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Abstract

Paddy rice is considered as a main source for human exposure to heavy metal contamination due to its efficient accumulation of
heavy metals especially when cultivated in contaminated fields. In the current study, rice grains, straws, roots, and rhizosphere
paddy soils were collected from Changsha, a non-ferrous mine-impacted area in China. Heavy metals including Cr, Mn, Fe, Co,
Ni, Cu, Zn, As, Cd, Ba, and Pb in the samples were determined using ICP-MS. The heavy metal concentrations were found in the
ascending order of grain < straw < root < paddy soil except As and Cd. Rice root is a main organ to retain As and Cd through
chelation and adsorption. The translocation behaviors of the heavy metals in the soil-rice system were investigated through
bioaccumulation factor (BF) and translocation factor (TF). Similar variation tendencies to decrease BF,,., (translocation from
paddy soil to root) and TF,_, (translocation from straw to grain) associated with TF,.¢ (translocation from root to straw) increasing
were observed for most of the heavy metals due to heavy metal detoxification and stress tolerance in rice. The potential adverse
effects caused by long-term exposure to heavy metals from rice consumption were evaluated via the target hazard quotient. The

results indicated potential health risk to human from exposure to Mn, As, and Cd.

Keywords Paddy rice - Correlation analysis - Bioaccumulation factor - Translocation factor - Target hazard quotient

Introduction

Heavy metal contamination has become a worldwide concern
on account of the characteristics of persistence and biotoxicity
(Chen et al. 2018, Jia et al. 2017). The heavy metal contami-
nation in environment is mainly derived from natural origina-
tion and anthropogenic activities, of which the latter one made
predominant contribution on most contaminated fields. In
China, the environment has been heavily polluted by various
hazardous materials including heavy metals with rapid indus-
trialization and urbanization in recent decades (Zhao et al.
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2015, Zhao et al. 2010). According to the surveys, over 10%
of agricultural soils in China were contaminated to different
degrees by heavy metals due to human activities such as
herbicide/pesticide usage, waste water irrigation, fuel combus-
tion, solid waste disposal, and mining and smelting processes
(Zhao et al. 2015). Heavy metal contents in agricultural soils
may not only reduce crop production inevitably; this contam-
ination could be transmitted from agricultural soils to the
crops then to human beings through the food consumption,
posing considerable potential health risks.

There are several routes such as inhalation of dust, direct
ingestion of soils, and consumption of food crops for trans-
mission of heavy metal contamination from soils to human
beings. Among them, food consumption was recognized as
the main route for heavy metal transmission (Zheng et al.
2007). The biotoxicity of heavy metal contamination is depen-
dent not only on the concentrations but also on the exposure
duration through continuous consumption of contaminated
food. Long-term exposure to low level of toxic elements from
food consumption could still induce damage in organs or hu-
man health (Robson et al. 2014). For example, low-level ex-
posure to lead (Pb) can significantly elevate blood lead level,
which is considered as causative factors in numerous
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neurological diseases and renal impairment (Patrick 2006).
Exposure to cadmium (Cd) may lead to its accumulation in
the liver and kidney, which is correlated to diabetes and
diabetes-related kidney diseases (Robards and Worsfold
1991). Long-term exposure to arsenic (As) may induce to skin
cancer and several other effects on cardiovascular and hema-
topoietic system (Mandal and Suzuki 2002).

