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It is important to understand the status and extent of soil contamination with heavy metals to make sustainable
management strategies for agricultural soils. Input and output inventory of heavy metals in agricultural soil of
Zhejiang Province was systematically studied. The results showed that atmospheric deposition was responsible
for 47.88% and 76.87% of the total Cr and Pb inputs, respectively. Livestock manures accounted for approximately
54-85% of the total As, Cu, and Zn inputs. Livestock manure and irrigation were the main sources of Hg, contrib-
uted 50.25% and 38.63% of the total inputs, respectively. Ni was derived mainly from atmospheric deposition
(57.86%), followed by irrigation (22.69%). As for Cd, the relative contributions of atmospheric deposition, irriga-
tion, and livestock manure were similar. Crop harvesting and leaching were found to be the dominant output
pathways of the soil elements Cd, Cu, Hg, and Zn, being responsible for 74.43-83.62% of the total outputs. Surface
runoff was the dominant output pathway for As, Cr, Ni, and Pb, accounting for approximately 73.36%, 46.32%,
54.16%, and 48.11% of the total outputs, respectively. According to prediction and early warning, Cd is the priority
control pollutant in agricultural soil. This work will assist in developing strategies for reducing heavy metal inputs
to agricultural soil and effectively targeting policies to protect soil environment from long-term heavy metal
accumulation.
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1. Introduction

Heavy metal contamination of agricultural soil is one of the most
pressing environmental concerns worldwide, especially in developing
countries such as China (Niu et al., 2013). Such contamination impairs
soil function and also threatens the health of the ecosystem and humans
(Liu et al., 2006). Heavy metal contamination in soil of the Yangtze River
Delta (YRD), one of the most developed regions in China, is much se-
vere. According to the first National Soil Pollution Survey of China, 15%
of the agricultural soil in the YRD region is polluted by heavy metals,
and pollution is especially severe at the junction of Zhejiang Province,
Shanghai City, and Jiangsu Province (Ministry of Environmental
Protection, Ministry of Land and Resources of the People's Republic of
China, 2014). Lead poisoning incidents in Taizhou and Huzhou in
Zhejiang Province in 2011 garnered headlines of local and national
media and elicited considerable concern from the public (Shen et al.,
2010). Some works has been carried out to evaluate the soil contamina-
tion by heavy metals in Zhejiang Province, however, the results were
too general to inform specific mitigation measures. Further comprehen-
sive and systematic study is urgently required to identify the biogeo-
chemical cycles of heavy metals in Zhejiang Province. The input and
output inventory has been proved to be an effective method for study-
ing heavy metal pollution (Shi et al,, 2018). It can be used to accurately
assess potential pollution sources and sinks and their contributions.
Based on a mass balance model, an inventory can provide a good esti-
mation of the accumulation or depletion of certain elements in selected
agroecosystems. To date, studies on heavy metal input and output in-
ventory in China are very limited. Only Hainan Province, Heilongjiang
Province, Hunan Province, Tianjin City, the Pearl River Delta region,
and Nanjing City have developed inventories to assess the heavy
metal balance in agricultural soils (Jiang et al., 2014; Xia et al., 2014;
Hou et al., 2013; Zhou et al., 2012; Hu et al., 2013; Yi et al., 2018). In ad-
dition, previous studies did not fully address all of the primary input and
output pathways when developing their inventories. For example, the
impacts of livestock manure on the heavy metal balance in soil at the re-
gional scale were not considered in studies of Hainan and Heilongjiang
Province (Jiang et al., 2014; Xia et al., 2014); exportation of heavy
metals through leaching and surface runoff was not considered in
study of Tianjin City (Hou et al., 2013); loss of heavy metals through
leaching was not taken into account in study of Hainan Province
(Jiang et al., 2014). It should be noted that, input and output fluxes
could be artificially magnified or reduced when the major pathways
were not considered overall. In addition, there have been few prediction
and early warning of long-term accumulation of heavy metals based on
the threshold. This study is the first to systematically assess heavy metal
inputs to and outputs from agricultural soils at the provincial scale in
Zhejiang Province.

The objectives of this study were to (1) measure soil heavy metal
input and output fluxes, (2) determine the dominant soil heavy metal
input and output pathways, and (3) perform prediction and early warn-
ing forecasting pertaining to the geochemical accumulation of soil
heavy metals. This work will help to assess, and inform efforts toward
balancing heavy metal inputs and outputs in Zhejiang Province, and
would also provide useful guidance for other polluted regions.

2. Materials and methods
2.1. Study area

Zhejiang Province is located in the southern region of the YRD, China
(30.5-31.5° N, 120-121°E). It has a continental area of 0.158 billion ha
and a cultivated land area of 29.65 million ha, accounting for one-fifth
of the total land area of the province. The annual average precipitation
is about 2000 mm. As shown in Figs. 1, 81.5% of the total area is farm-
land, consisting of garden plots (5.5%), forest land (53.5%), grassland
(3.8%), and arable land (18.7%), respectively.

2.2. Methods

In the present study, there were four major input pathways of heavy
metals, namely total atmospheric deposition, fertilizer application, irri-
gation water, and livestock manure. Crop harvesting, surface runoff,
and leaching water were selected as the three output pathways. Sam-
ples collection and chemical analysis as well as data collection were
conducted to figure out the heavy metal balance in the agricultural
soil of Zhejiang Province. Five typical areas of Zhejiang Province (east-
ern, western, southern, northern, and central regions) were selected
to represent different developmental level and model. Hence, we can
distinguish the potential differences in input and output inventory of
heavy metals among different areas.

The sampling locations for irrigation water, leaching water, and sur-
face runoff are shown in Fig. 1.

2.3. Sample processing and analysis

2.3.1. Atmospheric deposition
Soil heavy metal input flux data regarding atmospheric deposition
(both wet and dry deposition) were collected from Hou et al. (2014).

2.3.2. Fertilizers

Data on the annual consumption of compound fertilizers and their
heavy metal concentrations were also collected from literatures
(Table 1). The soil input flux of element i from fertilization (Qg;) (in
mg/m?/y) was calculated using the following equation:

n

Qi = Z(Ci,j X Qj)

=

where G is the analyzed concentration of element i in the fertilizer cat-
egory j (mg/kg), q; is the annual application amount for fertilizer cate-
gory j (kiloton), and n is the number of fertilizer categories at a given
sampling point.

2.3.3. Irrigation water

Irrigation water samples were gathered at five sites, as shown in
Fig. 1. At each sampling station, five sub-samples were gathered and
then mixed together to obtain a representative sample. The irrigation
water samples were collected into 500 mL high-density polyethylene
(HDPE) bottles with plug screws. The soil input flux of element i from
irrigation (Qy;) (in mg/m?/y) was calculated using the following equa-
tion:

n

Qi =Y _(Cij x Wj)

=

where Cj; is the analyzed concentration of element i in the irrigation
water of crop j (ug/L), Wj is the irrigation consumption of crop j (m?/
y), and n is the number of crop categories at a given sampling point.

2.34. Livestock manure

Livestock manure, the most commonly used organic waste, is ap-
plied either in raw or composted form (i.e., humification under con-
trolled conditions). The soil input flux of element i from livestock
manure (Qy;) (in mg/m?/y) was calculated using the following equa-
tion:

3
Qumi = »_GCij x Wx Ry x a; x (1—=w) x f/T
i=1

where Cj; is the concentration of element i in livestock manure (mg/kg),
W is the livestock breeding stock (number), R; is the amount of manure
excreted by livestock (kg/a), a; is manure utilization (%), w is manure



T. Shi et al. / Science of the Total Environment 649 (2019) 1269-1280 1271

Legend

Garden plot

- Forestland
- Grassland [u]

River

- Construction land

Arable land

Irrigation water

>

Leaching water

Surface runoff

Zhejiang

30 60 120
Km

Fig. 1. Sampling locations of irrigation water, leaching water, surface runoff of agro-ecosystems in Zhejiang Province, China.

moisture (%), f is the heavy metal load of livestock manure (%), and T is
the area of cropland (khm?).

2.3.5. Crop harvest

According to our investigation, cereal and rape are the dominant
crops in Zhejiang Province. We collected data on the heavy metal con-
centrations of cereal and rape and then estimated the heavy metal
fluxes of their harvest. The sum of the heavy metal concentrations in ca-
nola seed, shoot, and root was taken as the concentration in canola.

Table 1
Average concentrations of heavy metals in fertilizer (mg/kg) (Zhou et al., 2007) and con-
sumption of fertilizers (kiloton) in different areas of Zhejiang Province.

Area As cd Cr Cu Hg Ni Pb Zn Consumption of

fertilizers

Taizhou 3.07 0.23 29.77 848 0.172 502 322 2855 2.664
Quzhou 3.851 0.26 27.07 4.16 0.114 3.05 2.92 5856 1.704
Lishui  3.318 0.12 7.7 734 0.074 338 207 211 1811
Huzhou 3.032 0.16 20.71 4.67 0.089 207 242 2139 1.213
Jinhua 3318 0.12 7.7 734 0.074 338 207 21.1 3.141

The soil output flux of element i (Qc;) (in mg/m?/y) from the crop
harvest was calculated using the following equation:

n

Qci= Z(Ci,j xY;/Sj)

j=1

where Cj; is the concentration of element i in the crop j (mg/kg), Y; is the
annual output of crop j (t/y), n is the number of crop categories at a sam-
pling point, and S; is the sown area of crop j (khm?).

2.3.6. Leaching water

Samples of leaching water were gathered at five sites, as shown in
Fig. 1. At each sampling station, five sub-samples were collected and
mixed together to obtain a representative sample. MacroRhizon devices
for collecting soil leaching water samples were buried in the soil be-
neath the plow layer (20 cm deep) for two months, from June to July
of 2017. The volume of the leaching water was measured and the
water was subsequently used for heavy metal analysis. The soil output
flux of element i (Q.;) (in mg/m?/y) from soil leaching water was calcu-
lated using the following equation:

Qi = Vs/As x G x Py /Py
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where Vs is the volume of the leaching water (L), As is the mouth area of
the device (mm?), C; denotes the concentration of element i in the
leaching water sample (pg/L), and P, and P}, denote the precipitation of
the sampling point during June-July and during the whole year (2017),
respectively (mm). The two precipitation parameters were used to ex-
trapolate the flux for the 2-month period to that of the whole year.

2.3.7. Surface runoff

Surface runoff samples were gathered at five sites, as shown in Fig. 1.
At each sampling station, five sub-samples were gathered and mixed to-
gether to obtain a representative sample. The samples were collected
directly into 500 mL polyethylene plastic bottles with plug screws
after rainfall. The soil output flux of element i (Qs;) (in mg/m?/y) from
surface runoff was calculated using the following equation:

Qsi =G xIjx(1—w)

where C; is the concentration of element i in the surface runoff sample
(ug/L), I; is the irrigation quota of the representative crop (m?/hm?),
and w is the water consumption rate (%). Irrigation water consumption
was not measured directly, and the data was collected from statistical
yearbook of Zhejiang Province (http://www.zjagri.gov.cn/programs/
database).

Water samples, including irrigation water, leaching water, and sur-
face runoff water, were filtered through a 0.45 pm filter membrane
and analyzed by inductively coupled plasma-mass spectrometry (ICP-
MS) (Agilent 7500a; Agilent, Santa Clara, CA, USA) to quantify target
heavy metals.

2.4. Quality control

Three repetitions were performed for each sample, and the relative
errors were confined to <10%. The precision and accuracy of the analy-
ses were ensured by inspection of the national standard reference
GBWO08603 and GBWO08608 with the recoveries between 65 and
107%; all samples met the quality requirements.

2.5. Data manipulation

Basic data processing and analysis were performed using SPSS soft-
ware (ver. 13.0; SPSS Inc., Chicago, IL, USA). Spatial analysis and cartog-
raphy were performed using ArcGIS software (ver. 10.1; ESRI, Redlands,
CA, USA).

3. Results and discussion
3.1. Inventory of heavy metal inputs

3.1.1. Atmospheric deposition

Input fluxes of heavy metals from atmospheric deposition to soil in
the five representative areas of Zhejiang are shown in Fig. 2a. The
highest input flux from atmospheric deposition was seen for Zn,
followed by Pb, Cr, and Cu. The input flux from atmospheric deposition
of Zn in Taizhou (272.9 mg/m?/y) was significantly higher than that in
the other regions and also exceeded the national average
(64.7 mg/m?/y) (Luo et al., 2009). The relatively higher flux of Zn in Tai-
zhou might be attributable to the presence of an electronic and electric
waste recycling industry (Zhou and Xu, 2012). Since the 1990s, large
amounts of electronic and electric waste have been dismantled in Tai-
zhou, which is a well-known electronic and electric waste recycling cen-
tre in China (Tang et al., 2010). Contamination by Pb is probably due to
exhaust emissions from vehicles and the metal smelting industry (Han
et al., 2018). Although phase-out of leaded gasoline started in the
1990s in China, and then spread nationwide in 2000 (Cai et al., 2017),
Pb levels in the atmosphere remained high because it is the main ele-
ment, along with Zn, produced by mining (Cui and Du, 2011). The

input fluxes of heavy metals in Taizhou and Huzhou were higher
than those in Quzhou, Lishui and Jinhua. Input fluxes varied greatly
among the different regions, which may be related to the differences
in industrial and agricultural production, as well as in atmospheric
conditions. For example, Engine exhaust, biomass burning, kitchen
emissions and e-waste dismantling activities were important emis-
sion sources in Taizhou (Gu et al., 2010). Enrichment of heavy metals
in Huzhou can be attributed to excessive use of nitrogen and phos-
phorus fertilizers, as well as surface irrigation and natural soil forma-
tion (Chen et al., 2015).

Compared with atmospheric deposition in other regions in China,
based on our data (Table 2), the annual deposition fluxes of Cu and
Pb were below the 25th percentile, while that of Ni was near the
25th percentile; As and Cd fluxes were within the 25th-50th percen-
tile, that of Hg was around the 50th percentile, and those of Cr and Zn
were within the 50th-75th percentile. The heavy metal inputs from
atmospheric deposition were highly variable among different re-
gions in China, which is probably indicative of local differences in
conditions and amounts released into the atmosphere (Wang et al.,
2017). According to SEPAC (2006), the most important sources of
heavy metals in atmosphere mainly included electric power, non-
metal minerals related plants, black metal smelters, and chemical
plants. Actually, most of the industries mentioned above are closely
related to coal combustion. Northern China is subject to large quan-
tities of emissions.

3.1.2. Fertilization

The soil input fluxes of heavy metals from fertilization in the five
representative areas of Zhejiang are shown in Fig. 2b. Heavy metal in-
puts to agricultural soils via fertilizers in Zhejiang Province (mean
values of the five representative areas) followed the decreasing order
of Zn > Cr> Cu> Ni> As > Pb > Cd > Hg. The input fluxes of heavy metals
through fertilizer application varied greatly among the different regions.
The Cr flux in Taizhou was higher than that in the other regions, as were
the Zn fluxes in Huzhou and Taizhou versus the other regions. The
heavy metal contents of the fertilizers varied greatly among regions,
which can be explained by the fact that the fertilizers applied in the dif-
ferent regions were probably derived from different habitats or species
(Liu et al., 2012). According to our analysis, the Zn concentration in the
fertilizer collected from Huzhou was much higher than that in the fertil-
izer gathered from the other regions (Table 1). Chen et al. (2015) also
found that phosphate fertilizers were the major source of Zn contamina-
tion in the agricultural soils of Huzhou. Moreover, nutrient elements in
soil are distributed unequally in Zhejiang Province (Huang et al., 2013).
Therefore, the amount of fertilizer that needs to be applied to agricul-
tural soil varies among regions in Zhejiang Province. For example, the
highest Zn fluxes, which were observed in Taizhou, may be due to
high fertilizer application amounts per unit area, according to the statis-
tical yearbook data for Zhejiang Province.

3.1.3. Irrigation water

The average heavy metal concentrations in irrigation water, and the
annual irrigation consumption amounts, are listed in Table 3. The soil
input fluxes of heavy metals from irrigation in the five representative
areas of Zhejiang are shown in Fig. 2c. The input fluxes were highest
for Zn in all five regions. There was also significant spatial variation in
heavy metal input fluxes from irrigation water (in decreasing order of
Taizhou > Lishui > Quzhou > Jinhua > Huzhou). The soil input fluxes
from irrigation water in this study were compared with those from
other regions in China (Table 4). The irrigation fluxes of most heavy
metals in Zhejiang were higher than the national average level (Luo
et al., 2009). The Cd input (0.225 mg/m?/y) was approximately one
order of magnitude higher than the national average level
(0.02 mg/m?/y) (Luo et al., 2009), being ranked behind only the Pearl
River Delta (0.37 mg/m?/y) (Zhou et al., 2012) and Hunan Province
(0.255 mg/m?/y) (Vi et al., 2018). Our results are in agreement with a
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Fig. 2. Soil input fluxes (mg/m?/y) of heavy metals from atmospheric deposition (a), fertilizer (b), irrigation (c) and livestock manure (d) in five typical areas of Zhejiang Province.

previous report stating that Cd contamination was greatest in farmland 3.1.4. Livestock manure

soils in central, southwestern, and eastern China (Niu et al., 2013). It has In this research, the concentrations of heavy metals in livestock (pig,
been suggested that sewage irrigation may have contributed to the Cd cattle, and sheep) manures were collected and listed in Table 5. The soil
contamination in Zhejiang Province (Liu et al., 2006). input fluxes of heavy metals from livestock manure in the five
Table 2
Comparison of atmospheric deposition fluxes of heavy metals (mg/m?/y) among Zhejiang and other regions in China.
Location As Cd Cr Cu Hg Ni Pb Zn Reference
Zhejiang 1.076 0.244 9.425 7.893 0.02 6.091 14.14 76.45 This study
Beijing 4.49 0.475 6.295 15.95 / 6.965 20.65 76.25 Pan and Wang, 2015
Hebei 473 0.665 7.855 20.85 / 6.26 315 115.7
Tianjin 432 0.53 10.99 16.1 / 1242 34.2 176.1
Hainan 0.61 0.091 45 6.9 0.015 / 16 29 Jiang et al,, 2014
Heilongjiang 461 0.36 20.33 16.93 0.03 / 19.18 96.52 Xia et al,, 2014
Hunan 9.95 1.665 5.351 / 0.015 / 18.24 / Yiet al., 2018
Pearl River Delta / 0.07 6.43 18.6 / / 12.7 104 Wong et al., 2003
Yangtze River Delta 0.95 0.266 11.19 7.72 0.019 / 15.51 68.22 Hou et al., 2014
Shanghai 0.91 0.175 9.568 8.45 0.02 / 12.46 39.07
China 2.8 0.4 6.1 10.8 0.14 5.8 20.2 64.7 Luo et al., 2009




1274 T. Shi et al. / Science of the Total Environment 649 (2019) 1269-1280

Table 3

Average heavy metal concentrations in irrigation water samples (ug/L) and annual irrigation consumption (m?/m?).
Area As cd Cr Cu Hg Ni Pb Zn Irrigation consumption
Taizhou 2.545 0.09 0.5 11.8 0.038 0.3 2.7 12.2 0.91
Quzhou 3.02 0.186 5714 6.55 0.108 2.529 4.045 32.84 0.795
Lishui 1.78 0.104 5.841 2.76 0.015 0.914 3.67 38.61 0.835
Huzhou 0.4 0.1 2 2 0.05 2 2 20 1.038
Jinhua 3.02 0.186 5.714 3.55 0.019 2.529 3.35 32.84 1.008

Table 4

Comparison of irrigation fluxes of metals (mg/m?/y) among Zhejiang and other regions in China.
Location As Cd Cr Cu Hg Ni Pb Zn Reference
Zhejiang 0.511 0.225 1.368 1.57 0.136 2.389 1.075 12.11 This study
Hainan 47 0.11 7 3.6 2.99 / 0.03 71 Jiang et al., 2014
Heilongjiang 0.03 <0.01 0.126 <0.5 0.0006 0.02 <0.1 <0.5 Xia et al., 2014
Hunan 0.43 0.255 0.189 / 0.002 / 0214 / Yiet al.,, 2018
Pearl River Delta 2 0.37 13.21 25.92 0.03 10.44 6.44 206.7 Zhou et al,, 2012
China 0.18 0.02 0.04 1.21 0.001 0.19 0.15 3.6 Luo et al,, 2009

representative areas of Zhejiang Province are shown in Fig. 2d. Among
the various types of livestock manure, we only collected data on pig,
sheep, and cattle manures for the shortness of data. Taizhou and Lishui
had larger heavy metal inputs than the other three regions due to large-
size livestock farming and less arable land for recycling animal manure.
The input fluxes of Cu and Zn from livestock manure were higher than
those of the other heavy metals in all five representative areas, as
shown in Table 5. The most important factor influencing heavy metal in-
puts was the heavy metal concentration of the input material. The mean
concentrations of Cu and Zn in organic fertilizer are significantly higher
than those in inorganic fertilizer (Qian et al., 2016), resulting in a high
total heavy metal input from organic fertilizer. Commercial feeds are
often enriched with essential elements, such as Cu and Zn, to promote
optimum growth and confer antimicrobial properties (Wang et al.,
2013). Previous research has shown that higher mean concentrations
of exchangeable Cu and Zn are found in soils fortified with organic fer-
tilizers (Xu and Zhang, 2017). Due to the potential hazards and accumu-
lated characteristics of Cu and Zn in agricultural land, livestock manures
must be applied with great caution, and it is necessary to adhere strictly
to the limits on heavy metal levels in fertilizers used in China, to protect
soils from heavy metal accumulation via this major source.

3.1.5. Relative contributions to heavy metal amounts of the different input
pathways

As mentioned above, there were multiple heavy metal input path-
ways to soil in the study area. However, the contributions of these
input pathways differed to different element, as shown in Fig. 3. Cr
and Pb were derived mainly from atmospheric deposition, followed by
livestock manure, although manure is the main source in countries
with less industrial activity, such as France (Belon et al., 2012). In con-
trast, As, Cu, and Zn were mainly derived from livestock manure,
followed by atmospheric deposition. Previous research has shown that
high Cu concentrations in agricultural soil come from Cu-based agro-
chemicals related to specific agronomic practices in Hangzhou (Chen
et al., 2009). Zn was associated with total P in vegetable soil of Hang-
zhou, which was closely related with fertilizer applications (Chen
et al.,, 2009). Hg imported mainly from livestock manure (average
50.25%) and irrigation (average 38.63%). Ni was derived mainly from

atmospheric deposition, followed by irrigation. For Cd, approximately
34% of the input was from atmospheric deposition, while 31% was
from irrigation and 31% from livestock manure. Atmospheric deposition
of Cd originated from coal combustion is recognized as the major factor
for the increasing trend of Cd in the agricultural soil in Zhejiang Province
(Shao et al., 2016).

The relative contributions of the various input pathways varied
greatly among the different regions. Atmospheric deposition accounted
for a higher proportion of the input flux of As in Huzhou, while livestock
manure was the main pathway for this element in the other four areas,
and for the province as a whole. The high value spots of heavy metal in
Huzhou are associated with the discharge of industrial sewage and the
dropping in atmosphere (Liu et al., 2006). Overall, atmospheric deposi-
tion and livestock manure were the dominant sources of agricultural
soil heavy metals in the five representative regions of Zhejiang Province,
and for the province as a whole. This is consistent with Heilongjiang and
Hunan Province, in which atmospheric deposition was shown to be the
dominant source of agricultural soil heavy metals (Xia et al., 2014; Yi
et al., 2018). In addition, atmospheric deposition and livestock manure
are the predominant sources of heavy metals in agricultural soils for
China as a whole (Luo et al., 2009). It should be noted that there are
marked differences in input pathways among the different regions of
China. For example, irrigation water was found to be the most impor-
tant heavy metal input pathway to soil on the island of Hainan (Jiang
et al,, 2014). In Hainan Island, the emissions of sanitary sewage and in-
dustrial wastewater are identified as the main sources of heavy metals
in irrigation water (Jiang et al., 2014). Furthermore, it may be that at
the large regional scale, atmospheric deposition has been identified as
the principal source of metals entering soils, whereas fertilizer or irriga-
tion is more significant in some local regions (Huang et al., 2015).

3.2. Inventory of heavy metal outputs

3.2.1. Crop harvesting

The parameters used to inform the calculation of soil output fluxes of
heavy metals from crop harvesting are listed in Table 6. Soil-to-plant
transfer of heavy metals is the major pathway of human exposure to
contaminated soil. The output fluxes of elements associated with

Table 5

Average heavy metal concentrations in livestock manure samples (mg/kg) (Qin et al,, 2015).
Livestock manure As cd Cr Cu Hg Ni Pb Zn Emission factor Moisture content Pollution load Utilization
Pig manure 21.58 1.735 37.06 514.7 0.48 9.77 19.79 1313 398 0.72 0.3 0.625
Cattle manure 5.56 0.63 21.27 1149 0.48 4.19 1247 3374 7300 0.763 0.3 0.625
Sheep manure 0.59 0.28 22.19 22.66 2.39 4.46 1.74 2154 950 0.75 0.3 0.75
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Fig. 3. Relative contributions (%) of different input flux pathways of heavy metals in Zhejiang Province.

harvesting of the dominant plants (cereal and canola) in the study area
are shown in Fig. 4a. The output fluxes of Cu and Zn associated with crop
harvesting were much higher than those of the other heavy metals,
which may be attributed to their high concentrations in crops
(Table 6). Heavy metal transfer from soil to plants is largely dependent
on plant species, soil organic matter, and soil pH (Ye et al.,, 2015). Due to
limited data, in this study crop harvesting fluxes were calculated under
the assumption that there was no variation in As or Hg concentration
among the five representative areas of Zhejiang Province (Table 6). Fol-
lowing this assumption, the output flux in an individual area was largely
dependent on the crop yields and sown area. Despite our best efforts to
collect all necessary data, uncertainties still existed in the estimations of
the output fluxes associated with crop harvesting. The effects of crop
harvesting include only two representative plants, with the effects of
other crop rotations not taken into account. The paucity of data on
crop harvesting is the main source of estimation uncertainty.

3.2.2. Leaching water

It has been suggested that heavy metals can accumulate in soil and
then dissolve into groundwater via leaching, resulting in contamination
of both groundwater and surface water (Bonten et al., 2008). Table 7
shows the heavy metal concentrations in leaching water in this study.

In this study, the fluxes of the elements derived from soil leaching
water were calculated, and the results are shown in Fig. 4b. Among
the five representative areas, the average Zn output due to leaching
was largest in Taizhou. This might be attributed to the high soil Zn con-
centrations in Taizhou and different values of soil pH (Li et al., 2014).
Large amounts of Pb/Zn mine tailings lied in Sanmen County, Taizhou
(Lietal.,, 2011), but at the same time brought the improper treatment
of waste emissions. Moreover, the average Zn output due to leaching
was the second largest in Huzhou and Quzhou. It could be attributed
to intensive agriculture activity (3895 km? area used for agriculture in
total of 5815 km?) in Huzhou (Chen et al., 2015) and industrial pollut-
ants emitted from 921 heavy industries in total of 1407 in Quzhou
(Zhang et al., 2017). The output flux via soil leaching water found in
this study was much lower than that reported in Heilongjiang (Xia
et al., 2014). It has also been shown that the leaching of certain heavy
metals is largely dependent on pH, with mobility being higher at
lower pH and lower when the pH is neutral to slightly alkaline (Zou
et al., 2015). Leaching fluxes are based either on model calculations
using sorption models and site-specific soil properties, or on measured
or estimated dissolved metal concentrations (Cambier et al., 2014).
Therefore, heavy metal output inventories are not only related to the
concentrations of heavy metals in soil, but also to the methods used
for flux assessment.

Table 6
Heavy metal content in cereal and rape stems (mg/kg).
Area Crop category As Cd Cr Cu Hg Ni Pb Zn Reference
Taizhou Cereal 0.08 0.008 0.436 2.256 0.005 0.223 0.02 24.77 Cheng et al., 2007
Quzhou 0.08 0.055 0.374 2.633 0.005 0.223 0.145 25.09 Liet al, 2014
Lishui 0.08 0.072 0.158 3.09 0.005 0.221 0.06 20.69 Caoet al, 2014
Huzhou 0.08 0.008 0.482 2.332 0.005 0.125 0.024 22.73
Jinhua 0.08 0.092 0.078 2.98 0.005 0.353 0.06 2241
Zhejiang Canola seed 0.003 0.047 0.379 5.52 0.003 1.78 0.142 53.8 Yu et al., 2012
Canola shoot 0.13 0.168 0.483 8.87 0.021 0.76 0.416 45.67
Canola root 0.334 0.31 22 20.69 0.019 237 1.45 70.15
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Fig. 4. Soil output fluxes (mg/m?/y) of heavy metals from crop harvesting (a), leaching water (b) and surface runoff (c) in five typical areas in Zhejiang Province.

3.2.3. Surface runoff

Soil elements are released from a thin layer of surface soil that inter-
acts with rainfall and runoff water. Table 8 lists the heavy metal concen-
trations in surface runoff, and the output fluxes of heavy metals in each
region are shown in Fig. 4c. The output fluxes of Cu, Zn, and Ni from sur-
face water runoff in Huzhou and Quzhou were relatively large. The out-
put flux for surface runoff in Lishui was relatively small compared to

those in other regions. The soil OM in Huzhou (0.597%) is the lowest,
the pH values of the soil in Quzhou (5.0) is the lowest among all cities
in Zhejiang according our research (Unpublished data). Dowdy and
Volk (1983) suggested that the movement of heavy metals in soils
could occur in sandy, acid, low organic matter soil if subjected to
heavy rainfall or irrigation. Heavy metal loss through surface runoff is
avery complex process, being controlled by heavy metal concentrations

Table 7 Table 8

Heavy metal concentrations in leaching water (pg/L). Heavy metal concentrations in surface runoff water (ug/L).
Area As cd Cr Cu Hg Ni Pb Zn Area As Cd Cr Cu Hg Ni Pb Zn
Taizhou 0.012 0.6 2213 5428 0 5226 13 196.2 Taizhou 7328 0.188 6533 6.757 2406 2925 1248 0

Quzhou 1393 0.5806 1.629 1806 2753 6201 0891 52.03
Lishui 0.404  0.101 1482 16.06 74.06 2812 0955 25.15
Huzhou 3.037 0.128 1891 2695 7674 7.155 0893 37.29
Jinhua 0322 0.043 1325 2379 1.093 283 0.838  1.261

Quzhou 1989 3224 1131 1496 5879 2436 2999 92.02
Lishui 0399 0.146 1457 3252 1455 2551 1413 0438
Huzhou 1.907 0.113 1459 1958 5825 4505 1.26 60.76
Jinhua 2073 0132 2149 2591 4756 3.069 0.884 8.159
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in rain, rainfall intensity and other factors (Elrashidi et al., 2007). Higher
rainfall intensity can result in a decrease in total concentrations of heavy
metals. The Cd, Cu, Ni, Pb, and Zn losses due to runoff in Nebraska, USA
were 0.061, 5.2, 2.13, 0.140, and 3.74 mg/m?/y, respectively (Elrashidi
et al,, 2007). With the exception of Cu, the output fluxes by soil runoff
in this study area were higher than those reported for Nebraska. At pres-
ent the large differences in output fluxes from surface water runoff in
agricultural soil among different countries/regions are difficult to iden-
tify. Thus, further research is needed to identify the runoff losses of
heavy metals especially water-soluble and exchangeable fractions in ag-
ricultural soils.

3.2.4. Relative contributions of heavy metal output pathways

There were several output pathways for the elements assessed in
this study, including crop harvesting, leaching water, and surface runoff.
However, for each element, the different output pathways made a dif-
ferential contribution to the total output, as shown in Fig. 5. As, Ni, Cr,
and Pb were exported mainly through surface runoff, accounting for
46.32-73.36% of the total output fluxes. The amounts of Cd, Cu, and Zn
removed by crop harvesting were 39.18%, 44.41%, and 51.15%, respec-
tively. For Hg, 43.38% of the total output was derived from leaching;
this was followed by crop harvesting, at 39.52%.

The relative influence of the output pathways varied greatly among
the different regions. Crop harvesting was an important soil element
output pathway in Lishui and Jinhua. Soil elements were also removed
by surface water runoff except harvesting in Quzhou and Huzhou.
Leaching water was the dominant soil output pathway in Taizhou. Over-
all, harvesting and leaching were the predominant output pathways of
heavy metals in the whole province. Crop harvesting, one of the major
sinks, has been observed and evaluated. It is well-known that the accu-
mulation of heavy metals in plants, particularly for hyperaccumulators,
is in accordance with a potential risk of transferring them to people
(Zhang et al., 2018). Intensively cultivated agricultural soils always
have a high potential for losses of water and nutrients by leaching.
Therefore, leaching may be an important pathway for soil heavy metal
output, which may be related to precipitation (Dobson et al., 2012).
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Compared with the other typical districts in China, crop harvesting
was the main output pathway of soil elements in Hunan Province (Yi
et al., 2018). Almost 100% of the heavy metal output in southern Hei-
longjiang Province was from leaching water (Xia et al., 2014). Due to
the natural geographic conditions of the island of Hainan, only surface
runoff and harvesting were taken into account in a previous study
(Jiang et al., 2014). The output flux of runoff accounted for 58% of the
total output in the PRD, without considering leaching (Zhou et al.,
2012). It is essential to consider all primary input and output pathways
when developing an inventory of heavy metals in agricultural soil.

3.3. Heavy metal balance

Within the biogeochemical cycle of heavy metals, the element con-
centrations in soil are in a state of dynamic balance. In this study, the
total balance amount (Q;) of element i was calculated using the follow-
ing equation (Bergkvist et al., 1989):

Q; =) _input;— " ouput;

The concentration of a heavy metal in soil is enriched when the input
exceeds the output, and depleted when the output exceeds the input.
Fig. 6 provides maps showing the differences in inputs and outputs of
the heavy metals.

The heavy metals all had positive Q; values i.e., the input fluxes
exceeded the output fluxes, except for Ni in Quzhou. Given the present
input and output fluxes, heavy metals selected may be in the state of en-
richment in agricultural soil in Zhejiang Province. The heavy metals all
had higher Q; values in Taizhou than in the other areas, indicating that
considerable amounts of heavy metals were being deposited into the
soil. These results could promote awareness of the hazards posed by
the current e-waste recycling activity occurring in Taizhou. Hg and Cd
had low-positive Q; values, with a varied range of 0.24-0.41 mg/m?/y
and 0.04-0.72 mg/m?/y, respectively. Although they showed slow
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accumulation rates, Hg and Cd are elements of the prior concern for ag-
ricultural soil because of their lower safety thresholds.

34. Prediction and early warning

The difference in input and output of heavy metals in agricultural
soils influences the dynamic balance, i.e., whether there is accumulation
or depletion (Salman et al., 2017). Without considering the other input
and output ways, as well as the change of the increment per year, the
environmental risks posed by heavy metals in soil can be evaluated.

Table 9
The annual net input fluxes of heavy metals and predicted time in which heavy metal con-
centrations accumulated to the limit values in different areas.

As Ccd Cr Cu Hg Ni Pb Zn
Taizhou 2599 0724 2645 9931 0393 9541 19.84 3915
(mg/m?/y)
Quzhou 2974 0045 11.71 3024 0235 —3.135 1630 39.86
(mg/m?/y)
Lishui (mg/m?/y) 4.950 0553 20.56 7232 0407 7432 1477 2027
Huzhou 0.583 0277 1431 1.027 0241 2036 17.95 49.15
(mg/m?/y)

Jinhua (mg/m?/y) 3.142 0402 1245 54.65 0.338 6.696 15.80 137
Background value 8.47 0.2 67.29 27.88 0.13 27.14 33.14 87.66
(mg/kg)*

Maximum 40 03 150 50 1.8 70 90 200
permissible

limits (mg/kg)"

Time required

(year)
Taizhou 2790 32 719 51 978 1033 659 66
Quzhou 2438 512 1625 168 1631 / 802 648
Lishui 1465 42 925 70 943 1326 885 127
Huzhou 12,440 83 1329 4955 1591 4842 729 526
Jinhua 2308 57 1528 93 1137 1472 828 189

2 Soil environment background values of Zhejiang province (Cheng et al., 2007).
" Soil environmental quality standard of China (GB15618-2018) (CNEPA, 2018).

The concentration of element i in soil is a temporal variable given by
the following equation:

Ct,i = CO,i +t x AG

where C; (mg/kg) is the concentration of element i at the temporal
point t, Co; (mg/kg) is the initial concentration, and AC; (mg/kg) is the
change in the quantity of the soil element concentration, i. AC; is calcu-
lated as.

AG = Q; =+ (Wil + Wary)

where W, is the weight of the soil plow layer and Wy, is the increased
average weight of dry matter (mg/m?), calculated as.

Wiy = Ai + Fi + M

where A, is the annual amount of dry atmospheric deposition (mg/m?),
F; is the annual amount of fertilizer actually applied (mg/m?), and M; is
the annual amount of manure actually applied (mg/m?).

Suppose that all of the heavy metal inputs from external sources are
within a 20 cm region of cultivated soil; then, the soil volume weight is
1.15 t/m? and the calculated value of Wi is 2.3 x 108 mg/m? (Luo et al.,
2009). Compared with Wy, the calculated A;, F;, and M; are relatively
small, so these dry matter inputs can be ignored in the analysis.
Hence, in this study W4, was considered to be zero, and the weight of
the soil plow layer (0-20 cm) was assumed to be constant.

The current rates of increase in heavy metal concentrations in soil
were used to estimate the time (in years) required to increase topsoil
concentrations from the background values (Cy;) (Cheng et al., 2007)
to the environmental quality standard GB15618-2018 (C;) (China
SEPA, 2018). The details of the result are shown in Table 2. Cd is the el-
ement of most concern for agricultural soil in Zhejiang, followed by Cu
and Zn. With the rates of increase calculated herein, it would take
about 32 and 42 years for the average concentration of Cd in Taizhou
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and Lishui to reach their safety limits, respectively (Table 9). Therefore,
greater regulatory efforts against Cd contamination of the agricultural
soils in Taizhou and Lishui are required. As, Cr, Hg, Ni, and Pb pose little
threat to the environment in the next few years. However, it should be
noted that soil heavy metal concentrations are influenced by various
processes and factors. Therefore, it is very difficult, or even impossible,
to predict their concentrations accurately because the complex
influencing parameters vary unpredictably over time. Nevertheless,
the results of this study have significance for assessments of local envi-
ronmental risk.

4. Conclusion

This study observed and assessed the annual input and output fluxes
of heavy metals in agricultural soil, and developed a heavy metal inven-
tory for Zhejiang Province. The inventory showed that atmospheric de-
position and livestock manure were the predominant sources of heavy
metals entering into agricultural soil, and crop harvesting and leaching
were important soil element output pathways. Based on the mass bal-
ance model, heavy metals may be in a state of enrichment in agricultural
soils in Zhejiang Province. For prediction and early warning, control of
Cd concentrations should be prioritized. Stricter regulatory strategies
may be needed at the provincial level to control and reduce Cd inputs.
In future work, other possible heavy metal sources and sinks
(e.g., wind erosion, evaporation, and leakage) should be considered to
more accurately calculate a complete mass balance to improve the es-
tablishment of heavy metal inventories.
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Heavy metal pollution of agricultural soils is an important issue around the world. To understand the overall
pollution process, accurate determination of every input and output pathway of heavy metals to and from soils is
essential. Hence, input and output inventory, a quantitative analysis method of heavy metals balance in agri-
cultural soils, has been widely used. However, due to differences in geography, climate, socioeconomic factors,
industrial and agricultural production, substantial variation exists among existing input and output inventories
for different countries and regions. In this study, we systematically analyzed these differences and the findings

will improve the compilation of inventories worldwide.

1. Introduction

The accumulation of heavy metals in agricultural soil has become an
important issue around the world (Bigalke et al., 2017). Great efforts
have been made to alleviate heavy metal pollution in agricultural soils.
First, accurate determination of the input and output pathways of heavy
metals to and from soil is needed. Heavy metals can enter an agroe-
cosystem through natural and anthropogenic processes. The application
of fertilizers, agrochemicals and irrigation water, as well as atmospheric
deposition are recognized as main anthropogenic heavy metal sources
to agricultural soils (Hou et al., 2014). In addition, heavy metals in soils
have several output pathways, such as biomass exportation, leaching
and surface water runoff (Salman et al., 2017). To accurately quantify
heavy metal inputs and outputs to and from agricultural soils, the
concept of an inventory was developed. An inventory is a method of
source apportionment that can be used in conjunction with source (i.e.,
diffusion) and receptor models. The main areas studied in inventory
research include heavy metal inputs to agricultural soils (Nicholson
et al., 2003; Luo et al., 2009; Jiang et al., 2014), inputs of heavy metals
into soils by atmospheric deposition, fertilizer application, organic
waste disposal (Lopes et al., 2011), heavy metal balances of agroeco-
systems (Moolenaar and Lexmond, 1998), and an emission inventory of
heavy metals from the iron and steel industries (Wang et al., 2016a).

* Corresponding author.

The quantification of an inventory can provide a cheap, quick and
early diagnosis of agricultural soil contamination by heavy metals
(Steiger and Obrist, 1993). The first such inventory was established in
the Netherlands to periodically record environmental pollution in 1974
(Misseyer and Van der Most, 1993). Much of the subsequent research
has been conducted in European nations, such as France and Germany
(Belon et al., 2012), in the United States (Mcgrath et al., 1994) and in
China (Luo et al., 2009). An inventory of heavy metal inputs and out-
puts gives a good indication of the accumulation or depletion of certain
elements in selected agroecosystems. It also provides a valuable
knowledge base for the improvement of agricultural soil management
and development of policy recommendations. Physical geography, cli-
mate, economic development, industrial production and citizens’ life-
styles differ markedly among countries and regions, resulting in dif-
ferences in heavy metal inventories and the relative contributions of the
input and output pathways to and from soils. However, limited in-
formation about these differences in soil inventories among countries
and regions is available. In this research, we retrieved totally 260
concerned literatures corresponding to the keywords: inventory, heavy
metals, agricultural soil, fluxes, mass balance from databases like web
of science, Elsevier ScienceDirect (SDOL), Science Online, Chinese
periodical full text, China national knowledge infrastructure (CNKI).

In this research, scattered literatures were utilized to answer the
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Fig. 1. General scheme for the regional metal balance model PROTERRA-S (Irrigation and Surface runoff are complementary to the PROTERRA-S model).

following questions: How to establish an inventory? How are inventory
studies going? Are there differences in main input and output pathways
of heavy metals among different regions or countries? What needs to be
improved of inventory in the future? To our knowledge, this review is
the first to examine heavy metal input and output inventories for
agricultural soils.

2. Inventory methodology
2.1. Determine input and output pathways

In order to develop a quantitative inventory, firstly, we need to
determine the main input and output pathways. It is need to determine
the scale and relative importance of different sources and sinks of heavy
metals. Dominant soil heavy metal input and output pathways in
agroecosystem as shown in Fig. 1.

Heavy metal inputs into agricultural soils occur due to atmospheric
deposition; the application of commercial fertilizers, animal manure
and irrigation water; and the use of sewage sludge and other wastes as
soil amendments. Pesticides containing Hg and As were banned in the
United Kingdom since 1983 (Nicholson et al., 2006). The agricultural
use of Hg-, As- and Pb-containing pesticides has been totally prohibited
in China since 2002, and only a small number of approved pesticides
contain other trace elements such as Cu and Zn (Luo et al., 2009). So
the dominant soil heavy metal input pathways exclude pesticides in
some studies.

Atmospheric deposition of particles to agroecosystems occurs via
wet and dry processes. Heavy metal inputs by atmospheric deposition
are obtained by direct collection using various sampling devices or
indirect calculation with models (Dulac et al., 1989). The application of
fertilizer can be a significant contributor of potentially hazardous heavy
metals (Belon et al.,, 2012). For example, phosphate fertilizers are
generally the major sources of trace metals among all inorganic ferti-
lizers, and much attention has been given to the concentration of cad-
mium (Cd) in phosphate fertilizers (Bigalke et al., 2017). For agri-
cultural soil to which sufficient nutrients cannot be supplied with
commercial fertilizers alone, livestock manure is often used (Nicholson
et al., 2003). Sewage sludge is also identified as a significant source of
heavy metals where the material is excessively applied (Nicholson
et al., 2006). Industrial byproducts and composts have often been ne-
glected in soil inventories due to the lack of required information. Some
other potential sources of heavy metal inputs to agricultural soil (e.g.,
flooding events, accumulating waste and spray) have been identified as
being of local importance, but were not included in the previous in-
ventories because of difficulties in estimating their contributions to
overall heavy metal inputs.

Pathways of soil heavy metal outputs mainly include crop har-
vesting, leaching water and surface runoff (Fig. 1). Crop harvesting, one
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of the major sinks, has been observed and evaluated. It is well-known
that the accumulation of heavy metals in plants, particularly for hy-
peraccumulators, is in accordance with a potential risk of transferring
them to people. Cd contamination in rice in Hunan, China is a major
environmental health concern (Wang et al., 2016b). Moreover, with
end uses of harvested residues (such as straw) as fertilizers, animal feed,
building material and fuel, they play an important role in heavy metal
cycling within arable land systems with resulting consequences for
human exposure (Williams et al., 2009). The heavy metal output
through crop harvesting has included the grazing of agricultural soil in
some studies (Ahmadi et al., 2016). Generally, plant samples from a
specific area can be sampled and chemically analyzed to calculate their
output fluxes (Xia et al., 2014). The soil output fluxes of heavy metal
from harvesting can be calculated by summing the heavy metal stocks
in the seedling and seed parts of each sample, with that of the root
excluded as in Vries and Mclaughlin (2013). Intensively cultivated
agricultural soils always have a high potential for losses of water and
nutrients by leaching. Therefore, leaching may be an important
pathway for soil heavy metal output, which may be related to pre-
cipitation (Dobson et al., 2012). Soil heavy metals can also be removed
by surface water runoff, with levels calculated by consideration of the
dissolved and particulate forms (Dorioz, 2013).

2.2. Data collection

Secondly, in order to develop a quantitative inventory, we need to
collect relevant data. The compilation of an inventory depends on the
availability of appropriate data and its robustness. Databases used to
develop inventories have been obtained from statistical yearbooks,
scientific literature, regional agricultural statistics, soil information
systems and model calculations. The data typically collected include the
area of cultivated land, consumption of chemical fertilizers, precipita-
tion, sown area of crops, irrigation volume, and output of major farm
products in the target areas. Data for heavy metal concentrations in
crops, fertilizers and manures are typically obtained from previous
studies and reports, or by sample analysis. Data sources for input and
output pathways differ primarily with respect to the spatial scale, which
influences the precision of the simulation results. When developing
inventories, such differentiation has to been typically processed. To
make the estimates comparable, all input and output fluxes are given as
rates per unit area of arable land for the entire study region.

2.3. Principal models applied in establishing inventories

Various models have been proposed to assess heavy metal balances
in agricultural soils. Steiger and Obrist (1993) developed PROTERRA
model to assess phosphorus and heavy metal balances in regional
agroecosystems. Keller et al. (2001) extended this model to incorporate
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the leaching of heavy metals and to establish PROTERRA-S model. We
extended this model incorporating irrigation and surface runoff of
heavy metals in this research. Fig. 1 presents the input, internal and
output flows that are generally considered in heavy metal balances of
the PROTERRA-S model at a regional scale. The basic units of the
balances are land use systems defined by livestock composition and
cultivated crops (left portion of Fig. 1). The change of a heavy-metal
content in soil is influenced by agricultural activities (left portion of
Fig. 1), atmospheric deposition (the middle part of Fig. 1), leaching and
surface runoff (right portion of Fig. 1). As shown in left portion of
Fig. 1, the regional phosphorus (P) requirements of crops were mainly
supplied by animal manure, fertilizers, pesticides, sewage sludge, irri-
gation and crop. Heavy metal inputs through P fertilizer are determined
from the P fertilizer inputs and from the ratios between metal and P
concentrations of the fertilizers. More accurate pollution assessment
can be attained by comparing model results with inventory-determined
metal balances.

Moreover, some input and output fluxes were often based on model
calculations instead of sample analysis. The process-oriented model
SOACAS was developed to describe the fate of heavy metal in one
completely mixed soil compartment using Freundlich isotherm and
analytical equations (Duddridge and Wainwright, 1981). Models of the
transfer of chemicals from the soil to plants, including sorption,
leaching and plant uptake in the root zone, have also been designed
(Peng et al., 2016). Some models (e.g., the Probability Kriging model)
have been constructed to estimate future heavy metal concentrations.

3. Research advances

As mentioned previously, the first soil heavy metal inventory was
established in the Netherlands to periodically record environmental
pollution in 1974 (Misseyer and Van der Most, 1993). Moolenaar and
Lexmond (1998) studied heavy metal balances in different agroeco-
systems in the Netherlands. Inventories of the main input pathways,
such as the inventories of heavy metals into agroecosystems by atmo-
spheric deposition in Korea, New Zealand, Japan and India at the re-
gional or national scale, have been established (Yun et al., 2002; Gray
et al., 2003; Sharma et al., 2008). The UK, China and France have es-
tablished inventories of heavy metal inputs to agricultural soils at the
national scale (Nicholson et al., 2006; Luo et al., 2009; Belon et al.,
2012). Recently, a global release inventory for heavy metals in the
period 2000-2014 was compiled for the estimation of toxic releases
from the application of manure to agricultural soils (Leclerc and
Laurent, 2017).

