between the USEPA and Canada, and their values
have both been widely applied. This study primarily
examined the three exposure pathways and the various
heavy metals that lead to potential ecological and
human health risks.

In both adults and children, the order of the
carcinogenic doses of the different exposure pathways
was CDIL >CDI, >CDI, (Table 5), and the result
was identical to that of Kaur et al. [40]. Generally, in
the two stages, the order of CF values for adults and
children was Cd>Cr>As>Pb (Fig. 4). The carcinogenic
risks posed by Cr, Cd, As and Pb in soils calculated
for children were higher than those for adults. The CF
values of the heavy metals mentioned in this study
were lower than the acceptable threshold value of
1.0x10* proposed by the USEPA, suggesting that they
have no significant long-term health effects. Before

Table 5. Carcinogenic doses and risk associated with metal exposure in soil samples.

Heavy metals
Life stages Carcinogenic risks
Cr Cd Pb As
CD,,, 5.46E-07 7.46E-06 3.26E-07 9.96E-07
Adult (before sowing of CDL 2.48E-09 3.39E-11 1.48E-09 4.53E-10
rice) cpI,_ 8.72E-08 4.17E-07 7.81E-08 1.19E-08
Total cancer risk 6.36E-07 7.88E-06 4.06E-07 1.01E-06
CD,,,, 8.34E-07 1.14E-06 4.98E-07 1.52E-07
Children (before sowing CDL, 4.97E-11 6.78E-12 2.97E-11 9.06E-12
of rice) CDI, . 9.34E-08 4.46E-08 8.37E-09 1.28E-08
Total cancer risk 9.27E-07 1.18E-06 5.06E-07 1.65E-07
CD,,, 3.18E-09 3.07E-07 3.60E-08 4.99E-09
Adult (Harvest stage of CDL 1.45E-11 1.40E-12 1.64E-11 2.27E-12
rice) Ccpl, ., 5.08E-09 1.72E-09 8.63E-10 5.97E-10
Total cancer risk 8.27E-09 3.09E-07 3.69E-08 5.59E-09
CD,,, 4.85E-09 4.69E-07 5.50E-08 7.61E-09
Children (Harvest stage of CDL, 2.89E-12 2.79E-13 3.28E-12 4.53E-13
rice) CDIL, 9.34E-09 4.46E-09 8.37E-10 1.28E-11
Total cancer risk 1.42E-08 4.73E-07 5.58E-08 7.62E-09
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Fig. 4 The CF values for adults and children at the different
growth periods of rice.

Table 6. Bioavailability of simulated intestinal and gastric stages.

rice sowing, the lifetime carcinogenic risk values for
the local adults and children were 5.60 x 107 and
8.15 x 107, respectively. At the harvesting stage, the
lifetime carcinogenic risk values for the local adults and
children were 3.01 x 107 and 4.48 x 107, respectively.
Overall, the CF values of all heavy metals were within
the tolerable to acceptable risk range for local adults
and children. No domestic, industrial or traffic pollution
was found in the study area. Therefore, the local adults
and children were not affected by the studied heavy
metals based on the human health risk assessment.
However, the Cd content of the soil was higher than the
contents of the other heavy metals, which may be due
to sewage irrigation and fertilizer application. In fact,
the domestic waste produced by local residents enters
ditches through runoff and man-made direct discharge,
and the water in the ditches is used on farmland.
Domestic waste may contain a small amount of heavy
metals. In addition, the high Cd content in the soil was
one of the reasons why the CF values of Cd for adults
and children were higher than those of the other heavy
metals.

Simulated gastric absorption stage (%)
Target

Pb Zn Cu Cd As

Maximum values 31.45 74.12 21.87 2.15 0.88
Minimum values 27.21 68.56 19.33 1.33 0.74

Average values 29.33 71.34 20.6 1.74 0.81

Simulated intestinal absorption stage (%)
Target

Pb Zn Cu Cd As

Maximum values 7.41 27.15 71.22 6.14 0.42
Minimum values 5.95 23.83 67.36 4.38 0.17
Average values 6.68 25.49 69.29 5.26 0.30

Table 7. The amount of heavy metals ingested by adults and children through the soil-human.
Heavy metal intake (pg/d)
Age Target
Pb Zn Cu Cd As
Maximum values 215 3652 650 39 213
Minimun values 258 2919 613 33 117
Adult

Average values 236 3285 631 36 165
PTWI 429 — — 60 129
Maximum values 153 2600 463 28 152

Minimun values 184 2078 436 23 83

Children
Average values 168 2339 449 26 64
PTWI 107 — — 30

Note: “*” refers to the conversion of weekly tolerance to daily tolerance.
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Table 8. Bioavailability of heavy metals in different digestive stages of adults and children.
Simulated gastric absorption stage (%)
Age Target
Pb Zn Cu Cd As
Maximum values 153 51 134 11 2
Minimun values 184 51 126 10 1
Adult
Average values 168 57 130 11 1
PTWI* 429 — — 60 129
Maximum values 109 36 95 8 1
Minimun values 131 36 90 7 1
Children
Average values 120 41 92 8 1
PTWI* 107 — — 30 64
Simulated intestinal absorption stage(%)
Target
Pb Zn Cu Cd As
Maximum values 14 931 450 2 6
Minimun values 17 744 425 2 4
Adult
Average values 16 837 437 2 5
PTWI* 429 — — 60 129
Maximum values 10 663 321 1 5
Minimun values 12 530 302 1 2
Children
Average values 11 596 311 1 4
PTWI* 107 — — 30 64

Note: “*” refers to the conversion of weekly tolerance to daily tolerance.