Paddy rice (Oryza sativa L.) and its production are the
staple food for almost half of the people in the world
(Stone 2008). Once uptake from paddy soils, heavy metal
contamination can be transferred from rice roots to stems
and leaves, and finally to rice grains. Different from other
terrestrial crops, paddy rice is efficient to accumulate
heavy metal contamination in both edible and inedible
parts due to its cultivation in flooded paddy soil with more
bioavailable heavy metals than drained soil (Carey et al.
2010, Norton et al. 2014, Wang et al. 2016). Rice con-
sumption was considered as an important pathway of hu-
man exposure to heavy metal contamination (Islam et al.
2014, Praveena and Omar 2017). The rice grains grown in
mine-impacted fields were observed to contain high levels
of Pb, Cd, and As (up to 2749, 1456, and 624 ug/kg, re-
spectively) (Norton et al. 2014, Wang et al. 2018, Zhu et al.
2008), considerably greater than the regulated threshold
values in China (China Food Standard Agency 2017).
Since the residual parts of rice plant such as straws (stems
and leaves) are commonly treated as a livestock feed (Fu
et al. 2008), heavy metals accumulated in rice straw and
root could still be transferred to human through food chain.
Therefore, it is necessary to profile the distribution pattern
and accumulation characteristic of heavy metals in rice
plant tissues and the corresponding rhizosphere soils.

Hunan Province is located in the central south part of
China. Due to its abundant mineral deposits and developed
mine processing industries, this province is known as a non-
ferrous center. Moreover, Hunan Province produced over
9.5% of total rice output in China. As a result of long-term
mining and smelting activities, the surrounding agriculture
soils in Hunan Province were reported to be remarkably con-
taminated by heavy metal pollutions (Wei et al. 2009). Higher
levels of heavy metals in paddy fields normally led to more
accumulation of heavy metals in rice plants (Li et al. 2012).
Investigating bioaccumulation ability and translocation be-
havior of various heavy metals in the soil-rice system would
be helpful for further remediation of heavy metal contamina-
tion. As the capital of Hunan Province, Changsha City has
been impacted by heavy metal pollutions from mining and
smelting activities (Jia et al. 2018b, Ma et al. 2016b). The
aims of this study were (1) to evaluate the heavy metal pollu-
tion levels in paddy soils, rice roots, straws, and grains col-
lected from a mine-impacted region near Changsha City; (2)
to investigate the distribution characteristics and translocation
behaviors of heavy metals in the soil-rice system; and (3) to
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assess potential health risk from exposure to heavy metal con-
tamination through rice consumption.

Methods and materials
Sample collection and preparation

Changsha City (111° 54'-114° 15" E, 27° 51'-28° 40’ N) is the
capital of Hunan Province. The permanent resident population
of this city is approximately 7.91 million. There are various
mineral resources including manganese, copper, lead, zinc,
and phosphorus in Changsha. Ten large-sized and sixteen
small-sized mineral deposits are located within this region.
Mining and smelting activities were initiated early in the nine-
teenth century and have been developed rapidly since the
1950s. As the economic center in Hunan Province, Changsha
is a rapid developing city where non-ferrous mining and met-
allurgy are the economic mainstays. The soils around Changsha
have been polluted by heavy metal contamination during the
recent decades due to long-term mining and smelting activities
(Ma et al. 2016b, Wang et al. 2010). The sampling fields are
located in southern part of Changsha City (112.91° E, 28.02°
N). A total of 27 paddy fields (ca. 1000 m? for each field) were
selected as sampling fields. At each field, samples were collect-
ed from three subpoints and combined as one representative
sample. After sent to the laboratory, rice grains, straws, roots,
and corresponding paddy soils were separated. The rice grains,
straws, and roots were washed with tap water to remove dust.
Then the rice plant samples were rinsed using deionized water
(18.2 M2-cm) for several times. The samples were dried in an
oven at 50 °C for 48 h, and then the grains were dehusked.
Afterwards, the husked grains, straws, and roots were ground
and passed through a 0.2-mm nylon sieve severally to obtain
homogeneous powders. The paddy soils were air dried, ground,
and passed through a 0.15-mm nylon sieve. Before digestion,
all the homogenous samples were kept in sealing polyethylene
bags which were stored in desiccators.