3.1. Inventories of heavy metal inputs

There are great differences in the input inventories among different
countries and regions. The use of organic waste (i.e., compost, sludge or
manure) as agricultural fertilizers was considered when developing an
inventory of heavy metal inputs to agricultural soils in Europe and the
US (Lopes et al., 2011). Heavy metal inputs via fertilizers are similar to
or even larger than Cd, arsenic (As) and chromium (Cr) inputs via at-
mospheric deposition in French agricultural soils (Belon et al., 2012). It
was also found that for agricultural zinc (Zn) inputs into soils and crops
in central Iran resulting from mineral fertilizers, sewage sludge and
compost, studies have ignored the contribution of atmospheric de-
position (Karami et al., 2014).

In contrast to the situation in European countries, such as France
(Belon et al., 2012), atmospheric deposition and livestock manure are
the predominant sources of heavy metals entering agricultural soils in
China (Luo et al., 2009).

3.2. Inventories of heavy metal outputs

Similarly, great differences are also observed in the output
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inventories from different countries and regions. Outside of China, in-
ventories of outputs from agricultural soils have concentrated mainly
on heavy metal leaching and surface runoff losses from soil to surface
waters. Heavy metal leaching from soil has become a significant source
for heavy metals in surface waters (Bonten et al., 2008). Estimates of
the contribution of leaching to the heavy metal loads of surface waters
are difficult to obtain because various important factors that control the
magnitude of the leaching flux are unknown (Bengtsson et al., 2006).
Leaching fluxes were either based on model calculations using sorption
models and site-specific soil properties, or on measured or estimated
dissolved metal concentrations (Cambier et al., 2014). Leaching losses
have sometimes been calculated indirectly, using a mass balance model,
in which the surplus amounts of elements not accounted for have been
assumed to be available for water runoff (Godlinski et al., 2011). Other
model calculations, such as those in the hydrological soil models and
Freundlich adsorption isotherm models have also been performed to
quantify heavy metal leaching from agricultural soils to surface waters
(Bengtsson et al., 2006; Bonten et al., 2008). There are many hydro-
logical models such as empirical model, the facies-separation model
and the holistic model in vertical migration as well as soil and water
assessment tools (SWAT) and the migration model with the wind in
lateral transfer. Freundlich adsorption isotherm model is used to cal-
culate the distribution between heavy metals in the soil solid phase and
the soil solution. Parameters of the Freundlich sorption isotherm model
are Freundlich coefficient, soil properties, leaching rate coefficient,
heavy metal concentration and so on.

In China, the inventories of heavy metal outputs to agricultural soils
assess the contributions of leaching, crop harvesting and surface runoff
(Luo et al., 2009). Almost 100% of the heavy metal output was from
leaching in southern Heilongjiang (Xia et al., 2014). Output fluxes
following the crop harvesting of agricultural soil have also been ob-
served and evaluated (Xia et al., 2014). However, the effects of crop
harvesting include only certain representative plants, with the effects of
other crop rotations not taken into account. The paucity of data on crop
harvesting is the main source of estimation uncertainty. Outputs other
than those occurring during crop harvesting are minor, and include
grazing and the direct foraging of livestock on fields. Actually, the
output fluxes of heavy metals through crop residues, crop harvesting
and weeding are quite weak compared with the atmospheric deposition
input flux (Xiong et al., 2016). Subsurface flow and surface runoff were
found to be the main pathways of heavy metal outputs in soils used for
vegetable cultivation in city suburbs (Hou et al., 2013; Xiong et al.,
2016).

In China, much effort has also been made through theoretical and
experimental studies to quantify the fluxes across interface of heavy
metal, such as those from soils or plants to the atmosphere, especially
for mercury (Hg) (Luo et al., 2015), as well as to evaluate the char-
acteristics and factors influencing the exchange flux (Liu et al., 2014). A
dynamic flux chamber and mercury analyzer have been used to observe
Hg exchange fluxes in the field (Liu et al., 2014).

3.3. Heavy metal balances

It is important to clarify the mass balance of the heavy metals be-
tween input and output fluxes. A general mass flux assessment model
has been used to determine the contributions of different input and
output fluxes to the resulting accumulation of heavy metals, with re-
spect to a unit area of the agroecosystem: g/ha/year. The differences in
the input and output of heavy metals into agricultural soils influence
the state of the dynamic balance, i.e., enrichment or depletion.

Outside of China, mass flux balance studies have been performed for
heavy metals in agricultural soils across a wide variety of scales (na-
tional, regional, field and farm) (Keller and Schulin, 2003). National
conditions and specific policies, such as the use of massive amounts of
fertilizer in intensive animal and vegetable production in Poland and
the Netherlands, influence the heavy metal balance at the national scale
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Fig. 2. Average annually inputs of heavy metals in European countries and China
(mg/mz/yr) (France: Belon et al., 2012; The UK: Eckel et al., 2005; Switzerland,
Netherlands, and Germany: Nicholson et al., 2003; China: Luo et al., 2009).

(Bach and Starmans, 2005). New European regulations concerning
heavy metal contents in animal feeding stuffs were implemented in
2003 (European Community, 2003), and may have resulted in changes
in heavy metal concentrations in manure. At the regional scale, live-
stock manure and crop removal data are the main sources of estimation
uncertainty (Ahmadi et al., 2016). At the field and farm scales, crop
rotation and the choice of fertilizers influence the heavy metal balance
of arable farming systems. Furthermore, the role of farm management is
very important, but the effects on the heavy metal balance are not al-
ways straightforward. Due to the internal cycling of feedstuff and
manure, fewer inputs are required, and thus the import of heavy metals
containing raw materials and products is minimized. Vertical migration
of heavy metals in contaminate soils potentially leading to deterioration
of groundwater quality is a major environmental problem. The rates of
vertical migration depend on heavy metal species and soil property
(Maskall et al., 1996). Very little data on leaching below the plough
layer and rooting depths are available, which can result in a large de-
gree of uncertainty in field balances for heavy metals (Bengtsson et al.,
2006).

In China, the prediction and provision of early warnings about
geochemical accumulations of heavy metals in agricultural soils can be
conducted according to the standards for soil environmental quality
and the net flux of soil heavy metals based on mass balance model
(Zhou et al., 2012).

4. Assessment of previous inventories
4.1. Comparison among inventories

A lot of countries, including England, Wales and Switzerland, have
developed input inventories to assess the major sources of heavy metals
in agricultural soils (Bvon et al., 1998; Nicholson et al., 2006). No
further discussion was given for inventories on a macroscopic stand-
point in the following research, neither inventories for one input or
output pathway of heavy metals. Representative literatures related to
inventory were listed in Table S1, which were necessary for the un-
derstanding of the concept and field applicability of inventory. Typical
and comprehensive inventories with data for input and/or output
pathways were further elaborated. Heavy metal inputs and outputs to
and from agricultural soils of selected countries are presented in Table
S2.

England and Wales also established an inventory of heavy metal
inputs based on detailed sources, and their total inputs are therefore far
better quantified than those in other countries (Nicholson et al., 2003).
The relative importance of the diverse sources of heavy metals may
differ significantly among nations. Atmospheric deposition was the
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main source of heavy metals entering agricultural land, with livestock
manures and sewage sludge also important sources for Zn and Cu across
the whole agricultural land area in the England and Wales inventory
(Nicholson et al., 2003). Phosphate fertilizers were the main source of
Cd, lead (Pb) and Cr in south Sohag, Egypt (Salman et al., 2017). Zn
deposition was far higher in New Zealand than in England and Wales.
One possible explanation for this difference is the large number of
houses with roofs galvanized with a Zn oxide coating in New Zealand
(Gray et al., 2003). As mentioned above, it can also be found that
previous researches related to inventories focused mostly on the input
pathways of heavy metals into agroecosystems compared with output
pathways (Table S2). Therefore, to fully evaluate long-term accumu-
lation of heavy metals in agricultural soils, more researches should be
conducted on soil heavy metal output fluxes.

As mentioned above, compared to other countries/regions, Europe
and China have conducted more inventory studies, accumulated valu-
able research data. In addition, there are great differences in the level of
development, industrial and agricultural production mode, natural
environment, etc. between Europe and China. Hence, comparison of
inventories between Europe and China could give us meaningful in-
formation. As shown in Fig. 2, according to the national-scale in-
ventories for France, the UK, Switzerland, the Netherlands and Ger-
many, heavy metal inputs to agricultural soils can be ranked as follows:
Zn > Cu > Pb > Cd; however, the input fluxes showed obvious spatial
variability among regions. The inputs of Zn, Cu, Pb and Cd in these five
countries were lower than the corresponding figures in China, with the
input of Cd being approximately one order of magnitude lower than
that in China. The differences were probably linked to adverse natural
conditions in some regions, as well as anthropogenic factors, including
industrial and agricultural activities and rapid urbanization in China
(Belon et al., 2012).

In China, inventories of the annual inputs and outputs of heavy
metals to and from agricultural soils at the regional and national scales
have been compiled (Luo et al., 2009; Jiang et al., 2014). Soil input and
output fluxes of heavy metals from each pathway in provinces and cities
in China are listed in Table S3.

Input pathways include atmospheric deposition, fertilizer and pes-
ticide applications, irrigation and seed sowing. Atmospheric deposition
is the dominant source of heavy metals to agricultural soils in most
areas of China, especially for Cu, Zn and Pb. Hainan is an exception,
with irrigation being the main source of heavy metal inputs (Jiang
et al., 2014). At the large regional scale, atmospheric deposition has
been identified as the principal source of metals entering soils, whereas
fertilizer or irrigation is more significant in some local regions (Huang
et al., 2015). Pesticide heavy metal input fluxes in the Pearl River Delta
(Zhou et al., 2012) and Pb input fluxes from sowing seeds in Chongqing
(Xiong et al., 2016) were far lower than the other fluxes considered in
selected studies.

The output pathways listed in Table S3 include crop harvesting
(vegetable, rice and fruit), leaching, surface runoff, and removal of crop
residues and weeding. The output pathways account for different pro-
portions of the total output. Almost 100% of Cd, Pb, Cu and Zn output is
from leaching in southern Heilongjiang (Xia et al., 2014). The output
flux for surface runoff accounts for 58% of the total output in the Pearl
River Delta without considering leaching (Zhou et al., 2012). Due to the
natural geographical conditions of Hainan Island, instead of leaching
losses, only the surface runoff and crop harvesting were taken into
account (Jiang et al., 2014). The exportation of heavy metals via
leaching and surface runoff were not considered in Tianjin (Hou et al.,
2013). Up to now, researches on heavy metals input and output in-
ventory are very limited in China. The comparison of inventories
among different regions of China is difficult. The differences in in-
ventory are not only linked to the selection of dominant input and
output pathways but also to the methods used for fluxes assessment.
Hence, it is important to fully address all of the primary input and
output pathways when developing an inventory of heavy metal balance
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Fig. 3. Flux of heavy metals from atmospheric deposition in several European countries (Austria, Belgium, Denmark, Finland, Germany, Hungary, Ireland, Italy, Norway,
Poland, Sweden, Switzerland, Netherlands: Nicholson et al., 2003; France: Belon et al., 2012; The UK: Eckel et al., 2005).

in agricultural soil. The guideline for building inventories should be
established as soon as possible.

4.2. Atmospheric deposition-one of the predominant sources

Atmospheric deposition has been identified as an important source
of heavy metals entering agricultural soil, and became one of the im-
portant concerns throughout the world. The characterization of total
atmospheric depositions of heavy metals is relevant in order to identify
their variabilities and sources. So we highlight exclusively the input
pathways of atmospheric deposition.

Information regarding the atmospheric deposition of heavy metals
in different countries in Europe (Fig. 3) has indicated that Zn is the
element deposited in soil in the largest amounts. The greatest Cd de-
position (0.99 mg/m?/yr) was found in Hungary compared to those in
other countries ranged from 0.01 to 0.33 mg/m?/yr. It may be due to
industrial activities, the use of phosphate fertilizers in agricultural ac-
tivity, or the effect of long-range atmospheric transport in Hungary
(Otvos et al., 2003). The total depositions of Cd, Cu, Pb and Zn in Po-
land, Germany and Austria have been shown to be higher than that in
other countries in Europe. Industrial processes are likely an important
source of heavy metals, with Poland, Germany and Austria located in
central Europe, where is an industrialized region (Harmens et al.,
2010).

Zn was also found to be the most abundant anthropogenic metal in
the atmospheric deposition in selected provinces in China, except for
Jiangxi (Fig. 4). Jiangxi Province is the largest copper mining, smelting
and processing base in China. The increase in mining activity has
strongly influenced the excess input of heavy metals (specifically Cu) in
soils (Guo et al., 2012). The atmospheric deposition fluxes of Cd, Cu and
Pb were much more variable than that for Zn, differed by up to an order
of magnitude, and are probably indicative of local differences in con-
ditions and releases to the atmosphere. Because of the limited avail-
ability of data on atmospheric deposition (e.g., from one-third of the
provinces in China), these values are not considered to be re-
presentative of the country as a whole.

Through a direct comparison of Fig. 3 and Fig. 4, annual
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atmospheric inputs of heavy metals (Cd, Cu, Pb and Zn) in European
countries are approximately one order of magnitude lower than that in
Chinese provinces. The reasons for this apparent discrepancy are un-
clear. Direct comparison of deposition rates is complicated, given dif-
ferences in methods of collecting and measuring deposited materials, as
well as in the environments where samples were collected (e.g., urban,
rural or remote) (Kondo et al., 2016). At the national scale, annual
atmospheric input of Cd, Cu, Pb and Zn to agricultural soils in China
was 0.4, 10.67, 20 and 64.08 mg/m>/yr, respectively, totalling
95.15mg/m?/yr (Luo et al., 2009). Flux of heavy metals from atmo-
spheric deposition in European countries ranged from 3.09 mg/m?/yr
in Finland to 68.2mg/m?/yr in Poland. Comparisons between Eur-
opean countries and China at the national scale reflected larger atmo-
spheric deposition of heavy metals in China raising concerns over the
potential long-term environmental and health implications of excessive
atmospheric deposition of heavy metals.

4.3. Uncertainty

Previous inventories provide the basic information to control heavy
metal accumulation in agricultural soils and effectively manage
agroecosystem. Nevertheless, there will still be a number of un-
certainties in heavy metal balances researches.

Data limitations and the complexity of soil environmental man-
agement, as well as non-consideration of various factors (e.g., wind
erosion, leakage, seeds as fodder transformed into animal manure) af-
fecting input fluxes, can artificially magnify or reduce heavy metal
accumulations. Moreover, data sources for input and output pathways
differ primarily with respect to the spatial scale as mentioned earlier.
Data regarding leaching, erosion and crop harvesting are available at
the field scale; however, data regarding atmospheric deposition, ferti-
lizer and irrigation are available at the regional scale. Thus, uncertainty
is present when a nationwide inventory is used for small or specific
regions due to the variation in agricultural amendments and the spatial
and temporal heterogeneity of heavy metal sources.

Industrial structural adjustments, changes in farming practices,
policy, land use, management measures and environmental conditions
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South China Sea

have caused some inventories to become outdated. The phase-out of
leaded gasoline started in the 1990s and spread nationwide in 2000 in
China (Xu et al., 2012). The ban of leaded gasoline use can greatly
reduce emissions of lead into the atmosphere (Miller and Friedland,
1994). Sewage irrigation has been widely used in China since 1972
(Meng et al., 2016), but it containing heavy metals in agricultural
production was first banned on January 28, 2013 (Meng et al., 2016).
Therefore, there will be an uncertainty for inputs of heavy metals to
agricultural soils via atmospheric deposition and sewage sludge in the
inventory (Luo et al., 2009). The atmospheric deposition flux data were
collected from 1999 to 2006, and sewage sludge data were based on the
published data in 2000s in currently the only inventory of heavy metal
inputs to agricultural soils in China (Luo et al., 2009). Therefore, a
timely updated inventory of heavy metal inputs to agricultural soils in
China is an urgent task to better identify the sources of heavy metals.

5. Conclusions

Input and output inventory has been proved to be an effective
method for evaluating heavy metal accumulation in soil. More and
more countries/regions have conducted inventory studies, it is inter-
esting to find that inventories varied greatly among different countries/
regions due to the temporal and spatial scales, economic development,
industrial and agricultural activities, geography, and soil properties. As
for China, atmospheric deposition is the most important pathway of
heavy metal input to agricultural soil, while animal manure, mineral
fertilizers and pesticides are the predominant sources in European
countries. It should be noted that there are still many aspects that need
further improvement. For examples, the selection of dominant input
and output pathways should be more accurate according to actual in-
vestigation; More concerns should be paid to fundamental works re-
lated to other possible sources and sinks, which would be greatly
helpful for update of inventories; In addition, when we assess fluxes
using formula calculation and model-based estimation, the differ-
entiation of data need to be processed, which would seriously influence
the precision of the result.
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The winter wheat grains from the PAHs-
contaminated areas were seriously con-
taminated with PAHs.

The bioaccessibility of PAHs in the win-
ter wheat grains was apparently higher
than that in animal-based foods and in
fish.

The values of ILCR based on total PAHs
were higher than 10~° and some even
fell the range of 107°-10"%,
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Polycyclic aromatic hydrocarbons (PAHs) contamination in atmospheric and soil was serious, which is mainly
due to high level of emission of PAHs in China resulted from the predominating use of coal in energy consumption
and continuous development of economy and society for years. However, the status of PAHs in winter wheat
grains from the areas influenced by coal combustion in China was still not clear. During harvest season, the winter
wheat grains were collected from agricultural fields surrounding coal-fired power plants located in Shaanxi and
Henan Provinces. This study found that the mean concentrations of 15 priority PAHs ranged from 69.58 to 557.0
ug kg™ 1. Three-ring PAHs (acenaphthene, acenaphthylene, fluorene, phenanthrene and anthracene) were dom-
inant in the grains, accounting for approximately 70-81% of the total PAHs. The bioaccessibility of low molecular
weight (LMW, 2-3 ring) PAHs (51.1-52.8%), high molecular weight (HMW, 4-6 ring) PAHs (19.8-27.6%) and
total PAHs (40.9-48.0%) in the intestinal condition was significantly (p < 0.001) higher than that (37.4-38.6%;
15.6-22.5%; 30.7-35.5%) in the gastric condition, respectively. Based on total PAHs, the values of incremental life-
time cancer risk (ILCR) for children, adolescents, adults and seniors were all higher than the baseline value
(10~°) and some even fell in the range of 10~°-10~%, which indicated that most grains from the areas affected
by coal combustion possessed considerable cancer risk. The present study also indicated that the children were
the age group most sensitive to PAHs contamination. The pilot research provided relevant information for the
regulation of PAHs in the winter wheat grains and for the safety of the agro-products growing in the PAHs-
contaminated areas.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous organic
pollutants that raise environmental concerns because of their being
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toxic, mutagenic, and carcinogenic, which are chief byproducts of in-
complete combustion of fossil fuels and biomass and pyrosynthesis of
organic materials (Mastral and Callen, 2000). As semi volatile chemicals,
PAHs can be transported in the atmosphere over long distances and de-
posited on land and water surfaces through dry or wet deposition
(Srogi, 2007). Mainly due to the predominating use of coal in energy
consumption and continuous development of economy and society,
emission of PAHs in China has maintained high level for years. The an-
nual PAHs emission of China was up to 106,000 tons in 2007, accounting
for 21% of the global total emission (Shen et al., 2013), which has result-
ed in seriously PAHs contamination in atmospheric and soil. According
to recent nationwide surveys, 1.4% of soil samples were contaminated
with PAHs based on China's soil environmental quality limits (The
Ministry of Environmental Protection, 2014). The status of soils in
areas surrounding metal smelting, thermal power, urban heating and
oil refining plants is especially serious (Xu et al., 2006). Because energy
consumption structure being given priority to coal will not change sig-
nificantly in the coming decades, severe PAHs contamination in China
is expected to continue. Therefore, there is urgent need to pay more at-
tention to the safety of the agro-products growing in the PAHs-
contaminated areas.

China is one of the primary winter wheat producing countries, with
a total cultivated area of 24.1 million ha in 2011 (China Statistical Year-
book, 2016). Central, north and northwest China including Hebei, Shan-
dong, Henan and Shaanxi Provinces not only are main producing areas
of the winter wheat, but also are the predominant areas of coal produc-
tion and consumption. Thousands of hectares of agricultural soils are
planted with winter wheat surrounding plenty of coal combustion en-
terprises such as coal-fired power plants, coking plants and urban
heating plants. Previous investigations showed that PAHs concentra-
tions in the winter wheat grains from Taiyuan and Tianjin China were
far higher than those in Catalonia, Spain (Marti-Cid et al., 2008; Li,
2007; Xia et al., 2010). Generally, dietary intake is the main (>70%)
way of exposure to PAHs for nonsmokers and non-occupationally ex-
posed populations (Phillips, 1999; Alomirah et al,, 2011; Ma and
Harrad, 2015), with cereals and vegetables showing the greatest contri-
bution. A number of epidemiological studies have shown that a large
proportion of human cancers are attributable, at least in part, to dietary
exposure to PAHs (Harris et al., 2013; Abid et al., 2014; Muscaritoli et al.,
2016). Wheat is a staple food in north China and in the central plains.
Therefore, it is critical to investigate the status of PAHs in the wheat
grains from the areas influenced by coal combustion in China.

The oral bioaccessibility is defined as the fraction of a compound that is
released from its matrix in the gastrointestinal tract, and thus becomes
available for intestinal absorption (Oomen et al.,, 2000). Using total extract-
able PAHs from contaminated foods for health risk assessment may result
in an over estimation of the amount of contaminants absorbed via dietary
intake (Harris et al., 2013). Based on in vivo studies, it was observed that
the absorption rate of benzo(a)pyrene was only 33% in pigs (Laurent
et al, 2002) and 12% in lactating goats (Grova et al.,, 2002). Therefore, for
assessing human health risks posed by PAHs, bioavailability should be
taken into consideration. Although ingestion of PAHs through diet far ex-
ceeds the amount accidentally ingested through soil, much of focus is so
far centered on PAHs bioaccessibility in soil (Ruby et al., 2016). Few studies
have been conducted on the bioaccessibility of PAHs in fishes and animal-
based foods, respectively (Wang et al., 2010; Yu et al., 2012). However,
there is a lack of information concerning the bioaccessibility of PAHs in
cereals.

We hypothesized that the winter wheat from areas affected by coal
combustion might have been contaminated to some degree with PAHs,
and the winter wheat grains would pose differential health risks via ac-
cumulation of different PAHs. The major objectives of the present study
were: (1) to determine concentrations and bioaccessibility of PAHs in
the winter wheat grains from areas affected by coal combustion and;
(2) to evaluate the potential health risks of the collected grains to the
local residents.

2. Materials and methods
2.1. Wheat grain sample collection

During the harvest season of the winter wheat (from 27 May to 10
June 2015), whole plants were collected from agricultural fields sur-
rounding coal-fired power plants, including the Weihe power plant
(WH) and the second power plant of Hu county (HX) in Xi'an City,
Shaanxi Province, the Sanhe thermal power plant (SH) and the pithead
power plant (KK) in Pingdingshan City, Henan Province (Fig. S1). A
global positioning system (GPS) was utilized in identification of the pre-
cise location of each site. The whole plants were sampled according to
Fig. S2. The plant samples at each point were collected from at least
one plot (5 x 5 m). Each plot was sampled from three random points.
Along the same direction, there were 50 m between two neighboring
sampling points. After sampling and transportation to the laboratory,
the grains were manually harvested and thoroughly washed with run-
ning tap water to remove airborne dust and soil particles. The grains
were air-dried, weighed to determine the biomass, and milled to pass
through a 70-mesh sieve. All samples were kept frozen at — 18 °C before
PAHs analysis.

2.2. PAHs analyses

Each samples (about 4 g) were Soxhlet extracted for 16-18 h with
120 mL of acetone and dichloromethane (DCM) mixture (1:3, v/v)
(USEPA, 1996a). The concentrated extracts were clean up using a florisil
column (15 cm silica gel, and 1.0 cm anhydrous sodium sulfate from
bottom up, pre-eluted with 20 mL n-hexane) with 70 mL hexane/
DCM mixture (1:1) as elution solvent (USEPA, 1996b). The silica gel
was baked at 450 °C for 6 h, activated at 300 °C for 12 h, and deactivated
with deionized water (3%, w/w) prior to use. The anhydrous sodium sul-
fate was baked at 450 °C for 8 h. The eluants were then evaporated and
exchanged with methanol to a final volume of 2.0 mL.

PAHs in samples were analyzed using HPLC (Shimadzu, LC-20A)
equipped with a ultraviolet detector (SPD-20A) and a fluorescence de-
tector (PF-20A). The UV detector was operated at fixed wave lengths
of 290 and 254 nm, and the in-series fluorescence spectrophotometer
wavelength programmed according to elution time. The analytical sys-
tem included a PAH-specific reverse column (#3.0 x 250 mm Intersil
ODS-SP column, 3 um, Shimadzu, Kyoto, Japan) and a mixture of meth-
anol and ultrapure water as the mobile phase. A flow rate of
0.6 mL min~ ' was maintained at 40 °C and the equilibration time was
set at 5 min. The elution profile employed as follows: 0-3 min 90%
methanol; 3-12 min 90-97% methanol; constant 97% methanol for
23 min; 35-40 min 80% methanol. Sixteen US EPA priority PAHs were
measured in the present study: naphthalene (NAP), acenaphthylene
(ACY), acenaphthene (ACE), fluorene (FLO), phenanthrene (PHE), an-
thracene (ANT), fluoranthene (FLA), pyrene (PYR), benzo(a)anthracene
(BaA), chrysene (CHR), benzo(b)fluoranthene (BbF),
benzo(k)fluoranthene (BKF), benzo(a)pyrene (BaP), indeno(1,2,3-
c,d)pyrene  (IcdP), dibenzo(a,h)-anthracene  (DahA) and
benzo(g,h,i)perylene (BghiP).

2.3. Oral bioaccessibility of PAHs in the winter wheat grains

Determination of the digestible fraction of PAHs in the winter wheat
grains followed the method described by Wang et al. (2010) with slight
modification. Briefly, about 4.0 g of air-dried samples were first placed
in a 50 mL capped centrifuge tube with 30 mL of synthetic gastric
juice (5.0% w/v pepsin in 0.15 M NaCl, acidified with HCI to pH 1.8)
and shaken at 100 rpm for 1 h at 37 °C in the dark. After gastric diges-
tion, the mixtures were centrifuged (15 min, at 37 °C and 1500 rpm),
and all suspensions were transferred to new tubes for further cleanup
and PAHs analyses. Twenty milliliters of artificial intestinal juice (1.5%,
w/v pancreatin, 0.5%, w/v amylase, and 0.3% w/v bile salts, in 0.15 M
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NaCl, pH 6.8) was added into the residues, and the mixture was resus-
pended and shaken at 30 rpm and 37 °C for 6 h in the dark. Finally,
the tubes were centrifuged at 1500 rpm and 37 °C for 15 min to separate
supernatant and solid. Both gastric and intestinal supernatants were ex-
tracted using liquid-liquid shaking method, with 50 mL of hexane twice
and with 50 mL of DCM once, respectively. All of the extracts were con-
centrated to 2.0 mL using a rotary evaporator (IKA-RV8, Germany) and
passed through a florisil column for purification according to the meth-
od previously used. The eluants were solvent exchanged to methanol
for PAHs analyses. Blanks were prepared by containing the enzyme
treatment in series without wheat samples. The bioaccessibility (% BA)
of PAHs in gastric or intestinal juice was calculated as the ratio of the
amount of PAHs in liquid phase to that in the grains (Eq. 1).

%BA = (extratable PAHs in the gastric or intestinal juice/total PAHs)
x 100

)

24. QA/QC

QA/QCwas conducted by performing method blanks, standard refer-
ence material recoveries, standard spiked recoveries and HPLC detec-
tion limits. The limit of detection (LOD) using the present method was
determined as the concentrations of analyzes in a sample that gave
rise to a peak with a signal-to-noise ratio (S/N) of 3, which ranged
from 0.06 to1.41 ug kg™ '. The recoveries of individual PAHs ranged
from 80.76.% for DahA to 192.04% for Nap. For each batch of 12 samples,
a method blank (solvent), a spiked blank (standards spiked into sol-
vent), a sample duplicate, and a standard reference material (NIST
SRM 2977) sample were processed. PAHs were identified on the basis
of retention times relative to five deuterated internal standards (naph-
thalene-dg, acenaphthene-d;o, phenanthrene-d,o, chrysene-d;> and
perylene-d;,). The variation coefficients of PAHs concentrations be-
tween duplicate samples were <10%. The levels of PAHs in digestion
blank were less than the LOD.

2.5. Risk assessment of dietary exposure

The incremental lifetime cancer risk (ILCR) of PAHs through the con-
sumption of winter wheat grains was calculated as follows:

BEC = 21" (Ci x TEF) 2)

where BEC (ug kg™ !) is the potency equivalent concentration of PAHSs;
TEF; and C; are the toxic equivalency factor (TEF) and concentration
(ug kg™ ') of an individual PAH congener, respectively. The toxicity
equivalent concentrations of PAHs (TEQs) are based on the TEF with re-
spect to BaP values (Nisbet and LaGoy, 1992).

The population of local residents including city and countryside
were divided into eight groups according to age and gender: children
(4-10 years), adolescents (11-17 years), adults (18-60 years) and se-
niors (61-70 years) of male as well as the above groups of female. The
daily dietary PAH exposure level (Ep) through the winter wheat grains
for each group was calculated as follows:

Ep = BEC x IR 3)

where BEC = B[a]P equivalent concentration of PAHs in the winter
wheat grains (ng g~ !); IR = ingestion amount of wheat grains per
day (g d="). Ingestion amount of foods by each group was obtained
from survey on the Chinese national health and nutrition Il conducted
by Zhai and Yang (2006). We treated BEC and IR, which followed log-
normal and normal distribution, respectively, in Eq. (3).

ILCR = (Ep x EF x ED x SF x CF)/(BW x AT) (4)

where Ep = the daily dietary PAH exposure level (ng d~!); EF = the ex-
posure frequency (365 d y~!); ED = exposure duration (y) (for chil-
dren: ED = 7; for adolescents: ED = 7; for adults: ED = 43; for
seniors: ED = 10) (Xia et al., 2010); SF = oral cancer slope factor of
BaP (4.5, 5.9, 9.0 and 11.7, with a geometric mean of 7.3 per
[(mg kg™!) d~'] (Brune et al., 1981; USEPA, 1991a, 1991b, 2001); CF
= conversion factor (10~ mg ng™!); BW = body weight (kg), body
weight of each group was obtained from the Survey on the Chinese na-
tional health and nutrition I conducted by Zhai and Yang (2006); AT =
average lifespan for carcinogens (25,550 days). We treated ED, SF and
BW, which obeyed log-normal, log-normal and normal distributions, re-
spectively, in Eq. (4).

2.6. Data analyses

NAP was not included in the total PAHs reported in the present study
because of its higher recovery (>100%) and higher percentage in the
total PAHs. Statistical analyses were conducted using SPSS 19.0 (SPSS
Inc., USA). Means of different groups were compared using one-way
ANOVA test. Prior to one-way ANOVA, the data was log transformed
to meet the normality assumption. Unless otherwise indicated, all treat-
ment means were tested for significant difference at p < 0.05.

3. Results and discussion
3.1. Levels of PAHs in the winter wheat grains

The mean concentrations of PAHs (sum of the 3-6 ring PAHs) ranged
from 69.58 to 557.0 ug kg~ ! in the winter wheat grains collected form
areas affected by coal combustion located in Shaanxi and Henan Prov-
inces, with an average of 187.7 ug kg~ ' (WH), 236.4 ug kg~ ! (HX),
280.3 pg kg~ ! (SH) and 297.3 pg kg~ ' (KK) as shown in Table 1.
There were insignificant variations in concentrations of PAHs among
the four sites. The level of 15 priority PAHs (mean 245.5 ug kg~ 1) in
the winter wheat grains in the present study were apparently higher
than those from market of Taiyuan (161.5 pg kg~ !) (Xia et al., 2010),
Tianjin (177 ug kg~ ') of China (Li, 2007), Catalonia of Spain (27.9
ug kg~ 1) (Marti-Cid et al., 2008) and Rothamsted experimental station
of England (4-46 ug kg~ ') (Jones et al,, 1989). PAHs can enter into the
winter wheat via foliar uptake and soil-root uptake (Tao et al., 2009).
The higher PAHs in the winter wheat grains should be attributed to
heavily PAHs contamination in air and soil of the planted area affected
by coal combustion. It was estimated that China was the country with
the highest PAH emissions in the global in 2007 (Shen et al., 2013).
The mean particulate phase PAHs concentration in the North China
Plain was 346 ng m~> in the winter of 2005, which is 8.9 times of
London and 4.9 times of Chicago, respectively (Liu et al., 2007;
Dimashki et al., 2001; Sun et al., 2006). Up to 1665 pg kg~ ! PAHs has
been recorded in the soils from a coke production base in Shanxi Prov-
ince, China (Duan et al., 2015). The present study showed that the status
of the wheat grains was serious from areas affected by coal combustion.
The levels of BaP in the grains from WH, HX, SH and KK were 5.75, 6.44,
18.98 and 22.57 times of the maximum levels (1.0 pg kg~ ') suggested
by the commission regulation (EC No 1881, 2006), respectively. These
implied that levels of PAHs, especially BaP, in the wheat grains from
the areas affected by coal combustion posed a significant threat to
human health. Wheat, which was most consumed by residents of
Shaanxi and Henan Provinces, also had high level of total PAHs (245.5
ug kg™') in comparison with rice (86.3 ug kg~') and vegetables
(5.97-56.9 ug kg~ ') (Xia et al., 2010). It was investigated that Taiyuan
residents in China suffered from heavy risk of dietary exposure to
PAHs and the winter wheat accounted for 48.3-53.5% of the total die-
tary intake of PAHs (Xia et al., 2010). Thus, minimizing the transfer of
PAHs from soil and air to the wheat grains is a top priority around the
sampled area.
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Table 1

K. Tian et al. / Science of the Total Environment 618 (2018) 777-784

Summary of measured PAHs in grains of the winter wheat collected from agricultural fields surrounding coal-fired power plants, including the Weihe power plant (WH) and the second
power plant of Hu county (HX) in Xi'an City, Shaanxi province, the Sanhe thermal power plant (SH) and the pithead power plant (KK) in Pingdingshan City, Henan province.

Compounds Aromatic WH (n = 16) HX (n =11) SH (n =13) KK (n=11)

rng Mean SD Median Min Max Mean SD Median Min Max Mean SD Median Min Max Mean SD Median Min Max
ACE 3 85.0 396 75.7 241 187 749 60.1 72.0 539 2182 708 352 721 2.68 153 77.7 405 764 6.27 285
ACY 3 153 484 157 6.25 273 254 370 24.7 174 41.04 361 6.82 356 233 562 306 543 300 18.7 41.8
FLO 3 178 571 19.0 732 265 268 479 268 264 3971 405 496 404 29.1 543 428 505 419 36.2 59.8
PHE 3 314 240 273 796 113 333 264 232 124 1252 657 381 66.6 892 176 699 364 66.9 4.74 264
ANT 3 404 0.83 419 240 522 494 046 490 369 688 522 056 526 406 671 522 0.83 517 3.66 9.56
FLA 4 859 1.76 894 548 115 107 156 10.6 551 1485 135 335 129 921 331 132 421 123 9.00 30.6
PYR 4 939 215 9.07 6.78 17.7 7.74 414 935 000 13.05 134 3.06 126 107 323 149 590 132 9.90 387
BaA 4 250 130 2.21 095 807 176 0.84 149 1.04 486 183 0.63 1.70 052 423 191 082 157 0.75 3.80
CHR 4 250 1.68 2.22 022 847 274 169 2.60 nd. 811 657 206 626 487 185 798 3.66 7.11 527 264
BbF 5 391 110 3.76 192 724 300 152 271 nd. 919 569 100 1.99 0.00 40.7 8.78 144 1.70 0.00 50.6
BKF 5 156 1.04 2.16 nd. 296 030 077 0.00 nd. 226 081 048 083 0.00 3.61 0.87 0.16 0.86 028 1.26
BaP 5 575 6.06 2.69 nd. 175 644 699 3.13 nd. 2960 190 494 189 238 357 226 222 220 16.6 28.1
DahA 5 n.d. nd. nd. nd. 000 267 263 119 nd. 66.88 n.d. nd. nd. nd. nd. nd nd. nd. nd. nd.
IcdP 6 nd. nd nd nd. nd. nd nd nd nd. nd nd nd nd nd. nd. nd nd nd nd. nd.
BghiP 6 nd. nd nd nd. 000 11.7 843 104 nd. 2982 131 134 0.95 nd. 601 086 051 0.69 048 292
LMWPAHs* 154 477 154 485 253 165 69.6 162 784 3228 218 494 202 149 347 226 515 221 164 449
HMWPAHs" 342 872 3421 203 475 711 32.1 570 268 1229 621 142 59.7 30.7 123 71.0 19.0 599 479 110
2 PAHs® 188 526 188 69.6 295 236 713 230 1076 3785 280 51.0 273 191 406 297 593 291 225 557
TEQs-PAHs! 6.79 6.12 4.08 064 185 340 237 193 719 707 202 5.09 200 271 373 241 270 240 17.3 29.1

n.d. indicating that it is not detectable
2 Low molecular weight 2-3 ring PAHs.
" High molecular weight 4-6 ring PAHs.
¢ 3PAHs concentrations excluding NAP.

94 Total TEQs-PAH concentrations, PAH toxic equivalency factor with respect to BaP (Nisbet and LaGoy, 1992).

3.2. Composition profiles of PAHs

The composition profiles of 15 PAHs in the winter wheat grains were
comparable among WH, SH and KK (Fig. 1). However, a significantly (p
<0.01) higher percentage of six-ring PAHs (BghiP) was observed in the
wheat grains from HX (5.0%) than those from WH (0%), SH (0.47%) and
KK (0.29%), respectively. Most PAHs detected were low molecular
weight (LMW, 2-3 ring) ones. Three-ring PAHs (ACE, ACY, FLO, PHE
and ANT) were dominant in the grains, accounting for approximately
70-81% of the total PAHs (Fig. 1). Among PAHs detected, ACE was pre-
dominant, accounting for 25.3-45.3% of the total PAHs, followed by
PHE (14.1-23.5%) (Table 1). The LMW PAHs in the winter grains was
greater mainly due to their higher solubility. Similarly, Xia et al.
(2010) also found that 2-3 ring PAHs were dominant in the winter
grains collected from the market of Taiyuan, China. Four-ring PAHs
(FLA, PYR, BaA and CHR) accounted for 9.7-12.8% of the total PAHs,
and those with five-ring (BbF, BKF, BaP and DahA) accounted for
6.0-15.4%. In addition, DahA was only detected in the wheat grains
from HX. Except IcdP, 5-6 ring PAHs were detected in the wheat grains
from areas affected by coal combustion (Table 1). The present results
suggest that 3-ring PAHs had the highest tendency to be taken up by
the grains whereas 5-6 ring PAHs had the lowest likelihood of being
taken up. The 5-6 ring PAHs accounted for a small part of sum PAHs
in the grains, implying that the ones are more difficult to be absorbed
and translocated to the grains. Jones et al. (1989) also reported the de-
tection of 2-6 ring PAHs in wheat grains under field conditions. Howev-
er, Li and Ma (2016) found that no 5-6 ring PAHs were detected in the
wheat grains from a soil-wheat system with amendments of sewage
sludge. Generally, plants uptake PAHs via two pathways: air-plant path-
way (foliar uptake) and air-soil-plant pathway (root uptake) (Desalme
et al,, 2013). Because of their high hydrophobicity, five to six ring PAHs
are generally assumed to be tightly bound to soil particles and weakly
bioavailable even for the most water-soluble PAHs which demonstrate
high sorption to organic matter in soil and low desorption capacity
(Amellal et al., 2006; Pilon-Smits, 2005). Therefore, it is assumed that
the 5-6 ring PAHs entered into the winter wheat grains mainly via
air-plant pathway and detailed process need to further investigate.

3.3. Oral bioaccessibility of PAHs

Fig. 2 shows that the bioaccessibility of LMW PAHs (51.1-52.8%), the
high molecular weight (HMW, 4-6 ring) PAHs (19.8-27.6%) and total
PAHs (40.9-48.0%) in the intestinal condition was significantly (p <
0.001) higher than those (37.4-38.6%; 15.6-22.5% and 30.7-35.5%) in
the gastric condition, respectively. This could be possibly due to the
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Fig. 1. Percentage contribution of different molecular weight PAHs groups in the winter
wheat grains from agricultural fields surrounding coal-fired power plants, including the
Weihe power plant (WH) and the second power plant of Hu county (HX) in Xi'an City,
Shaanxi Province, the Sanhe thermal power plant (SH) and the pithead power plant
(KK) in Pingdingshan City, Henan Province.
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Fig. 2. Bioaccessibilities of different molecular weight PAHs in the winter wheat grains from agricultural fields surrounding coal-fired power plants, including the Weihe power plant (WH,
n = 16) and the second power plant of Hu county (HX, n = 11) in Xi'an City, Shaanxi Province, the Sanhe thermal power plant (SH, n = 13) and the pithead power plant (KK,n = 11) in

Pingdingshan City, Henan Province in gastric and intestinal conditions.

formation of micelles in the aqueous suspensions by bile constituents
(Tang et al., 2006). Wang et al. (2010) also found that the bioaccessibi-
lity of total PAHs in fishes in the intestinal condition (12.6-42.6%, mean
of 31.1%) was significantly (p < 0.01) higher than that in the gastric con-
dition (12.1-37.9%, mean of 24.3%). As expected, the bioaccessibility of
LMW PAHs in the wheat grains was significantly (p < 0.001) higher
than HMW PAHs in both gastric and intestinal conditions. For PAH con-
geners, the oral bioaccessibility ranged from 8.0 (BghiP) to 51.3% (ACY)
in gastric condition and from 10.7 (BghiP) to 63.7% (ACY) in intestinal

condition (Fig. 3). No significant (p > 0.05) difference of bioaccessibility
among the four sites was observed in both gastric and intestinal condi-
tions. PAHs are generally lipophilic. Besides their physicochemical prop-
erties including molecular weight (MW), water solubility, octanol water
partition coefficients (Kow), and octanol-air partition coefficient (Koa),
lipid contents in foods also influenced the bioaccessibility of PAHs
(Wang et al., 2010). The mean bioaccessibility of PAHs in the winter
wheat grains (78.7%) was higher than that in animal-based foods
(29.0-61.2%) and in fish (55.4%), primarily due to the lower lipid
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Fig. 3. Average bioaccessibility of grain PAH congeners of the winter wheat from agricultural fields surrounding coal-fired power plants, including the Weihe power plant (WH) and the
second power plant of Hu county (HX) in Xi'an City, Shaanxi Province, the Sanhe thermal power plant (SH) and the pithead power plant (KK) in Pingdingshan City, Henan Province in

gastric and intestinal conditions.



Table 2

Incremental lifetime cancer risk (ILCR) values for PAHs in grains of the winter wheat collected from agricultural fields surrounding coal-fired power plants, including the Weihe power plant (WH) and the second power plant of Hu county (HX) in

Xi'an City, Shaanxi province, the Sanhe thermal power plant (SH) and the pithead power plant (KK) in Pingdingshan City, Henan province.

Site Age Gender WH (n = 16) HX (n=11) SH (n=13) KK (n=11)
Mean Median Min Max Mean Median Min Max Mean Median Min Max Mean Median Min Max
Based on the total PAHs in wheat grains
City Children Male 1.5E-05 9.1E-06 14E-06  4.1E-05 3.1E-04 14E-04  3.6E-05 7.5E-04  4.5E-05 4.4E-05 6.0E-06 8.3E-05 5.4E-05 5.3E-05 3.8E-05 6.5E-05
Famale 1.5E-05 8.9E-06 14E-06  4.0E-05 3.1E-04 14E-04  3.5E-05 7.4E-04  4.4E-05 4.4E-05 5.9E-06 8.1E-05 5.3E-05 5.2E-05 3.8E-05 6.3E-05
Adolescents Male 1.2E-05 7.1E-06 1.1E-06  3.2E-05 2.5E-04 1.1E-04  2.8E-05 59E-04  3.5E-05 3.5E-05 4.7E-06 6.5E-05  4.2E-05 4.2E-05 3.0E-05 5.1E-05
Famale 1.0E-05 6.2E-06 9.6E-07 2.8E-05 2.1E-04  9.5E-05 2.4E-05 5.1E-04  3.0E-05 3.0E-05 4.1E-06 5.6E-05 3.6E-05 3.6E-05 2.6E-05 4.4E-05
Adults Male 6.5E-05 3.9E-05 6.1E-06 1.8E-04 1.4E-03 6.0E-04 1.6E-04  3.3E-03 1.9E-04 1.9E-04 2.6E-05 3.6E-04  2.3E-04 23E-04 1.7E-04  2.8E-04
Famale 6.1E-05 3.6E-05 5.7E-06 1.7E-04 1.3E-03 5.6E-04 14E-04  3.0E-03 1.8E-04 1.8E-04 2.4E-05 33E-04 2.2E-04 2.1E-04 1.5E-04  2.6E-04
Seniors Male 1.4E-05 8.6E-06 1.3E-06  3.9E-05 3.0E-04 1.3E-04  3.4E-05 7.2E-04  4.3E-05 4.2E-05 5.7E-06 7.9E-05 5.1E-05 5.1E-05 3.7E-05 6.1E-05
Famale 1.4E-05 8.7E-06 14E-06  4.0E-05 3.0E-04 1.3E-04  3.5E-05 7.2E-04  4.3E-05 4.3E-05 5.8E-06 8.0E-05 5.1E-05 5.1E-05 3.7E-05 6.2E-05
Countryside Children Male 1.9E-05 1.2E-05 1.8E-06 5.3E-05 4.0E-04 1.8E-04  4.6E-05 9.7E-04 5.8E-05 5.7E-05 7.8E-06 1.1E-04  6.9E-05 6.9E-05 5.0E-05 8.3E-05
Famale 2.1E-05 1.2E-05 1.9E-06 5.6E-05 4.3E-04 1.9E-04  4.9E-05 1.0E-03 6.1E-05 6.1E-05 8.2E-06 1.1E-04 7.3E-05 7.3E-05 5.2E-05 8.8E-05
Adolescents Male 1.6E-05 9.4E-06 1.5E-06  4.3E-05 3.2E-04 14E-04  3.7E-05 7.8E-04  4.7E-05 4.6E-05 6.3E-06 8.6E-05 5.6E-05 5.6E-05 4.0E-05 6.7E-05
Famale 1.5E-05 9.2E-06 14E-06  4.2E-05 3.2E-04 14E-04  3.6E-05 7.6E-04  4.5E-05 4.5E-05 6.1E-06 8.4E-05 5.4E-05 5.4E-05 3.9E-05 6.5E-05
Adults Male 8.7E-05 5.3E-05 8.2E-06  2.4E-04 1.8E-03 8.1E-04  2.1E-04  4.4E-03 2.6E-04  2.6E-04  3.5E-05  4.8E-04 3.1E-04 3.1E-04 2.2E-04 3.7E-04
Famale 8.0E-05 4.8E-05 7.5E-06  2.2E-04 1.7E-03 7.4E-04 1.9E-04  4.0E-03 24E-04  2.3E-04 32E-05 44E-04 28E-04 2.8E-04 2.0E-04 34E-04
Seniors Male 2.0E-05 1.2E-05 1.8E-06  5.4E-05 4.1E-04 1.8E-04  4.7E-05 9.8E-04 5.9E-05 5.8E-05 7.9E-06 1.1E-04 7.0E-05 7.0E-05 5.0E-05 8.4E-05
Famale 1.8E-05 1.1E-05 1.7E-06  4.8E-05 3.7E-04 1.6E-04  4.2E-05 8.8E-04 5.3E-05 5.2E-05 7.1E-06 9.7E-05 6.3E-05 6.3E-05 4.5E-05 7.6E-05
Based on the digestible PAHs in wheat grains
City Children Male 4.7E-06 3.3E-06 7.7E-07 1.2E-05 5.9E-05 3.1E-05 7.5E-06 1.8E-04 1.3E-05 1.3E-05 1.7E-06 2.8E-05 1.5E-05 1.5E-05 8.3E-06 2.3E-05
Famale 4.6E-06  3.2E-06 7.5E-07 1.2E-05 5.8E-05 3.1E-05 7.3E-06 1.7E-04 1.3E-05 1.3E-05 1.7E-06 2.8E-05 1.5E-05 1.5E-05 8.1E-06 2.2E-05
Adolescents Male 3.7E-06 2.6E-06 6.0E-07 9.6E-06  4.6E-05 2.5E-05 5.9E-06 1.4E-04 1.0E-05 1.0E-05 1.4E-06 2.2E-05 1.2E-05 1.2E-05 6.5E-06 1.8E-05
Famale 3.2E-06 2.2E-06 5.2E-07 8.3E-06  4.0E-05 2.1E-05 5.1E-06 1.2E-04  8.9E-06 8.7E-06 1.2E-06 1.9E-05 1.1E-05 1.0E-05 5.6E-06 1.5E-05
Adults Male 2.0E-05 1.4E-05 3.3E-06 5.3E-05 2.6E-04 14E-04  3.2E-05 7.6E-04 5.7E-05 5.5E-05 7.5E-06 1.2E-04  6.7E-05 6.7E-05 3.6E-05 9.8E-05
Famale 1.9E-05 1.3E-05 3.1E-06  4.9E-05 2.4E-04 1.3E-04  3.0E-05 7.0E-04 5.3E-05 5.1E-05 7.0E-06 1.1E-04  6.2E-05 6.2E-05 3.3E-05 9.0E-05
Seniors Male 4.4E-06 3.1E-06 7.3E-07 1.2E-05 5.6E-05 3.0E-05 7.1E-06 1.7E-04 1.2E-05 1.2E-05 1.6E-06 2.7E-05 1.5E-05 1.5E-05 7.9E-06 2.1E-05
Famale 4.5E-06 3.1E-06 7.4E-07 1.2E-05 5.7E-05 3.0E-05 7.2E-06 1.7E-04 1.3E-05 1.2E-05 1.7E-06 2.7E-05 1.5E-05 1.5E-05 8.0E-06 2.2E-05
Countryside Children Male 6.0E-06  4.2E-06 9.9E-07 1.6E-05 7.6E-05 4.0E-05 9.6E-06 2.3E-04 1.7E-05 1.6E-05 2.2E-06 3.6E-05 2.0E-05 2.0E-05 1.1E-05 2.9E-05
Famale 6.3E-06  4.4E-06 1.0E-06 1.7E-05 8.1E-05 4.3E-05 1.0E-05 2.4E-04 1.8E-05 1.7E-05 2.4E-06 3.8E-05 2.1E-05 2.1E-05 1.1E-05 3.1E-05
Adolescents Male 4.8E-06 3.4E-06 8.0E-07 1.3E-05 6.2E-05 3.2E-05 7.8E-06 1.8E-04 1.4E-05 1.3E-05 1.8E-06 2.9E-05 1.6E-05 1.6E-05 8.6E-06 2.3E-05
Famale 4.7E-06  3.3E-06 7.8E-07 1.2E-05 6.0E-05 3.2E-05 7.6E-06 1.8E-04 1.3E-05 1.3E-05 1.7E-06 2.8E-05 1.6E-05 1.6E-05 8.4E-06 2.3E-05
Adults Male 2.7E-05 1.9E-05  4.5E-06 7.1E-05 3.4E-04 1.8E-04  4.3E-05 1.0E-03 7.6E-05 7.4E-05 1.0E-05 1.6E-04  9.0E-05 8.9E-05 4.8E-05 1.3E-04
Famale 2.5E-05 1.7E-05  4.1E-06  6.5E-05 3.1E-04 1.7E-04  4.0E-05 9.3E-04  6.9E-05 6.7E-05 9.2E-06 1.5E-04  8.2E-05 8.1E-05 4.4E-05 1.2E-04
Seniors Male 6.1E-06  4.3E-06 1.0E-06 1.6E-05 7.7E-05 4.1E-05 9.8E-06 2.3E-04 1.7E-05 1.7E-05 2.3E-06 3.7E-05 2.0E-05 2.0E-05 1.1E-05 2.9E-05
Famale 5.5E-06  3.8E-06 9.0E-07 1.4E-05 6.9E-05 3.7E-05 8.8E-06 2.1E-04 1.5E-05 1.5E-05 2.0E-06 3.3E-05 1.8E-05 1.8E-05 9.7E-06 2.6E-05
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contents in the wheat grains (1.3%) than those in animal-based foods
(1.0-6.7%) and fishes (1.1-12.7%) (Kobayashi et al., 2007; Wang et al.,
2010; Yu et al., 2012). It was observed that lipids may decrease the in-
take of BaP in vitro model in everted intestinal segments from channel
catfish (Weber and Lanno, 2001). Similarly, Xing et al. (2008) also ob-
served that high-lipid food may have a much lower bioaccessibility of
polychlorinated biphenyls (PCBs) than low-lipid food, for which lipid
is difficult to digest and PCBs are more difficult to be released from the
food matrix.