In-vitro Simulation Test of Cd, Pb, Cu and Zn

Table 6 shows the bioavailability of Pb, Zn, Cu, Cd
and As in rice from the study area in the simulated
gastric and intestinal stages. The bioavailability of Zn
and Cd in rice in the study area was higher than that in
the simulated intestinal stage, while the bioavailability
of Pb, Cu and As was lower than that in the simulated
intestinal stage [12]. The difference in the bioavailability
of Pb, Zn, Cd and Cu may be caused by the different
acid conditions in the stomach. The bioavailability of
As in the simulated stomach stage and the simulated
intestinal stage in the study area was low, which
implied that the bioavailability of As in the simulated
experiment was not affected by the acidic conditions.
Since the national food hygiene standard (GB2762-2012)
does not include Zn and Cu as pollutant indicators,
the per tolerable weekly intake (PTWI) of Zn and Cu
in rice was not considered in this study. The standard
showed that the PTWI values of Cd and As were
7.00 pg/kg and 15 pg/kg, respectively [12]. The limit
values for Pb in adults and children are 50.00 pg/kg
and 25.00 pg/kg, respectively. For adults weighing
60 kg and children weighing 30 kg, the daily intake of
Cd should not exceed 60.00 and 30.00 ng/d, respectively,
the daily intake of Pb should not exceed 428.57 and

107.14 pg/d, respectively, and the daily intake of
As should not exceed 128.57 and 64.29 ng/d [12].
Table 7 shows that the average daily intake of Pb, Zn,
Cu, Cd and As content ranges from 215-258, 2919-3652,
613-650, 33-36, and 117-213 pg/d, respectively. The
average daily intake of Pb, Zn, Cu, Cd and As in the
study area was 153-184, 2078-2600, 436-463, 23-28 and
83-152 pg/d, respectively. In this study, only children
were at risk of ingesting more than the weekly limit for
Pb by eating rice grown in the study area.

Table 8 shows the total amount of heavy metals
ingested by adults and children by eating the local
rice. The bioavailable amounts of the heavy metals
did not exceed the PTWI values, indicating that there
was no health risk from eating the local rice. However,
the bioavailability of Pb, Zn, Cu, Cd and As in rice
in this study area was higher in the simulated gastric
digestion stage than in the simulated small intestine
stage, which may be related to the acidic environment
in the stomach. In the simulated small intestine stage,
the intestinal fluid was alkaline, which led to a decrease
in the bioavailability of heavy metals in rice. Since the
absorption function of the human digestive tract to
food was mainly reflected in the small intestine stage,
the availability of heavy metals in rice in the simulated
small intestine stage plays a more important role in the
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whole in-vitro simulation experiment. In addition to
the bioavailability of heavy metals in the human body,
there are also other factors that affect human health risk
assessments, such as individual differences and dietary
habits. The purpose of this study was to evaluate the
health risks of eating rice from the perspective of heavy
metal intake and bioavailability.

Conclusions

Before rice sowing and at the rice harvesting
stage, the pH values of the soils ranged from 7.93 to
8.14 and 791 to 8.04, respectively. In both stages, the
order of L., values (besides those of Pb and Zn) was
Cd>As>Hg>Cu>Cr Moreover, the heavy metals with
lower Lo values exhibited lower risk at the two stages
in the study areas. The farmland in the study area was
not polluted by heavy metals according to the evaluation
of their total contents and chemical speciation. The
order of BCF values was Cd>Cu>Zn>Pb>As>Cr>Hg.
For all heavy metals, the non-carcinogenic doses
of the different exposure pathways indicated that
¢porL . ~CDI, ~CDL = for children and adults.
The HI values for adults and children for heavy metals
before rice sowing were 0.0984 and 0.634, respectively,
indicating that these metals have little influence on the
human body. The HI values for adults and children
for the heavy metals at the rice harvesting stage were
0.146 and 0.879, respectively. Before rice sowing, the
lifetime carcinogenic risk values for the local adults and
children were 5.60 x 107 and 8.15 x 1073, respectively.
At the rice harvesting stage, the lifetime carcinogenic
risk values for local adults and children were
3.01 x 107 and 4.48 x 107, respectively. At the two
stages, the order of CF values for adults and children
was Cd>Cr>As>Pb. The total amounts and bioavailable
amounts of heavy metals ingested by adults and children
through eating the local rice did not exceed the tolerable
weekly intake values, indicating that there is no health
risk from eating the local rice. However, draining and
drying the field in time can improve the Eh value of the
paddy soil.
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