Heavy metal analysis

The rice plant tissue samples were digested using the micro-
wave assisted method described in our previous study (Ma
et al. 2016a). Briefly, 0.5 g of the tissue sample was weighed
into a polytetrafluoroethylene vessel in addition with 8 mL of
concentrated HNOs (70%) and 2 mL of H,O, (30%) and was
digested according to the following program: 15 min to
120 °C, 15 min to 190 °C, and 30 min at 190 °C. USEPA
Method 3051A (USEPA 2007) was employed for microwave-
assisted digestion of soil samples with minor modification. In
brief, 0.1 g of the soil sample mixed with 9 mL of HNOj; and
3 ml of HCI was digested according to the program as follows:
15 min to 120 °C, 15 min to 210 °C, and 30 min at 210 °C.
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The digested solution was cooled down to room temperature,
passed through a 0.22-pum membrane filter, and then diluted in
a 50-mL volumetric flask with deionized water. The diluted
solution was kept at 4 °C until elemental analysis. For each
batch of sample pretreatment, a method blank was performed
to be free from the interferences of sample processing. The
concentrations of Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Cd, Ba, and
Pb were determined by ICP-MS (Agilent 7700x). The detailed
operating information on ICP-MS was listed in Table S1. The
interference from polyatomic ions (e.g., *°Ar'?C*,
*CI'"°0'H* on m/z 52, and *’Ar’>CI" on m/z 75) was elimi-
nated by a collision cell using He as the collision gas (Sun
etal. 2015). The precision and accuracy of the elemental anal-
ysis were verified by the standard reference materials GBW
07443 (paddy soil), GBW 10049 (green onion), and GBW
10045 (rice flour), which were obtained from CRM/RM in-
formation center (Beijing, China). The recoveries (n =5) for
the investigated heavy metals ranged from 83 to 112%.

Bioaccumulation factor and translocation factor

The translocation behaviors of the heavy metals in the soil-rice
system were investigated through bioaccumulation factor
(BF) and translocation factor (TF) (Ma et al. 2017a). The
factors were defined based on the equations as follows:

BFL pr — Ci,root/ci‘soil (1)
TFi,rﬂ' = Ci7straw/ci,root (2)
TFi,S*g = Ciﬁg‘rain/ci,straw (3)

where C; grains Ci, straws Ci, root» and C; i are the concentra-
tions of heavy metal i/ in grain, straw, root, and paddy soil,
respectively. BF; ,, is the accumulation factor of heavy
metal 7 from paddy soil to root. 7F; . and TF; ;, are the
translocation factors of heavy metal 7 from root to straw and

from straw to grain, respectively.

Risk assessment

The potential health risk to the consumers from chronic expo-
sure to individual heavy metal through rice consumption was
evaluated by the target hazard quotient (THQ) (USEPA 1989).
The calculation of THQ was proposed by USEPA as the fol-
lowing equation:

C; x DI
EDI; = 4
W (4)
EDI; EF x ED
THQ, = Zot PP X EE (5)
RID, AT

where EDI; (mg/BWkg-day) is the estimated daily ingestion of
heavy metal i, C; (mg/kg) is the concentration of heavy metal i

in the rice grains, DI (kg/day) is the daily ingestion rate of rice,
BW (BWkg) is the body weight of local inhabitants in Hunan
Province, China, THQ); is the target hazard quotient of heavy
metal 7, and RfD; (mg/BWkg-day) is the oral reference dose for
heavy metal i regulated by USEPA. In Eq. (5), EF (365 days/
year) is the exposure frequency, ED (70 years) is the exposure
duration, and AT (25,550 days) is the average exposure time
(Jia et al. 2018a).

The overall health risk related to all the heavy metals was
estimated by the hazard index (HI) as follows:

HI =Y THQ, (6)

In the current study, the average DI and BW for local adult
inhabitants in Hunan Province were 0.425 mg/kg and
58.1 BWkg, respectively (Wang et al. 2018). The RfD values
for Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Cd, Ba, and Pb were 1.5,
1.4x107", 7.0x 107", 3.0 x 107%, 1.1 x 1072, 4.0 x 102,
3.0x107",3.0x107% 1.0x 107, 2.0x 10", and 4.0 x
10~° mg/BWkg-day, respectively (USEPA 2015).