3.4. Health risk assessment of the winter wheat grains

The ILCR was used to assess the potential health hazards to residents
exposed to PAHs contamination in the wheat grains from areas affected
by coal combustion. According to the US EPA, one in a million chance of
additional human cancer over a 70 year lifetime (ILCR = 10~°) is con-
sidered acceptable or inconsequential, while additional lifetime cancer
risk of one in ten thousand or greater (ILCR = 10~ ) is considered seri-
ous and there is high priority for paying attention to such health prob-
lem (USEPA, 1996¢). Based on total and digestible PAHs in the wheat
grains, the ILCR of total cancer risk for children, adolescents, adults
and seniors in the areas affected by coal combustion are presented in
Table 2. The mean values of ILCR based on total PAHs for all population
groups were higher than the baseline value of acceptable risk (10~°)
and some even fell in the range of 10~>-10~* When the bioaccessibili-
ty of PAHs was considered, the ILCR values for most residents still fell in
the range of 10~%-1075. These suggested that most grains from areas
affected by coal combustion possessed significant cancer risk. The ILCR
values in the present results were apparently higher than dietary health
risk assessment for PAHs in Taiyuan and the Yangtze River Delta region
of China (Xia et al., 2010; Wang et al., 2017). Due to the fact that air, soil
and other foods such as vegetables form the sampled area must be con-
taminated with PAHs, the present risk assessment might somewhat un-
derestimate the actual risk. It was investigated that the ILCR values for
residents induced by soils were higher than the acceptable risk level
(107°) in industrial areas of the Yangtze River Delta region of China
(Wang et al., 2017). Therefore it is urgent to take appropriate measures
to control the health risk due to dietary PAH exposure via wheat grains
in the areas affected by coal combustion.

Depending on the potency equivalent concentration of PAHs in
the wheat grains, the highest ILCR was found in HX, followed by
KK, SH and WH (Table 2). The values of ILCR for residents was up
to 1.81 x 10~ 2 in HX, where the wheat grains possessed significantly
(p < 0.01) higher percentage of 6-ring PAHs (BghiP) than those from
WH, SH and KK (Fig. 1). Generally, the residents in countryside
possessed higher ILCR values than those in city. With respect to gender,
males (9.51 x 107>, 7.47 x 107° and 412 x 10~%) showed a
little higher ILCR values than females (9.32 x 10>, 6.47 x 10~ ° and
3.82 x 10™4) in groups of children, adolescents and adults, which was
in accordance with dietary intake of wheat grains (Table S1). According
to age, the ranking of ILCR in decreasing order was adults > children
> seniors > adolescents for both males and females (Table 2). Consider-
ing exposure duration for children (7 years) was much higher for adults
(43 years), the present study indicated that the children were the age
group most sensitive to PAH contamination. Although the dietary expo-
sure of PAHs via the wheat grains for the children was less than that of
both the adolescents and the seniors, the body weight of children was
much lower (Table S1), resulting in higher ILCR value than adolescents
and seniors. In addition, due to their hand-to mouth activity, the dietary
exposure of PAHs via soils or dusts for the children was more than those
for the adults, adolescents and seniors (Wang et al., 2011, 2017).
Furthermore, early development of organ, nervous, and immune
systems could probably enhance the carcinogens sensitivity in children
(Maertens et al., 2008). Thus, the health risk for the children exposed to
PAHs in the wheat grains should be paid enough attention.

4. Conclusion

This paper attempted to report a pilot research on levels and health
risk assessment of PAHs in the winter wheat grains from areas influ-
enced by coal combustion in China. The present study showed that
the winter wheat grains were seriously contaminated with PAHs with
concentrations in the range of 69.6-557 ug kg™ . The bioaccessibility
of PAHs in the winter wheat grains (78.7%) was apparently higher
than that in animal-based foods (29.0-61.2%) and in fish (55.4%), re-
spectively. The present study indicated that most grains from areas af-
fected by coal combustion possessed significant cancer risk and the
children were the age group most sensitive to PAH contamination. Fi-
nally, the results of this investigation provide relevant information for
the regulation of PAHs in the wheat grain and for the safety of the
agro-products growing in the PAHs-contaminated areas.
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1. Introduction There seems to be a general misconception that air pollution is only an
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single largest environmental risk factor in China (Smith et al., 2004).
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result from indoor air pollution (Mestl et al., 2007; Smith and Mehta,
2003). Moreover, people (especially women and children) spend
majority of their time indoors and thus the potential health risks posed
by indoor air pollutants are of great concern. Therefore, it is critical to
characterize profiles and concentrations of health-damaging pollutants
in rural households.

An overwhelming majority of China's rural residents use solid fuels
(mainly including biomass and coal) for household cooking and heating
(Smith et al.,, 2004). The pollutants produced from combustion of solid
fuels include suspended particulates (PM;o and PM; 5), carbon monox-
ide (CO), carbon dioxide (CO,), nitrogen oxides (NOy), sulfur dioxide
(SO3) and heavy metals (Clark et al., 2013). Combustion of biomass
and coal is the dominant source of indoor air pollution in China (Ding
etal,, 2012; Zhang and Smith, 2007). The rural residents generally expe-
rienced a higher exposure to particular matter (PM) in indoor air than
the urban residents, even though the outdoor air particulate levels in
rural areas are much lower than in urban areas (Mestl et al., 2007).
Adverse health effects resulted from household air pollution due to com-
bustion of biomass and coal included respiratory illnesses, lung cancer,
chronic obstructive pulmonary disease, weakening of the immune sys-
tem, and reduction in lung function in China (Zhang and Smith, 2007).

With the rapid development of the economy and society, commer-
cial energies such as electricity and liquid petroleum gas (gas) are be-
coming more popular in Chinese rural households. In 2010, 23% of
rural households were reported to use clean fuels (gas or electricity)
as their main cooking fuel (NBS, 2012). The use of multi-fuels is a com-
mon feature of domestic energy in rural China mainly due to fuel avail-
ability. There may be day-to-day or seasonal changes in emissions of
indoor air pollutants because of changes in energy use patterns or hous-
ing conditions in rural China. It is recognized that understanding the
patterns of exposure to PM and associated metal(loid)s is required to
evaluate and design environmental health interventions, but only limit-
ed studies have been conducted to investigate the levels and temporal
patterns of indoor air pollutants using different types of domestic ener-
gy in rural China.

Jiang and Bell (2008) indicated that levels of PM;q in rural kitchens
are three times higher than those in urban kitchens during cooking in
Liaoning Province. Compared with Guizhou and Shaanxi Provinces
using coal as the primary domestic energy, both Inner Mongolia and
Gansu Provinces using biomass as the primary fuel had the highest
PM,4 concentrations (Jin et al., 2005). As the 3rd largest provincial pop-
ulation (94.06 million), Henan Province is also the 5th highest producer
and consumer (283.7 million tons) of coal and produces the largest
yield of winter wheat (31.77 million tons) in China (China Energy
Statistical Yearbook, 2012; China Statistical Yearbook, 2013). For many
years, both coal and crop residues have been, and still are the primary
domestic energy in rural Henan Province. Unfortunately, the status of
indoor air pollution in rural households in this province is still not
clear. It is hypothesized that the levels of household PM, 5/PM;, and as-
sociated metal(loid)s (As, Pb, Zn, Cd, Cu, Ni and Mn) in rural households
of Henan Province exceed China's indoor air quality standards and that
there are seasonal variations of PM and the associated metal(loid)s in
rural households using different types of domestic energy in the
province.

The main objectives of the present work were to: (1) characterize
PM, 5/PM;, and associated metal(loid)s (As, Pb, Zn, Cd, Cu, Ni and Mn)
in rural households of Henan Province; and (2) investigate differences
in PM, 5/PM;o and associated metal(loid)s among four types of domestic
energy (crop residues, coal, liquid petroleum gas and electricity).

2. Materials and methods
2.1. Characteristics of the sampling houses

The present investigations were conducted in nine households in a
village of Baofeng County (BF) and in three households in another

village of Fangcheng County (FC), both from Henan Province (Fig. 1).
The two villages are around 110 km apart. The selection of households
was based on the following criteria: (i) Houses possess similar struc-
tures (number and layout of rooms) that are typical in the selected
village; (ii) the stoves in the selected households are representative in
the village. Coal is a primary fuel used by nearly all households for
heating and by a majority of households for cooking in Baofeng County,
which is mainly dependent on coal-mine exploitation and agricultural
production. Crop residues are commonly used for cooking and heating
in Fangcheng County, mainly dependent on agricultural production.
Two kinds of clean fuels including liquid petroleum gas (gas) and elec-
tricity are also used in few rural households of Baofeng County for
cooking recently. Representative households using the four types of
domestic energy: crop residues, coal, electricity and gas were selected
for sampling.

The structure of selected households in the two villages is similar,
which is one-story consisting of a kitchen and living areas (with a sitting
room, two bed rooms and a storage room), and a yard with area of about
40-50 m?. Kitchens and living areas are usually separated and around
3-5 m apart. The sitting room has a door open to outside and is also con-
nected with the two bed rooms by entrance. The average area of kitchen
and sitting room is about 10-15 m? and 15-20 m?, respectively. Cooking
activities are usually limited in the kitchen. The cooking stoves using
coal have no chimneys, while the cooking stoves using crop residues
have chimneys. Ventilation in the kitchens is generally based on natural
draft. There is also a heating stove with a chimney in the sitting room,
which only operates in winter.

2.2. Collection of household PM> s and PM;o

To ensure that the samples are representative of the rural house-
holds in Henan Province, three households were selected for each
type of domestic energy used. At each of the households, four stationary
active samplers (7388MAS aerosol sampler, Zhongshan SLC Environ-
mental Technology Corp., China) were deployed, with two (PM; s and
PM;0) each in the kitchen and sitting room. In addition, two stationary
active samplers were also deployed in outdoor in one of the three
households which used the same domestic energy. A low volume air
sampler was used, with a flow rate of 5.0 L min~! (+5%). The sampler
was placed at least 1.0 m away from the wall or windows and approxi-
mately 1.0 m from the stove in the kitchen and sitting room. Levels of
outdoor PM; 5 and PM;o were measured in the yard of rural households,
approximately 1.0 m from the main house. Other criteria for selecting
the sampling positions included the accessibility to electricity, the safety
and stabilization of the samplers and avoidance of interference with
household activities. All stationary monitors were placed on a flat sur-
face at a height of approximately 1.2 m. During autumn (Sep to Oct
2012), the stationary sampling was conducted for nine consecutive
days and the filters (PM,s and PM;o) were changed and collected
every three days, while during winter (Jan 2013), the sampling was
done for six consecutive days and the filters (PM, s and PM;o) were
changed and collected every two days (Table 1). One sample of field
blank was taken for each sampling day. During sampling period, people
lived as usual except that they were asked not to smoke in the sampling
room. The flow rate of the sampler was checked and recalibrated by
adjusting the flow meter before and after sampling. All samplings
were conducted during days with no precipitation and wind speed
was lessthan3ms™ 1.

The filters (PM, s PTFE membrane, 46.2 mm in diameter, Whatman;
PM;0 QM-A quartz fiber filter, 47 mm in diameter, Whatman) were des-
iccated at 25 °C and relative humidity (40-50%) for at least 24 h and
then weighed (0.001 mg precision, Sartious Micro, Japan) before and
after sampling, respectively. The 24-h PM concentrations were calculat-
ed by dividing the blank-corrected increase in filter mass by the total air
volume sampled. All of the sampled filters were sealed in a petri dish
with parafilm and stored at — 25 °C in dark until chemical analyses.
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Fig. 1. Map of study area showing Baofeng County and Fangcheng County, Henan Province.

The filter blanks were treated in the same way as the samples for quality
control.

2.3. Digestion and analyses of heavy metals in PM5 s and PM;o

Half of the sampled filters was digested by the acid mixture (6 mL of
conc. HNO3 and 1.5 mL HCIO,), using a microwave accelerated reaction
system. Concentrations of As, Pb, Zn, Cd, Cu, Ni and Mn of the solutions
were determined with inductively coupled plasma mass spectrometry
(ICP-MS, Perkin-Elmer, Elan 9000). Blanks and standard reference
(indoor dust, SRM 2584) obtained from the US National Institute of
Standards and Technology were used for quality assurance. The recovery
rates of As, Pb, Zn, Cd, Cu, Ni and Mn in the standard reference were
within 79-105%.

24. Data analyses

Statistical analyses were conducted using SPSS 19.0 (SPSS Inc., USA).
Means of different groups were compared using one-way ANOVA test.
Prior to one-way ANOVA test, the data was log transformed to meet

Table 1
Sampling periods for PM, s and PM,,.

the normality assumption. Unless otherwise indicated, all treatment
means were tested for significant difference at p < 0.05.

3. Results

3.1. Concentrations of rural household PM s and PM;o during autumn and
winter in Henan Province

There were totally 168 valid PM; s and PM,o samples collected in the
two seasons. In Baofeng and Fangcheng, the mean concentrations of
PM, 5 and PM; were substantially higher in winter than in autumn at
all measurement points (Figs. 2-3) (many of the differences were
statistically significant at p <0.05). This indicated that winter heating
in the study area caused the seasonal variation of indoor air pollu-
tion. Among the valid samples, 92.9% PM, s samples and 87.5%
PM;, samples exceeded the 24-h health based guidelines for PM, 5
(65 ug m~ 3 recommended by U.S. EPA) (USEPA, 1997) and PM;,
(150 pg m~3 recommended by China) (GB/T, 18883-2002), respec-
tively (Figs. 2-3). During winter, the highest mean concentrations
of PM, 5 and PM; o (368.5 and 588.7 ug m~>) were recorded in sitting

Locations House Venue Main types of domestic energy Sampling period
Kitchen Sitting room Autumn Winter
FW A Kitchen, sitting room, outdoor Crop Crop 11-20 Oct 2012 23-29 Jan 2013
B Kitchen, sitting room 11-20 Oct 2012 23-29 Jan 2013
C Kitchen, sitting room 11-20 Oct 2012 23-31Jan 2013
BF A Kitchen, sitting room, outdoor Coal Coal 1-10 Sep 2012 1-7Jan 2013
B Kitchen, sitting room 1-10 Sep 2012 1-7 Jan 2013
C Kitchen, sitting room 2-11 Sep 2012 1-9Jan 2013
D Kitchen, sitting room, outdoor Gas Coal 10-19 Sep 2012 8-14Jan 2013
E Kitchen, sitting room 10-19 Sep 2012 8-14Jan 2013
F Kitchen, sitting room 11-20 Sep 2012 9-15Jan 2013
G Kitchen, sitting room, outdoor Electricity Coal 19-28 Sep 2012 15-21 Jan 2013
H Kitchen, sitting room 20-29 Sep 2012 15-23Jan 2013
] Kitchen, sitting room 19-28 Sep 2012 15-21 Jan 2013
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Fig. 2. Box plots of daily average PM, 5 concentrations in rural households of Henan Prov-
ince used different domestic energy during autumn (a) and winter (b). Three households
each were used to estimate PM, 5 concentrations for kitchens and sitting rooms and one
household for outdoor. The sampling was conducted for nine consecutive days and
PM, 5 were collected every three days in autumn and was done for six consecutive days
and PM, 5 were collected every two days in winter.

rooms in Baofeng, which were 5.7 and 3.9 times of corresponding
health based guidelines for PM; 5 and PM;, respectively. These implied
that levels of household PM, 5 and PM;g in rural Henan Province, es-
pecially during winter, posed a significant threat to human health.
Furthermore, the average indoor ratios of PM, s/PM;q in winter
(0.65 in kitchens and 0.71 in sitting rooms) were apparently higher
than those in autumn (0.59 in kitchens and 0.61 in sitting rooms), in-
dicating that PM;, comprised a large fraction of fine particles in the
winter.

3.2. Variations of rural household PM5 s and PM;q by types of domestic
energy used in Henan Province

Figs. 2-3 show that there were obvious variations of indoor PM; 5
and PM;, among four types of domestic energy used in rural Henan.
As expected, using coal resulted in significantly (p < 0.05) higher
PM, 5 and PM;q than those using the other three types of domestic en-
ergy in sitting rooms. Using electricity resulted in lower levels of indoor
PM, 5 and PM;o than using crop residues, coal and gas. PM, 5 concentra-
tions in kitchens using electricity were 122.2 and 246.9 ug m > in and
winter, which were 71.0%, 67.8% and 81.8% in autumn and 89.0%,
73.4% and 50.2% in winter of those using crop residues, coal and gas, re-
spectively. Surprisingly, using another clean energy, gas, resulted in ap-
parently higher kitchen PM, s in winter and significantly (p < 0.01)
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Fig. 3. Box plots of daily average PM;o concentrations in rural households of Henan Prov-
ince used different domestic energy during autumn (a) and winter (b). Three households
each were used to estimate PM;o concentrations for kitchens and sitting rooms and one
household for outdoor, respectively. The sampling was conducted for nine consecutive
days and PM;, were collected every three days in autumn and was done for six consecu-
tive days and PM;, were collected every two days in winter.

higher kitchen PM;q in autumn than using crop residues, coal and elec-
tricity, respectively.

3.3. Variations of rural household PM,s and PM;o concentrations in
kitchens, sitting rooms and outdoors in Henan Province

The present studies show that there are obvious spatial variations of
household PM, 5 and PM;, in different microenvironments of rural
Henan (Figs. 2-3). In autumn, the samples collected in kitchens had
higher PM, s and PM;, concentrations than those collected in sitting
rooms and outdoors, indicating that combustion of crop residues, coal
or gas and cooking are the main sources of indoor air pollution. Howev-
er, the levels of PM; 5 and PM; in winter varied among kitchens, sitting
rooms and outdoors and among the four types of domestic energy. The
highest level of PM, 5 and PM; ¢ in the microenvironments was recorded
in kitchens (306.6 and 581.8 pg m~>) using crop residues, in sitting
rooms (368.5 and 588.7 ug m~>) using coal and in outdoors (406.6
and 661.1 pg m™3) using gas, respectively. In autumn, outdoor PM, 5
concentrations in Fangcheng (130.3 pg m~>) were apparently higher
than in Baofeng (100.6 ug m ). In winter, outdoor PM; , concentrations
in Fangcheng (394.7 pg m~3) were apparently lower than in Baofeng
(607.5 ug m~2). In addition, PM, 5 levels were significantly (p < 0.05)
correlated with PM; loadings with correlation coefficients (R?) of
0.57 for kitchens, 0.84 for sitting rooms and 0.72 for outdoors in rural
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Henan (Fig. 4a—c). This indicated that PM, 5 and PM;q came from similar
particulate emission sources.

3.4. Concentrations of As, Pb, Zn, Cd, Cu, Ni and Mn in household PM> s and
PM;o

Tables 2-3 shows the mass concentrations of As, Pb, Zn, Cd, Cu, Ni
and Mn in household PM, 5 and PM; of rural Henan Province. Zn, Pb
and Mn were the most abundant elements in both PM, 5 and PM;, of
which Zn had the highest concentration, and then Pb, while Cd and Ni
were the lowest. The highest concentrations of As (143.5 pg m—>) and
Zn (1039 pg m~3) in PM;, were recorded in sitting rooms using coal
during winter, and the lowest concentrations of As (7.70 pg m™>), Zn
(61.13 pg m~>) and Pb (54.21 pg m~—3) in PM,q in sitting rooms using
electricity during autumn. Similar to the changing trend of PM, s and
PM,, levels of As, Pb, Zn, Cd, Cu, Ni and Mn in household PM, 5 and
PM; o were substantially higher in winter than in autumn at all measure-
ment points (Tables 2-3) (mostly significantly different at p < 0.05). In
autumn, the levels of As, Pb and Zn in PM, 5 and PM;, from kitchens
and sitting rooms using coal were significantly (p < 0.05) higher than
those using crop residues, gas and electricity. In winter, the levels of
As, Pb and Zn in PM; 5 and PM;, from kitchens and sitting rooms
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Fig. 4. Relationship between PM;, and PM, 5 concentrations (ug m~—2) in kitchen (a),
sitting room (b) and outdoor (c).

using crop residues were significantly (p < 0.05) lower than those
using coal, gas and electricity.

4. Discussion

The present study shows that higher levels of PM, 5 and PM;q and
associated metal(loid)s in rural Henan Province were recorded in win-
ter. Either in indoors or in outdoors, the mean concentrations of PM, 5
and PM; in the two counties of Henan Province exceeded the health-
based standards for PM, 5 and PM;, in ambient (outdoor) environment
(GB/T, 18883-2002; USEPA, 1997). It can be observed that mean
concentrations of PM,s and PM; in kitchens during winter were
59.2-140.4% and 30.5-145.1% higher than during autumn, respectively.
The average PM, 5 concentration of kitchen using crop residues during
winter was 306.6 ug m > in rural Henan, which was 1.71 times higher
than that in rural Tibet (178.89 ug m~2) (Gao et al., 2009). The present
study added to the growing body of evidence that solid fuel (crop resi-
dues and coal) can result in highly elevated levels of indoor air pollution,
which in turn can contribute to adverse health effects. Epidemiology
surveys showed that long-term exposure to PMq is associated with
an increased risk of lung cancer (Beeson et al.,, 1998; Pope et al.,
2002). The Chinese population suffers from a high health burden of
lung disease and respiratory disease, which are primary causes of
death in rural China (Schmidt, 2002). It is vital for in-depth studies of
the current status of indoor air pollution and their health effects in
households of rural China, and then based on these, to enhance the de-
sign of policies and interventions for addressing this pressing problem.

The present study also showed that there were apparent spatial var-
iations of household PM, s and PM;y concentrations in rural Henan
(Figs. 2-3). The highest concentrations of PM, 5 and PM; were record-
ed in kitchens among the three microenvironments (kitchen, sitting
room and outdoor) of rural Henan in autumn. Daily average PM; 5 con-
centrations in kitchens, sitting rooms and outdoors were 156.0 ug m™>,
116.4 ug m—> and 108.0 ug m~3 in autumn, respectively. In winter, the
highest PM, 5 (368.5 ug m~>) and PM; (588.7 ug m—>) were recorded
in sitting rooms. This indicated that heating practice is a prominent de-
terminant of indoor air quality in rural Henan, similar to other studies
conducted in other rural areas (Inner Mongolia, Gansu, Shaanxi, and
Guzhou) of China (Fischer and Koshland, 2007; He et al., 2005; Jin
et al., 2005). In Baofeng, the outdoor PM;q concentrations in winter
were not as low as expected and even higher than in kitchens and sit-
ting rooms, which might be due to the coal mine activities close to
the village. Henan Province is one of the highest producers and con-
sumers of coal in China (China Energy Statistical Yearbook, 2012).
Moreover, it can be observed that the outdoor levels of PM; 5 in
Fangcheng (130.3 ug m~>) were 30% higher than those in Baofeng
(100.6 ug m~3) in autumn, which might be due to the open burning
of maize stalk close to the village in Fangcheng. Yan et al. (2006) in-
dicated that the open burning of agricultural residues occurred fre-
quently during harvest seasons in several provinces, including
Henan, Hebei, Shandong, Jiangsu, and Anhui, based on satellite pictures
from the FY-1 earth observation satellite. The average PM, 5 emission
factor from maize stove is 11.7 + 1.0 g kg~ ! of biomass (dry basis) (Li
et al., 2007).

The present study indicated that higher levels of PM, 5 and PM;q
were recorded in households using crop residues and coal than using
electricity in rural Henan (Tables 2-3). Household PM, 5 concentrations
(231.4-306.6 pg m~>) using crop residues in Henan were significantly
lower than PM, concentrations in Inner Mongolia (>700 pg m~>) and
Gansu (351-661 pug m™~3) where biomass is the primary fuel (Jin et al,,
2005). The lower concentrations of PM; 5 in Henan reflect its warmer
temperature and lower heating hours in winter. In addition, household
PM, s concentrations (286.9-368.5 ug m~2) using coal in Henan were
comparable with PM, concentrations in Guizhou (301-352 ug m™2)
and Shaanxi (187-329 pg m™3) where coal is the primary fuel (Jin
et al., 2005).



Table 2

Mass concentrations of heavy metals in PMjs at different monitoring sites in rural households of Henan Province used different domestic energy during autumn and winter (pg m™

F. Wu et al. / Science of the Total Environment 512-513 (2015) 194-200

mean =+ SD, n = 9 for kitchen and sitting room, n = 3 for outdoor).

199

3

’

Venue Energy As Pb Zn Cd Cu Ni Mn

Autumn

Kitchen Crop 5414+ 3.78b 62.33 £ 28.67b 1213 £ 79.68 a 241 +£1.28a 877 £522b 243 +£135a 33.26 £+ 15.03 ab
Coal 1530 4+ 10.38 a 128.8 +99.21a 203.7 £ 157.4a 267 +£195a 15.03 +9.39a 1.94 + 0.89 ab 2388 +£7.41b
Gas 12.86 + 12.56 ab 38.92 +2891b 1794 + 2234 a 3.66 + 4.46 a 7.48 +3.33b 142 4+0.70b 2426 898 b
Electricity 6.90 £3.74b 54.80 £ 26.27 b 101.2 £ 6792 a 1454+ 0.73a 10.04 + 3.63 ab 1.92 4 0.40 ab 37.78 £ 11.15a

Sitting room Crop 5354+ 236b 47.18 £19.34b 99.17 £53.32b 221 +£084ab 838 £340a 182+ 1.12a 2754+ 1121a
Coal 1630 + 1344 a 113.0 +98.13 a 2453 £ 2643 a 2.78 + 1.56 ab 11.92 £ 5.62a 2.10 + 046 a 26.60 £+ 10.82a
Gas 9.29 £ 532 ab 107.9 &+ 85.74 ab 137.6 + 72.29 ab 375+321a 997 £6.15a 215+ 1.77a 3030 £ 1243a
Electricity 472 £324Db 46.52 +23.94b 75.82 £42.77b 1.69 + 0.73 b 8.07 £ 2.68a 1354+ 045a 2935+923a

Outdoor Crop 6.92 +396a 67.20 +£39.25a 160.7 + 113.7 a 254 +131a 10.80 + 6.11a 2.14 + 0.92 ab 40.66 + 27.80 a
Coal 14.46 - 846 a 94.50 £+ 38.81a 187.1 £ 1424 a 2.00 £ 094 a 14.28 £ 10.05a 2.30 + 0.62 ab 4239 +6.34a
Gas 11.60 £ 3.92 a 66.43 £ 1391a 132.0 £ 1565 a 1.96 + 0.63 a 1091 +6.35a 123 +£0.10b 3439 £965a
Electricity 9.00 £6.87a 63.03 £36.70a 127.6 +£7030a 1.64 +0.90 a 10.45 + 5.62 a 331+£1.19a 37.78 £825a

Winter

Kitchen Crop 2695+ 7.60b 181.6 £ 54.13b 278.5 £57.83b 10.03 + 15.78 a 2828 £948a 782 +£6.15a 3388 £11.61b
Coal 50.90 £+ 33.19a 400.3 4+ 240.6 a 609.7 + 455.5 ab 582 +234a 3413+ 1721a 288+ 132b 7299 +£31.23a
Gas 4728 £23.25ab 280.9 + 115.5ab 8725+ 847.0a 13.71 + 1849 a 3940 +£523a 5.10 + 0.70 ab 79.54 + 1390 a
Electricity =~ 40.14 £+ 21.31 ab 2919 + 1419 ab 629.0 + 303.8 ab 6.87 £3.62a 39.72 £21.29a 5324+ 3.29ab 82.38 £ 46.42a

Sitting room Crop 22,66 +£7.22c 133.7 £29.52b 2436 £74.19b 427 £139b 25.33 £ 7.82bc 3.85 £ 1.02ab 3128 £937c
Coal 30.55 4 19.31 bc 3456 +£272.1a 310.8 +3.94 ab 3944241b 1732+ 16.23 ¢ 233+ 1.80b 51.05 £ 38.55 bc
Gas 55.99 + 26.18 a 3746 £ 139.2a 628.4 + 2369a 6.62 + 3.26 ab 35.87 £ 12.11ab 447 +£251a 74.53 £ 5145 ab
Electricity =~ 43.98 + 24.91 ab 265.8 + 178.0 ab 647.0 £ 456.5a 7.46 £3.99 a 4019+ 1717 a 447 £ 2.18a 9141 £ 41.77 a

Outdoor Crop 30.40 & 6.74 ab 191.2 +21.60 ab 382.1 4+ 2647 ab 4.68 £ 0.56 ab 28.65 + 1.56b 6.51+091a 50.68 + 0.55 ab
Coal 17844+ 7.78b 186.1 + 65.35 ab 457.8 4+ 257.8 ab 3.38 £ 1.66 ab 1550 + 5.74 ¢ 279 £1.38b 80.36 £ 24.80 a
Gas 35.74 £942a 2789 £ 62.62a 5782 £ 7443 a 541 +£137a 3732 +£326a 543 £091a 83.10 £ 19.53a
Electricity 1739+ 7.28 b 94.45 + 49.69 b 250.5 +£78.84b 255+125b 7.28 + 4.66d 2.67 +£143b 33.67 £27.53b

Different letters within the same column indicate significant difference between different domestic energy used at the level of p < 0.05.

The present study suggested that replacing crop residues or coal
with cleaner energy like electricity would improve indoor air quality,
and exposure to PM, s and PM;g by rural residents with a reduction of
13.5-22.2% and 8.9-37.7%, respectively. However, PM; 5 concentrations
in kitchens using another cleaner energy (gas) were comparable with
using crop residues and coal, and the corresponding PM;o concentra-
tions were significantly (p < 0.05) higher in autumn than using crop

Table 3

Mass concentrations of heavy metals in PMj, at different monitoring sites in rural households of Henan Province used different domestic energy during autumn and winter (pgm™>,

residues and coal (Figs. 2-3). Fischer and Koshland (2007) also ob-
served that the use of “improved” fuel (gas) for cooking was associated
with significantly worse air quality on both peak and daily measures of
CO and PM. The present results were inconsistent with the results noted
by Gao et al. (2009), which indicated that using methane (a cleaner en-
ergy) resulted in lower PM; 5 concentrations in kitchens than using dry
dung cake and fuel wood in rural Tibet in winter. The main reasons may

3

mean + SD, n = 9 for kitchen and sitting room, n = 3 for outdoor).

Venue Energy As Pb Zn Ccd Cu Ni Mn

Autumn

Kitchen Crop 10.68 4+ 3.84 b 84.73 £33.09b 141.5 4+ 68.97 ab 247 £1.04b 16.61 4+ 23.61 a 253 +£167a 52.76 3146 a
Coal 32.154+29.58a 2599 42242 a 263.2 +216.0a 3.63 4+ 2.01ab 18.39 + 16.01 a 285+239a 57.62 +£10.59 a
Gas 24.26 + 10.78 ab 1224 +£39.07b 203.9 + 130.6 ab 485+ 3.16a 9.93 +£6.96a 138 +0.81a 6145 + 27.18a
Electricity 1191+ 4.77b 69.22 £+ 20.15b 81.95 £ 32.86b 2.65+2.16b 1049 +2.77 a 281 £064a 67.59 £+ 10.68 a

Sitting room  Crop 11.75 £ 4.94b 75.76 £37.45b 1423 £ 95.24b 2.57 + 1.23 bc 1691 + 18.86 a 479 £ 8.06a 57.55 + 44.05 ab
Coal 29.72 £ 16.55a 1909 + 1173 a 256.9 4+ 1485a 500 +2.17a 16.50 +9.16 a 293 +£264a 81.42 + 2697 a
Gas 16.67 £ 10.98 b 119.5 £ 79.99 b 139.0 £ 65.54b 3.81+ 1.79ab 16.13 + 10.62 a 256 +£192a 50.06 4 28.75 b
Electricity 7.70 £382b 54,1 £ 21.14Db 61.13 £34.70 b 1414+ 049c 732+ 158a 2.08 £084a 49.04 +11.26b

Outdoor Crop 1284 +£631b 91.98 4+ 60.90 b 1522+ 1175a 246 +143a 973 £11.19a 338+ 0.79b 48.80+29.24b
Coal 26.76 + 6.48 a 1544 + 33.01 a 2239 +£1142a 3.04+120a 13.65 + 14.21a 505+ 272a 7334+ 15.61a
Gas 1730 £ 9.34b 83.85 £34.92b 112.7 £ 67.06 a 262+ 1.17a 16.60 + 11.03 a 280 £049b 64.01 £571b
Electricity 13.58 £10.27b 8749 £5032b 94.66 + 89.27 a 249 +228a 12,62 +4.35a 3.05 4+ 056 b 86.67 &+ 9.81 ab

Winter

Kitchen Crop 3130+ 4.53b 2153 £ 28.01b 2113 £51.20b 749 +£429a 25.24 £ 8.67 ¢ 534+ 1.69b 83.80 £ 31.08 b
Coal 69.56 & 24.96 a 4089 4+ 2449ab  536.3 +344.2a 749 £242a 35.73 £+ 16.39 bc 10.14 £ 4.69 a 79.38 +32.83 b
Gas 77.05 + 40.73 a 3289 +223.7ab  608.1 4+ 456.4a 10.04 + 6.39a 39.72 £ 9.60b 7.43 +£2.03ab  89.76 +23.82b
Electricity =~ 64.57 4 24.14a 553.5+£339.2a 713.1 £316.0a 9.05 +3.27a 55.18 £ 14.57 a 6.92 £259b 130.6 £ 5436 a

Sitting room  Crop 28.79 £ 6.54 ¢ 191.7 + 40.52 b 213.5 4+ 5296 ¢ 496 +£1.27b 26.29 4+ 10.65a 592 +2.04b 83.61 +£2294a
Coal 1435+ 7324 a 378.5 4+ 282.0ab 1039 + 6243 a 937 +£322a 4249 +29.25a 13.68 4+ 6.42 a 84.11 £+ 34.02a
Gas 7347 £32.75b 440.1 4+ 229.7 a 476.5 4+ 278.5 bc 742 +355ab  36.88 +11.24a 9.11 £280b 92.08 £+ 4290 a
Electricity =~ 55.24 4+29.22bc  406.7 4 239.3 a 589.2 + 286.8b 741 £386ab  41.85 4 2445a 727 £235b 1129 £ 5350 a

Outdoor Crop 35.42 4+ 10.56 b 235.2 4+ 30.26b 312.24+93.87a 564 +1.13a 3264 +5.12a 577 £2.02b 128.6 + 2046 a
Coal 5425+ 1942ab 2463 £ 1159ab 5208 2388 a 8.66 + 536 a 31.16 £ 25.25a 12.91 + 4.53 ab 190.1 +£ 1104 a
Gas 86.31 £36.35a 4799 4+ 1424 a 7214 £207.1a 1174+ 421a 59.13 £ 18.12a 1744 & 544 a 1399 +3149a
Electricity =~ 53.39 4+ 16.09ab  365.5 4+ 1729ab 4947 +301.0a 6.79 + 4.67 a 25.86 + 16.85a 8.01 £3.09b 96.04 £+ 28.51a

Different letters within the same column indicate significant difference between different domestic energy used at the level of p < 0.05.
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be due to both the architectural style and living habits of the resi-
dents in Tibet are quite different from Henan. Moreover, Mestl
et al., 2007 indicated that the indoor air pollution levels are generally
influenced by other sources such as cooking oil fumes, incense burning
and smoking.

The present study demonstrated that concentrations of As, Pb and
Zn associated with PM, s/PMq in kitchens using coal were substantially
higher than using crop residues, gas and electricity (Tables 2-3). Unlike
biomass, many coals in China contain toxic trace elements such as Ni, Cr,
As, F, Pb, Zn and Hg mainly due to epigenetic mineralization (Finkelman
et al, 1999; Liu et al., 2007). These metal(loid)s could not be destroyed
during combustion, but are released into air in their original or oxidized
form. By contrast, concentrations of As, Pb and Zn in PM, 5/PM;q in
kitchens using crop residues were substantially lower than using coal,
gas and electricity, especially in winter (Tables 2-3). These indicated
that metal(loid)s concentrations in household PM, s and PMy in rural
Henan varied among the four types of domestic energy. In addition, con-
centrations of As, Pb, Zn, Cd, Cu, Ni and Mn in household PM, 5 and PM;¢
exhibited seasonal variations, similar with the trend of PM, 5 and PM;.
Zn, Pb and Mn were the most abundant elements in both PM, 5 and
PM;, during both autumn and winter. Hu et al. (2012) also observed
that Zn, Pb, Mn and Cu were the most abundant elements among the
studied metal(loid)s in both outdoor TSP and PM, 5 in Nanjing, China.
It has been shown that oxidative damage caused by both indoor and
outdoor PM;, at Hutou village, Xuan Wei, the village with the highest
lung cancer rate (or incidence), was obviously higher than that in Xize
village, Xuan Wei, China. Furthermore, the levels of water-soluble As,
Cd, Cs, Pb, Sb, Tl and Zn in PM;, could be the most important compo-
nents responsible for the higher oxidative capacity of indoor PM;q in
Hutou Village (Shao et al., 2013). The present study indicated that As,
Pb and Zn in PM; s and PM;q from kitchens and sitting rooms using
coal were apparently higher than those using crop residues. These
suggested that oxidative damage caused by indoor PM;, using coal
was obviously higher than that using crop residues. However, further
investigations are essential before a more concrete conclusion can be
drawn.

5. Conclusion

In the present study, multiple pollutants, including PM, s, PM ;o and
associated metal(loid)s (As, Pb, Zn, Cd, Cu, Ni and Mn) were investigat-
ed in rural households using four types of domestic energy in Henan
Province. The results showed that particulate matter (PM, s and PM;q)
and associated metal(loid)s varied among the two seasons and the
four types of domestic energy used. Mean concentrations of PM; 5
and PM, in kitchens in winter were 59.2-140.4% and 30.5-145.1%
higher than those in autumn, respectively. Using coal can result in
severe increase of indoor air pollutants including PM and associated
metal(loid)s compared with using crop residues, electricity and gas
in rural Henan. The concentrations of PM; 5 and PM; taken in by rural
residents would be roughly reduced by 13.5-22.2% and 8.9-37.7% when
using electricity, leading to a significant improvement in indoor air

quality.
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holds of Henan Province, China, which used four types of domestic energy [crop residues, coal, liquid petroleum
gas (LPG) and electricity] for cooking and heating. The present results show that there were significantly
(p <0.05) seasonal variations of particulate-bound PAHs in the rural households. The daily mean concentrations
of particulate-bound PAHs in the kitchens, sitting rooms and outdoors were apparently higher in winter than
those in autumn, except those in the kitchens using coal. The present study also shows that there were obvious
variations of particulate-bound PAHs among the four types of domestic energy used in the rural households. The
households using LPG for cooking can, at least in some circumstances, have higher concentrations of PAHs in the
kitchens than using crop residues or electricity. In addition, using coal in the sitting rooms seemed to result in ap-
parently higher concentrations of particulate-bound PAHs than using the other three types of domestic energy
during winter. The most severe contamination occurred in the kitchens using LPG in winter, where the daily
mean concentrations of PMs s-bound PAHs were up to 762.5 + 931.2 ng m >, indicating that there was serious
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health risk of inhalation exposure to PAHs in the rural households of Henan Province. Rural residents' exposure to
PM, s-bound PAHs in kitchens would be roughly reduced by 69.8% and 85.5% via replacing coal or crop residues
with electricity in autumn. The pilot research would provide important supplementary information to the indoor
air pollution studies in rural area.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

More than 70% of China's households rely on solid fuels (mainly
wood, crop residues and coal) for domestic energy, especially in rural
areas (Smith et al., 2004). The combustion of biomass and coal is the
dominant source of indoor air pollution in China and contributes signif-
icantly to the total burden of ill health (Zhang and Smith, 2007). Bio-
mass burning, domestic coal combustion and coking industry resulted
in 60%, 20% and 16% of the total emission of polycyclic aromatic hydro-
carbons (PAHs) in China, respectively (Xu et al., 2006). As an important
component of indoor air pollutants resulting from household combus-
tion of the solid fuels, PAHs have partially caused higher risks for lung
cancer, especially in developing countries (Straif et al., 2006). Inhalation
exposure to ambient air PAHs is estimated to cause 1.6% of total lung
cancer morbidity in China (Zhang et al.,, 2009). Moreover, a number of
studies noted that indoor air can be many times more contaminated
than outdoor air (Jiang and Bell, 2008; Wong et al., 2004). Given that
most people (especially women and children) spend the majority of
their time indoors and thus the potential health risks posed by indoor
air PAHs are more serious. Therefore, it is critical to investigate levels
of PAHs in rural households of China.

Previous studies have investigated indoor air PAHs in urban areas.
Gustafson et al. (2008) found that the total PAHs cancer potency was
significantly higher (about 4 times) in the wood-burning homes than
the reference homes in a Swedish residential area. Masih et al. (2010)
showed the spatial trend of total PAHs in the house at urban sites in
North India, with kitchen > living room > outdoors. Total concentrations
of PAHs ranged from 425 to 36,200 ng m~> in residential air in
Hangzhou, China, with the highest concentrations recorded in the
kitchens (Zhu et al., 2009). However, there are only limited studies
investigating indoor air PAHs in rural China. Furthermore, serious con-
centrations of PAHs have been recorded in these limited studies (Ding
et al., 2012; Lu et al., 2006; Mumford et al., 1990). Up to 3249 ng
benzo(a)pyrene m~> was measured in rural households of Xuanwei
(Mumford et al., 1990), which was over 3000 times of China's Indoor
Air Quality Standards for BaP (1.0 ng m~>) (GB/T, 1883-2002). Gener-
ally, PAHs are distributed between vapor and particulate phases in air
and harmful PAHs with 5-6 aromatic rings are predominantly found
in particulates (Lu and Chen, 2008; Slezakova et al., 2011). Allen et al.
(1996) indicated that over 90% of PAHs in atmospheric aerosols are as-
sociated with PM, 5 (aerodynamic diameter < 2.5 um). However, PAHs
partition between PM, 5 and PM;, (aerodynamic diameter < 10 um) is
yet unknown in rural China.

Recently, both electricity and liquid petroleum gas (LPG) are becom-
ing more popular in rural China. In 2010, 23% of rural households used
clean fuels (LPG or electricity) as their main cooking fuel (NBS, 2012).
The use of multi-fuels is a common feature of domestic energy in rural
China mainly due to fuel availability. Presumably, there may be day-
to-day or seasonal changes in PAH emission resulting from changes in
patterns of energy use and/or housing conditions (such as house struc-
ture) in rural China. However, spatial and temporal patterns of PAHs in
rural households using different types of domestic energy are still
unclear in China.

The main objectives of the present study were to: (1) determine the
seasonal variation of concentrations and distribution patterns of PAHs
associated with PM, 5 and PM; ¢ in rural households of Henan Province
and; (2) investigate differences in particulate-bound PAHs among four
types of domestic energy (crop residues, coal, LPG and electricity) used.

2. Materials and methods
2.1. Sampling of PM5 s and PM;o

Henan Province is located in central China, where coal and crop
residues are the primary domestic energy in rural areas. Two kinds of
clean fuels: LPG and electricity, are also used in a few rural households
for cooking more recently. Coal is a primary fuel used by nearly all
households for heating and by a majority of households for cooking in
Baofeng County (BF) of Henan Province, which is mainly dependent
on coal-mine exploitation and agricultural production. Crop residues
are commonly used for cooking and heating in Fangcheng County (FC)
of Henan Province, mainly dependent on agricultural production. Dur-
ing the sampling period, three households of FC and three households
of BF were requested to use crop residues or coal only for cooking and
heating, respectively. In addition, another six households of BF were re-
quested to use coal only for heating, half of them were requested to use
LPG or electricity only for cooking, respectively. Main types of domestic
energy used in the sampling houses of Henan Province are summarized
in Table 1. At each of the household, four stationary active samplers
(7388MAS aerosol sampler, Zhongshan SLC Environmental Technology
Corp., China) were deployed, with two (PM, 5 and PM;q) each in the
kitchen and sitting room. In addition, two stationary active samplers
were also deployed in outdoor in one of the three households which
used the same domestic energy. The stationary sampling was conducted
for nine consecutive days and the filters (PM, s and PM;o) were changed
and collected every three days during autumn (Sep to Oct 2012), while
the sampling was done for six consecutive days and the filters (PM, s
and PM;o) were changed and collected every two days during winter
(Jan 2013). Totally 168 PM, s and PM;o samples were collected in
kitchens, sitting rooms and outdoors from the 12 households. Details
of the selection criteria and structure of the sampling households,
sampling and the treatment of filters of PM; 5 and PM; were previously
described (Wu et al., 2015).