Statistical analysis

The relationships between concentrations of individual heavy
metal in rice plant tissues and corresponding paddy soil were
evaluated by Pearson’s correlation analysis. The significant
differences at the 0.05 level among concentrations of individ-
ual heavy metal in rice plant tissues and soil were determined
by one-way analysis of variance (ANOVA). Pearson’s corre-
lation analysis and ANOVA were conducted using SPSS
v.13.0 for windows.

Results and discussion

Heavy metal concentrations in paddy soils and rice
plant tissues

The descriptive statistical values of heavy metal concentra-
tions including mean, standard deviation (SD), minimum,
maximum, and coefficient of variation (CV) in rice plant tis-
sues and corresponding paddy soils collected from the mine-
impacted region are summarized in Table 1. The distribution
patterns for most heavy metals in the soil-rice system were in
the ascending order of grain < straw < root < paddy soil with
significant difference (p < 0.05). As listed in Table 1, the pad-
dy soils contained the highest average concentrations of Cr,
Fe, Co, Ni, Cu, Zn, Ba, and Pb. However, there were some
exceptions to the accumulation behavior, e.g., the rice roots
accumulated more concentrations of As and Cd than other
tissues and soils. This is due to the retention and adsorption
of As and Cd in rice roots (Nocito et al. 2011).

@ Springer



Environ Sci Pollut Res (2018) 25:32221-32230

32224

Sy oluegiout 10J paje[n3ay

[ 9peIS ‘eury)) ul S[I0s 10j pIepuels Aijenb [ejuswuonAuy

BUIYD) JO 9OUIAOI] UBUNE] UT S[RJoUT AABQY 10J SonjeA punoIssjorq J1og

KouaSy prepuel§ poo, eury) Aq paje[n3a1 991 10J S[9AS] JUBUIUIBIUOO WNWIIXLW dSAULY)) ,

G0'0 > d Je SOJUQIJJIP JUBDIJIUSIS 9JBIIPUI MOI dUWIES A Ul SIONQ] [eydes juarepiq

%6¢ %08 %LS %OL1 AD
(9°06-€°1€) (601-T°01) re-6L1'0) (880°0-€00°0) (xew-uru)

33 L'6T 4 GO STFTIS SETTFYLL gl90FLO'T vECO'0FIE00 as F ueN qd
%S¢ %S %LE %9S AD
(S65—791) (861—'LE) (891-9%€) (6¥'€-€S¥0) (xew-uru)

- €8¢ - 586 F6LT a8 ¥6°08 aSVEFV Y6 vS8OFCST ds F uesN ed
%6Y %S01 %9¢1 PBlel AD
(09'1-062°0) (0L6-C€T0) (11°€-920°0) (£0°1-110°0) (xew-uru)

40 9Cl'0 40 gC9€'0FTEL'O 509TFESE av0£8'0F T08°0 vS6T0FI6T0 as F uesN PO
%LT %6L %89 %S¢ AD
(6'ST1°6) (€8€-9°61) (68°'5+0t"0) (6£€°0-650°0) (xew-uru)

Sl LSl pC0 al vVFI°¢1 SL8FOIT glL'TF0SC vCLO'0F¥0T0 ds F uedN sV
%6¢ %9¢ blE %S1 AD
(ev1-8°61) (6'75—8°07) (Tos—oLD (Le-Lzn (xew-uru)

001 V'v6 0S al'€CFLTY 5CO0IFL6E a2 6FI'1¢ vITFLLL as F uesN uz
%ST B1S %6S %ES AD
Ler-0sD (S'$T90Y) (0€°27996°0) (8T'L—9560) (xew-uru)

33 8'LC 0l 56'SFOEC gl'SFTIL vEO' I FLTE VOL'TF69°¢ ds F uedN ny
%01 %LY B1S %SL AD
(9°8T+'LD) €191 (s'o1-0z'1) (LO'T-LS0°0) (xew-uru)

(ti% 6'1¢ - SPTFEEC aSv'CFLTS glI'€F98°9 v3STOFEVE0 as F uesN IN
%L1 %6T %YE %6¢ AD
(8°S1-8€'8) (LE9-$8'D (855°0-5L0°0) (1€0°0-010°0) (xew-urw)

- 9vl - ad'TFO0II SLOTFOLE gVIT’0F €€€°0 v900'0F610°0 ds F uedN oD
%El %Y %81 %LY AD
(000°€€-009L1) (00%'$5—0168) (S€7-826) (8'¢s—zon) (xew-uru)

- 009°6€ - 500S€F000°9T 500011 F009°ST gl€F8LI vP'6F 0T ds F uesN od

%6Y %bYS b1y %ET

(z8L-0¥1) (L88-11D) (0L91-820) @170 AD

_ 65y - S8LT FL9¢ 5981 F 1€ gV8TF L69 vILFEIE (xew-umu) (S F Uedjy U
%0¢ B1S b1y %Y1l AD
(r'LL—8'8T) (Tor—+6'9) W9T-Lv'S) (90'z910°0) (xew-uru)

06 VIL 01 5S01F9°€ES aSLF8YI gC9F I8l v0S' 0 F ¥#y°0 ds F uesN D

[ros Appeq 100y meng urein
(110s) onjea (ureid) ,,
(J10S) jon[eA PIOYSAIY ], punoigyoeqg onJeA ploysaIy [, (8/3wr) uonenUAOUO)) [e1owr AABSH
SuIeId pue ‘SMeIs ‘$}001 ‘S[I0S Ul SUOIEIUIOUOD [e)oW AAdY JO eiep oanduoso@ | djqel

pringer

Qs



Environ Sci Pollut Res (2018) 25:32221-32230 32225
In order to evaluate heavy metal pollutions in the paddy ‘ESOil'ROOt BRoot-Straw [ Straw-Grain ‘
soils, the background element concentrations in the soils from e
Hunan Province, China (China National Environmental Pb
Monitoring Centre 1990) and the environmental quality stan- Ba
dard values for soils in China (grade I) (China National
Environmental Monitoring Centre 1995) were employed as cd
shown in Table 1. The average concentrations of Cr, Mn, Fe,
Co, Ni, Cu, Zn, As, and Ba in the paddy soils were below or As
comparable to the background values, indicating there was no —_—
. . O Zn
anthropogenic pollution related to these heavy metals. On the ®
contrary, the minimum values of Cd and Pb in the paddy soils € cu
were 0.290 and 31.3 mg/kg, respectively, both exceeding the >
background values. Moreover, the average concentrations of % Ni
Cd and Pb were 0.731 and 51.2 mg/kg, respectively, 3.66 and :d:’ co
1.46 times higher than the threshold values. Relatively, high
contents of Cd and Pb were also observed in other adjacent Fe
parts of Hunan Province, especially in the middle and lower
Xiang River, the main river in Hunan Province (Wang et al. Mn
2008). This phenomenon can be attributed to long-term min- i
. . . .. Cr |:l
ing and smelting processes of lead-zinc deposits in the up- —

stream area (Wei et al. 2009).

The threshold values of Cr, Cu, Zn, inorganic As, Cd, and
Pb regulated by China Food Standard Agency (China Food
Standard Agency 2017) were employed to evaluate the heavy
metal contamination in rice grains. As presented in Table 1,
the average concentrations of Cr, Cu, Zn, As, Cd, and Pb in
the rice grains were 0.444, 3.69, 17.7, 0.204, 0.291, and
0.031 mg/kg, respectively, lower than the threshold values
except As and Cd. In the analyzed rice grain samples, 56%
of As and 44% of Cd exceeded the regulated threshold values
in rice. The average proportion of inorganic As in rice grains
collected no matter from Hunan Province or other regions in
China were over 90% in the published reports (Ma et al.
2017a, Ma et al. 2017b). Assuming the toxic inorganic As to
be 90% of total As, there were still half of the collected rice
grain samples exceeding the threshold value for inorganic As.
The accumulations of As and Cd have been widely investigat-
ed in recent years. The results showed efficient transfer of both
As and Cd from rice root to rice grain (Lu et al. 2009, Wang
et al. 2016). Furthermore, the rice grains with high As content
could be produced even in low soil As paddies (Lu et al.
2009).