Table 1
Main types of domestic energy used in the sampling houses of Henan Province.
Locations House Autumn Winter
Kitchen Sitting Kitchen Sitting
room room
Fangcheng A Crop No energy Crop Crop
County (FC) B Crop used for  Crop Crop
C Crop heating Crop Crop
A Coal No energy Coal Coal
B Coal used for  Coal Coal
C Coal heating Coal Coal
Baofeng D Liquid No energy Liquid Coal
County (BF) petroleum gas petroleum gas
E Liquid used for  Liquid Coal
petroleum gas petroleum gas
F Liquid heating Liquid Coal
petroleum gas petroleum gas
G Electricity No energy Electricity Coal
H Electricity used for  Electricity Coal
] Electricity heating Electricity Coal
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2.2. Extraction and analysis of PAHs

Half of the sampled filters (PM,s and PM;o) were Soxhlet extracted
for 16 h with 100 mL of n-hexane/acetone/DCM mixture (1:1:1)
(USEPA, 1996). The concentrated extracts were clean up using a florisil
column (15 cmi silica gel, and 1 cm anhydrous sodium sulfate from bot-
tom up, pre-eluted with 20 mL n-hexane) with 70 mL hexane/DCM
mixture (1:1) as elution solvent. The silica gel was baked at 450 °C for
6 h, activated at 300 °C for 12 h, and deactivated with deionized water
(3%, w/w) prior to use. The anhydrous sodium sulfate was baked at
450 °C for 8 h. The eluant was concentrated to 1 mL, solvent exchanged
to hexane, and spiked with 320 ng deuterated PAHs (naphthalene-ds,
acenaphthene-d;o, phenanthrene-d,o, chrysene-d,, and perylene-d;,).
PAHs were analyzed using gas chromatographic mass spectrometry
(GC, HP 6890, HP 5973, 30 m Agilent DB-5MS UI capillary column)
in electron ionization mode. The oven temperature was programmed
as the following: initial temperature at 100 °C, increased to 300 °C at
a rate of 8 °C/min and held for 20 min, using He as the carrier gas.
Data were scanned from 35 to 500 mass units. The target PAHs and
their derivatives were identified based on retention time and quali-
fying ions of the standards in selected ion monitoring mode (SIM).
Sixteen US EPA priority PAHs were measured in the present study:
naphthalene (NAP), acenaphthylene (ACY), acenaphthene (ACE),
fluorene (FLO), phenanthrene (PHE), anthracene (ANT), fluoran-
thene (FLA), pyrene (PYR), benzo(a)anthracene (BaA), chrysene
(CHR), benzo(b)fluoranthene (BbF), benzo(k)fluoranthene (BKF),
benzo(a)pyrene (BaP), indeno(1,2,3-c,d)pyrene (IcdP), dibenzo(a,h)-
anthracene (DahA), and benzo(g,h,i)perylene (BghiP). BbF and BKF
co-eluted and therefore were quantified together.

2.3. Quality control

All the glassware were cleaned using an ultrasonic cleaner and heat-
ed to 450 °C for 8 h. Each of the four field blanks were analyzed with the
true samples obtained in autumn and winter, respectively. An interna-
tional standard reference material of house dust (SRM 2585) obtained
from the National Institute of Standards and Technology (NIST), USA
was used for calibration and analytical control. A method blank, a
standard reference material (SRM 2585) and a sample duplicate were
analyzed in parallel with each batch of 10 filter samples. The coefficient
of variation of PAH concentrations between duplicate samples was less
than 10%. PAHs were identified on the basis of retention times relative
to five deuterated internal standards (Nap-dg, Ace-d;o, Phe-dq, Chr-
dyo, and Per-d;,). The recoveries based on SRM for individual PAH
ranged from 65% to 127%.

24. Data analyses

NAP was not included in the total PAHs reported in the present study
because of its lower recovery and higher percentage in the total PAHs.
Statistical analyses were conducted using SPSS 19.0 (SPSS Inc., USA).
Means of different groups were compared using one-way ANOVA test.
Prior to one-way ANOVA test, the data was log transformed to meet
the normality assumption. Unless otherwise indicated, all treatment
means were tested for significant difference at p < 0.05.

3. Results

3.1. PAHs in household PM5 s and PM in rural Henan during autumn and
winter

Table 2 shows the geometric mean concentrations of PM; s-bound
and PM;o-bound PAHs in rural households of Henan Province during
autumn and winter. The daily mean concentrations of particulate-
bound PAHs in the kitchens, sitting rooms and outdoors in winter
were apparently higher than those in autumn, except those in

Table 2

Summary of measured PAHs in PM, 5 and PM; in rural households using four types of domestic energy in Henan province during autumn and winter (mean = S.D., n = 9 for kitchen and sitting room, n = 3 for outdoor, ng m—>).

Outdoor

Sitting room

Kitchen

PAHs

PM

Electricity

Crop Coal LPG

Electricity

Coal LPG Electricity Crop Coal LPG

Crop

Autumn

PM; 5

318 £1.51b 321+131b 471+149b 1529+ 547a 4844 2.69b 431+ 1.52b 425+ 1.29b 1452 £ 6.57a 221+0.71b 349+0.71b 520+ 0.65b
308.8 +-384.4ab 472.1 +476.1a 40.64 +12.90b 2555 +4073a 4858 +£1691b 43054+ 1191b 4992 +1094a 3261 +214a 4048 + 15.60 a

1939+ 11.05a

LMW PAHs*

41.07 £ 1050 a

2533 £6.90b
40.62 4+ 1055b 260.4 £+ 407.2a 52.89 4+ 17.60 b

130.7 £ 95.71b

HMW PAHs?
> PAHs®

6444 £575a 3482 +£259b 4456 £ 10.05b 45.68 4+ 1499 b

473 £1195b
10.04 £ 3.28b

312.0 4+ 385.2ab 475.3 +£476.2a 4535+ 14.00b

79.88 £ 106.4ab 1113+ 113.0a

150.1 4 104.8 b
2748 £21.92b

6.63 £ 0.84a 879 +£248a 749 £3.05a

9.85+292a

334+194b 66.65+113.8a 11.3+450b

7.75 £ 4.05b

TEQs-PAHs¢
Winter

15554+248a 16.06 +1822a 21.874+19.18a

870 £ 2.96a

3418 £47.93a 2633 4+ 1051ab 20.64 +8.85ab

15.70 + 6.21b 11.61 +£3.77b 62.83 +81.07a 1482+ 1045b 7.36 + 1.66 b

LMW PAHs

166.4 4+ 45.64a 109.9 4+ 59.69ab 82.03 £+ 26.52b

1819 +£47.73a 1259 4+ 64.12 ab

13824+ 1064b 190.7 £ 95.66 ab 80.44 & 19.20 b
1644 £ 6.54a

52.02 £ 13.58b 62144+9320a

144.6 4- 7445 Db
159.4 4+ 81.94 b

113.1 £ 147.7a 25.06 +12.20b

699.6 + 868.5a

154.1 4 70.64 b
165.7 £ 7345b

2059 £ 1383 b
2244 +£13.64b

HMW PAHs
3" PAHs

103.9 4 42.23 ab
10.67 £2.82a

164.6 +100.6b 2114 +£94.82ab 89.13 +22.10b

59.37 £ 1430b 655.54+979.7a
5.65+3.02b

7625 +931.2a

2216 +1437b

14.02 £ 10.05a

111.24+£185.7a 22.55+20.18ab 3341+ 1749ab 13304 285a

30.82 £ 2347b

TEQs-PAHs
Autumn

PM;o

3.37 4+ 1.05 bc 541 +064a
3899 + 1586a

2.08 +£0.62 ¢

4,68 £+ 1.62 ab
49.90 4+ 10.94a 36.65+5.35a

279 £0.98b 354+ 187ab 2974+ 1.10b 322+ 1.00a 276 £ 0.60 a 292+ 130a 373 +£158a
340.0 £ 463.0a 5343 4+16.61b 3999 + 14.76b
5458 £997a

2739 +288.0ab 6379+ 803.3a 43.09+ 13.71b

457 +£1.08a
1315+ 75.05b

136.0 + 76.01 b

LMW PAHs

48.81 + 18.14a

31.63 £5.82b

HMW PAHs
> PAHs

5218 £17.10a 444+ 1649 a

3873 £5.15a

4372 +£1521b

3428 £463.2a 56344 16.52b

3485 +£5.51b

276.7 £ 287.7ab 6414 +8043a 46.06 4+ 14.01b

66.38 £ 79.25ab 1455 4+ 199.7 a

3.60+1.84b 8532+ 1242a 1088 £5.06b 6.93 £+ 3.69b 6.67 £3.19a 6.19 +£040a 998 +3.78a 648 +£3.33a

722 4+3.01b

2214 £ 1470b

TEQs-PAHs
Winter

994 +582a 876 +£3.50a 1499 4+ 13.75a 1218 +£3.36a 644+ 087a 2185+ 385a 714+ 163a 828 £3.69a 583+122b 1524+ 745a 11.11+241ab 10.68 + 2.04ab
164.8 & 77.05ab 66.84 +£15.10b 288.2 + 183.1a 147.0 & 53.00 ab

267.8 +£144.0ab 16454+ 97.29b

LMW PAHs

134.4 4 26.76 ab

167.0 £92.48b 58.12+948b 7323 +£1181a 97.78 +44.56b

622.2 +832.1a

HMW PAHs
> PAHs

17314+ 76.83ab 72,67 £16.11b 30344 190.2a 158.1 +£55.36ab 145.1 £ 27.14ab

26.19 £ 14.00 ab

1049 + 4534 b
12144+ 722D

6455+931b 7541+ 1220a

179.2 +£9495b

9524 4+ 1354a 2823 4+2491ab

637.2 £ 841.7 a

2778 £148.6ab 1732 4+99.75b

1841 £ 6.66a

3498 £29.02a 1447 +845a

843 £3.05a

129.04+235.0a

540 £ 1.69b

38.83 £21.73ab 24714+ 17.13b

TEQs-PAHs

Low molecular weight 2-3 ring PAHs; "High molecular weight 4-6 ring PAHs; ©>_ PAH concentrations excluding NAP; “Total TEQs-PAH concentrations, PAH toxic equivalency factor with respect to BaP (Nisbet and LaGoy, 1992).

Different letters within the same row under the same venue indicate significant difference between different types of domestic energy at the level p < 0.05.
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kitchens using coal. When crop residues were used, concentrations of
PM, 5-bound PAHs in the kitchens (221.6 ng m™3), sitting rooms
(59.4 ng m—3) and outdoors (89.1 ng m~?3) in winter were 1.38-1.48
times higher than those in the corresponding microenvironments
(150.1, 40.6 and 64.4 ng m~>) in autumn, respectively. The concentra-
tions of PAHs in PM, s were comparable to those in PM;o. Both in winter
and autumn, outdoor PAHs concentrations in PM, 5 (34.8-64.4 ng m™>)
and PM;q (38.7-54.6 ng m~>) were apparently lower than the corre-
sponding concentrations in the kitchens (45.4-475.3 ng m~> and
46.1-641.4 ng m~3 for PM, 5 and PM;, respectively) (many of the dif-
ferences were statistically significant at p < 0.05) (Table 2). The average
indoor/outdoor ratios of PM, s-bound PAHs for kitchens (0.99-10.67
and 0.91-6.06) were higher than the corresponding ratios for sitting
rooms (0.63-7.48 and 0.67-3.60) in both autumn and winter, respec-
tively, indicating heavy contamination in kitchen air of rural Henan.

3.2. Variations of particulate-bound PAHs in rural households using four
types of domestic energy

Fig. 1 shows obvious variations of particulate-bound PAHs
among four types of domestic energy used in the rural households of
Henan Province. Surprisingly, using LPG in the kitchens resulted in
apparently higher concentrations of particulate-bound PAHs than
using crop residues or electricity, respectively. Either in autumn or in
winter, the highest concentrations of PM, 5-bound PAHs (475.3 and
762.5 ng m~>) were recorded in the kitchens using LPG. As expected,
using coal in the sitting rooms resulted in significantly (p < 0.05) higher
concentrations of particulate-bound PAHs than using the other three
types of domestic energy in autumn and winter. The concentrations of
PM, 5-bound PAHs in the sitting rooms using coal as the only household
energy were 260.4 and 655.5 ng m~ > in autumn and winter, which
were 6.41, 4.92 and 5.50 times of those in autumn and 11.04, 3.98 and
3.10 times of those in winter using crop residues, LPG and electricity,
respectively.

3.3. Composition profiles of particulate-bound PAHs

The composition profiles of 15 PAHs in particulate phases in the
kitchens, sitting rooms and outdoors measured during autumn and
winter are shown in Fig. 2 and Tables 2-3. It was found that the compo-
sition profiles of particulate-bound PAHs were apparently different
among four types of domestic energy used and between autumn and
winter. In kitchens, a higher percentage of 2-3 ring PAHs was observed
in PM, s using crop residues (12.9%) and electricity (10.4%), compared
with those using coal (1.02%) and LPG (0.67%) in autumn (Fig. 2,
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Table 2). In sitting rooms and outdoors, a higher percentage of 2-3
ring PAHs was also observed in PM; s using crop residues (37.6% and
22.5%) compared with those using coal (1.86% and 6.34%), LPG (8.15%
and 7.83%) and electricity (8.99% and 11.4%). In general, 4-5 ring
PAHs were dominated in PM; 5 (55.1-83.8%) and PM;o (60.8-97.1%),
respectively (Fig. 2). The ratio of high molecular weight (HMW) PAHs
(including FLA, PYR, BaA, CHR, B(b + k)F, BaP, IcdP, DahA and BghiP)
to total PAHs in PM, s and PM;, in autumn (62.4-99.3% and 87.8-
99.5%) was comparable to that in winter (79.0-94.8% and 90.0-97.7%),
respectively (Table 2). In addition, the composition profiles of
PM, 5-bound PAHs were similar with those of PM;o-bound PAHs
(Table 3). Moreover, daily mean concentrations of BaP in PM, 5 or
PM;, were in excess of Chinese Air Quality Standards (1.0 ng m~3)
for indoor air (GB/T, 1883-2002) and the highest concentrations of
BaP in PM, 5 were up to 39.2 ng m~> recorded in the sitting rooms
using coal in winter, imposing serious potential health risks of rural
indoor air to inhabitants of Henan Province.

4. Discussion

The present study shows that apparently higher levels of
particulate-bound PAHs in the rural households of Henan Province
were recorded in winter than in autumn (Fig. 1). The daily mean con-
centrations of PM, s-bound PAHs in the kitchens ranged from 45.4 to
4753 ngm~ > in autumn and from 165.7 to 762.5 ng m > in winter, pri-
marily due to minimal ventilation in winter when door and windows in
the kitchen were often kept closed. In addition, there was significant
(p < 0.05) difference in the concentrations of particulate-bound PAHs
in the sitting rooms between winter and autumn. Besides minimal ven-
tilation in winter, the higher levels of particulate-bound PAHs in the sit-
ting rooms mainly resulted from combustion of coal or crop residues for
heating, respectively. Similarly, Ding et al. (2012) observed that concen-
trations of particulate phase PAHs in the kitchen were significantly
higher in winter (3288 ng m~3) than those in summer (988 ng m~>)
in a rural household of northern China. Seasonal variation of particulate
phase PAHs in urban air has also been investigated in a number of stud-
ies, most of which showed higher concentrations of PAHs in winter than
in other seasons (Guo et al,, 2003; Ravindra et al., 2006; Sin et al., 2003).
In addition, Singh et al. (2011) showed that concentrations of particle-
bound PAHs at a site in Delhi (India) varied inversely with temperature
i.e., higher concentrations in winter and lower in summer. These sug-
gested that the differences in ventilation and atmospheric temperature
between autumn and winter can influence seasonal variation of partic-
ulate PAHs in the present study. The minimal ventilation and lower
temperature in winter can result in higher levels of particulate-bound
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Fig. 1. Daily mean concentrations of PAH; 5 (total of 15 USEPA priority PAHs) in PM, 5 (a) and PM;, (b) in rural households of Henan Province used four domestic energy during autumn
and winter. Bars marked with different letters in the same site are significantly different according to least significant difference (LSD) test (p < 0.05) (mean + S.D., n = 9 for kitchen and

sitting room, n = 3 for outdoor).
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Fig. 2. Percentage contribution of different molecular weight PAHs groups to PM, s-bound (a, ¢) and PM;o-bound (b, d) PAHs in rural households of Henan Province used different domestic

energy during autumn (a, b) and winter (c, d).

PAHs and a relatively larger portion of PAHs portioning to the particle
phase, respectively.

The present study also shows that there were apparent variations in
particulate-bound PAHs among four types of domestic energy used in
the rural households of Henan Province. In autumn, the trend of
PM, s-bound and PM;o-bound PAHs in the kitchens was as follows:
LPG > coal > crop residues > electricity. Generally, LPG is often con-
sidered as a cleaner energy for cooking. However, the present study
indicates that using LPG resulted in the highest concentrations of
particulate-bound PAHs in the kitchens in rural Henan in both autumn
and winter (Fig. 1). This may be attributed by the following two reasons.
Firstly, activities such as frying and roasting in the kitchens using LPG
may be more often than using other types of domestic energy mainly
due to its being convenient for use, which would contribute to emis-
sions of PAHs. Gao et al. (2009) found that family income has significant
influence on cooking energy choice in rural agricultural area of Tibet,
China. With living standards improving and getting wealthier in rural
area of China, people would like to afford cooking energy which is
more convenient and clean and it is a common phenomenon that frying
and roasting is more often in the kitchens. Mestl et al. (2007) indicated
that the levels of indoor air pollution are generally influenced by other
sources such as cooking oil fumes, incense burning and smoking. Zhu
and Wang (2003) found that frying and roasting can generate relatively
higher concentrations of PAHs, with higher concentrations of BaP in the
kitchen air derived from frying (65 ng m~>) and roasting (45 ng m~3).
Ding et al. (2012) also showed that the concentrations of PAH;s in
kitchen when LPG was used as the sole energy source (1400 +
490 ng m~3) were similar to those when wood was burned (1500 4
1400 ng m~3). Secondly, comparable or higher concentrations of PM
resulted from combustion of LPG were recorded in the kitchens,
which could absorb more PAHs. A significant positive correlation was
found between PM;, concentrations and PM;o-bound PAHSs in autumn

(r = 0.533, p < 0.001, n = 36). Our recent study demonstrated
that PM, s concentrations in kitchens using LPG were comparable
with using crop residues and coal, and the corresponding PM;, concen-
trations (421.5 & 171.3 ug m™~>) were apparently higher in autumn
than using crop residues (237.4 + 84.2 ug m—>), coal (288.0 +
73.8 pg m~2) or electricity (211.4 + 64.7 ug m—3) in rural Henan (Wu
et al., 2015). Further studies are needed to understand emissions of
PAHs in kitchens using LPG because increasing rural Chinese house-
holds are shifting from the use of biomass and coal to LPG as a “clean”
fuel. However, using another clean energy (electricity) would improve
kitchen air quality by reducing PM, s-bound and PM;q-bound PAHs to
14.5-30.2% and 16.7-33.9% of those using coal and crop residues in
autumn, respectively (Fig. 1; Table 2).

The highest concentrations of particulate-bound PAHs generally oc-
curred in the kitchens in rural Henan, except those using coal in winter
(Fig. 1). This was mainly due to both the combustion of crop residues or
using LPG for cooking and the activities such as frying, stir frying and
deep frying food are quite often which may be responsible for generat-
ing large amount of PAHs (Koo et al., 1994). In addition, most of the
kitchens had no ventilating fans installed and PAHs could not be diluted
in time due to the small space of kitchens in rural Henan. The higher
concentrations of particulate-bound PAHs in sitting rooms using coal
reflected long heating hours in winter. Frequently, cooking and heating
take place in the sitting rooms during winter in rural households,
making those the main exposure microenvironments.

The present study shows that indoor air quality was a serious prob-
lem in rural Henan Province (Table 2). The daily mean concentrations of
PM, s-bound PAHs were up to 762.5 & 931.2 ng m > in the kitchens in
winter. Using coal also resulted in higher particular-bound PAHs in the
sitting rooms. Moreover, the domination of 4-5 ring PAHs in PM; 5
(55.1-83.8%) and PM; (60.8-97.1%) further aggravated the deteriora-
tion of indoor air quality (Fig. 2, Table 3). A previous study also indicated



Table 3

Geometric mean concentrations of PAHs in PM, 5 and PM; in rural households using four types of domestic energy in Hean province during autumn and winter (mean, n = 9 for kitchen and sitting room, n = 3 for outdoor, ng m—).

PAHs PM; 5 PM;q
Kitchen Sitting room Outdoor Kitchen Sitting room Outdoor
Crop Coal LPG Electricity Crop  Coal LPG  Electricity Crop Coal LPG Electricity Crop Coal LPG Electricity Crop  Coal LPG  Electricity Crop Coal LPG  Electricity
Autumn
ACY 012 0.03 0.02 0.04 0.08 0.03 0.11 0.06 0.01 001 0.03 0.04 0.15 0.03 0.03 0.17 0.09 0.02 0.04 0.03 021 0.01 0.02 0.02
ACE 004 002 0.01 0.04 0.06 0.03 0.04 0.07 002 001 0.01 0.04 0.06 0.01 0.00 0.01 0.06 0.01 0.01 0.00 0.09 0.03 0.00 001
FLO 1.09 032 033 0.38 089 039 047 0.54 073 019 0.18 048 040 0.18 0.21 0.24 027 025 024 0.19 047 033 011 035
PHE 178 265 2.68 4.11 141  4.26 352 342 135 194 320 445 3.79 247 311 245 268 236 248 341 382 165 314 485
ANT 033 015 0.16 0.14 011 0.14 017 0.16 026 006 0.08 020 017 0.0 0.19 0.10 012 012 0.15 0.09 008 0.07 0.09 0.18
FLA 947 334 535 2.61 337 5.11 321 271 546 215 255 3.40 104 419 7.19 2.87 418 433 408 274 649 271 356 4.15
PYR 871 237 438 1.91 231 321 340 197 424 146 202 241 102 386 5.13 2.02 339  3.02 352 211 531 183 3.05 290
BaA 200 923 245 2.77 271 927 230 229 517 129 215 236 185 870 447 2.75 3.01 104 281 226 472 181 3.02 252
CHR 18.7 407 942 536 380 353 456 4.74 6.78 243 510 472 192 398 1454 6.59 486 45.8 6.08 5.13 710 368 6.83 543
B(b +k)F 143 774 1009 8.24 364 539 8.50 8.00 561 642 7.89 835 166 69.1 1182 103 512 773 104 9.22 688 834 775 9.10
BaP 185 289 3938 4.39 127 255 727 6.67 6.45 3.67 540 432 131 232 526 3.80 1.16  28.0 6.46 3.70 332 287 634 368
IcdP 231 369 436 6.35 526 269 7.52 6383 893 633 6.68 624 245 324 594 6.01 631 395 841 645 911 672 786 494
DahA 285 375 526 1.49 082 312 204 152 128 145 159 134 269 311 679 1.37 090 432 209 130 113 151 161 1.03
BghiP 150 724 1068 7.52 214 652 9.76 834 6.01 741 771 735 161 615 1374 7.36 269 884 9.56 7.08 583 7.17 879 526
Winter

ACY 023 009 0.14 0.16 013 013 0.09 0.21 010 0.15 0.1 0.08 0.06 0.12 0.07 0.09 020 0.07 0.05 0.07 0.07 0.15 0.12 0.06
ACE 0.05 0.02 0.06 0.01 0.07 0.04 0.04 0.02 0.01 0.02 0.04 0.01 0.07 0.05 0.03 0.03 0.10 0.04 0.03 0.02 0.01 0.03 0.04 001
FLO 110 066 1.98 0.68 083 125 098 0.92 095 081 0.75 063 056 038 049 041 0.66  0.46 040 036 048 066 048 023
PHE 131 103 572 134 6.17 312 249 187 719 136 151 209 844 784 131 11.2 534 199 639 7.57 502 137 102 102
ANT 125 052 347 0.57 0.16 1.58 032 0.79 045 098 011 023 081 037 130 0.41 013 139 027 0.27 026 070 025 0.17
FLA 356 214 442 19.7 951 387 137 228 112 327 154 113 456 237 411 19.4 104 524 127 193 103 559 283 146
PYR 303 159 389 155 623 321 104 175 104 239 112 794 409 181 36.1 149 721 430 944 147 792 403 196 11.2
BaA 27.7 125 584 121 561 503 115 156 895 138 917 642 356 129 520 11.0 563 583 820 129 6.79 223 107 995
CHR 274 282 2215 228 846 1726 31.0 352 118 288 216 142 360 299 1987 235 949 1990 212 312 105 469 290 249
B(b+k)F 187 216 1013 193 637 988 196 26.8 7.87 209 161 135 254 223 913 28.8 758 1132 151 262 818 352 191 253
BaP 193 114 384 15.8 212 392 114 192 838 655 7.13 468 246 135 311 12.8 1.58 456 500 139 419 191 655 821
IcdP 268 200 556 18.6 880 582 161 239 120 206 151 120 339 203 535 24.8 973 684 125 212 106 346 174 206
DahA 363 514 498 3.82 131 486 587 691 1.80 384 248 251 406 5.14 416 8.44 135 56.3 321 575 147 583 271 417
BghiP 165 180 91.6 17.1 361 8238 186 227 810 153 116 951 218 186 769 233 510 96.1 10.5 19.8 6.87 281 137 155
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seriously high concentrations of PAHs being recorded in rural house-
holds of Yunnan and Hebei Province, respectively (Ding et al., 2012;
Mumford et al., 1990). The daily mean concentrations of BaP associated
with PM, 5 or PM;o were exceeded the Chinese Air Quality Standards
(1.0 ng m—3) for indoor air (GB/T, 1883-2002) in autumn and winter.
In addition, the sampled households in the present study also suffered
serious levels of PM, 5 and PM;o (Wu et al., 2015). Ohura et al. (2005)
indicated that the combination of PM, s with carcinogenic PAHs could
impose harmful effects on human health and can predispose people to
respiratory disease. The present study further confirms the serious
health risk of inhalation exposure to PAHs in rural households of
Henan Province.

5. Conclusion

This paper attempts to report a pilot research on PAH concentrations
associated with different types of domestic energy used in rural areas.
Although the present study did not uncover a full picture of indoor air
pollution, it did provide new information on PAH concentrations in
rural Henan. Based on the limited PM, 5 and PM;o samples collected in
the two seasons, high concentrations of PM; s-bound and PM;y-bound
PAHs were detected in the rural households using four types of
domestic energy in Henan Province. The most severe contamination oc-
curred in the kitchens in winter, where the daily mean concentrations of
PM, s-bound PAHs were up to 762.5 + 931.2 ng m~>, indicating that
there was serious health risk of inhalation exposure to PAHs in rural
households of Henan Province. The present results also show that
particulate-bound PAHs in rural households exhibited a large variability
between the two seasons and among four types of domestic energy
used. Significantly higher levels of particulate-bound PAHs in rural
Henan Province were recorded in winter than in autumn. Surprisingly,
using LPG resulted in the highest concentrations of particulate-bound
PAHs in the kitchens in rural Henan. However, using electricity would
significantly improve indoor air quality by reducing PM, s-bound and
PM; o-bound PAHs.

Acknowledgment

The financial support from the National Natural Science Foundation
of China/Hong Kong Research Grants Council Joint Research Scheme
(NFSC/RGC N_HKBU210/11), Program for Science&Technology Innova-
tion Talents in Universities of Henan Province (14HASTIT048) and the
Scientific Research Foundation for the Introduction of Talent, Northwest
A&F University, China (2014) is gratefully acknowledged.

References

Allen, J.0., Dookeran, N.M., Smith, K.A., Sarofim, A.F., Taghizadeh, K., Lafleur, A.L., 1996.
Measurement of polycyclic aromatic hydrocarbons associated with size-segregated
atmospheric aerosols in Massachusetts. Environ. Sci. Technol. 30, 1023-1031.

Ding, ].N., Zhong, J.J., Yang, Y.F,, Li, B.G., Shen, G.F, Su, Y.H., Wang, C,, Li, W., Shen, H.Z.,
Wang, B, Wang, R, Huang, Y., Zhang, Y.Y., Cao, H.Y., Zhun, Y., Simonich, S.L.M., Tao,
S., 2012. Occurrence and exposure to polycyclic aromatic hydrocarbons and their
derivatives in a rural Chinese home through biomass fuelled cooking. Environ. Pollut.
169, 160-166.

Gao, X, Yu, Q,, Gu, Q,, Chen, Y., Ding, K., Zhu, J., Chen, L., 2009. Indoor air pollution from
solid biomass fuels combustion in rural agricultural area of Tibet, China. Indoor Air
19, 198-205.

GB/T, 1883-2002. Indoor Air Quality Standard in P.R. China.

Guo, H., Lee, S.C., Ho, K.F., Wang, X.M., Zou, S.C., 2003. Particle-associated polycyclic
aromatic hydrocarbons in urban air of Hong Kong. Atmos. Environ. 37, 5307-5317.

Gustafson, P., Ostman, C,, Sallsten, G., 2008. Indoor levels of polycyclic aromatic hydrocar-
bons in homes with or without wood burning for heating. Environ. Sci. Technol. 42,
5074-5080.

Jiang, R.T., Bell, M.L,, 2008. A comparison of particulate matter from biomass-burning
rural and non-biomass-burning urban households in northeastern China. Environ.
Health Perspect. 116, 907-914.

Koo, L.C.,, Matsushita, H., Ho, J.H.C., Wong, M.C., Shimizu, H., Mori, T., Matsuki, H.,
Tominago, S.C., 1994. Carcinogens in the indoor air of Hong-Kong homes — levels,
sources, and ventilation effects on 7 polynuclear aromatic-hydrocarbons. Environ.
Technol. 15, 401-418.

Lu, H., Chen, S., 2008. Pollution level, phase distribution and health risk of polycyclic
aromatic hydrocarbons in indoor air at public places of Hangzhou, China. Environ.
Pollut. 152, 569-575.

Lu, C.G., Gao, X,, Yu, Q,, Li, C.L,, Chen, L.M., 2006. Indoor air polycyclic aromatic hydrocar-
bons in rural tibetan residence and the depositions on human respiratory tract.
J. Fudan. Univ. 45, 714-718.

Masih, J., Masih, A., Kulshrestha, A, Singhvi, R., Taneja, A., 2010. Characteristics of polycy-
clic aromatic hydrocarbons in indoor and outdoor atmosphere in the North central
part of India. J. Hazard. Mater. 177, 190-198.

Mestl, H.E., Aunan, K., Seip, H.M., Wang, S., Zhao, Y., Zhang, D., 2007. Urban and rural
exposure to indoor air pollution from domestic biomass and coal burning across
China. Sci. Total Environ. 377, 12-26.

Mumford, J.L., Helmes, C.T., Lee, X, Seidenberg, J., Nesnow, S., 1990. Mouse skin tumorige-
nicity studies of indoor coal and wood combustion emissions from homes of
residents in Xuan Wei, China with high lung cancer mortality. Carcinogenesis 11,
397-403.

NBS (National Bureau of Statistics), 2012. Tabulation on the 2010 Population Census of
the People's Republic of China. Population Census Office of the State Council and
Population and Employment Statistics Department, National Bureau of Statistics of
China China, Statistics Press.

Nisbet, 1.C.T., LaGoy, P.K., 1992. Toxic equivalency factors (TEFs) for polycyclic aromatic
hydrocarbons (PAHs). Regul. Toxicol. Pharmacol. 16, 290-300.

Ohura, T., Noda, T., Amagai, T., Fusaya, M., 2005. Prediction of personal exposure to PM2.5
and carcinogenic polycyclic aromatic hydrocarbons by their concentrations in
residential microenvironments. Environ. Sci. Technol. 39, 5592-5599.

Ravindra, K., Bencs, L., Wauters, E., de Hoog, ]., Deutsch, F., Roekens, E., Bleux, N.,
Berghmans, P., Grieken, R., 2006. Seasonal and site-specific variation in vapour and
aerosol phase PAHs over Flanders (Belgium) and their relation with anthropogenic
activities. Atmos. Environ. 40, 771-785.

Sin, D.W.M., Wong, Y.C., Choi, Y.Y., Lam, C.H., Louie, P.K.K,, 2003. Distribution of polycyclic
aromatic hydrocarbons in the atmosphere of Hong Kong. J. Environ. Monit. 5,
989-996.

Singh, D.P., Gadi, R., Mandal, T.K.,, 2011. Characterization of particulate-bound polycyclic
aromatic hydrocarbons and trace metals composition of urban air in Delhi, India.
Atmos. Environ. 45, 7653-7663.

Slezakova, K., Castro, D., Delerue-Matos, C., Alvim-Ferraz, M.C.,, Morais, S., Pereira, M.C.,
2011. Air pollution from traffic emissions in Oporto, Portugal: health and environ-
mental implications. Microchem. J. 99, 51-59.

Smith, K.R.,, Mehta, S., Maeusezahl-Feuz, M., 2004. Indoor air pollution from household
solid fuel use. In: Ezzati, M., Lopez, A.D., Rodgers, A., Murray, CJ.L. (Eds.), Comparative
Quantification of Health Risks: Global and Regional Burden of Disease Attributable to
Selected Major Risk Factors. World Health Organization, Geneva, Switzerland,
pp. 1435-1493.

Straif, K., Baan, R., Grosse, Y., Secretan, B., El Ghissassi, F., Cogliano, V., 2006. Carcinogenic-
ity of household solid fuel combustion and of high-temperature frying. Lancet Oncol.
7,977-978.

USEPA, 1996. Method 3540C: Soxhlet Extraction. US Environmental Protection Agency,
Washington, DC.

Wong, G.W.K, Ko, FW.S., Hui, D.S.C,, Fok, T.F,, Carr, D., von Mutius, E., Zhong, N.S., Chen,
Y.Z., Lai, CK.W., 2004. Factors associated with difference in prevalence of asthma in
children from three cities in China: multicentre epidemiological survey. Br. Med. ].
329, 486-488.

Wu, FY., Wang, W., Man, Y.B,, Chan, C.Y., Liu, W.X,, Tao, S., Wong, M.H., 2015. Levels of
PM2.5/PM10 and associated metal(loid)s in rural households of Henan Province,
China. Sci. Total Environ. 512-513, 194-200.

Xu, S.S., Liu, WX, Tao, S., 2006. Emission of polycyclic aromatic hydrocarbons in China.
Environ. Sci. Technol. 40, 702-708.

Zhang, ].J., Smith, K.R., 2007. Household air pollution from coal and biomass fuels in
China: measurements, health impacts, and interventions. Environ. Health Perspect.
115, 848-855.

Zhang, Y.X, Tao, S., Shen, H.Z., Ma, .M., 2009. Inhalation exposure to ambient polycyclic
aromatic hydrocarbons and lung cancer risk of Chinese population. Proc. Natl. Acad.
Sci. U. S. A. 106, 21063-21067.

Zhu, L.Z., Wang, ]., 2003. Sources and patterns of polycyclic aromatic hydrocarbons
pollution in kitchen air, China. Chemosphere 50, 611-618.

Zhu, LZ., Ly, H,, Chen, S.G., Amagai, T., 2009. Pollution level, phase distribution and source
analysis of polycyclic aromatic hydrocarbons in residential air in Hangzhou, China.
J. Hazard. Mater. 162, 1165-1170.


http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0005
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0005
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0010
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0010
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0010
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0015
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0015
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0015
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0150
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0020
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0020
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0025
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0025
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0025
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0030
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0030
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0030
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0035
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0035
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0035
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0045
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0045
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0045
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0040
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0040
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0040
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0050
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0050
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0050
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0055
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0055
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0055
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0060
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0060
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0060
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0060
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0065
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0065
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0065
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0065
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0070
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0070
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0075
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0075
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0075
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0080
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0080
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0080
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0085
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0085
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0085
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0090
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0090
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0090
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0155
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0155
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0100
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0100
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0100
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0100
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0100
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0105
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0105
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0105
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0110
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0110
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0115
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0115
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0115
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0120
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0120
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0120
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0125
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0125
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0130
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0130
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0130
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0135
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0135
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0135
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0145
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0145
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0140
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0140
http://refhub.elsevier.com/S0048-9697(15)30443-5/rf0140

J. Plant Nutr. Soil Sci. 2015, 178, 333—-338

DOI: 10.1002/jpIn.201400461 333

Effects of mycorrhizal inoculation of upland rice on uptake kinetics of

arsenate and arsenite

Fuyong Wu'23* Xueping Liu2, Shengchun Wu?, and Ming Hung Wong?*

' Key Laboratory of Plant Nutrition and the Agri-environment in Northwest China, Ministry of Agriculture, and College of Natural Resources and
Environment, Northwest A&F University, Yangling 712100, Shaanxi, PR China

2 School of Municipal and Environment Engineering, Henan University of Urban Construction, Pingdingshan, 467036, Henan, PR China

3 Croucher Institute for Environmental Sciences, and Department of Biology, Hong Kong Baptist University, Kowloon Tong, Hong Kong SAR,

PR China

4 School of Environmental and Resource Sciences, Zhejiang Agricultural and Forestry University, Linan, Zhejiang, PR China

Abstract

We assessed the effect of mycorrhizal inoculation on short-term uptake kinetics of arsenate and
arsenite by excised roots of upland rice (Oryza sativa L. cv. Zhonghan 221). A concentration of
0.01-0.05 mM arsenic (As) differentially affected the influx rates of both arsenate and arsenite
into rice roots non-inoculated or inoculated with Glomus mosseae and G. versiforme. While V

for arsenate uptake by non-mycorrhizal roots was 1.02 umol g~' fresh weight h~", it was reduced
by a factor of 2.4 for mycorrhizal roots (about 0.42 umol g~' fresh weight h~') in the high-affinity
uptake system. However, at high concentrations of 0.5-2.5 mM As only G. versiforme was able
to reduce As influx. The results show that mycorrhizal effects on As uptake of upland rice are

both concentration and species-specific.
Key words: AM fungi/ inorganic arsenic / Oryza sativa / upland rice
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1 Introduction

Arsenic (As) contamination is of growing concern in many re-
gions of Asia (Meharg, 2004). Excessive accumulation of As
in soils not only results in environmental contamination but
also affects food safety. Inorganic As (arsenate and arsenite)
is the predominant form of As in soils, and both arsenite and
arsenate are easily taken up by rice roots (Abedin et al.,
2002; Chen et al., 2005). Concentrations of up to 1.8 mg kg™
As have been reported in rice grain originating from As-conta-
minated soils in Bangladesh (Meharg and Rahman, 2003).
Human As intake from consumption of rice can be substantial
and in some cases exceeds that from drinking water (Williams
et al., 2006; Zavala et al., 2008). Hence, mitigation measures
to reduce As concentrations in rice grain are urgently needed.

Arbuscular mycorrhizal (AM) fungi can not only significantly
enhance the phosphate acquisition by host plants (Smith and
Smith, 2011) but may also significantly decrease As grain
concentrations of upland rice, growing on As-spiked soils
(own preliminary investigations). Thus, AM fungi may allevi-
ate adverse effects on rice caused by arsenate in soils (Wu et
al., 2014). However, Li et al. (2011b) showed that AM effects
on grain As concentrations tend to differ between rice/AM
combinations. The mechanisms by which AM fungi influence
As uptake of upland rice are still largely unknown.

Arsenate is the main As species under aerobic soil condi-
tions, while arsenite dominates in anaerobic environments
such as flooded paddy soils (Smith et al., 1998; Xu et al.,

*Correspondence: F. Y. Wu ; e-mail: wfy09 @ 163.com
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2008). Depending on the redox status of the soil, arsenate
and arsenite are inter-convertible. Due to the fact that arsen-
ate acts as a phosphate analogue (Abedin et al., 2002) and is
transported across plasma membranes via phosphate trans-
port systems (Poynton et al., 2004), it is expected that AM en-
hance not only the uptake of P but also that of As. However, it
has been shown that AM fungi can have contradictory effects
on P and As acquisition by alfalfa and upland rice grown
under aerobic soil conditions (Chen et al., 2007; Wu et al.,
2014). In addition, arsenate and arsenite are taken up by dif-
ferent transporters in rice (Abedin et al., 2002). Preliminary
physiological (Meharg and Jardine, 2003) and molecular
studies (Ma et al., 2008) suggested that arsenite may be
transported by aquaporins in rice. Thus, our present knowl-
edge of the mechanisms of AM fungi on plant arsenate up-
take cannot be extrapolated to arsenite. The present work in-
vestigated (1) the effects of AM fungi on the arsenate and ar-
senite uptake kinetics of excised roots of upland rice, and (2)
the variation in As uptake by different AM species.

2 Material and methods

2.1 Cultivation of rice seedlings

Seeds of upland rice (Oryza sativa L. cv. Zhonghan 221)
were obtained from the National Rice Research Institute
(CNRRI), Hangzhou, China. The seeds were sterilized with
20% H,0, for 30 s, washed thoroughly with deionized water,
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then incubated in petri dishes with moistened filter papers
and placed into a 30°C incubator for 3 d. Seedlings were
transferred to 20% Hoagland—Arnon nutrient solution (Hoag-
land and Arnon, 1938): 0.2 mM KH,PO,, 1.0 mM KNO,,
1.0 mM Ca(NOQ,),, 0.4 mM MgSO,, 9 uM H;BO,, 1.8 uM
MnCl,, 0.15 uM ZnSQ,, 0.07 uM CuSQO,, 0.03 uM H,Mo0,,
4 uM Fe-EDTA. The nutrient solution was changed twice per
week. After 2 weeks, the seedlings of uniform height (about
15 cm) were used for the following plant inoculation.

2.2 Plant inoculation

Soil was collected from a farm in Tai Po, Hong Kong, and its
attributes have been described by Wu et al. (2014). After
passing through a 2 mm sieve, the soils were autoclaved at
121°C for 2 h and air-dried. Both Glomus mosseae BGC
GDO1A and G. versiforme BGC GDO01B had been isolated
previously from the rhizosphere of the As hyper-accumulator
species Pteris vittata L. (Wu et al., 2009). Pots, containing
1.5 kg soil and four rice seedlings, were inoculated with 50 g
AM fungi, consisting of spores, colonized root fragments, and
external mycelium. Sterilized inoculum (50 g) and mycorrhizal
fungal-free filtrate (50 mL) from the suspension were added
to the soils serving as non-mycorrhizal control treatments.
There were ten replications per treatment. The plants were
watered with deionized water every other day to maintain
80% water-holding capacity, and with 20% Hoagland—Arnon
nutrient solution (Hoagland and Arnon, 1938) once per week.
Plants were cultivated in a greenhouse with 28/23°C, day/
night temperatures. Natural sunlight was supplemented by
cool-white fluorescent lamps to achieve a photon flux density
of 350 umol m=2 s~ for 12 hd'.

2.3 Concentration-dependent kinetics of arsenate
and arsenite uptake

After 8 weeks of growth, roots of upland rice were washed
with deionized water to remove adhering soil, excised at the
basal node, and incubated for 20 min in a pretreatment solu-
tion containing 0.5 mM Ca(NO;), and 10 mM 2-(N-morpholi-
no) ethanesulfonic acid (MES), adjusted to a pH of 5.0. Ex-
cised roots (0.4-0.6 g fresh weight) were transferred into an
aerated test solution amended with different concentrations of
arsenate (Na,HAsO,) or arsenite (NaAsO,), ranging from
0 to 0.0532 mM for the high-affinity and from 0 to 2.5 mM
for the low-affinity uptake experiments, respectively, using
three replications. After 20 min, the excised roots were rinsed
with deionized water and incubated in an ice-cold, As-free me-
dium (containing 10 mM MES, 0.5 mM Ca(NQ,), and 1 mM
Na,HPQO,) for 15 min to remove apoplastic As. The roots were
blotted dry, weighed and oven-dried before being ground.

Sub-samples of fine roots were collected and clarified in 10%
(w/w) KOH at 90°C for 1 h, rinsed three times, bleached with
fresh alkaline H,O, solution (30 mL 10% H,O, + 3 mL of
NH,OH + 567 mL deionized water) for 20 min to 1 h, acidified
with 1% HCI (1-4 min) and stained with 0.05% Trypan Blue
(modified method of Phillips and Hayman, 1970). The AM col-
onization was quantified on fifty 1-cm-long fine root segments
using the slide-length method (Giovannetti and Mosse, 1980)

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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and examined under a stereomicroscope (Nikon) at 100x
magnification. Length of roots of infected cortex was as-
sessed in millimeters for each root piece, averaged for 50
pieces, and expressed as a percentage AM colonization, us-
ing four replications.

2.4 Chemical analyses

The As and P contents in plant tissues were analyzed after
acid digestion [conc. HNO, + conc. HCIO, (85 : 15, v/v)] with
Inductively Coupled Plasma Mass Spectroscopy (ICP-MS,
Perkin—Elmer, Elan 9000). Blanks and a standard reference
(Tomato leaves, SRM 1573a) from the U.S National Institute
of Standards and Technology were used for quality assur-
ance. The recovery rates of As were within 91 + 7.9%.

2.5 Statistical analyses

The differences in As and P concentrations in plants were
tested using Fisher’s protected least significant difference
(LSD) after analysis of variance (ANOVA). Curve fitting was
done using SigmaPlot. All statistical procedures including
Pearson’s partial correlation analysis were carried out using
SAS 8.1. Unless otherwise indicated, all treatment means
were tested for significant difference at P < 5%.

3 Results

3.1 Mycorrhizal colonization

Moderate colonization was recorded in roots of rice roots in-
oculated with G. mosseae and G. versiforme ranging from 26
to 31%, while roots of control plants remained largely un-
colonized (< 1%). There were insignificant differences in AM
colonization rates of roots between the two species of AM
fungi.

3.2 Effects of AM fungi on uptake kinetics of
arsenate and arsenite

As expected, inoculation significantly increased P concentra-
tions (0.53 = 0.10 g kg™") of non-mycorrhizal roots to 1.08 +
0.22 of roots inoculated with G. mosseae and 1.03 + 0.37 with
G. versiforme. Regardless of the AM fungi, influx of arsenate
and arsenite into upland rice followed a hyperbolic trend with
increasing concentrations of As in solution (Fig. 1). While the
uptake of arsenate was significantly larger by non-mycorrhizal
than that by both AM-inoculated roots at 0.01-0.05 mM, only
G. versiforme was able to significantly reduce the uptake of
arsenite. Also at low As concentrations in the solution, inocu-
lation with both AM fungi reduced the arsenate and the arsen-
ite uptake by roots (Table 1) with concentration-dependent in-
flux fitting Michaelis—Menten kinetics (Table 2).

However, the kinetics for arsenate differed considerably be-
tween mycorrhizal and non-mycorrhizal roots. Thus, the V__
of 1.02 umol g~' fresh weight h™" for the arsenate uptake by
non-mycorrhizal roots was 2.4-fold higher than that of mycor-
rhizal roots with 0.43 and 0.41 umol g~ fresh weight h=! for
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Figure 1: Concentration-dependent kinetics
for high-affinity root arsenate (a) and arsenite
(b) uptake of upland rice (cv. Zhonghan 221)
without inoculation (NM) orinoculated with
Glomus mosseae (Gm) or G. versiforme

(Gv). Error bars are mean + SD of three repli-
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Table 1: Analysis of covariance for arsenate and arsenite uptake for the high affinity and low affinity.

df Arsenate Arsenite
F P F P

High-affinity

AMF treatment 2 43.88 < 0.0001 355.08 < 0.0001
Concentrations 4 13.02 < 0.0001 41.02 < 0.0001
AMF x Conc. 8 2.28 <0.05 1 < 0.4591
Low-affinity

AMF treatment 2 62.3 < 0.001 263.19 < 0.0001
Concentrations 4 34.03 <0.001 212.65 < 0.0001
AMF x Conc. 8 3.01 <0.05 11.71 < 0.0001
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Table 2: Kinetic parameters for arsenate and arsenite uptake into roots of upland rice uninoculated (NM) / inoculated with Glomus mosseae or
G. versiforme. Kinetic parameters were calculated from mean As uptake (n = 3) using Michaelis—Menten function (nonlinear regression) and lin-

ear regression model.

As treatment Inoculation Nonlinear regression Linear regression
treatment
Vax K, R? a b R?
/umol g~ fresh /mM (slope) (intercept)
weight h™!
Arsenate High-affinity
NM 1.02 0.024 0.98 9.50 0.24 0.91
Gm 0.43 0.007 0.97 2.94 0.25 0.95
Gv 0.41 0.009 0.96 3.27 0.20 0.91
Low-affinity
NM 717 1.057 0.98 1.33 1.96 0.93
Gm 4.41 0.453 0.96 0.70 2.16 0.94
Gv 3.46 0.479 0.95 0.06 1.65 0.93
Arsenite High-affinity
NM 0.49 0.009 0.96 3.79 0.25 0.88
Gm 0.48 0.009 0.98 3.73 0.24 0.95
Gv 0.25 0.019 0.98 2.28 0.07 0.89
Low-affinity
NM 1.36 2.053 0.96 2.32 1.98 0.99
Gm 12.50 2.179 0.94 2.08 1.71 0.98
Gv 5.34 0.939 0.94 0.99 1.61 0.98

G. mosseae and G. versiforme, respectively. The correspond-
ing K, values were 24 pM in non-mycorrhizal and 6.5 and
9.3 uMin mycorrhizal roots. As for V., K values did not dif-
fer significantly between AM species, suggesting (1) that the
uptake carriers had a lower affinity and/or (2) that mycorrhizal
colonization down-regulated the expression of P transporters.
In the case of arsenite, the kinetic parameters (V, ., and K)
of non-mycorrhizal roots were comparable to those inoculated
with G. mosseae but were reduced by a factor of 2 in the
case of G. versiforme (0.25 umol g~ fresh weight h~' and
19 uM, respectively). These results suggest that AM fungi
species differentially affected arsenite uptake by the high-af-
finity system.