Correlations of heavy metal concentrations

The relationships between the concentrations in paddy soil
and root, root and straw, and straw and grain for individual
heavy metal are illustrated in Fig. 1. No significant relation-
ship at 0.01 or 0.05 level was found for Cr, Fe, and Ni, indi-
cating that the concentrations of these elements in rice grains
were irrelevant to those in paddy soils or other parts of rice
plants. Lack of correlation for Fe is due to the formation of
iron plaques on the root surface, which also restrict uptake of

-1I.0.-0'.8I-OI.GI-0|.4I-OI.2I 0.0 I 012 l 014 l 016 l 018 ' 110
Correlation coefficient

Fig. 1 Correlations between individual heavy metal concentrations in
soils, roots, straws, and grains

Ni by rice roots (Ye et al. 1997). There are two Cr species,
Cr(VI) and Cr(Ill), present in the soils. Cr(IIl) with lower
toxicity and mobility is the main form in the reductive condi-
tion of the flooded soil (Liu et al. 2007). Therefore, the bio-
availability of Cr was low in the paddy soil due to poor solu-
bility and low mobility of Cr(IIl). Significant positive corre-
lations between the concentrations in paddy soil and root were
observed for Mn (r=0.543, p<0.01), Cu (»r=0.600,
p<0.01), Zn (r=0.489, p<0.01), Cd (r=0.397, p<0.05),
Ba (r=0.577, p<0.01), and Pb (»=0.569, p<0.01).
However, significant relationships between the concentrations
in root and straw were only found for Cu (»=0.658, p <0.01),
As (r=0.715, p<0.01), Cd (»=0.950, p < 0.01), and Ba (r=
0.462, p <0.05). This is due to the restriction of heavy metals
in rice roots from transferring to the aerial parts (Zhou et al.
2015). Between the concentrations in straw and grain, signif-
icant correlations were found for Mn (r=0.744, p < 0.01), Co
(r=0.382, p<0.05), Cu (r=0.494, p<0.01), Zn (r=0.423,
2 <0.05), As (r=0.805, p<0.01), Cd (r=0.907, p<0.01),
and Ba (»=0.809, p <0.01). It means higher straw concentra-
tions of these heavy metals generate higher concentrations in
rice grains.

Bioaccumulation and translocation factors

Although the significant correlations between the concentra-
tions in different rice plant tissues and paddy soils can provide

@ Springer
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some interesting information on pathway of individual heavy
metal, the transfer ability of heavy metals in the soil-rice sys-
tem was still unclear. Therefore, BF and TF were employed to
assess heavy metal accumulation from soil to root and heavy
metal translocation in rice plant tissues, respectively. The de-
scriptive statistical values of BFs and TFs of the heavy metals
are summarized in Table 2. The bioaccumulation abilities of
the heavy metals from paddy soil to rice root were in the
ascending order of Ni<Cr=Ba<Co<Cu<Zn~=Pb<Mn