On the other hand, at 0.5 and 1.0 mM the arsenite uptake
rate decreased linearly by 33.1 and 42.7% compared to the
non-mycorrhizal treatment. The concentration-dependent
uptake for arsenate followed Michaelis—Menten kinetics
(Table 2). The V_,, and K for arsenate uptake were almost
2.0 times higher for non-mycorrhizal than in mycorrhizal roots.
In the case of arsentite, V. and K values were two times
higher with G. mosseae than with G. versiforme suggesting a
high AM species dependence of arsenite uptake by the low-
affinity uptake system (Fig.2).

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

4 Discussion

The present study suggests that the concentration-dependent
uptake isotherms for both arsenate and arsenite uptake by
mycorrhizal and non-mycorrhizal roots may involve an active
process that requires energy and selective binding sites and
transporters (Figs. 1 and 2, Table 2) as suggested for rice by
Li et al. (2011a) and for maize by Yu et al. (2009). Both
G. mosseae and G. versiforme reduced arsenate uptake,
which has been hypothesized to be related to changes in root
architecture with AM inoculation (Gutjahr et al., 2009). Thus,
Price et al. (1989) demonstrated that inoculation with G. etu-
nicatum and G. margarita reduced the production of fine later-
al roots of cotton. Gutjahr et al. (2009) found that G. intraradi-
ces preferentially colonized and induced the formation of
large lateral roots. The As uptake by non-mycorrhizal roots
may thus be related to higher numbers of fine lateral roots.
Deng et al. (2010) also showed that As uptake by non-mycor-
rhizal rice (Gui Chao-2) increased mainly due to an increased
number of lateral roots and a higher specific root surface area
under flooded than under aerobic conditions. Inoculation with
AM fungi enhances the expression of P transporters in rice
(Paszkowski et al., 2002; Chen et al., 2013) and arsenate
and phosphate share the same transporters (Abedin et al.,
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2002; Poynton et al., 2004). These findings are contradictory
to the observation that G. intraradices increased the expres-
sion of OsPT11 but decreases that of OsPT2. As a result, AM
inoculation increased P uptake while reducing arsenate con-
centrations in rice tissues (Chen et al., 2013).

Arsenite, on the other hand, shares the same transporters
(Lsi1 and Lsi2) as silicon in lowland rice (Ma et al., 2008).
Chen et al. (2012) showed that G. intraradices down-regu-
lated the expression of Lsi1 and Lsi2 and consequently led to
a decrease of arsenite uptake per unit of root dry mass of low-
land rice. While both AM species in the present study reduced
the root uptake of arsenite, there were distinct differences be-
tween AM species (Table 1, Fig. 2). Thus, G. versiforme re-
duced arsenite uptake mainly at low As concentrations, while
G. mosseae was more effective in reducing arsenite at higher
concentrations (Table 1, Fig. 2). This is in agreement with the
results of Yu et al. (2009), who showed that G. mosseae had
no effect on arsenite uptake by maize roots at 0-0.10 mM ar-
senite in the solution. It remains still unclear why the two spe-
cies of AM fungi differentially affected the arsenite uptake by
upland rice.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Glomus mosseae (Gm) or G. versiforme
(Gv). Error bars are mean + SD of three repli-
cates.

20 25

5 Conclusion

We conclude that changes of morphological (root architec-
ture, specific root area, and root length) and physiological
(phosphate and Si transporters) attributes in response to AM
colonization may differentially influence the uptake of arsen-
ate and arsenite and that the extent of such effects differs by
AM species
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Abstract

Purpose Although arsenic (As) hyperaccumulation is a constitutive property for Pteris vittata, there is intraspecific variation in
As accumulation among metallicolous (from As-contaminated soils) and nonmetallicolous populations (from uncontaminated
soils) and the related mechanisms is still not clear.

Materials and methods Pot trials, hydroponic culture, and manual simulation were conducted to investigate the roles of arsenate
reductase and root exudates in accumulating As in P, vitfata, which were collected from two uncontaminated sites including Sun
Yat-sen University campus, Guangdong Province (ZD), and a botanical garden in Guangxi Academy of Forestry Sciences,
Nanning City, Guangxi Province (NN), and two As and Pb/Zn mining and/or smelting sites located in Shaoguan of
Guangdong Province (SG) and Guiyang of Hunan Province (GY).

Results and discussion The nonmetallicolous populations (ZD and NN) possessed more efficient uptake of arsenate and
arsenite than the metallicolous populations (SG and GY). There were significant (p < 0.05) difference in arsenate
reductase activities in roots among the four populations of P. vittata and that the higher arsenate reductase activities
were recorded in the nonmetallicolous populations (110 nkat mg ' protein for ZD, 160 nkat mg ' protein for NN)
compared with the metallicolous populations (62.9 nkat mg ' protein for SG, 78.1 nkat mg ' protein for GY). Root
exudates from the nonmetallicolous population (NN) and the metallicolous population (GY) of P. vittata contained
similar compositions of organic acids including oxalic, malic, and succinic acids, of which oxalate were dominant (>
67%). The NN population exuded 4.23 times more oxalate than the SG population. Root exudates from the NN
population mobilized significantly (p <0.05) more As from As-contaminated soils than those from the SG population,
of which oxalate had the most effective in As mobilization.

Conclusions The present study suggests that higher arsenate reductase activities and oxalate exudation in the
nonmetallicolous populations may play an important role in increasing their efficiency in phytoremediation of As-
contaminated soils.
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1 Introduction

Arsenic (As) is not only ubiquitous in the natural condition but
also an environmental and food chain contaminant (Zhao et al.
2010). The first As hyperaccumulator identified, Pteris vittata,
has offered hope that As-contaminated soils widely present
could be coped with using efficient, environmentally friendly,
cost-effective phytoextraction technology (Ma et al. 2001).
However, in spite of important progress made in recent years,
the complexity of hyperaccumulation is far from being under-
stood (Rascio and Navari-Izzo 2011) and potential use of
hyperaccumulators in phytoremediation is limited.

P vittata has received considerable attention for years.
Arsenic is mainly distributed (78-96%) in fronds of
P vittata (Ma et al. 2001), and is mainly stored in the vacuoles
(Lombi et al. 2002; Pickering et al. 2006). Over 85% As in
fronds are in the form of arsenite [As(III)], and the remaining
mostly as arsenate [As(V)], minimum as dimethylarsinic acid
(DMAA) and monomethylarsonic acid (MMAA) (Ma et al.
2001; Wang et al. 2002). P. vittata has effective reduction of
As(V) to As(Ill) to detoxify As once taken into the plant
(Poynton et al. 2004; Su et al. 2008). After 1 h of exposure
to As(V), As(Ill) could be determined in P. vittata (Su et al.
2008). Arsenate reductase in roots plays an important role in
the detoxification of As in the fern (Duan et al. 2005; Liu et al.
2009). Recently, two arsenate reductase proteins including
PvACR2 and Pv2.5-8 have been identified from sporophytes
and gametophytes of P. vittata, respectively (Cesaro et al.
2015). P, vittata could be present in many countries and re-
gions (Ma et al. 2001; Chen et al. 2002; Zhao et al. 2002,
Visoottiviseth et al. 2002; Wu et al. 2007). There is intraspe-
cific variation in As accumulation among populations of
P vittata, although As hyperaccumulation is a constitutive
property (Wu et al. 2009; Wan et al. 2013). Our previous work
indicated that nonmetallicolous populations (from uncontam-
inated soils) of P. vittata possessed more effective As accu-
mulation than metallicolous populations (from As-
contaminated soils) (Wu et al. 2015). However, it is not clear
whether the metallicolous and nonmetallicolous populations
of P, vittata from contrasting conditions possess similar or
different mechanisms of arsenate reduction.

Plants generally release root exudates to response to nutri-
ent deficiencies, inorganic ion stresses, or interact with neigh-
bors in rhizosphere soil (Ryan et al. 2001). Root exudation
represents a significant carbon cost to the plant, with young
seedlings typically exuding about 30-40% of their fixed car-
bon as root exudates (Whipps 1990). Among root exudates,
organic acids are the most common and important due to their
ability to mobilize nutrients and heavy metals (Bais et al.
2006). It has been suggested that the organic acids secreted
from the roots of P. vittata were highly efficient in solubilize
As in soils and apparently enhanced As accumulation by the
fern (Tu et al. 2004; Liu et al. 2016). However, the role of

@ Springer

organic acids in metal accumulation in hyperaccumulators
remains controversial. Zhao et al. (2001) found that root exu-
dates of Noccaea caerulescens (a Zn/Cd hyperaccumulator)
were not involved in Zn and Cd hyperaccumulation.
Therefore, the contribution of root exudates to As accumula-
tion in P, vittata need further research.

The main objectives of the present study were to (1) inves-
tigate the variation of As accumulation and arsenate reductase
activities among four populations of P. vittata, (2) determine
the differences in organic acids secreted from roots of the
nonmetallicolous and metallicolous populations of P. vittata,
and (3) quantify the ability of root exudates to As mobilization
in soils.

2 Materials and methods
2.1 Spores of P. vittata collection

From November to December 2014, spores of P. vittata and
corresponding rhizosphere soils were collected from two un-
contaminated sites including Sun Yat-sen University campus,
Guangdong Province (ZD), and a botanical garden in Guangxi
Academy of Forestry Sciences, Nanning City, Guangxi
Province (NN), and two As and Pb/Zn mining and/or smelting
sites located in Shaoguan of Guangdong Province (SG) and
Guiyang of Hunan Province (GY). The spores and soil sam-
ples at each site were collected from at least four plots (5 x
5 m). Each plot was sampled from three random points. The
spores were air-dried and reserved for the following plant
culture. Both SG and GY were heavily contaminated by As
(24,618 and 28,933 mg kg "), Pb (6339 and 3273 mg kg ),
and Zn (5791 and 10,424 mg kg "), while the corresponding
metal concentrations at ZD and NN were below the class II
standards of Chinese soil environmental quality (GB15618—
1995) (Table S1, Electronic Supplementary Material).

2.2 Plant culture

The spores of each population of P. vittata were sprinkled
on arable land soils in a plastic tray, respectively. The tray
was covered with plastic cling film to maintain moisture.
After germination, the sporelings were fertilized biweekly
with 20% Hoagland’s nutrient solution (Hoagland and
Arnon 1938): 0.2 mM KH,POy4, 1.0 mM KNOs, 1.0 mM
Ca(NO3),-4H,0, 0.4 mM MgSO0,47H,0, 9 uM H3BOs,
1.8 uM MnCl,4H,0, 0.15 uM ZnSO,47H,0, 0.07 uM
CUSO4‘5H20, 0.03 LI.M H2M004'H20, and 4 ],LM Fe-
EDTA. Two-month-old sporelings (with two to three
fronds) of P. vittata were transplanted to another plastic
tray for further growth and the following experiments.
Both spore germination and plant culture were performed
in a greenhouse with temperature control (28/23 °C, day/



J Soils Sediments (2018) 18:3177-3185

3179

night). In addition to natural sunlight, a 12-h photon flux
density of 380 pmol m % s~ was supplied via an assembly
of cool-white fluorescent lamps.

2.3 Pot trial

As-contaminated soils were collected from abandoned rice
fields located in Shantou City, Guangdong Province. Their
selected physical and chemical properties were as follows:
pH =7.49 (soil:deionized water=1:5) and 251 mg As
kg ', 125 mg Pb kg ', and 144 mg Zn kg '.The soils were
air-dried and sieved through a 2-mm mesh. Two three-
month-old sporelings of each of the four populations
(NN, ZD, SG, and GY) of P. vittata were transferred to
each pot, each of which being filled with 2.0 kg of the
soils. The fern were watered with deionized water every
2 days to maintain 70-80% water-holding capacity (WHC)
and fertilized with 20% Hoagland’s nutrient solution at
weekly intervals. After 4 months, fronds and roots of
P. vittata were harvested separately, washed thoroughly
with tap water, and rinsed with deionized water to remove
any soil/substrate particles attached. Part of samples was
homogenized to powder with liquid nitrogen. The frozen
powder was stored at —80 °C for analysis of arsenate re-
ductase activity and As species. The rest of the samples
was oven-dried at 70 °C for 3 days for the analysis of total
As.

2.4 Root exudate collection

Three-month-old sporelings (with four to six fronds) of
each of the two populations (NN and GY) previously
cultured were transplanted to polyethylene pots filled with
2.0 L 20% modified Hoagland’s nutrient solution
(Hoagland and Arnon 1938). The plants were mounted
on floating polyfoam boards with their roots suspended
in the solution. To ensure plant uniformity, only
sporelings with similar fresh weight (1-2 g) and root
length (8—12 cm) were selected for the experiments. The
pH of the nutrient solution was adjusted to 6.0 (using
dilute HCl or NaOH), aerated vigorously, and renewed
twice per week to prevent depletion of metals and nutri-
ents. After growing in hydroponic systems for 6 weeks,
the sporelings of each population of P. vittata were ex-
posed to 20% Hoagland’s nutrient solution subjected to 0,
200, or 2000 uM As(V) (Na,HAsO4 7H,0O) or As(III)
(NaAsO,). There were two sporelings in each pot and
four replicates for each treatment. After 2 days of expo-
sure, root exudates were collected according to methods
described by Tu et al. (2004). Briefly, plant roots were
soaked in 30 mg L' chloramphenicol for 2 h to minimize
microbial growth and washed with sterile Milli-Q water.
The sporelings were subsequently transferred to 500 mL

of sterile Milli-Q water to collect root exudates for 6 h.
The root exudate was immediately filtered, lyophilized to
25 mL, and stored at — 80 °C for further analysis.

After collection of root exudates, the fern were divided into
fronds and roots and rinsed with tap water. The roots were
then incubated in an ice-cold phosphate buffer [containing
1 mM Na,HPO,, 10 mM2-(N-morpholino) ethanesulfonic ac-
id (MES) and 0.5 mM Ca(NO3),] for 10 min to ensure de-
sorption of As from surface and free space of the roots. Plant
tissues were oven-dried at 70 °C for 72 h to constant weight.

2.5 Arsenic mobilization from As-contaminated soils
by the root exudates

The As-contaminated soils used in the As mobilization were
same as previously used as pot trials. Four milliliters of pre-
viously reserved root exudates collected from the fern exposed
to 0 As was added to a centrifuge tube with 100 mg of the As-
contaminated soil. Four milliliters of deionized water was
used as a control. Fifty microliters of chloroform was added
to prevent microbial decomposition of root exudates. The so-
lutions were mechanically shaken at 25 °C for 24 h and cen-
trifuged at 10,000g for 15 min. The supernatant was acidified
using concentrated HNO3 (50 uL) for total As determination.
The net As mobilization from As-contaminated soil was cal-
culated as follows:

ASS—ASRE_ASC
Msoii X Root

Net As-mobilization (mgkg 'g™') = (1)
where Asg is the amount of As in the supernatant, Asgg is the
amount of As contained in root exudates, Asc is the amount of
As solubilized by control, Mg,; is the soil weight, and Root is

the dry weight of roots.

2.6 Arsenic mobilization from As-contaminated soil
by organic acids

Based on organic acids identified in the root exudates of the
fern, the role of oxalic acid, malic acid, and succinic acid on
As mobilization in the As-contaminated soils was investi-
gated. Arsenic dissolution from the As-contaminated soil
was carried out in a batch experiment. Into a 10-mL centri-
fuge tube, 100 mg of the soil was weighed. This was follow-
ed by adding 4 mL of oxalic, malic, or succinic acid solution
with concentrations ranging from 0 to 10 mM and 50 pL of
chloroform to inhibit microbial activity. Deionized water
was used as a control. The centrifuge tube was capped,
shaken mechanically at room temperature for 24 h, and cen-
trifuged at 10,000g for 15 min. The supernatant was re-
moved and acidified with 10 puL of concentrated HNO; for
total As determination.
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2.7 Chemical analysis
2.7.1 As determination in the plant

Analyses of total As in the plant were conducted by digesting
the plant tissues with an acid mixture [concentrated HNO; +
concentrated HC1O4 (5:1, v/v)] and determined with anatomic
fluorescence spectrometer (AFS-9780, Beijing Haiguang
Instruments Company, China). A standard reference plant ma-
terial [GBW 10023 (GSB-14)] from the National Research
Center for Standards, China, was used for quality assurance.
Recovery rate of the standard reference materials was within
85+ 5%. For As(Ill) and As(V) in the plant, the samples were
ground under liquid nitrogen and extracted with
methanol:water (1:1 v/v) under sonication for repeated three
times, and the three extracts were combined (Zhang et al.
2002). Total As in the extracts were determined with anatomic
fluorescence spectrometer.

2.7.2 Determination of arsenate reductase activity in roots
of P, vittata

The roots reserved were ground and homogenized with quartz
sand in 6 mL buffer solution containing 50 mM3-(N-
morpholino) propanesulfonic acid (MOPS) and 50 mM
MES, which was adjusted to pH of 6.5 with NaOH. After
the homogenate centrifuged at 10,000g for 30 min at 4 °C,
the supernatant was filtered through filter paper. The filtrate
was passed through Sephadex PD-10 desalting columns.
Arsenate reductase activity in the roots was assayed using
the methods described by Duan et al. (2005) and Liu et al.
(2009).

2.7.3 Determination of organic acids in root exudates

Organic acids in root exudates reserved were analyzed by
high-performance liquid chromatography (Shimadzu, LC-
20A) equipped with a reversed-phase C;g anion -exchange
analytical column and a multiwavelength UV detector at
210 nm. The mobile phase was 25 mM KH,PO, (adjusted
to pH 2.5 with concentrated ortho-phosphoric acid) at a flow
rate of 1 mL min'. Individual organic acids in the root exu-
dates were identified and calibrated by comparing retention
times with those of standards prepared with known concentra-
tions of oxalic, malic, succinic, and citric acids. The organic
acid concentrations were expressed on a dry root weight (dwt)
basis.

2.8 Statistical analysis
The differences in plant biomass, As concentrations, As accu-

mulation, organic acid concentrations, and arsenate reductase
activities among populations of P, vittata were assessed using
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Fisher’s protected least significant difference after ANOVA.
All statistical procedures were carried out using SAS 8.1 soft-
ware. Unless indicated otherwise, all treatment means were
tested for significant difference at p < 0.05.

3 Results

3.1 Variations of As accumulation in four populations
of P. vittata

There was insignificant difference in frond biomass among
four populations of P, vittata after growing As-contaminated
soils for 4 months (Fig. 1a). The metallicolous populations
(SG and GY) had significantly (p < 0.05) higher root biomass
(0.33 and 0.54 g) than the nonmetallicolous populations (ZD
and NN) (0.10 and 0.01 g). According to Figs. 1 and 2, there
was significant (p < 0.01) difference in concentrations of total
As, As(Ill), and As(V) in fronds of the four populations. The
present study further showed that the nonmetallicolous popu-
lations exhibited a significantly (p <0.01) higher As accumu-
lation in fronds than the metallicolous populations in As-
contaminated soils, which was contributed to higher As con-
centrations in fronds (Fig. 1). Generally, the highest concen-
trations of As(IIl) and As(V) in fronds were observed in the
nonmetallicolous populations, while the lowest were recorded
in the metallicolous populations (Fig. 2). Concentrations of
As(III) and As(V) in the fronds of NN population were about
13.7- and 17.2-fold for those of SG population, respectively.

3.2 Arsenate reductase activities in roots of four
populations of P. vittata

The present study indicated that there were significant
(p <0.05) difference in arsenate reductase activities in roots
among the four populations of P, vittata (Fig. 3). Apparently
higher arsenate reductase activities were recorded in the
nonmetallicolous populations (110 nkat mg ™' protein for
ZD, 160 nkat mg ' protein for NN) compared with the
metallicolous populations (62.9 nkat mg ' protein for SG,
78.1 nkat mg™" protein for GY). This is consistent with the
results that the nonmetallicolous populations possessed higher
As(III) concentrations in fronds than those in the
metallicolous populations (Fig. 2a).

3.3 Arsenic accumulation in the two populations
of P. vittata exposed to As(V) and As(lll)

Based on the results of previous pot trials, sporelings of
P vittata were exposed to 0, 200, or 2000 uM As(V) or
As(IIT) for 2 days in hydroponic culture for further investi-
gating variations of As accumulation in the two populations
(NN and SG). Table 1 shows that the nonmetallicolous
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Fig. 1 Frond (a) and root (b) dry
biomass, arsenic concentrations
(¢, d), and accumulation (e, f) in
four populations (ZD, NN, SG,
and GY) of Pteris vittata growing
on As-contaminated soils for

4 months. Bars marked with
different letters are significantly
different among four populations
according to least significant
difference (LSD) test (p < 0.05)
(mean+SE, n=4)

Fig. 2 Arsenite (a) and arsenate
(b) concentrations in fronds of
four populations (ZD, NN, SG,
and GY) of Pteris vittata growing
on As-contaminated soils for

4 months. Bars marked with
different letters are significantly
different among four populations
according to least significant
difference (LSD) test (p < 0.05)
(mean+SE, n=4)
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Fig. 3 Arsenate reductase activity in the roots of four populations (ZD,
NN, SG, and GY) of Pteris vittata growing on As-contaminated soils for
4 months. Bars marked with different letters are significantly different
among four populations according to least significant difference (LSD)
test (p <0.05) (mean =+ SE, n=4)

population (NN) possessed apparently higher frond As con-
centrations than the metallicolous population (SG) under
any of As treatment. After exposure to 2000 uM As(V) or
As(Il), frond As concentrations in the NN population were
significantly (p < 0.01) higher than those in the SG popula-
tion. In addition, frond As concentrations under As(III)
treatments (707-2258 mg kg ') were comparable with
those under As(V) treatments (751-1366 mg kg_l). These
results further demonstrated that the nonmetallicolous pop-
ulation of P. vittata had a apparently higher accumulation
capacity for As than the metallicolous populations, regard-
less of exposed to As(V) or As(III).

3.4 Pattern of root exudates

As shown in Table 1, root exudates from the two populations
of P, vittata contained similar compositions of organic acids
including oxalic, malic, and succinic acids. Oxalate was the
predominant organic acid in the root exudates of the two pop-
ulations of P, vittata, accounted for 67.2-97.7% of total or-
ganic acid secreted (Table 1). As expected, oxalate concentra-
tions increased with increasing As concentrations in nutrient
solution. For example, oxalate concentrations in root exudates
of NN were 68.7 mg kg ' under the control, which increased
to 90.4 mg kg7l under 2000-uM As(V) treatment (Table 1).
Although As(IIl) is more toxic than As(V),the species of As
seemed to have insignificant effects on oxalate secretion from
fern plants (Table 1). The oxalate concentrations in root exu-
dates of the NN population were significantly (p <0.05)
higher than those in the GY population, except those exposed
to 2000-uM As(III) treatment. The oxalate concentrations in
root exudates of the NN population (90.4 mg kg ') were 5.23
times of those in the SG population (17.3 mg kg™') under
2000-uM As(V) treatment, suggesting that oxalate exudation
was related to efficiency of As accumulation in the former
populations.

3.5 Arsenic mobilization from As-contaminated soils
by root exudates and exogenous supply of organic
acids

Root exudates from the NN population mobilized significant-
ly (» <0.01) more As from As-contaminated soils than those
from the GY population (Fig. 4a), suggesting that the former

Table 1 Arsenic concentrations

in fronds, oxalic acid, malic acid, Level  Population  As concentration — Oxalic acid Malic acid Succinic acid
and succinic acid concentrations (HM) in frond concentration concentration concentration
in root exudates of the two (mg kg™ (mg kg d.wt) (mg kg " d.wo) (mg kg d.wi)
populations (NN and GY) of
Pteris vittata after growing for Arsenate
2 days in 0.2-strength Hoagland 0 NN 15.5£327 a 68.7+10.0a 293£121a 0.66+0.05 b
solution containing 0, 200, or GY 104+3142b  265+496b 383+131a 1.74+0.16 2
2000 uM arsenate
(NayHAsO,+7TH,0) or arsenite 200 NN 775+44.8 a 86.6+8.13 a 2.04+0.00 ab n.d.
(NaAsO,) (mean=SE, n=4) GY 751+80.7 a 323£599b 4.19+1.65a 2.49+0.48
2000 NN 1724+118 a 90.4+7.71a 4.00+0.09 a 1.33+£0.49 ab
GY 1366+73.1b 17.3+1.69b 540+1.66 a 3.04+£1.06 a
Arsenite
200 NN 1005+93.0 a 96.9+3.08 a 412+0.36b 0.53+0.03 b
GY 707 +£160 a 33.0+104b 7.15+0.86 a 234+043a
2000 GY 2258+154a 59.5+14.1a 3.58+0.56 a 0.41+0.02
NN 941+91.1b 348+1.17a 3.27+0.65a n.d.
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Fig.4 Arsenic mobilization from As-contaminated soils by root exudates
(a) collected from the two populations (NN and GY) of Pteris vittata
growing in 0.2-strength Hoagland solution for 2 days and exogenous
supply of organic acids (b) including oxalic acid, malic acid, and

possesses greater ability to solubilize As than the later. Oxalic,
malic, and succinic acids were the three organic acids identi-
fied in the root exudates of P. vittata (Table 1). Therefore, the
role of the three organic acids on As mobilization in soils was
examined. As expected, net As mobilization from As-
contaminated soils increased with increasing concentrations
of organic acids (Fig. 4b). Among the three organic acids,
oxalic acid was the most effective in As mobilization and
succinic acid was the least.

4 Discussion

Based on the results of pot trials (Fig. 1) and hydroponic
culture (Table 1), the present study showed that the
nonmetallicolous populations of P. vittata possessed signifi-
cantly higher As accumulation in the fronds than the
metallicolous populations. This is in line with Wu et al.
(2015), who showed that the nonmetallicolous populations
of P, vittata possessed more effective As accumulation than
the metallicolous populations. The nonmetallicolous popula-
tions exhibit apparent advantage for enhancing phytoextration
of As-contaminated soils and the advantage need to investi-
gate under field conditions. Furthermore, the present study
indicated that the nonmetallicolous populations of P. vittata
could uptake more As(IIl) compared to the nonmetallicolous
populations. The As(IIl) influx fitted well with Michaelis—
Menten kinetics in both nonmetallicolous and metallicolous
populations of P, vittata, and higher value of V,,,, for As(IIl)
was recorded in the nonmetallicolous populations (Wu et al.
2015). An aquapor in PvTIP4;1 mainly expressed in roots
may be involved in As(Il) uptake by P. vittata (He et al.
2016). Halimaa et al. (2014) found that expression of genes
with possible contribution to Zn, Cd, and Ni
hyperaccumulation and hypertolerance was difference be-
tween Noccaea caerulescens ecotypes. Molecular mecha-
nisms of intravariations in As accumulation of P, vittata need
further investigation.
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succinic acid. Bars marked with different letters are significantly
different among four populations according to least significant
difference (LSD) test (p < 0.05) (mean=+SE, n=4)

The majority (>67%) of As species in fronds was As(III)
either in the nonmetallicolous or in the metallicolous popula-
tions, in line with the previous works (Wang et al. 2002; Su
et al. 2008). Zhang et al. (2002) showed that conversion of
As(V) to As(Il) is an essential process for As detoxification in
P, vittata because As(Ill) may be stored and sequestered in
vacuoles to inhibit its toxicity to the plant (Lombi et al.
2002). In addition, the rate of As(III) to total As in fronds of
the nonmetallicolous populations were apparently higher than
that in the metallicolous populations (data not shown). Higher
arsenate reductase activities were recorded in the
nonmetallicolous populations compared with the
metallicolous populations, which indicated that the former
populations may be possess more effective capacity for con-
version of As(V) to As(Ill) (Fig. 3). Su et al. (2008) found that
roots are the main location of As(V) reduction in P. vittata.
As(V) can be directly reduced to As(IIl) by arsenate reductase
in roots of P. vittata (Duan et al. 2005). The present study
demonstrated that metallicolous and nonmetallicolous popu-
lations of P. vittata from contrasting conditions (As-
contaminated soils vs clean soils) possess similar mechanisms
for As(V) reduction.

The composition of oot exudates of P, vittata in the present
study was consistent with Lou et al. (2010). Oxalate was the
predominant organic acid in the root exudates of
nonmetallicolous or metallicolous populations of P. vittata.
Oxalate is typical organic acid in plant root exudates (Li
et al. 2003; Zhu et al. 2011). Tao et al. (2016) also found that
oxalate was the dominant organic acid in the root exudates of a
Cd hyperaccumulator, Sedum alfredii. Phytic acid was not
detected in root exudates of P. vittata in the present study,
which was in line with Lou et al. (2010) and Das et al.
(2017). However, Tu et al. (2004) and Liu et al. (2016) found
that phytic acid was the predominant organic acid in the root
exudates of P. vittata. The inconsistent composition of root
exudates of P, vittata may be due to difference in the age of
an individual plant and external factors like biotic and abiotic
stressors. Valentinuzzi et al. (2015) found that the growth
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stage of the plant and different trap solutions to collect root
exudates markedly influenced the composition and concentra-
tion of organic acids in root exudates.

The present study showed that significant (p < 0.05) higher
oxalate concentrations were recorded in the NN population,
except 2000-uM As(IIT) treatment (Table 1). Similarly, Tao
et al. (2016) observed variations in oxalate secretion between
genotypes of the same plant species. They found that
hyperaccumulating ecotype of S. alfredii had nearly 2-fold
higher oxalate secretion than nonhyperaccumulating ecotype.
Garcia et al. (2001) showed that root exudation is positively
correlated with root growth of two Lupinus cultivars, which
means that actively growing root systems secrete more exu-
dates. Our previous study found that the nonmetallicolous
populations of P. vittata possessed higher biomass and more
actively growing roots than the metallicolous populations (Wu
et al. 2015), which seemed to be resulted in higher oxalate
secretion in the nonmetallicolous populations. Moreover,
manual simulation indicated that root exudates from the NN
population mobilized apparent more As from As-
contaminated soils than that from the GY population, of which
oxalic acid possessed the most effective in As mobilization
(Fig. 4). It has been reported that oxalate could mobilize Cd
and Al (Dytrtova et al. 2011; Morita et al. 2011). As discussed
formerly, there were higher frond As concentrations and more
amounts of oxalic acid recorded in the nonmetallicolous pop-
ulation, which suggested that As-stimulated oxalate secretion
increased As uptake and accumulation in the fern and that
exogenous oxalate supply maybe promoted As accumulation
efficiently. The information obtained in the present study will
be very valuable in revealing and explaining the physiology
mechanisms of As accumulation and tolerance in P, vittata.

5 Conclusions

The present study indicated that the nonmetallicolous popula-
tions of P, vittata possess more effective capacity for conver-
sion of As(V) to As(IIl) than the metallicolous populations.
The present study identified oxalate as dominant organic acid
from both nonmetallicolous and metallicolous populations of
P vittata. The nonmetallicolous populations with more As
accumulation excreted higher concentrations of oxalate than
the metallicolous populations. Our data also clearly showed
the role of root exudates in releasing As from As-contaminat-
ed. The nonmetallicolous populations of P, vittata possessed
more effective As accumulation than the metallicolous popu-
lations, which was contributed to higher arsenate reductase
activities and higher concentrations of oxalate in the roots.
Further investigating of intravariations of accumulating As
in P, vittata and the associated molecular mechanisms may
be useful to increase plant uptake of As, which has implication
for more efficient phytoextration of As-contaminated soils.
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Abstract

To identify status, source of polycyclic aromatic hydrocarbons (PAHs) in urban soils and to assess soil environmental quality in
Xi’an City, China, total 45 soil samples were collected from surface layer (0—10 cm) in different functional areas. Total
concentrations of 16 US EPA priority PAHs ranged from 149.9 to 5770 pug kg ', with a mean of 1246 ug kg™'. High molecular
weight (HMW) PAHs accounted for the majority (42.4—72.2%) of the total PAHs in the urban soils, and phenanthrene (Phe),
fluorene (Flo), pyrene (Pyr), benzo(b)fluoranthene (BbF), and chrysene (Chr) were the major compounds. Concentrations of
PAHs varied among different functional areas. High level of PAHs was particularly apparent in industrial zones and city road
overpass, while low level was recorded in scenic spots and campus. The integration of isomer ratios, principal component
analysis (PCA), and positive matrix factor (PMF) indicated that the sources of PAHs in Xi’an urban soils were mainly derived
from vehicle emissions and coal combustion. Based on incremental lifetime cancer risks (ILCR) model, the urban soils from the
three functional areas (industrial zone, urban road, and city road overpass) posed potential cancer risk, and the cancer risks of
direct ingestion for children were apparently higher than that for adolescence and for adult, respectively. Therefore, attention
should be paid to the health risk for children exposed to PAHs in the urban soils.

Keywords Polycyclic aromatic hydrocarbons - Source identification - Risk assessment - Urban soil

Introduction

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous or-
ganic pollutants and mainly generated from anthropogenic
sources, such as coal and fossil fuel combustion, vehicle emis-
sions, oil refining, industrial processing, chemical
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manufacturing, and petroleum leakage (Ravindra et al.
2008). Owing to rapid growth in economy and energy con-
sumption, PAH emissions of China have been continuously
increasing and are up to 106,000 tons in 2007, accounting for
21% of the global total emission (Shen et al. 2013). Due to
their potential toxicity, carcinogenicity, and mutagenicity to
human and other organisms, PAHs have been attracted
enough attention for years.

As semivolatile chemicals, PAHs can be transported in the
atmosphere over long distances and entered into surface soils
via wet and/or dry deposition (Desalme et al. 2013). Because
of their strong hydrophobicity and resistance to degradation,
PAHSs are easy to accumulate in soils, which makes soils be-
come the most important sink of PAHs in environmental me-
dia, and approximately 90% of the total PAHs retain in surface
soils (Ping et al. 2007; Wild and Jones 1995). Given recent
rapid urbanization and industrialization, urban soil pollution
including PAHs has become a very important issue (Wang
etal. 2017b). PAH concentrations vary significantly in various
rural and urban environments and are mainly influenced by
vehicular and domestic emissions (Ravindra et al. 2008).
Generally, soil PAH concentrations in urban areas are much
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higher than those in areas far away from the city center.
For example, PAH concentrations were 7.4 times higher
in industrial areas than in agricultural areas in Delhi, India
(Singh et al. 2012) and ten times higher in busy streets
than in natural soils (Wilcke 2000). Soils collected from
roadside or busy street in Lanzhou of China showed much
higher levels of PAHs than those collected from parks and
residential areas (Jiang et al. 2016). Xi’an is the capital
city of Shaanxi Province and the largest city in Northwest
China, with a population of almost 9.0 million. A few
studies have reported that high level of PAHs was record-
ed in fine particulate matter (PM, s), air and urban surface
dust in Xi’an (Wei et al. 2015; Wang et al. 2016a, b,
2017a; Xu et al. 2016a), indicating serious pollution of
the urban environments. The status of PAHs in proximity
of urban soils is of vital importance for local residents
because it can affect human health via inhalation, inges-
tion, or dermal contact (Cachada et al. 2012; Chen et al.
2013). Substantial variation which exists among existing
studies focused on urban soil pollution, the status, distri-
bution, and source of PAHs pollution for different regions
due to differences in geography, sources, climate, and ag-
ricultural production (Wang et al. 2017b). However, the
situation of PAHs in urban soils of Xi’an has not been
fully investigated, and the health risk of human exposure
to PAHs in urban soils from different urban functional
districts is also lacking.

The major objectives of the present study were to (1) in-
vestigate the level and spatial distribution of PAHs (the 16 US
EPA priority PAHs) in urban soils from Xi’an, (2) identify

possible sources of PAHs in urban soils from Xi’an, and (3)
evaluate health risk of human exposure to PAHs in urban soils
from different urban functional districts of Xi’an.

Materials and methods
Collection and preparation of urban soil samples

During December 2016, total 45 soil samples were col-
lected from surface layer (0—10 cm) in different functional
areas of Xi’an, including industrial zone (IZ), campus
(CP), residential areas (RA), parks (PR), urban road
(UR), city road overpass (CRO), and scenic spots (SS)
(Fig. 1). For each sampling site, four sub-samples were
randomly collected in area of 10 m x 10 m and mixed as
one composite sample. All the soil samples were stored in
polyethylene sealing bag, placed in a dark environment,
and transported to the laboratory for experimental analysis
as soon as possible. Part of soil samples was air-dried for
2 weeks, sieved through a 2-mm mesh, and stored at —
80 °C for analysis of total PAHs and soil organic matter
(SOM), while the rest was placed at — 80 °C for determi-
nation of microbial biomass carbon (MBC).

Extraction and analysis of PAHs
Each samples (about 3.5 g) were Soxhlet extracted for 18 h

with 120 mL of acetone and dichloromethane (DCM) mix-
ture (1:3, v/v) (USEPA 1996a). The sample cleanup and

Fig. 1 Schematic showing the geographical locality of sampling sites of urban soils in Xi’an City, China

@ Springer



Author's personal copy

Environ Sci Pollut Res (2018) 25:18947-18959

18949

detection method is described in our previous study (Tian
etal. 2018). Briefly, the extracts were concentrated to about
2 mL by a rotary evaporator, then passed through a silica
gel column (top layer 2 g anhydrous Na,SO, and sub-layer
2 g silica gel), and eluted with 60 mL hexane and DCM
(1:1, v/v). The extracts were evaporated, exchanged with
methanol to 2 mL, and analyzed using HPLC-FLD
(Shimadzu, LC-20A) equipped with an ultraviolet detector
(PF-20A) and a fluorescence detector (SPD-20A). The
HPLC system was fitted with a PAH-specific reverse col-
umn (®4.6 x 150-mm Intersil ODS-P column, 5 pm,
Shimadzu, Kyoto, Japan) and a mixture of methanol and
ultrapure water as the mobile phase. Sixteen PAHs were
measured in the present study: naphthalene (Nap), ace-
naphthylene (Acy), acenaphthene (Ace), fluorene (Flo),
phenanthrene (Phe), anthracene (Ant), fluoranthene (Fla),
pyrene (Pyr), benzo(a)anthracene(BaA), chrysene (Chr),
benzo(b)fluoranthene (BbF), benzo(k)fluoranthene (BkF),
benzo(a)pyrene (BaP), indeno(1,2,3-c,d)pyrene (IcdP),
dibenzo(a,h)-anthracene (DahA), and benzo(g,h,i)perylene
(BghiP).

Quality control

A method blank, a standard reference material (SRM 1649b)
and a sample duplicate were processed and analyzed in paral-
lel with each batch of 12 soil samples. The standard reference
material of urban dust (SRM 1649b) obtained from the
National Institute of Standards and Technology (NIST),
USA was used for calibration and analytical control for urban
soils. PAHs were identified on the basis of retention times
relative to five deuterated internal standards (dg-Nap, d¢-
Ace, dig-Phe, d;o-Chr, and d,- perylene). The limit of detec-
tion (LOD) using the present method was determined as the
concentrations of analytes in a sample that gave rise to a peak
with a signal-to-noise ratio (S/N) of 3, which ranged from 0.07
to 1.41 pg kg '. The recoveries of individual PAHs in SRM
and internal standards ranged from 77.9% for Pyr to 139% for
Nap. The variation coefficient of PAH concentrations between
duplicate samples was less than 10%.

Determination of SOM and MBC

SOM was determined with the potassium dichromate volu-
metric method (Lao 1988). MBC was determined with the
chloroform fumigation extraction method (Vance et al.
1987). Briefly, fresh soil (12.5 g) was fumigated (ethanol-free
chloroform), and an equivalent amount of soil was non-
fumigated as blank for 24 h at 25 °C in an evacuated extractor.
Both fumigated and non-fumigated soils were extracted with
25 mL of 0.5 mol L' K,SO, for 1 h, then filtered through
0.45-um filters. The extracts were preserved in the dark

at —20 °C, and organic C in the extracts was deter-
mined with a TOC-Vpy analyzer (Shimadzu, Japan).

Cancer risk assessment

Tsai et al. (2004) proposed a method for the evaluation of toxic
equivalents based on BaP. BaP is the only known carcinogen
slope factor in PAHs, and toxicity equivalency factor (TEF) is
used to quantify the concentration of BaP and other carcino-
genic PAHs. The total BaP equivalent concentrations were
calculated as follows:

where C; is the concentration of PAH congener i (ug g );
TEF; is the toxicity equivalency factor of PAH congener i.

In this study, potential cancer risk imposed on townsfolk as
a result of being in contact with contaminated soils was as-
sumed to occur via three major exposure pathways including
ingestion, dermal contact, and inhalation. Incremental lifetime
cancer risks (ILCR) were calculated as a means of quantita-
tively evaluating the integrated lifetime risks of exposure to
PAHs in urban surface soils. The USEPA standard models
used in this study were described in Peng et al. (2011). The
individual cancer risk was estimated based on the following
three equations.

ILCRIngestion
/BW
SC x <CSFIngestion X \ W) X IRIngestion x EF x ED
B BW x AT x 10°
(1)
ILCRDermal
SC x <CSFDcm,a] X f/%) X SA x AF x ABS x EF x ED
- BW x AT x 10°
(2)
lLCRInhalation ( 3 )

;/BW
SC x (CSFInhalation X W) X IRlnha\lation x EF x ED

BW x AT x PEF

In these equations, where SC is the sum of converted PAH
levels based on toxic equivalents of BaP, CSF is the carcino-
genic slope factor (mg kg ™' day ') "'; BW is the average body
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weight; AT is the average life span; EF is the exposure fre-
quency; ED is the exposure duration; SA is the surface area of
the skin that exposure to PAHs; AF is skin factor; ABS is the
dermal absorption factor; IRpgestion 1S the ingestion rate of soil;
IR1phalation 1 the inhalation rate, and PEF is the particle emis-
sion factor. Parameters used for the estimation of ILCR are
presented in Table S1.

Data analyses

Positive matrix factorization (PMF) was adopted to identify
pollution patterns and the potential sources of PAHs in Xi’an
urban soils. PMF calculation was conducted using EPA PMF
5.0. Two input files are required for the PMF 5.0 model: one is
for the measured concentrations (C) of PAHs, and the other is
for the estimated uncertainty (U) of the concentrations. PAHs
concentration below the method detection limits (MDL) was
substituted by half the detection limit. The input matrix of
uncertainties was calculated by applying MDL for each PAH
and measurement uncertainty (MU, %). If the PAH

concentration is less than or equal to the MDL, then U =5/6
MDL. Otherwise, U = [(MU x C)? + (MDL)?]"”%. In addition,
correlation analyses, principal component analyses (PCA),
and other statistical analyses were conducted using SPSS
23.0 and Origin 8.0. The Inverse Distance Weighted (IDW)
map showing the spatial distribution of ) ;s PAHs was carried
out with ArcGIS 9.3.

Results and discussion
Concentrations of PAHs in urban soils from Xi'an

The concentrations of 16 PAHs (X;4PAHSs) in urban soils col-
lected from Xi’an ranged from 149.9 to 5770 pg kg ', with an
average of 1246 pg kg™ ' (Table 1). According to the contam-
ination classification indicated by Maliszewska—Kordybach
(1996), 91.1% of the samples of urban soils in Xi’an were
contaminated with PAHs (>200 ug kg ). Levels of PAHs
in urban soils from Xi’an were much higher than those in

Table 1 Summary of measured PAHs in urban surface soil of Xi’an (ug kg ')
Compounds Abbreviation Aromatic ring TEF? Mean Minimum Maximun Median SD®
Naphthalene Nap 2 0.001 76.64 nd 481.8 36.20 108.6
Acenaphthylene Acy 3 0.001 22.16 0.073 169.0 6.396 39.33
Acenaphthene Ace 3 0.001 33.03 nd 139.8 2291 34.10
Fluorene Flo 3 0.001 48.40 4.681 2129 34.40 4491
Phenanthrene Phe 3 0.001 202.4 30.12 950.1 141.9 179.0
Anthracene Ant 3 0.01 24.58 1.954 163.7 16.01 31.16
Fluoranthene Fla 4 0.001 143.5 8.941 750.6 77.50 178.1
Pyrene Pyr 4 0.001 135.3 2.658 988.0 5747 200.7
Benz(a)anthracene BaA 4 0.1 79.89 5.852 424.2 40.48 100.2
Chrysene Chr 4 0.01 116.3 3.923 581.3 57.09 1453
Benzo(b)fluoranthene BbF 5 0.1 118.4 5.162 7522 55.27 166.5
Benzo(k)fluoranthene BKF 5 0.1 35.95 1.936 2934 19.42 52.04
Benzo(a)pyrene BaP 5 1 60.26 2.084 702.9 29.00 109.5
Dibenz(a,h)anthracene DahA 5 0.1 34.02 nd 2413 6.541 62.18
Indeno(1,2,3-cd)pyrene IcdP 6 1 50.30 nd 400.7 23.85 78.29
Benzo(g,h,i)perylene BghiP 6 0.01 65.16 nd 559.7 28.04 106.5
LMW PAH,® 407.3 58.20 1897 308.9 372.7
HMW PAH,* 839.2 37.47 5153 424.8 1120
YPAH,® 4952 24.66 3202 245.5 660.0
YPAH, 1246 149.9 5770 662.6 1403

nd indicating that it is not detectable

# Toxic equivalency factors

b Standard deviation

¢ Low molecular weight 2-3 ring PAHs
4 High molecular weight 4-6 ring PAHs

€ Sum of seven carcinogenic PAHs (BaA, Chr, BbF, BKF, BaP, IcdP, and DahA)

Total PAHSs concentration
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seaside cities, such as Shenzhen (360 ug kg™ '), Dalian
(796 ug kg"), and Guiyu (582 pg kg ') of China; Torino
(857 ug kg") of Italy; and Bangkok (129 ug kg™') of
Thailand (Table 2). As the capital city of the largest province
of coal producer and consumer of China, coal combustion
from coal burning power plants, coal-power, and domestic
heated in residential areas in winter, as well as coke oven used
in the steel industry were assigned as a crucial source of PAHs
in Xi’an. The energy consumption in the city was up to
4,905,405 tons of standard coal equivalent, in 2011 (Statistics
Bureau of Xi’an City 2012). Xi’an also has heavy auto-mobile
traffic, and there were more than 2.60 million motor vehicles
in 2016 (Hu and Gao 2017). Meanwhile, the concentrations of
Y16 PAHs in urban soils were influenced more by meteoro-
logical factors such as temperature and wind (Wang et al.
2017a). As an inland city, Xi’an ranks as one of the cities with
the worst air quality in China, mainly attributed to industrial
pollution and its topography surrounded by Qin Mountain and
Loess Plateau hindering the dispersion of air pollutants (Wei
et al. 2015). Up to 104.7 ng m > PM, s-bound PAHs were
recorded in Xi’an, China, in summer of 2013 (Xu et al.
2016a). Wang et al. (2017b) suggested that soil temperature
is a very important factor in determining the degradation of
soil PAHs that decreases with lower temperature. Lower average
year temperature in Xi’an compared with Shenzhen, Dalian, and
Guiyu of China also contributed to higher level of PAHs in the
urban soils because of lower degradation of soil PAHs at lower
temperature. On the other hand, the concentrations of >, PAHs
in Xi’an urban soils were lower than those megacities, such as
Beijing (6653 pg kg '), Nanjing (3330 pg kg "), and Shanghai
(1970 ug kg") of China, Bergen of Norway (6780 ug kg ),
Glasgow (11,930 ug kg "), and London (18,000 pg kg ') of UK
(Table 2), which are large cities with comparatively large
population and heavy industries developed. Nam et al. (1999)
indicated that there was a positive correlation between population

density and soil PAH concentrations. Compared with the data
from those reported in urban areas, the level of PAHs in Xi’an
urban soil is moderately contaminated with PAHs and should
pay enough attention.

Spatial distribution of PAHs

Concentrations of PAHs in urban soils varied greatly among
the seven functional areas in Xi’an (Table 3). The mean con-
centrations of>2;sPAHs decreased in the following order: 1Z >
CRO>UR >PR>RA >SS >CP. The PAHs concentrations
in IZ were significantly (p <0.05) higher than those in other
zones except for CRO, indicating that this functional area has
been identified as the primary source of PAHs in Xi’an.
Similarly, both Chen et al. (2013) and Jia et al. (2017) found
that the highest concentrations of PAHs in urban soils were
recorded in roadside areas and industrial areas. The present
study also showed that the gradient of PAHs was obvious from
the roadside to residential areas. This may be due to that many
residential areas were built in recent years and that the parks
were generally located in underground in Xi’an, which re-
duced PAH accumulation in RA soils from vehicular emis-
sion. In addition, domestic coal was replaced with electricity,
and natural gas widely leading to a lower PAH concentrations
in RA(Yang et al. 2017).