<Fe<< Cd<As. The BFs of As and Cd were significantly
higher than other heavy metals. This can be attributed to rel-
atively high concentrations of As and Cd accumulated in the
rice root. Root is a main organ to retain As and Cd through
chelation by phytochelatin, vacuolar compartmentalization,
and adsorption (Nocito et al. 2011). Iron plaque also makes

an important contribution to immobilization and sequestration
of As and Cd in the roots (Liu et al. 2008, Liu et al. 2006). The
transfer behaviors of the heavy metals in the rice plants were
quite different from the BFs. The TF,; and TF , were in the
ascending order of Ba<Pb~Cr<Mn<Co<Ni<Fe=As<
Cd<Zn<Cu and Fe<As<Pb<Co<Cd<Cu<Zn<Ba <
Cr=Ni< Mn, respectively. The BF,,; of Fe, Co, As, Cd, and
Pb was higher than their TF,; and TF,_, indicating that the
rice roots transferred a small number of toxic elements such as
As, Cd, and PDb to the aerial parts. The result is consistent with
other published studies (Bhattacharya et al. 2010, Liu et al.
2013, Nocito et al. 2011). The TF, of Cr, Mn, Ni, and Ba was
significantly higher than their BF,, . and TF,,. It means the
translocation of these elements from the rice roots to the
straws was efficient after uptake by the roots. However, the

Table 2 Descriptive data of BFs

and TFs in the soil-rice system Heavy metal BFp-r TFr-s TFs-g

Cr Mean + SD 0.285+0.156 1.43+0.705 0.035+0.056
(min-max) (0.126-0.783) (0.250-2.73) (0.001-0.275)
()% 55% 49% 159%

Mn Mean + SD 0.959+0.338 2.68+1.68 0.049+0.014
(min-max) (0.451-2.05) (0.431-5.91) (0.024-0.097)
()% 35% 63% 28%

Fe Mean + SD 1.01+£0.462 0.008 +£0.004 0.121 £0.080
(min-max) (0.337-.190) (0.003-0.021) (0.067-0.426)
CvV 46% 48% 67%

Co Mean + SD 0.345+0.107 0.094 +0.038 0.067+0.036
(min-max) (0.146-0.553) (0.029-0.179) (0.030-0.203)
()% 31% 40% 53%

Ni Mean +SD 0.234+0.134 1.43+0.808 0.072 £0.080
(min-max) (0.083-0.772) (0.330-3.11) (0.006-0.395)
()% 57% 56% 111%

Cu Mean + SD 0.457+0.179 0.275+0.096 1.33+0.385
(min-max) (0.203-0.756) (0.070-0.528) (0.759-2.36)
()% 39% 35% 29%

Zn Mean + SD 0.504+0.162 0.831+0.299 0.614+0.180
(min-max) (0.243-0.909) (0.347-1.57) (0.339-0.988)
()% 32% 36% 29%

As Mean + SD 7.26+4.86 0.026+0.012 0.122£0.085
(min-max) (1.26-17.4) (0.006-0.065) (0.046-0.345)
Cv 67% 47% 69%

Cd Mean + SD 5.35+3.89 0.183 £0.081 0410+0.132
(min-max) (0.480-13.0) (0.060-0.351) (0.135-0.677)
()% 73% 44% 32%

Ba Mean + SD 0.286 +0.099 1.32+£0.547 0.016 +0.005
(min-max) (0.159-0.598) (0.456-2.23) (0.008-0.030)
Cv 35% 41% 32%

Pb Mean + SD 0.516+0.308 0.050+0.028 0.033+0.027
(min-max) (0.253-1.60) (0.013-0.126) (0.004-0.126)
Cv 60% 57% 83%
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transfer from the rice straws to the grain was restrained due to
different cellular mechanisms (Hall 2002). Heavy metals
stored in the straws were transported from the roots via the
xylem and might be transported to the grains via the phloem
(Yoneyama et al. 2010).