The spatial distribution of ) ;s PAHs in urban soils from
Xi’an is shown using a forecast map (Fig. 2). PAHs concen-
trations in urban soils were higher in east and west of center of
Xi’an city, while those was lower in the south and north of the
city. Two sections with hotspots isolated by the predicted map-
ping plot showed the highest concentrations PAHs in Xi’an
urban soils which matched the proximity of major emission
sources of PAHs geographically. Both sections A and B are
located in the IZ, which have coal-fired power plants and other
factories. Owing to the high-temperature and continuous

Table 2 Concentrations of >PAHs in topsoil of the in this study and other cities in previous studies

City and country No. of PAHs Depth Mean (ug kg ™) Range (ug kg ") References

Glasgow, UK 15 0-10 11,930 1487-51,882 Morillo et al.(2007)
Bergen, Norway 16 02 6780 nd-200,000 Haugland et al.(2008)
Torino, Italy 15 0-10 857 148-3410 Morillo et al.(2007)
Bangkok, Thailand 20 0-5 129 12-380 Boonyatumanond et al. (2007)
London, UK 16 5-20 18,000 4000-66,000 Vane et al.(2014)
Shenzhen, China 16 0-5 360 2-6745 Zhang et al.(2016a)
Nanjing, China 16 0-5 3330 59-18,000 Wang et al.(2015)
Dalian 15 0-5 796 190-8595 Wang et al.(2006)
Guiyu, China 16 0-20 582 45-3206 Xu et al.(2016b)
Shanghai, China 16 0-20 1970 83-7220 Wang et al.(2013)
Beijing, China 15 0-5 6653 924-44,495 Zhang et al.(2016b)
Xi’an, China 16 0-10 1257 149-5770 This study

@ Springer



Author's personal copy

18952

Environ Sci Pollut Res (2018) 25:18947-18959

Table 3  Effect of functional type on individual PAH concentrations in Xi’an surface soil

Industrial zone Campus Residential areas Parks (n =6) Urban road City road overpass Scenic spots
(n=8) (n=6) (n=06) (n=9) (n=5) (n=5)

Compounds Mean  Max Mean Max  Mean Max Mean Max  Mean Max  Mean Max Mean Max

Nap 183.0 481.8 33.14 1222 3583 79.25 5924 2259 83.78 349.8 83.99 349.8 3495 84.16
Acy 3545 1592 4544 1065 6.778 12.18 2928 6396 2993 169.0 28.82 169.0 1486 5520
Ace 4534 1398 12.88 31.61 27.86 48.92 13.89 30.81 4196 1102 41.52 110.2 4352 1327
Flo 88.58 2129 1545 4439 38.37 82.74 1730 2737 58.15 138.7 55091 138.7 31.88 47.80
Phe 361.1  950.1 63.82 131.0 8795 147.9 1185 2029 2527 5149 251.6 517.3 101.9  179.0
Ant 59.67 163.7 4218 11.87 17.08 47.62 1138 22.64 2198 45.87 23.60 52.89 11.04 16.01
Fla 3270  750.6  55.52 1369 57.20 146.6 89.24 2013 1415 288.0 1409 462.6 45.61 6593
Pyr 347.0 988.0 29.65 6517 39.89 113.9 6543 1279 1270 3769 1263 497.8 2831 47.06
BaA 1889 4242 2415 46.68 26.11 53.22 3844 6724 7554 1753 7434 236.8 2270 30.78
Chr 2447 5813 3024 6472 36.65 98.36 5458 1146 1302 2544 129.1 527.5 2642  38.77
BbF 297.6 7522  29.69 5527 2494 43.42 53.01 97.66 121.1 2764 120.1 404.3 2127 3243
BkF 91.62 2934 1137 21.28 10.13 23.99 19.85 40.17 3446 77.12 34.82 99.11 6.929 11.34
Bap 162.7 7029 1823 3224 1628 44.51 30.85 5672 56.64 121.6 57.87 156.1 12.53  20.50
DahA 4897 1185 2718 5985 2211 6.900 3493 8800 5242 2413 51.49 241.3 3358 15.61
IedP 1312 400.7 1096 2339 10.57 23.85 24.17 44.15 4996 1249 51.07 167.2 4871 12.07
BghiP 169.5 559.7 13.62 2852 11.88 30.54 26.74 5576 66.16 1758 65.25 202.4 3.681 8.792
LMW PAHs 773.1 1897 1340 267.0 2139 311.7 2233  488.6 4855 1309  696.0 1309 2382 326.1
HMW PAHs 2009 5153 226.1 4792 2359 577.7 405.8 8044 851.2 1801 1605 2966 1757  246.7
YPAH;* 1166 3202 1274 2486 1269 286.6 2244 4293 5188 1005  990.7 1803 98.08 1425
YPAH;¢ 2782 5770 3602  691.8 449.7 886.6 629.1 1148 1337 2472 2301 3691 413.8 5728

#Sum of seven carcinogenic PAHs (BaA, Chr, BbF, BkF, BaP, IcdP, and DahA)

combustion processes, large amounts of PAH would be gen-
erated. Therefore, these special points should be paid attention
seriously.

Composition profile of PAHs in urban soils from Xi'an

The composition profiles of 33;sPAHs in the urban soils from
Xi’an were comparable among different functional areas, ex-
cept for those from SS (2.0%) in which percentage of 6-ring
PAHs was apparently lower than those from the other six
different functional areas including UR (9.0%), CRO
(9.8%), RA (5.0%), PR (8.1%), CP (6.8%), and 1Z (10.8%),
respectively (Fig. 3). High molecular weight PAHs (HMW
PAHs, 4-6 rings) accounted for the majority (62.8-72.2%)
of the total PAHs in urban soils from UR, CRO,PR, CP, and
1Z, similar with previously studies conducted in many cities
(Chung et al. 2007; Ma et al. 2009; Cachada et al. 2012; Wang
etal. 2013). These were probably due to the higher persistence
of HMWPAHS in soils and the tendency of HMW PAHs ac-
cumulating in soils close to emission sources (Chung et al.
2007; Liu et al. 2011). Comparatively, RA and SS were dom-
inated by low molecular weight PAHs (LMWPAHs, 2-3
rings) (47.6% and 57.5). LMW PAHs are deemed to
petrogenic origins and usually formed in low-temperature pro-
cesses, which are easily transported to remote areas and

@ Springer

considered as “multi-hop” chemicals due to their high vola-
tility and octanol-water partition coefficient(Gouin et al.
2004). For the individual compounds, Phe, Flu, Pyr, BbF,
and Chr were the major compounds, accounting for 16.2,
11.5,10.9, 9.5, and 9.3% of 321 sPAHs, respectively. As shown
in Table 4, the correlation coefficient matrix among the differ-
ent rings of PAHs reflected that nearly all variables were sig-
nificantly (p <0.01) inter correlated. The higher correlations
represented by  value (» > 0.6) were found in individual PAHs
between LMW and HMW compounds group. Most of the
HMW PAHs were significantly (p <0.01) correlated with
one another. However, there was insignificantly correlated
between LMW PAHs and HMW PAHs, suggesting that the
sources of LMW PAHs were different from the HMW PAHs.

Effects of SOM and MBC on PAHs in urban soils
from Xi'an

The present study shows that there were significantly positive
correlation between SOM and total PAHs (r=0.452,
p<0.01), HMW PAHs (r=0.453, p<0.01), LMW PAHs
(r=0.341, p<0.05), and seven kinds of carcinogenic PAHs
(r=0.417, p<0.01) in urban soils from Xi’an (Table 4).
Previous studies also found a strong correlation between
SOM and concentrations of soil PAHs (Jiang et al. 2011; Yu
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Fig. 2 Composition profile plot
of PAHs in urban soils collected
from seven functional areas
including industrial zone (1Z),
campus (CP), residential areas
(RA), parks (PR),urban road
(UR), city road overpass (CRO),
and scenic spots (SS) in Xi’an
City, China

etal. 2013). This phenomenon may be attributed to the strong
adsorption of PAHs to SOM, especially the allochthonous
carbonaceous SOM that exhibits adsorption properties much
different from the autochthonous SOM (Dachs and Eisenreich
2000). PAHs in soils could decompose by heterotrophic mi-
croorganisms, which use organic carbon as nutrients and en-
ergy sources (Chiou et al. 2001). MBC, which drives the de-
composition of organic compounds, is often used as a sensi-
tive indicator of the various stresses caused by the disturbance

0256 10 15

e

of soil properties in ecosystems (Sun et al. 2016; Wang et al.
2012). However, the present study showed that there were
insignificant correlation between MBC and individual PAHs
(Table 4), similar with the results done by Hu et al. (2016).
MBC is the most active part of soil organic carbon, and it is
moving fast and poor stability, and much easier to be changed.
The insignificant correlation between MBC and individual
PAHs may be due to that soil microbial can mineralize and
use PAHs absorbed in soils (Sun et al. 2012). In addition,

Table 4  Correlation coefficients (#) among the concentrations of individual PAHs, soil organic matter, and microbial biomass carbon in the soil

samples
2-ring 3-ring 4-ring 5-ring 6-ring LMW HMW YPAH;  X¥PAH,s
PAHs PAHs PAHs PAHs PAHs PAHs PAHs SOM* MBC®
2-ring PAHs  1.000
3-ring PAHs ~ 0.708%%* 1.000
4-ring PAHs ~ 0.568%* 0.738%** 1.000
S-ring PAHs ~ 0.489%** 0.684+* 0.946%** 1.000
6-ring PAHs  0.365* 0.505%* 0.921%* 0.945%* 1.000
LMW 0.838%* 0.979%* 0.736** 0.670%* 0.496%** 1.000
PAHs
HMW 0.521%* 0.697%** 0.989%#* 0.980%* 0.959%+* 0.690%* 1.000
PAHs
YPAH; 0.506%* 0.709%** 0.969%+* 0.996%** 0.945%* 0.695%* 0.991%#* 1.000
YPAH;¢ 0.638%* 0.816%* 0.985%* 0.960%* 0.897%#* 0.816%* 0.981%#* 0.976*%*  1.000
SoM* 0.435%* 0.227 0.476%* 0.394#* 0.435%* 0.341* 0.453%* 0.417**  0.452%* 1.000
MBC® —-0.157 —0.200 —0.153 —0.160 —0.191 —0.200 —0.164 -0.153 -0.184  0.192 1.000

*Correlation is significant at the 0.05 level (2-tailed)
**Correlation is significant at the 0.01 level (2-tailed)
#Soil organic matter

® Microbial biomass carbon
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Fig. 3 Spatial distribution of
PAHS in urban soils from Xi’an

| W6ring B5ring B4-ing S3-ring  O2-ring

City, China (A and B were the

sections isolated with the high- 100% .
polluted hot spots) e

80% ~

60% =

40% =

20%

O% 1 1
V4 Cp CRO SS

previous studies indicated that there are many factors such as
anthropogenic activity, vegetation, and soil property influenc-
ing the concentrations of MBC (Xu et al. 2007; Dai et al.
2016). MBC in unban soil may be more susceptible to human
activity, which results in the insignificant correlation with
PAHs.

Possible source of PAHs in urban soils from Xi'an

There are two main sources of PAHs in soils, including natural
and anthropogenic sources (Morillo et al. 2007). It is neces-
sary to identify the source of PAHs in urban soils, which is the
key to carry out soil risk assessment and risk management. Up
to date, the diagnostic ratio, PCA, and PMF are widely used
for the source identification of PAHs in soils (Zhang et al.
2016a). In the present study, diagnostic ratio analysis, PCA,
and PMF were used to identify the possible source of PAHs in
urban soils from Xi’an.

Isomeric ratios of PAHs

The diagnostic ratio determines the origin of PAHs by com-
paring the relative concentrations of the individual PAHs. A
series PAHs isomeric ratios have been widely used for dis-
criminating the potential sources of PAHs (Budzinski et al.
1997; Yunker et al. 2002). A ratio of Ant/(Ant+Phe)<0.1
suggests a petroleum source, while a ratio > 0.1 indicates a
dominance of combustion products. Meanwhile, a ratio of
Fla./(Fla+ Pyr) <0.4 indicates a petroleum input source;
0.4-0.5 implies petroleum combustion and > 0.5 indicates
sources from combustion of biomass and coal. The Ant/
(Ant+Phe) and the Fla./(Fla+ Pyr) of all 45 sampling sites
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from Xi’an were calculated and plotted in Fig. 4A. The pres-
ent study showed that the ratio of Ant/(Ant+Phe) and Fla./
(Fla + Pyr) was ranged from 0.02 to 0.24 and from 0.06 to
0.85, respectively, indicating that PAHs in urban soils from
Xi’an were primarily derived from combustion of biomass,
coal, and petroleum as well as petroleum input. The Fla./
(Fla + Pyr) value in all RA samplings was above 0.5, indicat-
ing the PAHs sources in RA mainly from combustion of bio-
mass and coal. This may due to the low temperature in winter
of Xi’an; local residents had boosted demand for coke in
heating. Meanwhile, the Fla./(Fla + Pyr) value in part of sam-
plings in IZ was between 0.4 and 0.5, while the rest were
beyond 0.5, which suggest that the combustion of biomass,
coal, and petroleum was the main source in IZ.

Principal component analysis

To further investigate possible sources of PAH pollution in
Xi’an urban soil, PCA was performed by dividing the original
variables into several sets of new set variables, then selecting a
smaller number of important variables which can reflect as
much as possible the original information (Golobocanin
et al. 2004). For Xi’an, two principal components (PC1 and
PC2) with the eigenvalues > 1were extracted and collectively
represented more than 84.20% of the total variance of
3316PAHs (Fig. 4B). PC1 (67.54% of total variances) was pre-
dominated by Fla., Pyr, BaA, Chr, BbF, BKF, and IcdP. BaA,
Chr, BbF, BkF, and IcdP are typical tracers of vehicle-related
sources (Duval and Friedlander 1981; Hyeok and Sungdeuk
2014), while the Fla. and Pyr are the components of coal
combustion (Larsen and Baker 2003). Thus, PC1 apparently
represents mixed sources of vehicle sources and coal
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Fig. 4 Ratio analysis of PAHs in Petroleum Petroleum combustion Biomass & coal combustion
urban soils from Xi’an City, (A) .
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combustion. PC2 (16.66% of variance) was heavily weighted
by Ace, reflecting a low-temperature combustion source and
indicating a coke source (Steinhauer and Boehm 1992). Thus,
the PCA showed that the PAHs originated mainly from vehi-
cle sources and coal combustion as well as petroleum
emission.

Positive matrix factorization (PMF)

The isomeric ratio is a qualitative method of source iden-
tification. Due to the values of isomeric ratios may vary
with travel distance, the results may be under debate for a
number of uncertainties (Katsoyiannis and Breivik 2014).
In order to assess the contribution of various sources to
PAH contamination quantitatively, PMF was adopted to
quantitatively assess the proportion of each source

PC1(67.5%)

associated with urban soil in Xi’an. The source of com-
position profiles of the 16 PAHs based on a 3-factor so-
lution are depicted in Fig. 5. Factor 1 was mainly loaded
by Nap and explained 18% of the total PAHs. Nap was
served as markers for petroleum source (Chen et al.
2013). Therefore, factor 1 indicated a petroleum source.
Factor 2 was predominantly loaded by Acy, Ace, and Flo,
indicating a coke source (Khalili et al. 1995). The relative
contributions for factor 3 was 58%, which was dominated
by Fla., Pyr, BaA, Chr, BbF, BkF, BaP, DahA, IcdP, and
BghiP. Among these PAHs, BghiP, IcdP, BbF, BkF, and
Chr are typical tracers of traffic tunnel markers (Nielsen
1996). BaA, Chr, IcdP, and BkF are the components of
diesel combustion (Venkataraman et al. 1994; Khalili
et al.1995; Larsen and Baker 2003). BbF, IcdP, Chr, Pyr,
and BghiP are related to the profile of gasoline engine
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Fig. 5 Source profiles obtained
from the positive matrix
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emissions (Wang et al. 2009). Fla. and Pyr are the com-
ponents of coal combustion (Larsen and Baker 2003).
Thus, factor 3 indicates contributions from vehicle
sources and coal combustion.

Health risk assessment

According to the US EPA, one in a million chance of addi-
tional human cancer over a 70-year lifetime (ILCR = 107%) is
considered acceptable or inconsequential, while 10~ is con-
sidered serious and is high priority for paying attention to such
health problem (USEPA 1996b). Based on total PAHs in ur-
ban soils from Xi’an, the ILCR for children, adolescents, and
adults via direct ingestion, dermal contacts and inhalation are
presented in Table 5. The mean values of ILCR in I1Z, UR, and
CRO were higher than the acceptable risk level (10°°), indi-
cating that the urban soils from the three functional areas pos-
sessed potential cancer risk. The ILCR value in IZ was signif-
icantly higher (p < 0.05) than that in other functional districts,
except for CRO. The present study was similar with results
conducted by Wang et al. (2016a), who found that the ILCR
value exposed to PAHS in urban surface dust in industrial and
traffic district of Xi’an was higher than that in other area. The
present results showed that the cancer risk levels (8.52 x

@ Springer

107%-3.17 x 10°°) through ingestion and dermal contact in
all urban soils were 10° to10’ times higher than that through
inhalation (2.23 x 10>~ 1.21 x 10"'%) (Table 5), which indi-
cated the cancer risk of inhalation of urban soils through the
mouth and nose was negligible. As shown in Table 5, the
ILCR value of direct ingestion for children was apparently
higher than that for adolescence and for adult, respectively.
Children are the most sensitive subpopulation mainly due to
their hand-to-mouth activity and poor hygiene practices. As a
result, PAHs-contaminated soils can be readily ingested
(Wang et al. 2017c). Moreover, early development of organs,
nerves, and immune system may enhance the susceptibility to
carcinogens in children (Maertens et al. 2008). Therefore, at-
tention should be paid to the health risk for children exposed
to PAHs in the urban soils.

Conclusion

The > 1,PAHs concentrations in the urban soil samples
ranged from 149.9 to 5770 ug kg™', with an average of
1246 pg kg ' . HMWPAHSs accounted for the majority
(42.4-72.2%) of the total PAHs in urban soils. For the
individual compounds, Phe, Flu, Pyr, BbF, and Chr were



Author's personal copy

Environ Sci Pollut Res (2018) 25:18947-18959 18957
Table 5 Incremental lifetime cancer risk (ILCR) values for PAHs in Xi’an urban soil collected from different functional districts
Functional areas Exposure pathways Childhood Adolescence Adulthood
Male Female Male Female Male Female
Industrial zone (1Z) Ingestion 1.74E-06 1.80E-06 9.06E-07 9.42E-07 1.63E-06 1.78E-06
Dermal contact 2.17E-06 2.25E-06 2.26E-06 2.35E-06 2.89E-06 3.17E-06
Inhalation 3.68E-11 3.81E-11 6.22E-11 6.46E-11 1.10E-10 1.21E-10
Cancer risk 3.91E-06 4.05E-06 3.17E-06 3.29E-06 4.52E-06 4.95E-06
Campus (CP) Ingestion 1.76E-07 1.82E-07 9.15E-08 9.51E-08 1.64E-07 1.80E-07
Dermal contact 2.19E-07 2.27E-07 2.58E-07 2.37E-07 2.92E-07 3.20E-07
Inhalation 3.72E-12 3.85E-12 6.28E-12 6.53E-12 1.11E-11 1.22E-11
Cancer risk 3.95E-07 4.09E-07 3.50E-07 3.32E-07 4.56E-07 5.00E-07
Residential areas (RA) Ingestion 1.64E-07 1.70E-07 8.52E-08 8.86E-08 1.53E-07 1.68E-07
Dermal contact 2.04E-07 2.11E-07 2.13E-07 2.21E-07 2.72E-07 2.29E-06
Inhalation 3.47E-12 3.58E-12 5.85E-12 6.08E-12 1.04E-11 1.14E-11
Cancer risk 3.68E-07 3.81E-07 2.98E-07 3.10E-07 4.25E-07 2.46E-06
Parks (PR) Ingestion 3.26E-07 3.37E-07 1.69E-07 1.76E-07 3.04E-07 3.33E-07
Dermal contact 4.06E-07 4.20E-07 4.22E-07 4.39E-07 5.39E-07 5.91E-07
Inhalation 6.88E-12 7.12E-12 1.16E-11 1.21E-11 2.06E-11 2.26E-11
Cancer risk 7.32E-07 7.57E-07 5.91E-07 6.15E-07 8.43E-07 9.24E-07
Urban road (UR) Ingestion 6.65E-07 6.88E-07 3.46E-07 3.59E-07 6.20E-07 6.80E-07
Dermal contact 8.29E-07 8.57E-07 8.62E-07 8.96E-07 1.10E-06 1.21E-06
Inhalation 1.41E-11 1.45E-11 2.37E-11 247E-11 421E-11 4.61E-11
Cancer risk 1.49E-06 1.55E-06 1.21E-06 1.26E-06 1.72E-06 1.89E-06
07 City road overpass (CRO) Ingestion 1.15E-06 1.19E-06 5.99E-07 6.23E-07 1.08E-06 1.18E-06
Dermal contact 1.44E-06 1.49E-06 1.49E-06 1.55E-06 1.91E-06 2.09E-06
Inhalation 2.23E-12 2.52E-11 4.11E-11 7.30E-11 7.30E-11 8.00E-11
Cancer risk 2.59E-06 2.68E-06 2.09E-06 2.17E-06 2.99E-06 3.27E-06
Scenic spots (SS) Ingestion 1.13E-07 1.17E-07 5.88E-08 6.11E-08 1.05E-07 1.16E-07
Dermal contact 1.41E-07 1.46E-07 1.47E-07 1.52E-07 1.87E-07 2.05E-07
Inhalation 6.21E-13 6.42E-13 1.05E-12 1.09E-12 1.86E-12 2.04E-12
Cancer risk 2.54E-07 2.63E-07 2.06E-07 2.13E-07 2.92E-07 3.21E-07
the major compounds. Correlation analysis suggested that ~ References
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Abstract

In order to investigate level and potential sources of polycyclic aromatic hydrocarbons (PAHs) in wheat fields affected by coal
combustion in Henan and Shaanxi Provinces and to investigate distribution and transfer of PAHs in winter wheat grown in the areas,
various tissues of the crop and the corresponding rhizosphere soils were collected during the harvest season of winter wheat. The mean
concentrations of USEPA 15 priority PAHs (sum of the three- to six-ring PAHs) ranged from 486 to 1117 ug kg " in the rhizosphere
soils, indicating serious PAH contamination. Based on both the isomeric ratios of PAHs and a principal component analysis (PCA), the
main sources of PAHs in the agricultural soils were from combustion of biomass, coal and petroleum, and petroleum. ) ;sPAHs were
significantly (p <0.001) higher in the roots (287-432 ug kg") than those in aerial tissues (221-310 pg kg ). There were two
decreasing gradients of PAH concentrations, one from roots, stems to leaves, and the other from glumes to grains. Regardless of
sampling sites, most PAHs detected in the roots and in the aerial tissues were three-ring PAHs (acenaphthene, acenaphthylene,
fluorene, phenanthrene, and anthracene) and the percentages of three-ring PAHs were much higher in the aerial tissues (72.5—
82.7%) than in the roots (49.5-74.0%) and in the rhizosphere soils (36.3—65.7%). The distribution of PAHs with different ring
numbers in the stems, leaves, and glumes was quite similar to each other but was significantly different from that of the roots and
rhizosphere soils. Combined with significant results from partial correlation and linear regression models, the present study suggested
that partial three- to four-ring PAHs in the aerial tissues are derived from root-soil uptake and that six-ring PAHs may come from the
air-to-leaf pathway, although the quantity contribution of foliar uptake and root uptake was yet to be further studied.

Keywords Polycyclic aromatic hydrocarbons - Cereal - Triticum aestivum L. - Accumulation

Introduction hydrocarbons (PAHs) are ubiquitous organic pollutants and
possess carcinogenic, mutagenic, and genotoxic potential to
Mainly resulted from incomplete combustion of biomass or ~ human. As a “coal kingdom,” coal has been as the majority (>
fossil fuels including coal and petroleum, polycyclic aromatic ~ 70%) of energy in China for years (China Energy Statistical
Yearbook 2015). China became the largest coal consumer in
the world and annual consumption of coal was 2794 million
tons in 2014 (China Energy Statistical Yearbook 2015).
Electronig supplementary material The online v'ersion of this article Consequently, PAH emission of China was 106,000 tons in
(httpsg//d01.0.rg/1.0.100.7/511356-018-2456-6) contains supplementary 2007, accounting for 21% of the global total (Shen et al.
material, which is available to authorized users. . . . . .
2013), which has resulted in high level of PAHs in air and
soils. Up to 346 ng m > PAHs was recorded in ambient air in
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urban heating, and oil refining plants was more serious (The
Ministry of Environmental Protection 2014). Approximately
60% of the soil samples were heavily polluted with PAHs (>
600 pg kg "), which were collected from area around a coke
production base in Shanxi Province, China (Duan et al. 2015).
The average concentrations of 16 USEPA priority PAHs in
surface soils in industrial areas of the Yangtze River Delta
region of China were 471 pg kg™' (Wang et al. 2017).
Considering energy consumption structure being given prior-
ity to coal will not change significantly in the coming decades,
severe PAH contamination in China is expected to continue
for years. Therefore, there is urgent need to investigate level
and source of PAHs in agricultural systems of China.

PAH contamination has become one of the main obstacles
affecting the safety of agricultural products. PAH contamina-
tion in crops has been reported worldwide, including the edi-
ble part of vegetables (1298 pg kg ') and rice grains
(352 pg kgfl) from industrial areas in the Yangtze River
Delta region of China (Wang et al. 2017) and vegetables
(186,000 ug kg ') from Abia State, Nigeria (Nwaichi et al.
2014). Generally, dietary intake is the main (>70%) way of
exposure to PAHs for nonsmokers (Phillips 1999). The total
values of incremental lifetime cancer risk (ILCR) of crops
from industrial areas in the Yangtze River Delta region of
China for all groups ranged from 107° to 1073, with an average
of 1.75 x 10> which was apparently higher than the accept-
able risk level (107%) (Wang et al. 2017). Therefore, more
attention should be paid to the safety of the agro-products
growing in the PAH-contaminated areas.

China has the highest global wheat production and the total
cultivated area was up to 24.2 million ha in 2011 (China
Statistical Yearbook 2017). The majority of winter wheat cul-
tivation within China is concentrated in specific key areas,
such as Henan, Hebei, Shandong, and Shaanxi Provinces.
Henan Province is the highest province of winter wheat pro-
duction and making up 27% of total wheat production in
China (China Statistical Yearbook 2017). Henan and
Shaanxi Provinces are also regarded as the heartland of
Chinese coal mining, where wheat fields and coal combustion
enterprises such as coal-fired power plants, coking plants, and
urban heating plants coexist. Levels of PAHs in ambient air
during the maturity time of wheat and in surface soil of wheat
fields near a large steel-smelting manufacturer in northern
China are serous (Liu et al. 2017). PAHs can enter into the
winter wheat via foliar uptake and soil-root uptake (Tao et al.
2009; Shi et al. 2017). Previous works have confirmed that
PAHs can move into roots of the winter wheat via both passive
and active transport (Zhan et al. 2010, 2012, 2015). It has been
shown that PAH concentrations in grains of the winter wheat
from market of Taiyuan (162 pg kg ') and Tianjin
177 ug kg™'), China, were far higher than those
(27.9 pg kg_l) in Catalonia, Spain (Li 2007; Marti-Cid et al.
2008; Xia et al. 2010). Our recent study showed that the

winter wheat grains from areas affected by coal combustion
were seriously contaminated with PAHs and possessed signif-
icant cancer risk to local residents (Tian et al. 2018). However,
level, distribution, and transfer of PAHs in tissues of winter
wheat from the areas influenced by coal combustion in China
have not been adequately addressed.

The major objectives of the present study were (1) to in-
vestigate concentrations, profiles, and potential sources of
PAHs in agricultural soils from areas affected by coal com-
bustion in Henan and Shaanxi Provinces and (2) to investigate
transfer of PAHs and their distribution in tissues of winter
wheat grown in the areas. The results of this investigation
would provide valuable information for identification of the
sources of PAHs in agricultural systems and minimization of
crop contamination and human health risks in these areas.

Materials and methods
Plant and soil sample collection

During the harvest season of the winter wheat (from 27 May
to 10 June 2015), whole plants and rhizosphere soils were
collected from agricultural fields surrounding coal-fired pow-
er plants, including the Weihe power plant (WH, 34° 25" 55"
N, 108° 54’ 26" E) and the second power plant of Hu county
(HX, 34° 04’ 42" N, 108° 37" 11" E) in Xi’an City, Shaanxi
Province, the Sanhe thermal power plant (SH, 33° 42’ 25" N,
113°23' 16" E) and the pithead power plant (KK, 33° 47" 07"
N, 113° 12’ 07" E) in Pingdingshan City, Henan Province. The
location of sampling sites and the sampling method of plants
were described in our previous study (Tian et al. 2018). There
were about 150—1050 m from the sampling point to the coal-
fired power plants. The plant and soil samples at each point
were collected from at least one plot (5 x 5 m) and each plot
was sampled from three random points. Along the same di-
rection, there were 50 m between two neighboring sampling
points. The majority of bulk soils were manually removed
from the roots. Soil samples were taken from the rhizosphere
of the responding plant and only those closely attached to the
root systems were sampled. Totally, there were total 51 valid
plant samples and 51 responding rhizosphere soil samples
collected, of which 16 samples were from WH, 11 samples
from HX, 13 samples from SH, and 11 samples from KK,
respectively. After transportation to the laboratory, the whole
plants thoroughly were washed with running tap water to re-
move airborne dust and soil particles and were divided into
various tissues including grains, glumes, leaves, stems, and
roots (Fig. 1). The sub-samples of the plant were air-dried,
weighed to determine the biomass, and milled to pass through
a 70-mesh sieve. All samples were kept frozen at — 18 °C
before PAH analysis.
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Fig. 1 Schematic diagram of various tissues of winter wheat

PAH analyses

Soil or plant samples (about 4.0 g) were Soxhlet extracted for
18-20 h with 120 mL of acetone and dichloromethane (DCM)
mixture (1:3, v/v) (USEPA 1996). The sample cleanup and de-
tection method is described in our previous study (Tian et al.
2018). Briefly, the extracts were concentrated to about 2 mL by a
rotary evaporator, then passed through a silica gel column (top
layer 2 g anhydrous Na,SO,4 and sub-layer 2 g silica gel), and
eluted with 60 mL hexane and DCM (1:1, v/v). The extracts
were evaporated, exchanged with methanol to 2 mL, and ana-
lyzed using HPLC-FLD (Shimadzu, LC-20A) equipped with an
ultraviolet detector (PF-20A) and a fluorescence detector (SPD-
20A). The HPLC system was fitted with a PAH-specific reverse
column (@4.6 x 150-mm Intersil ODS-P column, 5 pum,
Shimadzu, Kyoto, Japan) and a mixture of methanol and ultra-
pure water as the mobile phase. Sixteen US EPA priority PAHs
were measured in the present study: naphthalene (NAP), ace-
naphthylene (ACY), acenaphthene (ACE), fluorene (FLO),
phenanthrene (PHE), anthracene (ANT), fluoranthene (FLA),
pyrene (PYR), benzo(a)anthracene (BaA), chrysene (CHR),
benzo(b)fluoranthene (BbF), benzo(k)fluoranthene (BKF),
benzo(a)pyrene (BaP), indeno(1,2,3-c,d)pyrene (IcdP),
dibenzo(a,h)-anthracene (DahA), and benzo(g,h,i)perylene
(BghiP).

QA/QC

QA/QC was conducted by performing method blanks, stan-
dard reference material recoveries, standard spiked recoveries,
and HPLC detection limits. The limit of detection (LOD)
using the present method was determined as the concentra-
tions of analyses in a sample that gave rise to a peak with a
signal-to-noise ratio (S/N) of 3, which ranged from 0.08
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to1.53 pg kg~ '. The recoveries of individual PAHs ranged
from 76.7% for DahA to 178.1% for Nap. For each batch of
12 samples, a method blank (solvent), a spiked blank (stan-
dards spiked into solvent), a sample duplicate, and a standard
reference material (NIST SRM 2977) sample were processed.
PAHs were identified on the basis of retention times relative to
five deuterated internal standards (naphthalene-ds,
acenaphthene-d;(, phenanthrene-d;q, chrysene-d;,, and
perylene-d;,). The variation coefficients of PAH concentra-
tions between duplicate samples were < 10%. The levels of
PAHs in digestion blank were less than the LOD.

Data analyses

NAP was not included in the total PAHs reported in the pres-
ent study because of its higher recovery (> 100%) and higher
percentage in the total PAHs. Means of different groups were
compared using one-way ANOVA test. Concentration PAHs
in soils and plants were log-transformed before analysis.
Statistical analyses including Pearson’s partial correlation
analysis were conducted using SPSS 19.0 (SPSS Inc., USA).
Unless otherwise indicated, all treatment means were tested
for significant difference at p <0.05.

Results and discussion

Levels of PAHs in the rhizosphere soils of winter
wheat from field conditions

As shown in Table 1, the mean concentrations of USEPA 15
priority PAHs (3_;sPAHs, sum of the three- to six-ring PAHs)
ranged from 486 to 1117 pg kg in the rhizosphere soils of
winter wheat collected from the areas affected by coal com-
bustion located in Shaanxi and Henan Provinces, with an av-
erage of 676 ug kg ' (WH), 477 ug kg ' (HX), 792 pug kg’
(SH), and 933 pg kg ' (KK). There were significant (p <
0.001) variations in concentrations of PAHs in the rhizosphere
soils among the four sites. The concentrations of PAHs in the
rhizosphere soils are affected by anthropogenic factors (such
as emission intensity of PAHs and history of coal-fired power
plants) and by non-anthropogenic factors (such as soil prop-
erty including organic carbon, climate). The soils near older
coal-fired power plants have been receiving emissions for lon-
ger periods of time and high levels of PAHs were recorded as
the result of long-term accumulation. Based on the contami-
nation classification proposed by Maliszewska-Kordybach
(1996), all the rhizosphere soils could be considered as
PAH-contaminated, which 29.4% were weakly contaminated
(>200 pg kg ™), 68.6% contamination (600—-1000 ug kg ),
and 2.0% heavy contamination (> 1000 pg). The level of
> 1sPAHs (mean 720 pg kg_l) in the rhizosphere soils in the
present study was far higher than those in the soil-wheat
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systems from Henan Province, China (6.91-72.4 ug kg,
mean 24.3 pgkg ") (Feng et al. 2017) and those in agricultural
soils from the Huanghuai plain (15.7-1248 ug kg ™', mean
130 ug kg ") (Yang et al. 2012). Moreover, the concentrations
of Y'1sPAHSs in the rhizosphere soils were comparable with
those collected from area around a coke production base in
Shanxi Province (247-1410 pg kg™', mean 691 ug kg™
(Duan et al. 2015) and higher than those from the coal pro-
duction area surrounding Xinzhou in Shanxi Province (n.d.
782 ug kgfl, mean 202 pg kgfl) (Zhao et al. 2014) and from
industrial areas of the Yangtze River Delta region, China
(104-744 ng kgfl, mean 341 pg kgﬁl) (Wang et al. 2017).
The main PAH sources in soils from the latter were deter-
mined to be the combustion of coal and petroleum (Wang et
al. 2017). These indicated that the status of soil contamination
in the areas affected by coal combustion is serious and that the
safety of the agro-products growing in the areas needs to be
paid more attention.

Possible source of PAHs in the rhizosphere soils
of winter wheat

Isomeric ratios of PAHs

The diagnostic ratios of ANT/(ANT+PHE), FLA/(FLA+
PYR), IcdP/(IcdP+BghiP), and BaP/BghiP were applied to
identify PAH sources in the rhizosphere soils of winter
wheat collected form areas affected by coal combustion
located in Shaanxi and Henan Provinces (Fig. 2). The ratio
of ANT/(ANT+PHE) <0.1 suggests a petroleum source,
while a ratio > 0.1 indicates a pyrogenic source of biomass,
coal, and petroleum combustion (Pies et al. 2008). The
ratio of FLA/(FLA+PYR) <0.4 indicates a petroleum

source, while 0.4-0.5 implies petroleum combustion and
> 0.5 indicates sources from combustion of biomass and
coal (Yunker et al. 2002). The ratio of IcdP/(IcdP +
BghiP) < 0.2 likely implies a petroleum source, while
0.2-0.5 indicates liquid fossil fuel (vehicle and crude oil)
combustion and > 0.5 indicates grass, wood, and coal com-
bustion (Yunker et al. 2002). In addition, the ratio of BaP/
BghiP > 0.6 indicates traffic emissions, while <0.6 indi-
cates non-traffic emissions (Katsoyiannis et al. 2007). The
present study showed that the ratio of ANT/(ANT+PHE) is
from 0.01 to 0.24, 66.7% of which are less than 0.1; the
ratio of FLA/(FLA+PYR) is from 0.17 to 0.71, 64.7% of
which are less than 0.4; the ratio of IcdP/(IcdP+BghiP) is
from 0.25 to 0.67, 64.7% of which are higher than 0.5; and
the ratio of BaP/BghiP is from 0.18 to 2.87, 62.7% of
which are higher than 0.6. These revealed that combustion
of biomass, coal and petroleum, and petroleum input con-
tribute significantly to PAHs in the agricultural soils from
areas affected by coal combustion located in Shaanxi and
Henan Provinces.

Principal component analysis

In order to investigate possible sources of PAH pollution in
four coal-fired power plants soils, principal component anal-
ysis (PCA) was performed by using a mathematical linear
transformation and picking out fewer number of important
variables to reflect more information of the original variables
(Golobocanin et al. 2004). As shown in Fig. 3, four principal
components (eigenvalue > 1) were extracted for the accumu-
lated variance contribution rates above 80.04%. PC1 ex-
plained 44.83% of the total variance and was characterized
by high loadings of PAHs with four to six rings, including
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Fig. 2 Cross plots for the isomeric ratios of ANT/(ANT+PHE) vs FLA/
(FLA+PYR) (a) and IcdP/(IcdP+BghiP) vs BaP/BghiP (b) in the soils
collected from agricultural fields surrounding coal-fired power plants,
including the Weihe power plant (WH) and the second power plant of
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Fig. 3 Score plot for PCA analysis in the soils collected from agricultural
fields surrounding coal-fired power plants, including the Weihe power
plant (WH) and the second power plant of Hu county (HX) in Xi’an
City, Shaanxi Province, the Sanhe thermal power plant (SH) and the
pithead power plant (KK) in Pingdingshan City, Henan Province

PYR, BaA, CHR, BbF, BkF, BaP, DahA, and IcdP. PYR,
BaA, CHR, and BaP are the component of coal combustion
(Simcik and Lioy 1999; Larsen and Baker 2003), while IcdP is
typical tracer for gasoline engine emissions (Kavouras et al.
2001). In addition, DahA, BbF, and BKF are associated with
traffic emission of diesel vehicle (Khalili et al. 1995). The
source of China’s electric energy most relies heavily on coal
combustion. The large amount of coal consumption in coal-
fired power plants makes it the primary contributor of PAHs in
the nearby environment. Besides, heavy automobile traffic
around power plants for coal transportation is also a major
contributor of PAHs pollution. Consequently, PC1 indicated
that PAHs were primarily derived from fossil fuel combustion
sources in four coal-fired power plants soils. From the distri-
bution of sampling points (Fig. 3), different scores were ob-
served at four sites, suggesting that PAHs in the four sites soils
were derived from different sources. PC2 accounted for
14.07% of the total variance and was loaded only with FLA,
reflecting a coal combustion sources (Simcik and Lioy 1999).
PC3 (13.16% of variance) and PC4 (7.99% of variance) were
load with ACE and PHE, representing biomass and coal com-
bustion, respectively.

Accumulation and distribution of PAHs in the roots
and aerial tissues of winter wheat

The total concentrations of }’;sPAHs in the roots and aerial
tissues of winter wheat collected form areas affected by coal
combustion located in Shaanxi and Henan Provinces are
shown in Fig. 4. The concentrations of ) ;sPAHs ranged from
208 to 552 pg kg ! for the roots, from 164 to 387 ug kg ' for
the straws, from 149 to 355 ug kg ™' for the leaves, and from
123 to 577 ug kg ™' for the glumes, respectively. There were
significant (p < 0.001) variations in concentrations of PAHs in
the roots and in the aerial tissues among the four sites and the
highest concentrations of PAHs in the plant were recorded in

KK (Fig. 4), which was consistent with the highest concentra-
tions of PAHs in the corresponding rhizosphere soils
(Table 1). PAH concentrations in the roots (208—
552 ug kg ') and straws (164-387 pg kg ') of winter wheat
in the present study were far higher those (root 50.9 pug kg ',
straw 38.9 ug kg™') from Henan Province, China (Feng et al.
2017), which were consistent with the far higher concentra-
tions of PAHs in the rhizosphere soils (477-933 vs 6.91—
72.4 ug kg ') as previously described.

The distribution of PAHs with different ring numbers in the
roots of winter wheat was comparable among WH, HX, SH,
and KK (Fig. 5(b)). Regardless of sampling sites, most PAHs
detected in the roots were three-ring PAHs (ACE, ACY, FLO,
PHE, and ANT), accounting for approximately 49.5-74.0%
of the total PAHs (Table S1). Among PAHs detected, PHE
was predominant, accounting for 28.4-27.6% of the total
PAHSs, followed by ACE (12.9-23.1%) (Table S1). Three-
ring PAHs in the roots were greater mainly due to their higher
solubility and higher concentrations in the corresponding rhi-
zosphere soils (Table 1). Four-ring PAHs (FLA, PYR, BaA,
and CHR) accounted for 19.3-33.2% of the total PAHs, and
those with five-ring (BbF, BkF, BaP, and DahA) accounted for
6.2-16.2% (Fig. 5(b)). Six-ring PAHs accounted for a small
part (0.46—1.4%) of sum PAHs in the roots and were appar-
ently lower than those (5.6-11.9%) in the rhizosphere soils
(Fig. 5(a, b)), implying that the ones are more difficult to be
absorbed to the roots. Because of their high hydrophobicity,
five- to six-ring PAHs are generally assumed to be tightly
bound to soil particles, high sorption to organic matter in soil
and low desorption capacity and thus weakly bioavailable
(Pilon-Smits 2005; Amellal et al. 2006). The concentrations
of three-, four-, five-, and six-ring PAHs in the roots signifi-
cantly (r=0.68-0.96, p < 0.001) positive correlated with the
corresponding concentrations of PAHs in the rhizosphere soils
(Table 2). The present results suggested that PAHs in roots of
winter wheat are derived from root-soil uptake, in line with
Tao et al. (2009) conducted in the growth chamber.

The distribution of PAHs with different ring numbers in the
stems, leaves, and glumes was quite similar to each other but
was significantly different from that of the roots and rhizo-
sphere soils (Fig. 5). The distribution of PAHs in the aerial
tissues were comparable among WH, SH, and KK, while a
significantly (p <0.01) higher percentage of six-ring PAHs
was recorded in the stems (7.9%), leaves (9.3%), and glumes
(4.5%) of winter wheat from HX than those from WH (0—
0.5%), SH (0.4-0.6%), and KK (0.3-0.6%), respectively
(Fig. 5). Our previous study also observed that the grains of
winter wheat from HX possessed a significantly (p <0.01)
higher percentage of six-ring PAHs than those from WH,
SH, and KK (Tian et al. 2018). The percentages of three-
ring PAHs were much higher in the aerial tissues (72.5—
82.7%) than in the roots (49.5—74.0%) and in the rhizosphere
soils (36.3—65.7%). Similar with those in the roots, three-ring
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Fig. 4 Concentration of PAHs in root, stem, leaf, glume, and grain of
winter wheat from agricultural fields surrounding coal-fired power plants,
including the Weihe power plant (WH, n = 64) (a) and the second power
plant of Hu county (HX, » =44) (b) in Xi’an City, Shaanxi Province, the

PAHs were dominant in the stems, leaves, and glumes, ac-
counting for approximately 72.5-80.2, 73.1-79.7, and 77.5—
82.7% of the total PAHs, respectively (Fig. 5, Table S1).
Three-ring PAHs in the aerial tissues were greater mainly
due to their higher solubility. Shi et al. (2017) showed that
the concentration PAHs in leaves of winter wheat were posi-
tively (p <0.05) correlated with the water solubility of the six
selected PAHs (PHE, ANT, PYR, BaA, BaP, and BghiP). The
concentrations of )';s PAHs especially three- to four-ring
PAHs in the aerial tissues significantly (»=0.32-0.64, p <
0.001) positive correlated with the concentrations of PAHs
in the corresponding rhizosphere soils (Table 2), suggesting
that partial three- to four-ring PAHs in the aerial tissues are
derived from root-soil uptake. Gao and Zhu (2004) found that
transport of PHE and PYR from roots to shoots was the major
pathway of shoot accumulation. However, the percentages of
five- to six-ring PAHs were much lower in the aerial tissues
(2.2-8.7%; 0-0.75%) than in the roots (6.2—-16.2%; 1.1-
1.4%) and the rhizosphere soils (11.8-26.1%; 5.6-11.9%),
respectively, except those from HX. The concentrations of
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Sanhe thermal power plant (SH, n=52) (¢) and the pithead power plant
(KK, n =44) (d) in Pingdingshan City, Henan Province. Concentration of
PAHs in grain was referred to Tian et al. (2018)

six-ring PAHs in the aerial tissues significantly (»=0.46—
0.58, p<0.001) negative correlated with the corresponding
concentrations of PAHs in the rhizosphere soils and signifi-
cantly (r=0.75-1.00, p <0.001) positive correlated with the
concentrations of PAHs in the adjacent tissues (Table 2).
These indicated that a proportion of six-ring PAHs in aerial
tissues may come from the air-to-leaf pathway, although the
quantity contribution of foliar uptake of coal-fired power
plants is still not clear.

Bioconcentration and translocation of PAHs in roots
and aerial tissues of winter wheat

The RCF was defined as the ratio of the PAH concentrations in
roots to those in soil on a dry weight basis (Hulster et al.
1994). The average RCFs for three-, four-, and five to six-
ring PAHs were 0.87, 0.61, 0.32, and 0.06, respectively
(Fig. 6). Goodin and Webber (1995) also found that roots
can absorb PAHs from the soil directly, but PAH concentra-
tions for vegetation are typically less than those for the soil
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Table 2  Pearson correlation coefficients between concentrations of PAHs in root, stem, leaf, glume, grain in winter wheat, and rhizosphere

soils (n=204)
3-ring PAH 4-ring PAH
Soil Root Stem Leaf Glume Soil Root Stem Leaf Glume
3-ring PAH 4-ring PAH
Root 0.68%#* Root 0.95%3#*
Stem 0.66%#* 0.85%3#* Stem 0.93%3#:* 0.983#:*
Leaf 0.67%* 0.88%* 0.95%3#* Leaf 0.93%3#* 0.983#* 0.99%3#:*
Glume NS NS NS NS Glume  0.33%%%* 0.3]%#%* 0.29%#% () 3] %**
Grain® NS NS 0.18** 0.13* 0.74%*%  Grain®  0.39%** 0.327%%* 0.29%#*k (0 30***k () 38%**
5-ring PAH 6-ring PAH
Soil Root Stem Leaf Glume Soil Root Stem Leaf Glume
5-ring PAH 6-ring PAH
Root 0.96%#* Root 0.95%#*
Stem 0.96%#* 0.99%#* Stem —0.58%*#%* —0.53%%%*
Leaf 0.95%:k:k 0.98%#:kk 0.99%#* Leaf —0.58%##%* —0.53%%%* 1.00%#*
Glume — —0.39%%*  —(Q41%¥%  —(4]%#k  —(42%** Glume  —0.46%#%  —044%xx () Je*** () ]5%k*
Grain®  0.12% NS NS NS 0.22%:* Grain®  —046%  — Q448 (7R (76 ] Q0%
YPAHs
Soil Root Stem Leaf Glume
>PAHs
Root 0.90%3#*
Stem 0.647%#* 0.81%#%*
Leaf 0.59%#* 0.79%#* 0.96%%#*
Glume  0.32%** 0.297#:k% 0.20%* 0.13*
Grain®  0.32%%* 0.23%%:kk 0.27%%* 0.25%%%* 0.65%%#%*

Significant levels: NS indicates no significance, *p < 0.05, **p < 0.01, ***p < 0.001

?Tian et al. (2018)

where they grow, with accumulation factors for plants range
between 0.001 and 0.4. The three-ring PAHs (ACY, ACE,
FLO, and ANT) showed higher RCF values than other
PAHs, of which ACE showed the maximum RCF value
(Fig. 6). The five- to six-ring PAHs (BbF, BkF, DahA,
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Fig. 6 Relationship between RCF (the ratio of the PAH concentration in
roots of winter wheat to that in soil on a dry weight basis) and K,,,, of
PAHs
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BghiP, and IcdP) had lower RCF values. The present study
suggested that three-ring PAHs had the highest tendency to be
taken up by wheat roots whereas five- to six-ring PAHs had
the lowest likelihood of being taken up. There were negative
significant (r=0.879, p < 0.01) relationship between RCF and
log K,y (Octanol-Water Partition Coefficient, K,,,) of PAHs
(Fig. 6). However, Lin et al. (2006) observed that there was a
positive linear relationship between log RCF and log K,,,, for
the uptake of NAP, ACY, FLO, PHE, and PYR by tea plants
grown in hydroponic solution. These may be mainly due to
the difference in growth conditions. In hydroponic culture,
PAHs only partitioned between roots and solution and their
uptake by roots depended solely on the hydrophobicity of
PAHs and root lipids. Under field conditions, not only there
is a sorption-desorption equilibrium of PAHs on soil particles
but also properties of the organic compounds and soil charac-
teristics could influence root uptake of PAHs.