The correlations between BF,,.. and TF,, and TF,_, and
TF, for individual heavy metal were investigated through
fitting curve analysis. As illustrated in Fig. 2, the plots of all
the heavy metals except Cd exhibit a similar variation tenden-
cy to decrease BF. and TF, associated with TF, increas-
ing. This is correlated with heavy metal detoxification and
stress tolerance in rice (Hall 2002). Plants have a range of

potential cellular mechanisms for heavy metal detoxification
which could increase the tolerance to heavy metal stress.
These mechanisms included reduced uptake of heavy metals
at the plasma membrane, chelation of heavy metals by
phytochelatins, and segregation of heavy metals in the vacuole
(Hall 2002, Nocito et al. 2011). For Cr and Zn, both TF,_, and
BF,,.. were decreased linearly with TF, increasing. For Mn,
Fe, Co, Ni, Ba, and Pb, significant correlations were only
observed between TF, and TF,, or BF,_. and TFs-g in a
linear or hyperbolic pattern. No significant relationship was
observed between neither BF,; and TF, ¢ nor TF , and TF,
for Cu and As. However, the pattern of Cd was different from
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Fig. 2 Correlations between TF,; and BFy,.,, TF, for individual heavy metal
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Fig. 3 Box plots of THQ for individual heavy metal. The square is the
mean value. The circles in the bottom and top of box plots represented the
minimum and maximum values, respectively. The bottom and top of the
box are 25th and 75th percentile values, respectively. The horizontal lines
in the bottom, middle and top of the box plot corresponded to 10th
percentile, median and 90th percentile values, respectively

other heavy metals. The TF;_, for Cd was increased with TF,.
increasing. This might be on account of different pathway of
toxic element Cd compared with nutritional elements such as
Zn and Fe (Yoneyama et al. 2015).

Health risk assessment

The potential non-carcinogenic effects posed by chronic ex-
posure to heavy metals via the rice were evaluated by THQ.
There is no appreciable adverse effect on human health when
the THQ is lower than the unit “1” as recommended by
USEPA. As demonstrated in Fig. 3, the average THQ values
of Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Cd, Ba, and Pb were 0.002,
1.636,0.211,0.473, 0.228, 0.675, 0.431, 4.965, 2.131, 0.056,
and 0.057, respectively. In this study, the average THQ values
of Mn, As, and Cd exceeded “1,” indicating considerable
potential non-carcinogenic health risk to local inhabitants
from rice consumption. Furthermore, the HI values were cal-
culated to estimate overall risk in each sampling field. As
shown in Fig. 4, the heavy metals As and Mn made important
contributions to the HI in all the sampling fields. However, the
THQ of Cd played a major role in some fields due to large
variation of Cd concentrations in the rice grains. This can be
attributed to different TF,.-TF_, patterns and transport mech-
anisms mentioned before.

Conclusion
The distribution patterns of heavy metals including Cr, Mn,

Fe, Co, Ni, Cu, Zn, As, Cd, Ba, and Pb in the soil-rice system
have been investigated using ICP-MS. For most heavy metals,
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Fig. 4 Composition of HI for each sampling field near Changsha City

the concentrations were in the ascending order of grain < straw
< root < paddy soil with significant difference (p < 0.05). Root
is a main organ to retain heavy metals especially As and Cd
through chelation by phytochelatin, vacuolar compartmental-
ization, and adsorption. Relatively high contents of Cd and Pb
(3.66 and 1.46 times higher than the threshold values, respec-
tively) were observed in the paddy soils due to long-term
mining and smelting processes of lead-zinc deposits in the
upstream area. In the analyzed rice grain samples, 56% of
As and 44% of Cd exceeded the Chinese maximum contam-
inant levels in rice indicating efficient transfer of both As and
Cd from rice root to grain. Similar variation tendencies to
decrease BF,,., and TF,_, associated with TF,.; increasing were
observed for most of the heavy metals due to heavy metal
detoxification and stress tolerance in rice. However, the TF,_
¢ for Cd was increased with TF,.; increasing. This might be on
account of different pathway of toxic element Cd compared
with nutritional elements such as Zn and Fe. The average
THQ values of Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Cd, Ba, and
Pb were 0.002, 1.636, 0.211, 0.473, 0.228, 0.675, 0.431,
4.965, 2.131, 0.056, and 0.057, respectively, indicating appre-
ciable health risk to local consumers from exposure to Mn, As,
and Cd in rice.
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