PAHs were significantly (p < 0.001) higher in the roots than
in aerial tissues (Fig. 4). There were a decreasing gradient of
PAH concentrations from roots, stems, and leaves. Similar
with other organic pollutants, PAHs enter into plants mainly
from the air through respiration (foliar uptake) and from soil
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via transpiration (root uptake) (Desalme et al. 2013). PAHs in
the aerial tissues of winter wheat are derived from two path-
ways: uptake from the atmosphere and translocation from
roots with the transpiration stream. For plants grown in
PAH-contaminated soils, main PAHs (53.6-72.6%) in the
shoots of winter wheat were translocated from the roots (Tao
et al. 2009). Acropetal translocation depends primarily on the
transpiration stream flow of the plant (Verkleij et al. 2009).
The gradient of transpiration pull from stems and leaves may-
be resulted in decreasing gradient of PAH concentrations from
roots, stems, and leaves and the underlying mechanisms need
further investigate.

Among those plant tissues exposed to air, elevated PAH
concentrations occur in the glumes and grains (Fig. 4). Grain
is the main nutritional organs of winter wheat and more than
80% mineral nutrition and carbohydrates of the whole plant
will be transferred to the organ during ripening period. Along
with mineral nutrition and carbohydrates, it was assumed that
PAHs retained in stems or leaves were also transferred to
glumes and grains. The concentrations of ) ;5 PAHs in the
glumes and grains significantly correlated with the corre-
sponding concentrations of PAHs in the leaves (r =0.13,
p <0.05) and glumes (r = 0.65, p <0.001) (Table 2), suggest-
ing that partial PAHs in the grains are translocated from leaves
and glumes, respectively. PAHs were apparently higher in the
glumes than in the grains (Fig. 4). The grains are protected by
glumes and have significantly less of a chance of direct
contact with the environment than glumes. Similarly, Tao et
al. (2006) also found that PAH concentrations for grains were
much lower than those for other tissues of the rice plants and
were more than one order of magnitude lower than those re-
ported for the roots.

Conclusion

The rhizosphere soils of winter wheat were seriously contam-
inated with PAHs in the range of 486 to 1117 pg kg ', which
collected from areas affected by coal combustion located in
Shaanxi and Henan Provinces. The main sources of the PAHs
in agricultural soils were from combustion of biomass, coal
and petroleum, and petroleum. There were significant (p <
0.001) variations in concentrations of PAHs in the roots and
in the aerial tissues among the four sites and the highest con-
centrations of PAHs in the plant were recorded in KK.
Regardless of sampling sites, most PAHs detected in the roots
were three-ring PAHs (ACE, ACY, FLO, PHE, and ANT),
accounting for approximately 49.5-74.0% of the total PAHs.
PAHs were significantly (p < 0.001) higher in the roots than in
aerial tissues. The distribution of PAHs with different ring
numbers in the stems, leaves, and glumes was quite similar
to each other but was significantly different from that of the
roots and rhizosphere soils. The present indicated that a

proportion of six-ring PAHs in aerial tissues may come from
the air-to-leaf pathway.
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Abstract To investigate intraspecific variations of foliar up-
take of polycyclic aromatic hydrocarbons (PAHs) of winter
wheat (Triticum aestivum L.), leaves of six varieties including
Changwu 521 (CW), Hedong TX-006 (HD), Jiaomai 266
(JM), Xiaoyan 22 (XY), Yunong 949 (YN), and Zhongmai
175 (ZM) were exposed to three levels of (0, 0.25, and
1.5 mg Lfl) mixture of six selected PAHs (phenanthrene, an-
thracene, pyrene, benz[a]anthracene, benzo[a]pyrene, and
benzo[g,h,i]perylene). After 10 consecutive days of applica-
tion, all the six selected PAHs (3¢ PAHs) were determined in
the leaves of the six varieties of the winter wheat. There were
apparent intraspecific differences in foliar uptake of PAHs in
the winter wheat. The highest concentrations of > PAHs in
the leaves of YN variety (64.6 mg kg ') were approximate
two times of the lowest concentrations in the leaves of HD
variety (29.6 mg kg ). Both individual PAHs and s PAHs in
the cuticular waxes were significantly (p < 0.01) higher than
those in leaves and far higher than those in roots, indicating
that the cuticular waxes could play significant role in foliar
uptake of PAHs. The present results also showed that the
concentrations PAHs in leaves were positively (p < 0.05) cor-
related with the water solubility of the six selected PAHs. In
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addition, the present study suggested that there was basipetal
translocation of PAHs in the winter wheat after foliar applica-
tion of PAHs, although the mechanism was yet to be further
studied.

Keywords PAHs - Foliar uptake - Intraspecific variation -
Basipetal translocation

Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a large class of
mutagenic, carcinogenic, and teratogenic organic pollutants,
which mainly originate from incomplete combustion of bio-
mass or fossil fuels (Wild and Jones 1995). Mainly due to
being ubiquitous in environments and heavily toxic to human,
PAHSs have been attracted considerable attentions for years.
For non-smokers and non-occupationally exposed popula-
tions, dietary intake is generally the main (> 70%) way of
human exposure to PAHs (Phillips 1999; Ma and Harrad
2015), with cereals and vegetables showing the greatest con-
tribution. Therefore, understanding plant uptake and accumu-
lation of PAHs from the environment has significant implica-
tions for human risk assessments.

Similar with other organic pollutants, PAHs may enter into
plants via two pathways, one from the atmosphere by gas-
phase and particle-phase deposition onto the waxy cuticle of
the leaf or by uptake through the stomata (foliar uptake), the
other from contaminated soil or water to the root and
translocating in the vegetation by the xylem (root uptake)
(Desalme et al. 2013). Foliar uptake is assumed to be the
major contributing pathway for plant accumulation of PAHs
when plants grow in non-polluted soils (Kipopoulou et al.
1999; Lehndorff and Schwark 2004), which mainly depends
on atmospheric concentrations of PAHs, environmental
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variables and leaf properties (Desalme et al. 2013). Based on
field investigation, Tao et al. (2006) found that surface area
appeared to be an important factor controlling PAHs levels in
various exposed tissues of rice. Plant roots can take up organic
contaminants via passive diffusive partitioning and/or active
process, depending on the plant species and the properties of
the organic contaminant, such as molecular structure, solubil-
ity, and Henry’s law constant (Collins et al. 2006). Zhan et al.
(2013a, b) indicated that there was significantly positive cor-
relation between root uptake of phenanthrene and specific
surface area and lipid of crop roots, respectively. Although
there have been some significant advances in our understand-
ing of the processes of plant uptake of PAHs in recent years,
mechanisms for PAHs uptake by crop still remain unclear.

Wheat is a major component of diet for most of the Chinese
population with a total cultivated area of 24.1 million ha in
2011 (China statistical yearbook 2016). Although PAH levels
in cereals are often low, the large amounts consumed make
grains a significant source of PAHs for human beings. Xia
et al. (2010) found that citizens in Taiyuan of China possess
high potential carcinogenic risk of dietary intake of PAHs, of
which wheat gave the greatest contribution (48.30-53.47%).
PAHs can enter into the winter wheat via foliar uptake and
soil-root uptake (Tao et al. 2009). Recently, some researchers
have investigated PAHs uptake by roots of winter wheat (Zhan
et al. 2010, 2013a, b; Yin et al. 2014). Wheat roots may take
up phenanthrene via active process (Zhan et al. 2010). Tao
et al. (2009) indicated that PAHs uptake by roots of winter
wheat could be translocated to shoot and that the acropetal
translocation of PAHs depended on their chemical properties.
However, the mechanism of foliar uptake of PAHs by winter
wheat is little understood.

The aim of the present study was to: (1) investigate varia-
tions of foliar uptake of PAHs of six varieties of winter wheat,
phenanthrene (PHE), anthracene (ANT), pyrene (PYR),
benz[a]anthracene (BaA), benzo[a]pyrene (BaP), and
benzo[g,h,i]perylene (BghiP) as representatives and; (2) as-
sess PAHs translocation and distribution in different parts of
wheat seedlings via foliar uptake.

Materials and methods
Precultivation of winter wheat seedlings

Seeds of six varieties of winter wheat (Triticum aestivum L.)
were obtained from the Shaanxi Long Feng seed company of
China, including Changwu 521 (CW), Hedong TX-006 (HD),
Jiaomai 266 (JM), Xiaoyan 22 (XY), Yunong 949 (YN), and
Zhongmai 175 (ZM). The seeds were surface-sterilized in 3%
H,0, for 15 min, rinsed and germinated in a cultivation dish
by placing them on moist filter paper in the dark. Fifteen to
eighteen pre-germinated seeds were sown in a plastic pot with
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sands (< 2 mm) and thinned to 10 seedlings. The seedlings
were fixed through a drilled hole in an aluminum foil. For air-
sealed, the vaseline was smeared over the hole. The experi-
mental setup was illustrated in Fig. 1. The seedlings were
watered daily and fertilized weekly with full-strength
Hoagland’s nutrient solution (Hoagland and Arnon 1938):
1.0 mM KH,POy, 5.0 mM KNOs3, 5.0 mM Ca(NO3),4H,0,
2.0 mM MgSO47H20, 45 LLM H3BO3, 9.0 ],,LM MHC124H20,
0.75 uM ZnS0O47H,0, 0.35 uM CuSO4-5H,0, 0.15 uM
H,;Mo04H,0, 20 uM Fe-EDTA. The pH of the nutrient so-
lution was adjusted to 5.5 using dilute HCI or NaOH. Plant
culture was performed in a greenhouse with temperature con-
trol (28/23 °C, day/night). In addition to natural sunlight, a 12-
h photon flux density of 380 wmol m2s ™" was supplied via an
assembly of cool-white fluorescent lamps.

Foliar uptake of PAHs

Six kinds of PAHs (PHE, ANT, PYR, BaA, BaP, and BghiP)
were obtained from Aldrich Chemical with a purity of > 98%.
To prepare the application solution of mixture of the six kinds
of PAHs, 0.25 or 1.5 mg of each compound was dissolved in
1.0 mL acetone and filled up with distilled water to 1000 mL.
At three-leaf stage of the seedlings, 100 pL of the correspond-
ing solution per seedling was applied to the leaves with a
micropipette at 9:00 a.m. The solutions were applied on both
leaf side before the drip point was reached. The care was taken
for abaxial and adaxial placement not to overlap on the leaf.
Control seedlings were applied with the same amount of dis-
tilled water containing 0.1% acetone. The moisture content of
the substrate was maintained at approximately 70% of gravi-
metric water capacity and fertilized weekly with full-strength
Hoagland’s nutrient solution. After 10 days, phloem sap was
collected with an EDTA-facilitated exudation method (Palmer
et al. 2014). All the plants from each treatment were sampled,
rinsed thoroughly with deionized water, and separated into
leaves, stems, and roots. Partial leaves were reserved for de-
termination of cuticular wax. The rest of the leaves, stems, and

—rr———— micropipette

shoots

vaseline-sealed

— aluminum foil

roots

sands

Fig. 1 Schematic diagram of simulation device for winter wheat
seedlings exposure to PAHs
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roots were homogenized to powder with liquid nitrogen, re-
spectively. The frozen powder was stored at — 80 °C for PAHs
analysis.

Determination of cuticular wax

Fresh leaves of winter wheat were extracted with dichloro-
methane (DCM) (150 mL) and mechanically shaken at
100 r min~" for 2 min. The solution was filtered through a
0.45-um Millipore membrane, followed by a second extrac-
tion with DCM (50 mL) for interception of leaves for 2 min.
Two parts of extracts were collected, mixed, and diluted to
200 mL. Partial extracts (50 mL) were condensed in a rotary
evaporator to approximately 2 mL, subsequently dried under a
stream of nitrogen, weighed as cuticular wax. The remained
150 mL extracts were condensed to approximately 2 mL and
exchanged with methanol to a final volume of 2.0 mL for
determining PAHs concentrations in the cuticular wax.

PAHs analyses

The plant samples were Soxhlet extracted for 16-18 h with
120 mL of acetone and DCM mixture (1:3, v/v) (USEPA
1996a). The concentrated extracts were cleaned up using a
florisil column (15 cm silica gel, and 1.0 cm anhydrous sodi-
um sulfate from bottom up, pre-eluted with 20 mL n-hexane)
with 70 mL hexane/DCM mixture (1:1, v/v) as elution solvent
(USEPA 1996b). The silica gel was baked at 450 °C for 6 h,
activated at 300 °C for 12 h, and deactivated with deionized
water (3%, w/w) prior to use. The anhydrous sodium sulfate
was baked at 450 °C for 8 h. The eluants were then evaporated
and exchanged with methanol to a final volume of 2.0 mL.
The detection method of PAHs was described in our previous
study (Tian et al. 2017). Briefly, the extracts were analyzed
using HPLC-FLD (Shimadzu, LC-20A) equipped with an ul-
traviolet detector (PF-20A) and a fluorescence detector (SPD-
20A). The HPLC system was fitted with a PAH-specific re-
verse column (®4.6 x 150-mm Intersil ODS-P column, 5 um,
Shimadzu, Kyoto, Japan) and a mixture of methanol and ul-
trapure water as the mobile phase. The six kinds of PAHs
(PHE, ANT, PYR, BaA, BaP, and BghiP) were measured in
the present study.

QA/QC

QA/QC was conducted by performing method blanks,
standard reference material recoveries, standard spiked
recoveries, and HPLC detection limits. The limit of de-
tection (LOD) using the present method was determined
as the concentrations of analytes in a sample that gave
rise to a peak with a signal-to-noise ratio (S/N) of 3,
which ranged from 0.08 tol.51 ug kg '. For each batch
of 12 samples, a method blank (solvent), a spiked blank

(standards spiked into solvent), a sample duplicate, and a
standard reference material (NIST SRM 2977) sample
were processed. PAHs were identified on the basis of
retention times relative to five deuterated internal stan-
dards (naphthalene-dg, acenaphthene-d;o, phenanthrene-
d;o, chrysene-d;,, and perylene-d;,). The variation coef-
ficients of PAH concentrations between duplicate samples
were < 10%. The PAH levels of digestion blank were less
than the LOD. Recovery of PAHs was investigated by
spiking plant samples with standards at fortification levels
of 40 pg kg™'. The recoveries of individual PAHs ranged
from 77.9% for BghiP to 103% for PHE.

Data analyses

The differences in plant biomass and PAHs concentrations
among varieties of winter wheat were assessed using
Fisher’s protected least significant difference after ANOVA.
All statistical procedures were carried out using SAS 8.1 soft-
ware. Unless indicated otherwise, all treatment means were
tested for significant difference at p < 0.05.

Results and discussion
Foliar uptake of PAHs in six varieties of winter wheat

In the present study, applying mixed PAHs solutions onto
the leaf surface of winter wheat simulated the possible
mechanisms of foliar uptake, which atmospheric deposi-
tion followed by penetration via cuticular waxes. After 10
consecutive days of exposure, all the six selected PAHs
(36 PAHSs) were recorded in the leaves of the six varieties
of winter wheat (Table 1). With increasing concentrations
of the applying solutions, there was apparent increasing
concentrations of PAHs in the leaves. Lin et al. (2007)
also found that above-ground parts of maize directly ac-
cumulate PAHs from air in proportion to exposure levels.
Under 1.5 mg L' of PAHs treatment, ¥ PAHs in the
leaves were significantly (p < 0.001) different among the
six varieties. The highest concentrations of ¥4 PAHs in
the leaves of YN variety (64.6 mg kg ') were approxi-
mate two times of the lowest concentrations in the leaves
of HD variety (29.6 mg kg '), indicating that there were
apparent intraspecific differences in foliar uptake of
PAHs in the wheat winter. Filed investigations also
showed that there were highly variable in PAH concen-
trations of plant shoots among plant species (Howsam
et al. 2000; Ratola et al. 2012). Besides the physicochem-
ical properties of the compound and environmental con-
ditions, foliar uptake of organic contaminants is deter-
mined by the plant properties (Bakker et al. 1999; Dias
et al. 2016). Bakker et al. (1999) indicated that plant
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Table 1

Concentrations of PAHs in leaves of six varieties of winter wheat including Changwu 521 (CW), Hedong TX-006 (HD), Jiaomai 266 (JM),

Xiaoyan 22 (XY), Yunong 949 (YN), and Zhongmai 175 (ZM) under applying different level of mixed PAHs solutions onto the leaf surface for 10 days

(mean£SD, n = 3)

Applying level Wheat PHE ANT PYR BaA BaP BghiP 3¢ PAHs

(mgL™" variety  (mgkg ") (mgkg™ (mgkg™ (mgkg ™) (mgkg ™) (mgkg™) (mgkg™)

0 CW 149+0.75ab 1.14+048 a nd 021+0.002a nd nd 2.85+061a
HD 028+0.10bc nd nd 023+0.012a nd nd 0.51+0.11b
M 025+028bc 0.35+0.02¢ nd 020+0.002a nd nd 0.80+0.26b
XY 043+039bc  0.65+0.04bc nd 020+0.00la nd nd 1.28+042b
YN 0.10£0.08 ¢ 0.74+0.17b nd 020+0.00la nd nd 1.05+0.11b
M 202+1.57a 0.82+0.12ab nd 0.29+0.118a nd nd 3.12+1.51a

0.25 CwW 189+ 7.79b 1.67+0.12ab 2.00+0.28a 0.75+0.09 a 056+0.02a 040+0.04a 243+828ab
HD 19.2+124b 191 +£0.80a 1.67+0.50abc  0.72+0.06 a 051+0.06a 037+0.12a 244+139ab
IM 25.1+128ab 1.20+0.10b 1.34 £0.40 be 0.58+0.07a 045+0.03a 029+0.02a 289+133ab
XY 9.52+234b 1.54+026ab 1.26+0.11c¢ 0.75+0.11a 056+0.14a 047+025a 141+277b
YN 35.6+326a 142+0.32ab 191+043ab 0.72+0.01 a 048 +0.06a 032+0.08a 405+327a
M 209+932ab 143+024ab 1.73+£0.10abc 0.69+0.05a 053+0.05a 035+0.05a 256+9.10ab

1.5 CwW 22.6+226¢ 248 +£0.28ab 2.52+0.09 a 0.79+0.11 a 1.23+0.09b 0.72+0.06b 30.3+224c¢
HD 222+099 ¢ 2.16+£0.26b 2.60+0.15a 0.70£0.03 a 1.17+0.13b 0.80+0.12b 29.6+1.36¢
M 24.6+4.79 ¢ 256+0.18ab 1.67+0.13 ¢ 0.78+£0.14a 1.15+0.07b 0.87+0.07b 31.7+4.65¢
XY 249 +0.76 ¢ 403+2.18a 2.15+£0200b 0.76 £0.03 a 121 £0.06b 1.07+0.10a 34.1+3.19¢
YN 56.3+785a 237+0.08b 249+ 0.06 a 0.79+0.12a 145+0.14a 1.16+0.18a 64.6+7.51a
M 35.5+£1.66b 229+0.17b 1.54+£0.15¢ 0.72+0.04 a 1.13+0.08b 0.74+0.11b 420+144b

Different letters within the same row indicating significant difference among different varieties of winter wheat at the level of p < 0.05

architecture, leaf surface area, amount of leaf hairs played
significant roles in determining the partitioning of PAHs
between plants and the atmosphere. Leaf surfaces, leaf
overlap, leaf area, wax cuticle, surface roughness, the
number and distribution of stomata, leaf hairs, and water

repellence varied greatly among plant species (Neinhuis
and Barthlott 1997; Barthlott and Neinhuis 1997).
Jouraeva et al. (2002) suggested that leaves with higher
specific leaf area had a greater ability to accumulate
PAHs. The growth conditions of wheat varieties were

Fig. 2 PAHs in leaf wax of six 350

varieties (CW, HD, JM, XY, YN, v
and ZM) of winter wheat under 300¢ a V) HD
applying mixed PAHs solutions 2501 b [ JmM
(0.25 mg L") onto the leaf bl b I xy
surface for 10 days. Bars marked 200} Il Y~
with different letters in the same ™
soils treatment are significantly 150}

different according to least

significant difference (LSD) test 100} c <

(p < 0.05) (mean+£SE, n = 3)

PAHs accumulated in leaf-wax/(pg g'l)

PHE
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Fig. 3 Relationship between PAHs concentrations in leaf wax and cuticular wax concentrations in leaves of six varieties (CW, HD, JM, XY, YN, and
ZM) of winter wheat under applying mixed PAHs solutions (0.25 mg L") onto the leaf surface for 10 days

identical in the present study. Thus, the variation of foliar
uptake of s PAHs among the six varieties of winter

wheat would come from disparity of leaf properties and
detailed mechanisms need further research.
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Table 2  Concentrations of PAHs in roots of six varieties of winter wheat including Changwu 521 (CW), Hedong TX-006 (HD), Jiaomai266 (JM),
Xiaoyan 22 (XY), Yunong 949 (YN), and Zhongmai 175 (ZM) under applying different level of mixed PAHs solutions onto the leaf surface for 10 days

(mean£SD, n = 3)

Applying level Wheat PHE ANT PYR BaA BaP BghiP 3¢ PAHs
(mgL™) variety  (mgkg ) (mgkg ) (mgkg ") (mgkg ™) (mgkg ™) (mgkg ") (mg kg )
0 CwW nd nd nd nd nd nd nd
HD nd nd nd nd nd nd nd
M nd nd nd nd nd nd nd
XY nd nd nd nd nd nd nd
YN nd nd nd nd nd nd nd
M nd nd nd nd nd nd nd
0.25 CwW 1.12+0.17b 0.18+0.07b 140+051c 0.74+0.10b 037+0.06b 042+0.04b 4.23+0.58 cd
HD 1.40+0.99b 034+0.09ab 259+1.06b 0.66+033b 040+0.14b 045+0.12b  5.83+1.90bc
M 024+0.03¢ 020+0.09b 1.87+0.64bc 0.75+022b 038+£0.05b 045+£0.10b 3.89+£0.99d
XY 0.96+0.08 b 039+0.08a 290+1.04b 093+£0.09b 0.51+£0.09ab 0.58=+0.13ab 627+1.37b
YN 1.12+£0.14b 0224+0.07b 2.04+031bc 099+0.07ab 042+0.06b 0.51+0.13ab 5.30=+0.56 bed
™ 373+0.34a 047+021a 421+088a 136+051la 0.73+036a 067+0.13a 11.2+1.75a
1.5 CW 497+0.67a 025+0.09a 227+039ab 082+0.18a 036+0.0lc 041+£0.03b 9.09+130a
HD 346+228abc 0.34+£007a 225+0.85ab 080+0.06a 043+0.07ab 0.50+£007a 7.79+2.84ab
M 1.62+0.61 ¢ 033+0.07a 2.69+0.12a 092+0.10a 042+0.05b 048+0.06ab 646=+0.33b
XY 244+126bc 036+00la 1.72+051b 092+0.15a 049+002a 055+005a 647+099b
YN 432+198ab 030+0.06a 2.15+022ab 090+006a 044+00lab 050+00la 8.62+221ab
M 403+1.14ab 029+0.11a 229+032ab 090+0.18a 041+0.04bc 047+0.08ab 8.38+1.49ab

Different letters within the same row indicating significant difference among different varieties of winter wheat at the level of p < 0.05

PAHs in cuticular wax of wheat leaves

Figure 2 shows concentrations of PAHs in cuticular wax of the
six varieties of winter wheat applying 0.25 mg L™ of PAHs
for 10 consecutive days. Both individual PAHs and ¥ PAHs
in the cuticular waxes were significantly (p < 0.001) different
among the six varieties and were significantly (p < 0.01)
higher than those in leaves (Table 1). Besides having signifi-
cantly higher (p < 0.001) levels of ¥4 PAHs in leaves, the two
varieties (YN and ZM) possess significantly (p < 0.001)
higher cuticular wax concentrations than the other four varie-
ties (CW, HD, JM, and XY). This indicated that cuticular wax
of wheat leaves had a higher capacity to absorb PAHs. The
cuticular wax is the main storage location of POPs in the leaf
(Wang et al. 2008) and is considered to be a critical interface
of PAHs cycling between the atmosphere and leaf inner tis-
sues (Keyte et al. 2009; Wild et al. 2005). In addition, there
was a significantly (p < 0.01) negative linear relationship be-
tween concentrations of cuticular wax and concentrations of
Y6 PAHs or individual of the five selected PAHs (PHE, ANT,
PYR, BaA, and BghiP) in the cuticular waxes (Fig. 3). The
present results are consistent with previous field investigation,
which showing a negative correlation between the wax con-
tents and Y;¢ PAHs concentrations in the cuticular wax of in
Cinnamomum camphora leaves collected from Shanghai,
China (Yang et al. 2017) (Table 2).

@ Springer

Composition profiles of PAHs in cuticular waxes, leaves
and roots

Figure 4 shows the profiles of six individual PAH in cuticular
waxes, leaves, and roots of winter wheat after applying
0.25 mg L™ of PAHs for 10 consecutive days. The distribu-
tion of PAHs with different ring numbers in cuticular waxes
was similar to that of leaves but was significantly different
from that of the roots. The similar distribution patterns of
PAHs between cuticular wax and leaves indicated that PAHs
came from the same source. The percentages of 3-ring PAHs
were much higher in cuticular waxes and leaves than in roots,
whereas the percentages of 4- and 5—6-ring PAHs were much
lower in cuticular waxes and leaves than in roots. Similarly,
Xia et al. (2010) also found that 2-3-ring PAHs were domi-
nant in the winter grains collected from the market of Taiyuan,
China. PHE was predominant in cuticular waxes and leaves
among PAHs detected, accounting for 66.4-88.0% of the
Y.sPAHs. However, PYR, PHE, and BaA were dominant in
roots, accounting for 33.2-48.1, 6.21-33.4, and 11.3-19.3%
of the ¥cPAHs, respectively. Physicochemical properties of

Fig. 4 Percentage distribution profiles of X5 PAHs in cuticular wax (a), P>
leaf (b) and root (¢) of six varietiecs (CW, HD, JM, XY, YN, and ZM) of
winter wheat under applying mixed PAHs solutions (0.25 mg L") onto
the leaf surface for 10 days
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Table 3 Pearson correlation

coefficients between PAH, Molecular weight LogKow LogKoa Log (water solubility) logH

concentrations in leaf of six

varieties of winter wheat and Cw NS NS NS 0.74%%* NS

physicochemical properties of HD NS NS NS 0.73%%* NS

PAHs (n = 12) ™M NS NS NS 0.71% NS
XY NS NS NS 0.65* NS
YN NS NS NS 0.68* NS
M NS NS NS 0.68* NS

NS indicates no significance
*p < 0.05, **p < 0.01

PAHs have been considered responsible for their foliar uptake,
such as number of ring, molecular weight, solubility, octanol-
water partition coefficient (K,y), octanol-air partition coeffi-
cient (K,,,), partition between the particle and gasphases of the
atmosphere and Henry’s constant (Sun et al. 2016). As shown
in Table 3, the present results indicated that the concentrations
PAHs in leaves were positively (p < 0.05) correlated with the
water solubility of the six selected PAHs. Both PHE and ANT
contain a three-membered aromatic ring, but the mean con-
centrations of PHE were 6.16-25.08 times of ANT in wheat
leaves, which seemed to be attributed to the apparent differ-
ence in solubility at 25 °C between PHE (1.65 mg L") and
ANT (0.075 mg L™"). The LMW PAHs in the cuticular waxes
and leaves was greater mainly due to their higher solubility.
Gao and Collins (2009) showed that shoot uptake was driven
by the transpiration stream flux which was related to the sol-
ubility of the individual PAH rather than the K., In addition,
the present study indicated that there were insignificant rela-
tionship between concentrations PAHs in leaves and logK,,,
of the six selected PAHs (Table 3). Generally, lipophilic or-
ganic chemicals possess a greater tendency to partition into
plant lipids than hydrophilic chemicals (Collins et al. 2006).
Due to their lipophilic characteristic, PAHs were readily
absorbed by leaf cuticle (Chen et al. 2005; Wang et al.
2005), which basically consists of a wax fraction (lipids

Table 4 Concentrations of PAHs in phloem sap collected from six
varieties of winter wheat including Changwu 521 (CW), Hedong TX-
006 (HD), Jiaomai 266 (JM), Xiaoyan 22 (XY), Yunong 949 (YN), and
Zhongmai 175 (ZM) under spraying different level of mixed PAHs solu-
tions onto the leaf surface for 10 days (mean, n = 3) (mg kgﬁl)

PHE ANT PYR BaA BaP BghiP

Ccw 0.089 0.012 0.03 0.012 ND ND
HD 0.115 0.019 0.037 0.009 ND ND
M 0.311 0.019 0.039 0.009 ND ND
XY 0.088 0.01 0.038 0.014 ND ND
YN 0.306 0.019 0.039 0.009 ND ND
M 0.016 0.014 0.025 0.012 ND ND

ND not detectable

@ Springer

extractable by organic solvents) and an insoluble cuticular
matrix. Effects of lipophilicity on foliar uptake of PAHs in
wheat need further research.

Basipetal translocation of PAHs in winter wheat

Once organic pollutants enter plant tissues, they can migrate
from roots to leaves (acropetal) and vice versa (basipetal) de-
pending on chemical processes (Korte et al. 2000). After 10
consecutive days of leaf exposure, all the six selected PAHs
were recorded in the roots of the six varieties of winter wheat,
while the corresponding > PAHs concentrations were appar-
ently lower than those in leaves (Table 2). PAHs in roots
should be from two pathways, uptake from sands and translo-
cation from leaves. Due to the six selected PAHs were unde-
tectable in roots under the control, ¥4 PAHSs in roots should be
mainly translocated from foliar uptake of PAHs. In addition,
PHE, ANT, PYR, and BaA were detected in phloem exudates
(Table 4). The present study indicated that there was basipetal
translocation of PAHs in winter wheat after foliar application
of PAHs. PAHs on the surface of plant leaves may be strongly
bound into the waxy cuticle layer. Some can enter into the
inner leaves and be translocated by the phloem. Using
isotope tracing method, Zezulka et al. (2014) also indicated
uptake and basipetal translocation of fluoranthene by pea
plants (Pisum sativum). Similarly, Su and Liang (2013) found
that organic pollutants such as richloroethylene (TCE) and
1,2,3-trichlorobenzene (TCB) could be taken up by wheat
leaves and translocated from the leaves to roots.

Conclusion

In the present study, foliar uptake of atmospheric PAHs has
been simulated by applying solvent solutions containing
PAHs directly on leaves. Under actual conditions, both envi-
ronmental variables such as temperature, humidity and light
and the physicochemical properties of PAHs involved in the
PAH partitioning between air and plants (Desalme et al.
2013). The present study attempted to report a pilot research
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focus on investigating intraspecific variations of foliar uptake
of PAHs in the winter wheat. The cuticular waxes could play
significant role in foliar uptake of PAHs in the winter wheat.
The present results also showed that the concentrations PAHs
in leaves were positively (p < 0.05) correlated with the water
solubility of the six selected PAHs. The present study sug-
gested that PAHs accumulation by winter wheat can be greatly
reduced by minimizing the transfer of PAHs from air to the
leaf via judicious selection of the appropriate variety.
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Mu Us Sandy land

Large-scale sand control and afforestation in the Mu Us Sandy land of China have greatly improved soil nutrients
and physicochemical properties; however, little is known about their effects on soil biological properties. This
study aimed to investigate the changes in soil microbial biomass and enzyme activities and their relationships
with soil physicochemical properties during sand land rehabilitation. Soil samples were collected from the shrub
and arbor plantations with an age sequence of 20, 30, and 51 years in Yulin at depths of 0-10 cm and 10-20 cm
and with semi-fixed sand land selected as a control (0-year-old site). The soil physicochemical and biological
properties in the 0-10 cm soil layer were significantly (P < 0.001) higher than in the 10-20 c¢m soil layer for all
stand lands. The soil microbial biomass (e.g., microbial carbon and nitrogen) in the 0-10 cm and 10-20 cm
layers greatly increased, by 1.58-5.59 times and 2.27-6.07 times, respectively, during the revegetation of shrub
and arbor from 20 to 30 years on the control land. During the same period, the activities of soil catalase, urease,
alkaline phosphatase and invertase also greatly increased, by 1.27-2.18, 0.59-1.23, 0.48-3.66 and 0.57-2.72
times in shrub land, respectively, whereas they increased by 1.51-2.73, 0.46-2.09, 0.97-2.79 and 2.00-6.65
times in arbor land, respectively, compared with the control land. However, during the 30-51 years of re-
vegetation on the control land, the soil microbial biomass and all enzyme activities remained relatively stable or
slightly increased in the arbor land, whereas they were reduced in the shrub land. The soil organic carbon (SOC),
dissolved organic carbon (DOC), total nitrogen (TN) and available nitrogen (AN) contents also greatly increased
after revegetation in the control land. Principal component analysis (PCA) also confirmed that most of the
chemical and biological properties were influenced by the afforestation and showed coordinated variation be-
tween the analyzed parameters. Moreover, redundancy analysis (RDA) showed that the soil microbial biomass
and enzyme activities were correlated with the changes of SOC, DOC and TN, whereas they were negatively
correlated with the bulk density, pH and total potassium. Therefore, we concluded that revegetation by the
establishment of both shrub and arbor plantations significantly improved soil biological properties. Moreover,
SOC, DOC and TN were regarded as the key factors in the enhancement of soil biological activity during de-
sertified land revegetation in the Mu Us Sandy land of China.

1. Introduction

The Mu Us Sandy land is one of the four major sandy lands in China;
it has undergone oppressive desertification, mainly attributed to cli-
mate and anthropogenic activity such as overgrazing by livestock, ex-
cessive farming intensity, and vegetation devastation by fuel wood
acquisition. These activities have resulted in a landscape of moving,

semi-moving, and stabilized sand dunes in alternation (Cao et al.,
2008). The desertification has not only resulted in an increase in bare
soil and loss of soil resources (e.g., loss of nutrients and serious de-
gradation of soil) but has also influenced the sustainable growth of the
environment of China and the world (Liu and Diamond, 2005).
Therefore, to control land desertification and mitigate its negative im-
pacts on grassland and farmland, the government of China has adopted

Abbreviations: BD, bulk density; TP, total phosphorus; AP, available phosphorus; TK, total potassium; AK, available potassium; SOC, soil organic carbon; MBC, microbial biomass carbon;
DOC, dissolved organic carbon; TN, total nitrogen; MBN, microbial biomass nitrogen; AN, available nitrogen; C:N, total carbon/nitrogen ratio; ANOVA , Analysis of variance; LSD, Least

significance difference; PCA, principal component analysis; RDA, redundancy analysis
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many critical mechanical methods (such as the elimination of grazing
via fencing, returning degraded farmland to forest and grassland, pla-
cing sand arresters and planting indigenous trees, shrubs and grasses)
since the 1960s for the revegetation of desertified land in China such as
the Mu Us Sandy land (Dai, 2010; Cao et al., 2011). During the past 50
years, the desertification management process on the Mu Us Sandy land
has produced good ecological benefits and has significantly improved
soil texture and physicochemical properties (Bolling and Walker, 2000;
Zhang et al., 2008; Zuo et al., 2009). Nonetheless, very limited studies
have focused on the progressive changes of soil biological properties
during the reversion of desertification and the relationship among soil
physicochemical properties, microbial biomass and enzyme activity
along a chronosequence of desertification vegetation reconstruction.

The soil microbial biomass carbon, nitrogen and enzyme activities
play an important role in nutrient cycling; they are more sensitive
parameters than the physicochemical properties (Zhang et al., 2015)
and thus potentially influence the element cycles of terrestrial ecosys-
tems. Cai et al. (2013) observed that the soil microbial biomass and
catalase, urease, phosphatase activities gradually increased with in-
creasing stand age and successive rotation duration after farmland was
returned to forestland. Moreover, soil biological characteristics, in-
cluding soil microbial biomass and the activities of urease, invertase,
alkaline phosphatase and catalase, decreased from slope farmland to an
herbaceous community, significantly increased from an herbaceous
community to a shrubby community, and slightly increased or stabi-
lized from a shrubby community to an arboreal community (Cui, 2011).
Current studies of microbial biomass and enzyme activity dynamics
have mainly focused on the process of vegetation restoration and the
conversion of cropland to forest and land degradation (Liu et al., 2007;
Nunes et al., 2012; Wei et al., 2011). Most previous researchers were
concerned with the study of urease, invertase, alkaline phosphatase and
catalase activity because these enzymes are closely related to the
transformation of soil carbon and nitrogen (Liu et al., 2007; Zhang
et al., 2015); however, no systematic study has been reported on the
microbial biomass and enzyme activity during desertification vegeta-
tion reconstruction.

Therefore, elucidating the relationship between carbon and nitrogen
stock fractions with enzyme activities during vegetation reconstruction,
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especially for below-ground levels, is crucial in explaining the me-
chanisms of biogeochemical cycling processes. Li et al. (2008) observed
that soil urease, alkaline phosphatase and invertase activities were
closely related to soil nutrient levels and cycling. Additionally, Taylor
et al. (2002) showed that there was a significant positive correlation
between soil enzyme activity and soil organic matter. Baldrian (2008)
reported that soil microbial biomass and enzyme activities correlated
with the contents of C, N and P in the soil, and a previous study re-
ported that the microbial biomass-related properties correlated with the
content of organic C (Frouz and Novakova, 2005). Wang et al. (2010)
then found that soil enzyme activity directly correlated with soil nu-
trient and microbial biomass during the process of vegetation recovery:
urease activity was found to be mainly affected by total nitrogen,
whereas alkaline phosphatase, catalase and invertase were closely in-
fluenced by available nitrogen, although alkaline phosphatase had no
significant correlation with total phosphorus and available phosphorus.
However, Wang et al. (2012) reported that enzyme activity and nutrient
characteristics under different transformation modes of degraded forest
land showed a close relation between phosphatase and urease activities
with available phosphorus. To date, there has been no clear investiga-
tion that confirmed the co-relationship between soil microbial biomass,
enzyme activity and soil nutrients under the process of vegetation re-
construction for desertified land.

The previous studies provided a good platform to understand the
dynamics of soil physicochemical and biological properties and their
relationships. Therefore, we explored the effects of vegetation re-
construction on soil fertility and its microbial biomass as well as en-
zymatic activities in the Mu Us Sandy land of China. We hypothesized
that soil biological properties could be considerably changed by re-
vegetation and that soil biological properties and soil nutrients are
synergistically recovered and have significant interaction. The objec-
tives of the present study were 1) to determine the dynamics of various
soil physicochemical and biological properties along a chronosequence
of 20, 30, and 51 years of desertified land revegetation, including soil
nutrient contents, microbial biomass and enzyme activities, and 2) to
identify the relationship between soil microbial biomass, enzyme ac-
tivities and physicochemical properties, as well as find out the key
factors that responsible for enhancement of soil biological activity
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during desertified land revegetation.
2. Materials and methods
2.1. Site description

Field sampling was conducted in September 2015 at the Hongshixia
Afforestation of Sands Experiment Station (38 °20’N, 109 °44’E), which
is located 8 km northwest of Yulin city, in the east edge of Mu Us Desert
and the northern Shaanxi province (Fig. 1), China. The average eleva-
tion of the area is 1050-1500 m and it belongs to the typical continental
monsoon arid and semi-arid climate. During the past 50 years, the
annual average precipitation is 415 mm that 60%-70% primarily falls
in summer; and the annual potential evaporation is 2014 mm, while the
average wind speed is 1.9 m ~ s~ ! and strong wind frequently occurred
in winter and spring. The average temperature is 8.1 °C, which reached
maximum temperature of 23.2°C in July and lowest temperature
—8.9 °C during January (Yang et al., 2012). Soils in the study area are
classified as aeolian sandy soil. Their sand content is 92.6%, and their
silt and clay content is 7.4%, but groundwater is deep (-8 m) and that
cannot be utilized by the natural vegetation. The area is a typical
farming-pastoral ecotone, excessively reclaiming, cultivating and
grazing brought serious desertification in history has led to form a
dense, continuous and reticulate flow dune zone with less than 1.8% of
vegetation cover in 1950s (Cheng et al., 2004). In order to choose ef-
fective silvicultural technique and psammophytes species for reversing
desertification, the experimental stations established by Desert Control
Research Institute of Shaanxi province in 1958 (Dang et al., 2003). At
first, windbreaks (mechanical sand fences) were erected to reduce wind
erosion, and then straw checkerboard barriers (1 m X 1 m in area) in-
stalled on shifting sand surfaces. In following 3 years, the natural pio-
neer plant invaded and changed shifting sand to semi-fixed sand. Then
two-year-old seedlings of xerophytic shrubs (Salix psammophila C. Wang
et Ch. Y. Yang, Psammochloa villosa (Trin.) Bor, and Amorpha fruticosa
Linn.) or arbors (Pinus sylvestris L. var. mongolica Litv.) were planted
inside the straw checkerboard barriers to stabilize the surface of the
sand dunes. After several years of labor management, understory grass,
legumes, and forbs colonized, and a shrubby-grass or arboreal-grass
vegetation system was gradually established. Then vegetation system
has gone into natural succession stage (Dang et al., 2003). More sand-
binding shrub and arbor with the same species and similar density were
planted every 10-15 years. Combined, the completed protective vege-
tation system was 33.3 km? and the vegetation coverage has been in-
creased to 80% in the study area.

2.2. Experimental design and soil sampling

Using the space-for-time substitution (chronosequence) method, six
tree stands were chosen based on years of afforestation in the study
area; the stands included three shrub stands (Salix psammophila C. Wang
et Ch. Y. Yang mixed with Psammochloa villosa (Trin.) Bor) and three
arbor stands (Pinus sylvestris L. var. mongolica Litv.). Both types of forest
land (shrub and arbor) were established in 1964 (the 51-year-old site),
1985 (the 30-year-old site) and 1995 (the 20-year-old site).
Additionally, a semi-fixed sand land was selected as a control (0-year-
old site). The site conditions and soil characteristics were relatively
consistent for each forest stand year prior to revegetation. A description
of each stand site is shown in Table 1. At each stand site, three
20m X 20 m fields were randomly selected for the investigation of
vegetation features such as coverage, plant density and plant height. In
each field, three subplots (1 m X 1 m) were randomly selected for
surveys of vegetation species. One soil sample was collected using a soil
auger (5-cm diameter X 120—cm length) from 16 spots in an “S” shape
at each field and then mixed to prepared composite sample. All soil
cores were sectioned into two layers (0-10 cm and 10-20 cm), and the
soils from the same layer were combined into one final soil sample. All
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soil samples were sieved through a 2-mm screen, and roots and other
debris were removed and discarded. Half of each sample was kept field-
moist in a freezer at 4 °C, and the other half was air-dried and stored at
room temperature. Additionally, three soil profiles of —20 cm depth
were dug in each stand field and in the semi-fixed sand land to estimate
the bulk density (BD) in each soil layer from the soil cores (volume:
100 cm®).

2.3. Soil analysis

Soil pH was measured in 1:2.5 soil-water suspensions (on a dry
weight basis) using a pH meter with a glass electrode (Zhang et al.,
2015). Part of the air-dried and sieved samples was ground and passed
through a 0.25-mm screen and used for soil total carbon and total ni-
trogen analyses. The soil organic carbon (SOC) content was measured
using the potassium dichromate method (Zhang et al., 2013), and total
nitrogen (TN) was determined by the Kjedahl method (Fterich et al.,
2012). The total phosphorus (TP), total potassium (TK) and available
potassium (AK) concentrations were determined by the Keeney (1982)
and Qi et al. (2012) methods, and available phosphorus (AP) was
analyzed by the NaHCO; extraction-molybdenum antimony anti-col-
orimetric method. The content of available nitrogen (AN) (NH,*-N and
NO;3 ™ -N) was determined using the Continuous Flow Analyzer (Ana-
lytical AA3 Auto Analyzer 3HR, Germany) after extraction by the KCl
(1molL™Y (Zhang et al., 2010), whereas the soil microbial biomass
carbon (MBC) and nitrogen (MBN) were estimated using the chloroform
fumigation-incubation and extraction method (Jenkinson and Powlson,
1976; Hu et al., 2016).

2.4. Soil enzyme activity

The catalase activity was determined by back-titrating residual
H>0, with KMnOy,, and the enzymatic activity was expressed as ml
0.1 M KMnO, g~ * dw h ™! under the assay conditions (Lu et al., 2014).
Soil urease activity was measured by using the urea solution as the
substrate, and the released ammonium was assayed colorimetrically at
578 nm according to Kandeler and Gerber (1988); the activity was
expressed as mg NH;—N g~ dw 24 h™'. Alkaline phosphatase activity
was estimated by para-nitrophenylphosphate (pNPP) as an orthopho-
sphate monoester analog substrate, and the hydrolysis of p-nitrophenol
phosphate was calculated by referring to a calibration curve obtained
with standards containing 0, 10, 20, 30, 40 and 50 mg L7t of p-ni-
trophenol; the activity was expressed as mg PNP (p-nitrophenol) g~ !
dw 24 h™! (Sardans et al., 2008). The invertase activity was determined
according to Ye et al. (2015) using sucrose as the substrate, and the
activity was expressed as mg glucose g~ ' dw 24 h ™1,

2.5. Statistical analysis

All results are reported as the means + standard deviations. The soil
physical, chemical properties, MBC, MBN and enzyme activities were
analyzed by three-way Analysis of variance (ANOVA) with tree species,
plantation age and soil depth as factors. Multiple comparison tests were
also performed to compare the least significance difference (LSD) at
P = 0.05 using SPSS 19.0 software for windows. Figures were drawn
using Sigma-Plot 12.0 software. The principal component analysis
(PCA) was performed by the R language v3.0 software with the prcomp
function and the package ggbiplot, and redundancy analysis (RDA) was
used to identify the relationship between the soil microbial biomass,
enzymatic activities and soil physicochemical properties. RDA was
performed using the Canoco v.5.0 software package.
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Table 1
Vegetation characteristics in different stand ages of afforestation.
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Sites Height (m) Coverage (%) Stand density (plant: Main vegetation species
hm~?)

Semifixed sand 0 17d - Psammochloa villosa (Trin.), Bor; Poa sphondylodes Trin

Shrubygy, 2.3 = 0.4d 70 = 1lc 870 + 56b Hedysarum scoparium Fisch. et Mey; Artemisia ordosica Krasch; Setaria viridis (L.) Beauv.

Shrubsgy, 3.8 = 0.5¢ 86 = 8b 930 =+ 45b Hedysarum scoparium Fisch. et Mey; Artemisia ordosica Krasch; Setaria viridis (L.) Beauv.

Shrubs, y, 4.5 = 0.9c 92 + 7a 820 = 76b Hedysarum scoparium Fisch. et Mey; Artemisia ordosica Krasch; Elymus dahuricus Turcz;
Tripolium vulgare Nees

Arboroy, 18.4 = 2.6b 67 + 6¢ 1231 + 95a Euphorbia humifusa Willd. ex Schlecht; Suaeda glauca (Bunge) Bunge; Dendranthema indicum (L.)
Des Moul; Setaria viridis (L.) Beauv.

Arborsgy, 243 * 2.7a 85 + 9b 1279 += 101la Suaeda glauca (Bunge) Bunge; Setaria viridis (L.) Beauv; Salsola collina Pall; Poa sphondylodes
Trin

Arbors;y, 222 + 1.4a 95 =+ 15a 1245 + 122a Setaria viridis (L) Beauv; Poa sphondylodes Trin

Multiple comparisons using the least significant difference (LSD) method, different letters indicate significant difference among different restoration ages at the 0.05 level.

3. Results
3.1. Soil physical and chemical properties

Soil physicochemical properties drastically changed with plantation
age and soil depths (Table 2). In both layers (0-10 cm and 10-20 cm
depth), soil bulk density and the soil pH values slightly decreased with
plantation age, whereas soil bulk density and pH increased with soil
depth. The AK contents in the 0-10 cm layer significantly increased
after 20, 30, and 51 years of shrub and arbor growth, by 0.32, 2.14 and
3.89 times and 0.25, 1.71 and 2.63 times compared with the control,
respectively; soil AP followed the same pattern as AK and increased by
1.98 times and 0.52 times after 51 years of shrub and arbor growth,
respectively. Soil AK and AP declined sharply at 10-20 cm depth in the
plantations of all ages.

During the shrub vegetation reconstruction process, the TP contents
showed a consistent increase from 20 to 30 years in both layers
(0-10 cm and 10-20 cm depth) and then decreased. After 30 years of
revegetation with shrub, TP content increased by 1.05 times at 0-10 cm
and 0.64 times at 10-20 cm soil depth, respectively, compared with
that in the control site (0-year). In the case of arbor land, TP content at
the 0-10 cm depth gradually increased from 20 to 51 years, whereas at
10-20 cm depth it increased from 20 to 30 years and then decreased. In
contrast, TK contents did not show much variation with increasing
plantation age at both depths. The C/N ratio decreased at 0-10 cm
depth, whereas at 10-20 cm depth in shrub forest land the C/N ratio
first increased up to 30 years and then suddenly decreased, although in
arbor forest land, it gradually decreased with plantation age (Table 2).

Table 2

3.2. Soil organic carbon, dissolved organic carbon, total nitrogen and
available nitrogen

Significant differences were observed for SOC, DOC, TN and AN
between shrub and arbor land of different ages as well as at different
soil depths (Table 3). The SOC, DOC, TN and AN at 0-10 cm soil depth
gradually increased along a chronosequence of 20, 30, and 51 years of
desertified land revegetation. After 51 years of shrub vegetation re-
construction, SOC, TN, AN and DOC at 0-10 cm soil depth increased by
8.38, 7.88 and 3.30 times and by 81.8%, respectively, whereas for arbor
land, SOC, TN, AN and DOC increased by 9.10, 7.96 and 2.38 times and
by 72.0%, respectively, compared with that in the control site (0-year).
Overall, SOC, DOC, TN and AN in the 10-20 cm soil layer followed the
same pattern as in the 0-10 cm soil layer, whereas a very slowly in-
creasing trend of SOC, DOC, TN and AN was observed at 10-20 cm
depth for both forest land types. After 51 years of shrub growth, SOC,
TN, AN and DOC in the 10-20 cm soil layer only increased by 2.58, 1.54
and 1.35 times and by 48.0%, respectively, whereas for arbor land,
SOC, TN, AN and DOC increased by 2.10, 2.12 and 1.14 times and by
36.0%, respectively, compared with the control site (Fig. 2a and c and
Fig. 3a and c).

3.3. Soil microbial biomass carbon and nitrogen

Soil MBC and MBN significantly differed between the different tree
species, soil depths and plantation ages (Table 3). During the shrub and
arbor vegetation reconstruction process, both MBC and MBN showed a
consistent increase from 20 to 30 years in the 0-10 cm and 10-20 cm
soil layers (Fig. 2b and Fig. 3b). After 30 years of revegetation with

Changes of soil properties at 0-10 and 10-20 cm soil layers with 20, 30 and 51 years of shrub and arbor establishment on desertified land.

Soil properties  Soil depth (cm) Semi-fixed sand  Stand age of shrub

Stand age of arbor

Oyr 20yr < 30yr 51yr 20yr 30yr S51yr
pH 0-10 8.09 * 0.08a 8.02 = 0.16ab 7.80 = 0.04b 7.54 = 0.21c 8.00 = 0.11ab 7.93 = 0.04ab  7.90 = 0.07ab
10-20 8.12 = 0.09a 8.08 = 0.l1la 8.04 = 0.05ab 7.88 = 0.17b 8.16 = 0.14a 8.09 = 0.02a 8.11 = 0.08a
TP (mgkg™") 0-10 63.94 + 1.69d 96.27 * 4.01b 130.83 £ 13.20a 73.55 + 3.39cd 62.09 = 3.37d 79.83 = 1l.1lc 92.76 + 8.08b
10-20 40.48 + 1.27de 57.38 =+ 3.81b 66.53 = 3.00a 42,42 = 5.06de 3576 = 4.99e 50.73 = 4.63bc  43.80 * 4.26cd
AP (mg kg™) 0-10 3.13 £ 0.25d 3.05 = 0.49d 6.58 = 1.26b 9.34 = 0.63a 2.21 = 0.22d 3.19 * 0.45d 4.76 = 0.36¢
10-20 2.09 £ 0.2la 1.16 = 0.09d 1.32 = 0.07d 1.77 = 0.17ab 1.33 £ 0.24d 1.44 = 0.09bc 1.77 = 0.35ab
TK (gkg™) 0-10 11.19 = 0.14a 10.70 = 0.22ab  10.17 * 0.40ab 10.27 = 1.11ab 9.79 + 0.68b 10.23 £ 0.29ab  10.27 = 0.57ab
10-20 11.20 = 0.52a 10.08 = 0.6la 10.47 = 0.64a 10.69 = 1.32a 11.46 *= 0.99a 10.72 £ 0.26a 10.97 = 0.50a
AK (mg kgh) 0-10 32.64 = 4.70e 43.00 = 5.02e 102.64 £ 12.59c 159.83 + 8.90a 40.81 = 2.83e 88.41 = 2.42d 118.47 £ 4.5%
10-20 19.22 + 3.63d  20.67 = 2.92d 39.43 = 3.47bc 68.14 + 8.15a 2510 = 1.35d 34.40 + 4.17c 45.03 = 3.63b
CN 0-10 13.27 * 0.94c 23.86 = 2.88a 20.51 = 6.91ab 14.77 = 3.80bc 20.86 * 1.80ab 15.42 *= 2.15bc 15.03 = 1.17bc
10-20 17.51 * 1.47d  20.79 = 4.45abc 37.49 * 1.12a 2550 = 5.18b 2438 + 3.19b 2414 = 0.94bc 17.97 = 4.30cd
BD (g cm™) 0-10 1.70 * 0.09a 1.66 + 0.05ab 1.58 = 0.07bc 1.46 = 0.04de 1.65 = 0.0lab 1.53 + 0.07cd 1.41 £ 0.02e
10-20 1.70 + 0.05a 1.69 = 0.0lab 1.67 = 0.03abc 1.65 £ 0.03abc 1.70 = 0.05a 1.61 + 0.04bc 1.58 £ 0.06¢c

TP (total phosphorus), AP (available phosphorus), TK (total potassium), AK (available potassium),C:N (total carbon/nitrogen ratio) and BD (bulk density), Multiple comparisons used the
least significant difference (LSD) method; different letters indicate significant differences among different restoration ages in the same soil layer at the 0.05 level.
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Table 3
Results of three-way ANOVA for soil chemical and biological properties in different tree
species, in plantations of different age and at different soil depths.

Index Tree species Plantation age Soil depth
F P F P F P
SOC 1.85 0.18 823.96 < 0.001 1277.91 < 0.001
MBC 38.35 < 0.001 510.08 < 0.001 428.99 < 0.001
DOC 195 0.17 12462 <0.001 128.75 < 0.001
TN 1.80 0.19 66.99 <0.001 142.06 < 0.001
MBN 13.41 0.001 586.80 < 0.001 513.82 < 0.001
AN 62.54 < 0.001 247.25 <0.001 1476.78 < 0.001
Catalase 61.51 <0.001 207.95 <0.001 301.16 < 0.001
Urease 320.81 < 0.001 439.59 <0.001 483.08 < 0.001
Alkaline 42.20 < 0.001 212.43 < 0.001 555.45 < 0.001
phosphatase
Invertase 122.05 <0.001 84.87 <0.001 33407 <0.001

SOC (soil organic carbon), MBC (microbial biomass carbon), DOC (dissolved organic
carbon), TN (total nitrogen), MBN (microbial biomass nitrogen), AN (available nitrogen);
F and P values of three-way ANOVA compare the effects of tree species, plantation age
and soil depth.

shrub and arbor, the MBC and MBN contents increased by 6.71 and
4.66 times, respectively, and by 6.89 and 5.07 times at 0-10 cm depth,
respectively, compared with those in the control (O-year). From 30-51
years, the responses of MBC in the 0-10 cm and 10-20 cm soil layers
gradually increased for arbor land but slightly decreased for shrub land,
whereas no significance variation was observed in MBN for arbor and
shrub land between 30 and 51 years. Overall, MBC and MBN in the
10-20 cm soil layers were only 45.1%-56.6% and 49.7%-55.8% of
those at 0-10 cm, respectively.

3.4. Soil enzyme activities

The soil enzyme (catalase, urease, alkaline phosphatase and in-
vertase) activities significantly differed among tree species, plantation
ages and soil depths (Table 3). During the shrub and arbor vegetation
reconstruction process, the activities of soil catalase, urease, alkaline
phosphatase and invertase showed a consistent increase from 20 to 30
years in the 0-10 cm soil layers (Fig. 4). After 30 years of revegetation
with shrub and arbor, soil catalase, urease, alkaline phosphatase and
invertase activities increased by 3.01 and 4.21 times, 1.70 and 3.30
times, 6.53 and 4.52 times and 4.27 and 9.54 times, respectively, at
0-10 cm soil depth compared with that in the control site (O-year).
From 30-51 years, the activities of soil catalase, urease and alkaline
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phosphatase in the 0-10 cm soil layers gradually increased for arbor
land and were 6.76, 17.78 and 8.88 times higher than those of the
control, respectively. In contrast, soil catalase, alkaline phosphatase
and invertase activities sharply decreased in shrub land from 30 to 51
years at the sites but were still higher than those of the control; they
increased by 2.84, 2.78 and 0.48 times at 0-10 cm, respectively, com-
pared with the control.

At 10-20 cm soil depth, the activities of soil catalase, urease, alka-
line phosphatase and invertase also significantly increased along a
chronosequence of desertified land revegetation, although their incre-
ments were less than that at 0-10 cm; catalase, urease, alkaline phos-
phatase and invertase activities in the 10-20 cm soil layers were only
37.4%-86.5%, 23.5%-56.8%, 18.5%-78.2% and 8.2%-49.5% of those
at 0-10 cm, respectively. Overall, soil enzyme activities were higher in
the 0-10 cm soil layer and significantly decreased (P < 0.001) in the
10-20 cm soil layer. Therefore, our results indicated that revegetation
significantly promoted activities of soil urease, invertase, alkaline
phosphatase and catalase in the desertified land.

3.5. Variation and correlation analysis for restoration ages, soil properties
and enzyme activities

PCA was performed on the correlation matrix of the data obtained
for soil physicochemical properties, biological activities and the re-
storation ages of both forest land types to illustrate the variation of the
data on the two most significant components (0-10 cm and 10-20 cm
soil depth) (Fig. 5). In the top soil at 0-10 cm depth, factor 1 explained
58.40% of the total variability and was related to SOC, TN, DOC, AK,
AN, MBC, MBN, catalase, alkaline phosphatase and urease activity.
Factor 2 described only 13.84% of the total variance among the BD, pH,
and TK values. A similar result of PCA analysis was also shown at
10-20 cm soil depth (Fig. 5b), where factor 1 represented almost all the
changes in the chemical and biological properties of the soil. The results
indicated that soil nutrients and the biological activity of the sand soils
were improved together during desertified land revegetation. More-
over, the plot of PCA (Fig. 5) clearly identified variations of physico-
chemical properties and biological activities among the sites along a
chronosequence of desertified land revegetation. The profiles of phy-
sicochemical properties and biological activities at the 20-, 30- and 51-
year-old sites were clearly separated from each other. These factors
discriminated among both soil depths and the restoration age of the
vegetation showed that these parameters had been seriously affected by
restoration. The relationships between soil physicochemical variables
(i.e., BD, pH, TN, TP, TK, AN, AP, AK, SOC, DOC and C:N) and the
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Fig. 2. Changes of organic carbon (a), microbial biomass carbon (b) and dissolved organic carbon (c)in soil with 20, 30, 51 years of shrub and arbor establishment on desertified land.

26



J. Lietal

Ecological Engineering 111 (2018) 22-30

800 -8 5 -0 20 -C
—v— Arbor 0-10 cm
—e— Shrub 0-10 cm
— —A— Arbor 10-20 cm <40 - —
‘=600 10— Shrub 10-20 cm < =151
g 30 E
=
= 400 - = <10
2 S 20 S
5 E 2
S 200 1 § 0 S 5
0 | | I I | I 0 I I | | I | 0 | | I I | |
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
Age (yr) Age (yr) Age (yn)

Fig. 3. Changes of total nitrogen (a), microbial biomass nitrogen (b) and available nitrogen (c) in soil with 20, 30, 51 years of shrub and arbor establishment on desertified land.

microbial biomass and enzyme activities were also examined based on
redundancy analysis (Fig. 6). RDA showed that those variables sig-
nificantly affected soil microbial biomass and enzyme activities in the
0-10 cm and 10-20 cm soil layers and together explained 83.14% and
77.64% of the total variation, respectively, especially for SOC, DOC and
TN. Moreover, the soil microbial biomass and enzyme activities were
positively correlated with the changes of SOC, DOC and TN and nega-
tively correlated with BD, pH and TK.

4. Discussion
4.1. Dynamics of soil microbial biomass and enzyme activities

The soil microbial biomass and all enzyme activities in both soil
layers (0-10 cm and 10-20 cm) greatly increased (by 1.58-5.59 times
and 0.78-2.76 times in the shrub forest land, respectively) during the
20-50 years of revegetation at the Mu Us Sand Land, whereas they
increased by 2.27-6.63 times and 1.58-7.29 times in the arbor forest

Fig. 4. Changes of soil enzyme activities

(catalase (a), urease (b), alkaline phospha-
tase (c) and invertase (d)) with 20, 30 and
51 years of shrub and arbor establishment
on desertified land.
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Fig. 5. Principal components analysis (PCA) of soil basic physicochemical characters and
biological properties in the 0-10 cm soil layer (a) and 10-20 cm soil layer (b) with 20, 30
and 51 years of restoration and semi-fixed sand. TP (total phosphorus); AP (available
phosphorus); TK (total potassium); AK (available potassium); C:N (total carbon/nitrogen
ratio); BD (bulk density); SOC (soil organic carbon); MBC (microbial biomass carbon);
DOC (dissolved organic carbon); TN (total nitrogen); MBN (microbial biomass nitrogen);
AN (available nitrogen); Phosphatase (alkaline phosphatase).

land, respectively, compared with the semi-fixed sand land (Figs. 2b, 3b
and 4). Cao et al. (2008) reported that sampling sites of 5, 10, and 23
years after Caragana microphylla Lam. revegetation showed an ameli-
oration of plant leaf deposition and degradation, net primary pro-
ductivity and electrical conductivity, thereafter gradually increased soil
enzymatic activities, nutrients and microbial biomass. Additionally, Su
et al. (2005) reported that the activities of catalase, urease, phosphatase
in soils increased with time under progressive vegetation restoration in
the Horgin sandy land of Northeast China. Moreover, several earlier
scientists reported that vegetation restoration over time improved the
important enzymatic activities, such as polyphenol oxidase, dehy-
drogenase, urease, protease, alkaline phosphatase and phosphomo-
noesterase (Dick et al., 1996; Consuelo and Teodoro, 2002; Nannipieri
et al., 2002), which increased with time after vegetation restoration
because of the C and N input from vegetation into the soil (Kaur et al.,
2002). In this study, the vegetation reconstruction could elevate the soil
MBC and MBN, which in turn raised the activities of soil catalase, ur-
ease, alkaline phosphatase and invertase. Several researchers have re-
ported that increased soil microbial biomass and enzyme activities
could be due to enhanced organic matter input and C and N im-
mobilization during the process of organic matter decomposition (Plaza
et al., 2004; Cao et al., 2008; Zhang et al., 2015). Consequently, earlier
researchers also reported that revegetation had a strong impact on the
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Fig. 6. Redundancy analysis (RDA) of soil basic physicochemical characters and biolo-
gical properties in the 0-10 cm soil layer (a) and 10-20 cm soil layer (b) with 20, 30 and
51 years of restoration and semi-fixed sand. Ordination plots of the results from the RDA
identifythe relationships among the soil biological properties (black arrows) and soil
physicochemical characters (red arrows). TP (total phosphorus); AP (available phos-
phorus); TK (total potassium); AK (available potassium); C:N (total carbon/nitrogen
ratio); BD (bulk density); SOC (soil organic carbon); MBC (microbial biomass carbon);
DOC (dissolved organic carbon); TN (total nitrogen); MBN (microbial biomass nitrogen);
AN (available nitrogen); Phosphatase (alkaline phosphatase). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article).

alteration of C and N storage in bulk soil and increased soil particle-size
fractions during a soil restoration time sequence measured at 3, 8, 20,
24 and 28 years from planting (He et al., 2009), which is consistent
with our results. Meanwhile, the contents of SOC, DOC, TN and AN at
both soil depths gradually increased along a chronosequence of 20, 30,
and 51 years of desertified land revegetation.

Additionally, Petr et al. (2008) noticed that the microbial biomass
increased when organic C and N were supplied to soil in the form of
residues or roots. Normally, the microbial biomass growth depended on
organic input, which is collectively involved to increase the bio-avail-
ability of C and N in sandy soil. Overall, the availability of organic
inputs increased because of revegetation, and more enzymes were
synthesized as soil microorganisms were enhanced (An et al., 2009). In
this study area, the nutrient contents were increased during the process
of revegetation in both soil layers by gradual litter deposition, which
then changed the soil physicochemical properties such as pH and other
nutrients contents (TP, AP, TK, AK and TN) (Table 2). Cao et al. (2008)
reported that a chronosequence of Caragana microphylla Lam. planta-
tions in the Horqin sandy land of Northeast China induced an increased
input of plant residues into soil, which played a significant role in the
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enhancement of nutrient cycling and microbiological productivity in
the tree-based systems. In general, our results demonstrated that soil
microbial biomass, enzyme activities and soil nutrients were strongly
altered by revegetation restoration in the arid Mu Us Sandy Land soils.

The soil nutrient content, microbial biomass and the activities in the
four studied enzymes were significantly (P < 0.001) higher in the
0-10 cm soil layers than in the 10-20 cm layers. Similar results were
widely observed by Chen (2003) and Sardans and Pefiuelas (2005).
Zaman et al. (2002) also observed that enzyme activities decreased in
forest and agricultural soil profiles when there were organic inputs to
the soil surface. The higher soil nutrient content, microbial biomass and
enzyme activities in the soil upper surface layer (0-10 cm) in the
plantations were probably because of the asymmetrical inputs of litter
throughout the upper soil profile together with better soil aeration,
which was attributed to the improved soil physical environment and
the increased organic and inorganic materials released from plants.
Consequently, the contents of SOC, TN, soil enzyme activities and mi-
crobial biomass in the arbor land were higher than those of shrub land,
which was mainly related to higher litter inputs in the arbor land during
the process of vegetation reconstruction. On the other hand, the
carbon/nitrogen ratio (72) of the litter in the arbor land was sig-
nificantly higher than in the shrub land (31); the microorganisms were
relatively easy to decompose and used litter with low carbon/nitrogen
ratios, which resulted in the accumulation of more organic matter in the
arbor forest land and thus promoted the increase of soil microbial
biomass and enzyme activity.

However, the soil MBC, MBN contents and enzyme activities in the
30-51 years recovery period remained stable or were enhanced in the
arbor land, whereas they were reduced in the shrub land. The shrub
apparently began to die with increasing age after 30 years, whereas in
the case of the arbor, the biodiversity of the forest was reduced after the
30 years growth period (Table 1); the input of soil biomass decreased,
which then resulted in the reduced microbial biomass and enzyme ac-
tivities (Dang et al., 2003). Previous studies have shown that biodi-
versity has a significant correlation with soil microbial biomass and
enzyme activity (Zhong and Han, 1999; Yang et al., 2001). Wang
(2009) also reported that the activities of urease and phosphatase were
positively correlated with biodiversity. Therefore, the revegetation
process in the Mu Us Sandy land should update the shrub forest and
increase the biodiversity under the arbor land for the continuous im-
provement of soil biological properties.

4.2. The interaction between soil microbial biomass, enzyme activities and
soil physicochemical properties

Soil microbial biomass and enzyme activities in sandy land can
generally be influenced by many physicochemical factors (e.g., season,
geographic condition, soil depth, and anthropogenic factors (O, avail-
ability, pH, moisture content and nutrients content) because these
factors could simultaneously influence the growth of soil microbes
(Zhou et al., 2005). Soil microbial biomass and enzyme activities are
closely related to soil nutrient transformations and soil fertility in re-
habilitated sandy soils (Consuelo and Teodoro, 2002). The PCA results
(Fig. 5) confirmed that most of the physicochemical and biological
properties were influenced by the revegetation and showed coordinated
variation between the analyzed parameters. On the other hand, the
RDA (Fig. 6) showed that soil microbial biomass and enzyme activities
were significantly correlated with the changes in soil physicochemical
properties at both soil depths; they were positively correlated with SOC,
DOC and TN but were negatively correlated with BD, pH and TK. Si-
milar results were widely observed by Cao et al. (2008) and Zhang et al.
(2015). In this study, urease and invertase are important functional
hydrolyses enzymes that are directly related to carbon and nitrogen.
Total nitrogen can increase the biomass of above-ground and under-
ground roots and promote the growth of rhizosphere microorganisms,
which then increases the activity of related enzymes in soil.
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Additionally, SOC can change soil porosity, air permeability and soil
aggregate structure, which are collectively involved in buffering the soil
and increasing the water holding capacity, which is an important car-
rier of various enzymes and provides suitable conditions for the soil
enzymes. Subsequently, DOC is active soil organic matter that is easily
decomposed by soil microbes and that plays an important role to im-
prove soil nutrients, microbial biomass and enzyme activities. Conse-
quently, Baldrian (2008) revealed that soil microbial biomass and en-
zyme activities were closely related to the contents of C and N in the
soil.

Moreover, a previous study reported that the microbial biomass-
related properties correlated with the content of organic C (Frouz and
Novakova, 2005). In fact, the effects of microbial biomass, enzyme
activity and soil nutrients have significant correlation because soil en-
zymes enhance macromolecular organic hydrolysis and then increase
the contents of carbon and nitrogen. In summary, soil microbial bio-
mass, enzyme activity and nutrient contents synergistically increased
during the revegetation of desertified land, and SOC, DOC and TN were
the key factors that enhanced soil biological activity.

5. Conclusions

The revegetation by establishment of shrub and arbor plantations on
the Mu Us Sandy land, China, resulted in significant improvement in
soil microbial biomass and enzyme activities, especially in the 0-10 cm
layer, which was closely related to the increase of SOC, DOC, TN, TP,
AN, AP and AK and the decrease of pH and soil bulk density. The sig-
nificant increase of SOC, DOC and TN in the soil provided a source of
carbon and nitrogen for the growth of microorganisms, which sig-
nificantly increased the microbial biomass and then promoted the en-
zymes activities. Therefore, SOC, TN and DOC were the key factors that
enhanced soil biological activity during the revegetation of desertified
land. However, the soil MBC, MBN and enzyme activities in the 30-51
years recovery period tended to a stable state in the arbor land, whereas
they decreased in the shrub land, which was related to the biodiversity
of the forest; the biodiversity was reduced after 30 years of growth and
the shrub began to die with increasing age after 30 years. Therefore, the
revegetation process in the Mu Us Sandy land should update the shrub
forest and increase the biodiversity in the arbor land for the continuous
improvement of soil biological properties. Additionally, the soil enzyme
activities and microbial biomass in the arbor land were higher than in
the shrub land, which indicates that revegetation by the establishment
of arbor plantations is a more effective and suitable measure to restore
surface vegetation and soil biological properties and control desertifi-
cation in the Mu Us Sandy land.
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An arsenic hyperaccumulator, Pteris vittata L., is common in nature and could occur either on As-contaminated soils or on
uncontaminated soils. However, it is not clear whether phosphate transporter play similar roles in As uptake and translocation
in nonmetallicolous and metallicolous populations of P. vitrata. Five populations were used to investigate effects of phosphate
on arsenate uptake and translocation in the plants growing in 1.2 L 20% modified Hoagland’s nutrient solution containing either
100 uM phosphate or no phosphate and 10 uM arsenate for 1, 2, 6, 12, 24 h, respectively. The results showed that the nonmetallicolous
populations accumulated apparently more As in their fronds and roots than the metallicolous populations at both P supply levels.
Phosphate significantly (P < 0.01) decreased frond and root concentrations of As during short time solution culture. In addition,
the effects of phosphate on As translocation in P, vittata varied among different time-points during time-course hydroponics (1-24
h). The present results indicated that the inhibitory effect of phosphate on arsenate uptake was larger in the three nonmetallicolous

populations than those in the two metallicolous populations of P. vittata.

Keywords: Chinese brake fern, population variation, phytoremediation, As-contaminated soils

Introduction

Most hyperaccumulators are generally endemic to metallifer-
ous soils, whereas some are also present on non-metalliferous
soils (Assuncao, Schat and Aarts 2003). In some of these, the
hyperaccumulation is a constitutive trait at species level, as
shown in Thlaspi caerulescens (Assuncao et al. 2003) and Ara-
bidopsis halleri (Bert et al. 2002) for Zn hyperaccumulation.
In others, either Cd hyperaccumulation in 7. caerulescens or
Zn hyperaccumulation in Sedum alfredii is not a constitutive
trait at species level, but only confined to metallicolous pop-
ulations (those collected from metalliferous soils) (Assuncao
et al. 2003; Yang et al. 2006). Escarre et al. (2013) also indi-
cated that depending on the substrate used in the experiments,
there was a large heterogeneity of responses to uptake of Zn,
Ni and Cd among 18 populations of 7. caerulescens from
metalliferous, non metalliferous and serpentine soils. More-
over, Pteris vittata L. has received increasing attention due
to its remarkable capacity for As hyperaccumulation (up to

Address correspondence to Fuyong Wu, Key Laboratory of Plant
Nutrition and the Agri-environment in Northwest China, Min-
istry of Agriculture, and College of Natural Resources and En-
vironment, Northwest A&F University, Yangling, Shaanxi, PR
China. E-mail: wfy09@163.com

2.3% in its fronds) since its identification (Ma et al. 2001).
P, vittata can live either on As-contaminated soils (Ma et al.
2001; Chen et al. 2002; Wang et al. 2006) or on uncontam-
inated soils (Wang et al. 2007; Wu et al. 2014). It has been
revealed that As hyperaccumulation is a constitutive property
in P, vittata (Zhao, Dunham and McGrath 2002; Wang et al.
2007). Wu et al. (2009) further showed that nonmetallicolous
populations (those collected from uncontaminated soils) of
P, vittata possess more effective As hyperaccumulation than
metallicolous populations,indicating that the former has great
potential as appropriate candidature for phytoextraction of
As from contaminated soils. Unfortunately, it is still not clear
the mechanisms underlying variation in As hyperaccumula-
tion among the nonmetallicolous and metallicolous popula-
tions of P, vittata, although this is vital for breaking through
towards commercially attractive phytoextraction applications.

For almost all plants tested so far, including P, vittata, ar-
senate is taken up via phosphate transporters (Abedin, Feld-
mann and Meharg 2002; Wang et al. 2002; Poynton et al.
2004). Bleeker et al. (2003) found that mine population of
Cytisus striatus from an As-enriched gold mine reduced arse-
nate uptake through the suppression of phosphate transporter
activity compared with population from a nonmetalliferous
site. Similarly, some plants from As-contaminated soils re-
duced uptake of As through suppression of the high-affinity
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phosphate uptake system (Meharg and Hartley-Whitaker
2002). Our preliminary investigation showed that the non-
metallicolous population of P, vittata had a greater capacity
for uptake of P, which may result in significantly greater As
concentrations in fronds and roots than those in the metalli-
colous populations (Wu et al. 2009). Wang et al. (2013) also
observed that high As accumulation was observed in the pop-
ulations of P, vittata at the low habitat As concentration, ac-
companied by efficient root As uptake. However, it is not clear
whether phosphate transporter plays similar roles in As uptake
and translocation in the nonmetallicolous and metallicolous
populations of P. vittata.

The major objectives of the present study were to: (1) com-
pare nonmetallicolous and metallicolous populations of P.
vittata in terms of As uptake and translocation at different
levels of P supply; and (2) assess effects of phosphate on ar-
senate uptake and translocation in the nonmetallicolous and
metallicolous populations of P. vittata.

Materials and Methods

Collection of Spores of P. vittata

From November 2008 to February 2009, spores of P. vit-
tata were collected from fertile fronds of 4-6 plants grow-
ing at As and Pb/Zn mining and/or smelting sites located
in Dashunlong (DSL) and Yejiwei (YJW) of Hunan Province
and at three uncontaminated sites [Tai Po Kau Nature Reserve,
Hong Kong (HK), a botanical garden in Guangxi Academy of
Forestry Sciences, Nanning City, Guangxi Province (NN) and
Sun Yat-sen University campus, Guangdong Province (ZD)].
The spores were air-dried and reserved for the following plant
culture. Total As, Pb, Zn, Cd and Cu concentrations in soils of
the five sites were characterized in Wu et al. (2014). Both DSL
and YJW were heavily contaminated by As (6,108-20,710 mg
kg™1), Pb(4,541-6,050 mgkg~!)and Zn (4,799-9,523 mgkg '),
while the corresponding metal concentrations at the three un-
contaminated sites (HK, NN and ZD) were below the thresh-
old of metal-contaminated soils (GB15618-1995).

Sporeling Culture

The spores of five populations of P. vittata (HK, NN, ZD,
DSL and YJW) were germinated as described previously (Wu
et al. 2009). Four month-old sporelings (with 3-4 fronds)
of P. vittata were transplanted to polyethylene pots filled
with 1.2 L 20% Hoagland’s nutrient solution (Hoagland and
Arnon 1938): 0.2 mM KH,PO4, 1.0 mM KNO;, 1.0 mM
Ca(NOs3),-4H,0, 0.4 mM MgSO4-7H,0O, 9 uM H;BO;,
1.8 uM MnCl;-4H,0, 0.15 uM ZnSO4-7H,0, 0.07 uM
CuS04-5H,0, 0.03 uM H;Mo00-H,0, 4 uM Fe-EDTA. The
pH of the nutrient solution was adjusted to 5.8 using dilute
HCI or NaOH. The solution was aerated vigorously and re-
newed once every 4 days. Both spore germination and plant
culture were performed in a greenhouse with temperature con-
trol (28/23°C, day/night). In addition to natural sunlight, a
12-h photon flux density of 380 umol m~2 s~! was supplied
via an assembly of cool-white fluorescent lamps. After one
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month, the sporelings (with 5-7 fronds) were ready for subse-
quent experiments. There are little morphological difference
among populations of P. vittata. Generally, vigorous growth
were recorded in the three nonmetallicolous populations (HK,
ZD and NN) of P, vittata compared with the two metallicolous
populations (DSL and YJW).

Assessment of Phosphate on Arsenate Uptake and
Translocation in Populations of P. vittata Grown
in Hydroponics

The sporelings of the three nonmetallicolous populations of
P, vittata and the two metallicolous populations were exposed
to 10 uM arsenate (Na,HAsO4-7H,0) for 1, 2, 6, 12, 24 h,
respectively. Arsenate was added to the basal nutrient solution
(20% modified Hoagland’s nutrient solution) containing either
100 uM phosphate (+P) or no phosphate (—P). Potassium
phosphate was replaced with potassium chloride in the —P
treatment. The exposure to arsenate lasted for 24 h, from 09:00
(2 h after the light period started) to 09:00 next day. At each
time-point, fronds were cut at the base of the stipe (¢. 1 cm
above the roots). The roots were separated from the fronds,
rinsed with deionized water and incubated in an ice-cold, As-
free medium [containing MES and Ca(NO3),, and amended
with 1 mM Na,HPOy4] for 15 min to remove apoplastic As.
There were four replicates for each treatment. The roots and
fronds were blotted dry, weighed and oven-dried before being
ground.

Chemical Analyses

Analyses of As concentrations in the plant tissues were con-
ducted by digesting the plant tissues with an acid mixture
[conc. HNOj3 + conc. HCIO4 (4:1, v/v)] and determined
with Inductively Coupled Plasma — Mass Spectrometry (ICP-
MS, Perkin—Elmer, Elan 9000). A standard reference, spinach
leaves (SRM 1570a) from the U.S National Institute of Stan-
dards and Technology (NIST), was used to verify the accuracy
of metal determination. The recovery rates for As were within
92 £+ 9%.

Statistical Analysis

The translocation factor (TF) was expressed as the ratio of [As
conc.Jaboveground/ [As conc.Jpelowground- The differences in plant
biomass, As concentrations and As TF among populations of
P, vittata were assessed using Fisher’s protected least signifi-
cant difference after ANOVA. All statistical procedures were
carried out using SAS 8.1 software. Unless indicated other-
wise, all treatment means were tested for significant difference
at P < 0.05.

Results

Effects of Phosphate on As Concentrations in Populations of
P. vittata

Regardless of nonmetallicolous or metallicolous populations
of P vittata, presence of phosphate in the uptake solu-
tion significantly (P < 0.01) decreased both frond and root
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Fig. 1. Effects of phosphate [100 M phosphate (+P) or no phosphate (—P)] on arsenic concentrations in fronds (a, b) and roots
(¢, d) of nonmetallicolous (HK, NN, and ZD) and metallicolous (DSL and YJW) populations of Pteris vittata L. growing in 20%
Hoagland’s nutrient solution containing 10 ©M arsenate (NayHAsQO,4-7H,0) for 1, 2, 6, 12, 24 h (mean + S.E., n = 4).

concentrations of As during short time solution culture (Fig. 1,
Table 1). Frond As concentration of P. vittata in the +P treat-
ment were 22.0-29.0% and 4.2-9.4% of those in the —P treat-
ment after 1 h and 24 h of exposure to arsenate, respectively.
The inhibitory effect of phosphate on frond and root con-
centrations of As was larger in the three nonmetallicolous
populations (HK, NN and ZD) than those in the two metal-
licolous populations (DSL and YJW). For example, presence
of phosphate in the uptake solution decreased frond As con-

centration, on average, by 94.9% and 87.0% in the nonmetalli-
colous and metallicolous populations at 6 h, respectively. With
solution culture time increasing, the inhibitory effect of phos-
phate on frond As concentrations increased steadily, but the
effect on root As concentrations remained stable. In addition,
at both P supply levels, the nonmetallicolous populations ac-
cumulated apparently more As in their fronds and roots than
the metallicolous populations (Fig. 1). After 12 h of exposure
to arsenate, As concentrations in fronds of the three non-

Table 1. Analysis of covariance frond As concentrations, root As concentrations, percent of frond As to total plant As and
translocation factors of nonmetallicolous (HK,NN and ZD) and metallicolous populations (DSL and YJW) of Pteris vittata L.

growing in nutrient solution containing 10 M arsenate for 1,2,6,12, or 24 h

Percent of frond As to Translocation
Frond As conc. Root As conc. total plant As factors (TF)
F P F P F P F P
Phosphate treatment 813.03 <0.0001 647.97 <0.0001 3.01 0.08 82.20 <0.0001
Population 73.47 <0.0001 43.16 <0.0001 6.42 < 0.0001 10.93 <0.0001
P*Pop 67.55 <0.0001 32.68 <0.0001 1.12 0.35 7.69 <0.0001
Time 266.46 <0.0001 129.35 <0.0001 31.76 < 0.0001 124.70 <0.0001
P*Time 223.07 <0.0001 85.04 <0.0001 13.25 < 0.0001 47.47 <0.0001
Pop*Time 20.08 <0.0001 7.39 <0.0001 0.81 0.67 2.36 <0.01
P*Pop*Time 18.72 <0.0001 5.53 <0.0001 0.72 0.77 3.26 <0.0001
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Fig. 2. Arsenic distribution in fronds of nonmetallicolous (HK, NN and ZD) and metallicolous (DSL and YJW) populations of
Pteris vittata L. growing in 20% Hoagland’s nutrient solution containing 10 uM arsenate (Na;HAsO4-7H,0) and 100 M phosphate
(—P) (a) or no phosphate (+P) (b) for 1, 2, 6, 12, 24 h, respectively (mean + S.E., n = 4).

metallicolous populations were 3.9-times and 1.9-time higher
than those in the two metallicolous populations at both P
supply levels, respectively. At 24 h of exposure to arsenate, the
highest As concentrations in fronds (2,025 and 84.6 mg kg™!)
were recorded in nonmetallicolous population (NN), while
the lowest As concentrations in fronds (364 and 31.3 mgkg™")
were recorded in metallicolous population (DSL) in the pres-
ence and absence of phosphate, respectively. This indicated
that there were apparently variations in As concentrations
among the nonmetallicolous and metallicolous populations
and that the former had more effective capacity for As accu-
mulation than the latter.

Influence of Phosphate on As Translocation and Distribution
in Populations of P. vittata

The effects of phosphate in the uptake solution on As translo-
cation in P, vittata varied in culture time (1-24 h) (Table 1 and
Table 2). In detail, the presence of phosphate in the uptake
solution significantly (P < 0.05) increased the translocation
of As from roots to fronds at the early of the solution cul-
ture (1 and 2 h), but significantly (p < 0.05) decreased the
translocation of As from roots to fronds at 12 and 24 h (Ta-
ble 2). For example, As TFs of NN population were 4.18 and
5.30 in the presence of phosphate at 12 and 24 h, while the
corresponding values were 1.70 and 1.93 in the absence of
phosphate, respectively. In the +P treatment, on average, pro-
portion of As (78%) taken up in the fronds of five populations
was significantly (P < 0.05) higher than that (64%) in the —P
treatment after 1 h of exposure to arsenate (Fig. 2). With cul-
ture time increasing, proportion of As taken up in the fronds
increased steadily when no phosphate was supplied, but the
proportion of As taken up in the fronds remained stable when
phosphate was supplied, except for YJW populations. In ad-
dition, there was no significantly difference in As distribution
between nonmetallicolous and metallicolous populations of
P, vittata, regardless of presence of phosphate in the solution.

Discussion

Based on time-course hydroponics, the present study showed
that there were apparently ecotypic variations in As up-
take and translocations among five populations of P. vittata
(Fig. 1). Regardless of the presence of phosphate in the so-
lution, the three nonmetallicolous populations (HK, NN and
ZD) exhibited higher As concentrations in fronds than the
two metallicolous populations (DSL and YJW). In —P treat-
ments, fond As concentrations up to 2,025 mg kg~! recorded
in the NN populations were 5.56 times of those in the DSL
populations (364 mg kg~!) at 24 h (Fig. 1). This is in line
with our previous study based on pot trials (Wu et al. 2014).
Intra-specific variation in Ni and Zn hyperaccumulation has
also been shown in Ni-hyperaccumulator A/lyssum lesbiacum
(Adamidis et al. 2014) and in two Zn hyperaccumulators, A.
halleri (Bert et al. 2000) and T. caerulescens (Assuncao et al.
2003b; Frerot et al. 2003), respectively. The present results
suggested that selection of appropriate candidature for effec-
tive phytoremediation of As-contaminated soils should also
be considered at the population level.

It is generally accepted that arsenate is taken up via phos-
phate transporters in almost all plants tested so far, including
P, vittata (Abedin et al. 2002; Wang et al. 2002; Poynton et al.
2004). This means that arsenate and phosphate can compete
for the same absorption sites in root apoplast and the same up-
take carriers in root plasma membrane (Liu et al. 2004). This is
further confirmed by a significantly (P < 0.01) inhibitory effect
of phosphate on As accumulation by P. vittata in the present
study (Fig. 1, Table 1). Previous studies also found apparent
decrease of As uptake rates in roots of P, vittata with increas-
ing P concentration in the solution (Poynton et al. 2004; Wang
et al. 2002). It has been showed that arsenate influx in roots of
P, vittata fitted well with Michaelis—Menten kinetics (Poynton
et al. 2004; Lou, Ye and Wong 2009; Wu et al. 2014). There-
fore, it can be concluded that the arsenate influx into roots of
P. vittata is protein-mediated and arsenate binds active site.
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Table 2. Effects of phosphate on translocation factors (TF) of nonmetallicolous (HK, NN and ZD)and metallicolous populations
(DSLand YJW) of Pteris vittata L. growing in nutrient solution containing 10 uM arsenate for 1, 2, 6, 12 or 24 h (mean £ S.E.,

n=4)

Time (h) HK NN ZD DSL YIW

-P
1 0.62+0.11cB 0.99 +0.03 cA 0.66 +0.11 cB 0.62 £+ 0.04 cB 0.59 +0.05cB
2 0.64 £+ 0.04 cB 0.86 & 0.04 cA 0.75 £ 0.09 cAB 0.68 £+ 0.07 cAB 0.82 +£0.05cA
6 2.05+0.23bB 3.67 £ 0.62 bA 2.57+0.12bB 2.30 +£0.19 bB 2.54 4+ 0.15bB
12 2.80 +£ 0.32 bB 4.18 £ 0.26 abA 4.52 +£0.64 aA 2.20 £+ 0.30 bB 2.80 +0.07 bB
24 4.53 +0.82 aAB 5.30 £ 0.50 aA 4.56 +0.74 aAB 3.17+0.22aB 4.14 +0.36 aAB

+P
1 1.39 £+ 0.06 bBC 2.03+0.17 aA 1.53 +£0.25 abB 0.94 +£0.03 cD 0.99 £+ 0.05 bCD
2 1.53 £ 0.10 abA 1.31 £ 0.16 aAB 0.96 +0.18 cB 1.06 £ 0.10 cB 1.26 = 0.14 bAB
6 1.48 +0.01 abAB 1.66 +0.21 aAB 1.21 £ 0.20 bcB 1.41 +£0.15bAB 1.72 +£0.11 bA
12 2.26 £0.15aA 1.70 £ 0.09 aB 1.28 £ 0.06 bcC 1.19 £ 0.07 beC 1.82 +0.15bB
24 2.18 £ 0.57 abB 1.93 +£0.46 aB 1.87 £0.21 aB 1.81 £0.16 aB 3.90 £ 0.74 aA

The Fisher’s protected least significant difference (LSD) was used to compare means after ANOVA. Different low letters within the samecolumn indicate
significant difference at P < 0.05 among different time treatments and different capital letters within the same row indicate significant difference at P < 0.05

among populations of P. vittata.

Wu et al. (2014) demonstrated that there were higher values
of V,ux for arsenate in the nonmetallicolous populations of
P, vittata compared with the metallicolous populations, which
suggested that the former has more numbers of transport pro-
teins per unit of root plasma membrane than the latter. This
might be contributed to the inhibitory effect of phosphate
was more pronounced in the nonmetallicolous populations
than in the metallicolous populations in the present study
(Fig. 1). Bleeker et al. (2003) indicated that at both 10 uM
and 100 uM P supply levels, the nonmetallicolous popula-
tions of C. striatus accumulated significantly more As in their
roots than the mine populations of C. striatus and that the
arsenate uptake was reduced in the former through suppres-
sion of phosphate transporter activity. Some plants reduced
uptake of As through constitutive suppression of the high-
affinity phosphate uptake system and consequently achieved
As tolerance (Meharg and Hartley-Whitaker 2002). Wu et al.
(2009) found that the metallicolous population (DSL) of P.
vittata was more tolerant to As than the nonmetallicolous
population (HK). Whether the metallicolous populations of
P, vittata used in the present study posses similar mechanisms
with non hyperaccumulators is still not clear.

Suet al (2008) indicated phosphate had no significant effect
on As translocation from roots and fronds of P vittata in
time-course culture (1-24 h), mainly due to arsenate taken up
by roots was rapidly reduced to arsenite and the arsenite as
the predominant form of As transported in the xylem from
roots to fronds of P. vittata. In comparison, the present study
showed that regardless of nonmetallicolous or metallicolous
populations of P. vittata, the presence of phosphate in the
solution significantly (P < 0.05) decreased As translocation at
12 h and 24 h of exposure to arsenate (Table 2). This might be
contributed to the inhibitory effect of phosphate on arsenate
uptake in roots of P. vittata and a smaller pool of As in the
roots available in the +P treatment for translocation to the
fronds. At 24 h exposure of arsenate, As concentrations in
roots of P, vittata in the +P treatment were 7.3—15.0% of those

in the —P treatment (Fig. 1). Lou et a/l. (2010) also observed
that increasing phosphate in the solution apparently inhibited
As transportation from roots to fronds of P. vittata under
hydroponic culture. Similarly, Huang et al. (2007) found that
an increase in phosphate reduced As TFs in P. vittata treated
with arsenate under sand culture. However, the present study
also showed that the presence of phosphate in the uptake
solution significantly (P < 0.05) increased the As translocation
in P. vittata at the early of the solution culture (1 and 2 h).
The reasons for effects of phosphate on As translocation in
P, vittata varied in culture time and for the interaction of
phosphate and arsenate in As uptake and translocation of
P, vittata need further investigation.
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Effects of two AM fungi on zinc uptake of winter wheat roots
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Abstract: Arbuscular mycorrhizal (AM) fungi could colonize winter wheat either under greenhouse or field conditions. However,
the effects of AM fungi on Zn uptake in the winter wheat are still not fully elucidated. In this study, Funneliformis mosseae and
Rhizophagus intraradices were inoculated to rhizosphere of the winter wheat Triticum aestivum (cultivar: Xiaoyan 22)
respectively. After ten weeks of growth, a short-term (0-90min) uptake kinetics experiment and a long-term (0-210min) Zn
accumulation experiment were conducted using seedlings of winter wheat colonized by AM fungi. The effects of AM fungi on

root morphology of winter wheat have also been investigated. The results showed that AM fungi could increase the effective
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area of Zn uptake in the winter wheat roots by increasing root length and root tip numbers, and the maximum absorption rate

(Vimax) @and the rate of Zn®* influx into roots (a), thereby promoted the absorption of Zn. Inoculation of Funneliformis mosseae

reduced the K, value but inoculation of Rhizophagus intraradices increased the K, value, suggesting that there might bear a

certain relationship with the difference of the effects of different AM fungi on the root morphology of winter wheat and Zn

transporter gene expression in winter wheat roots.

Key words: AM fungi, absorption kinetic, colonization rate, root morphology
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e R AR BL 7 B A YE 77 5 PRI BE T 32
ft, DUEAE KR 25 5 T 00 R MR R 2 R
ME AT A B IS BB FRR
TRl 0L BT 22 A (R AR R 33 D 4 el

P F R AR T B U A8 R BH T A e X A 4
RVGHARN, HAKTmE (<2mm). il 5
FEARFEAL RGN R : pH 7.47 (K:t=1:1), HHLIR
4 10.18g/kg, 4= N A 4.19g/kg, HI P A
12.97mg/kg, HRL K A 122.9mg/kg, 4> Cu A
20.68mg/kg, 4= Pb & 16.60mg/kg, 4 Zn A
50.93mg/kg, A% Zn 24 0.31mg/kg.
1.2 /%
1.2.1 R/ PNZ ARG  LBVT 4 5 b X

% Funneliformis mosseae
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2 PR ) /N FE S Rl INME 22 S KAL) o /N 22 Fol
TT 3% H,0, 0 30min, & FKIEEkE, &
W . KigRdtm (h3EImyb=3:1, w/w) 7&K
L KR (121°C, 2h), KT A 364, #F 70 8% 3.0kg
B W 3 MM B KRR, 2
T BE VY B AN RE R M AR AR 357, A AL
30 o AM ELRE DL/CHE A EAT RN, A A A
250g B, AR IS5 INNAH R ) 2508 K
BEA (121°C, 2h) 1 50mL FEHIIEWR, DU
TIEPER AM BT AP LA EPIX R Bk .

REZEFPRE /N R T 15-18 Hi, 1T 3-4d J5 T &2
8-10 Hi. /NELT T 2016 £ 7 HHIE 9 [ a)
BRI | RS N S S 2 NS O A ) 7
[(25%3)°C/(2043)°C, H R/ ME1EFE, &K
HYAORFE B S KE G (75%), 5 1-8 JH 4
GEVE 1 % 200mL 50% 1 k% 2% 5 72 Wi (Hoagland &
Arnon 1950), %5 9-10 Ji & J{l 3 1 X 200mL 50%
B zn EME 2B IR

1.2.2 Y zn Wl sl Jy 5l s i A AR K 10 )
SR 7K DEAS [R1E2 o b 3 /N 22 4y AR e 1, 25
TR VEROR G BY Lot 136 R N R E
T 0°C B FiAL B % [0.5mmol/L Ca(NOs), A1 Smmol/L
2-(N-morpholino) ethanesul-fonic acid (MES), pH 5]
o TEETE 30min AN FIEERT AL B N 2 AR R
BEEH A Zn #E(0.2.4.8.12.40.80umol/L)
() PR b B b Ak el RE IR, B 4 Ik, AHE 0
F1 90min B 10mL Zn AbFEWE . [AIILEA R 464 R
WA A, O B AT AR IE, 90min
W RAR AR A W] A8 4 . 90min 5 AR AR ZR
ft, BB R I zn, RS TKIE
Yela, BET OCHTALE T, 10min J5 4%
B KEVEEOR R ST (70°C, 72h) . FREL R
5 o WA ) 23R8 TFAA AT, BEALIE A [F] B b
P e N R, HTIERRES. AM B
PR G FIML R PR EE

1.2.3 K zn WORRRERE: AFER LN

LB VEG , A AR 4 BRANEZhE T 0°C
WAL HEW (A ED) H, 30min JGBEAN Zn WKE N
30umol/L 7S FRM T, 5 IR B0 5 W1 R < 2 000umol/L
Ca(NO3);, 500umol/LMgS0O4, 1 500umol/LKNOs,
100umol/L KCI, 2 000umol/L MES, 2 000pumol/L KOH,
100umol/L NH4H,PO,, 10umol/LH;BO; A1 0.1umol/L
Na,MoO,, pH 6.0 (Rengel & Wheal 1997), H X 4
K, ANEIWT RS, 20 WAESS Omin. 15min. 60min.
90min. 120min. 180min F1 210min BY SmL ¥ »
AR ZAE R 4 AN AT, AT AR
1E, 7£ 150min I [ A PR P AR 78 3.6mL ARSI Zn
Wb BRIRVE IR
1.3 MEFHZE

73 I BEATLER 2D AN (] F2 A Ak BHAR 28 ph s Tt
HEATIZ 4R M 2 (Phillips & Hayman 1970), HE
Fl 10% KOH ¥z, 90°C/K¥# 30min, ¥k 3
Wa, WP H,0, (30mL 10% H,0,+3mL
NH,OH+567mL 2 &1 /K) ¥ 11 20-60min, Fif
J 1% HCl R 1L (1-4min), 4RJ5 EH2INA 0.05%
GG, 90°C/KHT 30min, Kik. BT HEAH
P VA v ) s R L it . B 50 SRARBEHI A, 1
100x (1) B AgEE TS, JE MYCOCALC # it 5
FUHE MR BAZ Y% (McGonigle et al. 1990). %)
MRZ PR AN B L (i , >R FH B St
YITRE AR FE (GSB-14) HEATHEY) 40 H7 ot 761
BRI (98+6)% o BEALIE IUAS [F) H Tl b /N H2
AR, SR RS2 B0, WKMo 5%
FEeAy D EIK AP A b, H ST H R 4R &Y
I, REAR SR AEES, IRRSTR
4t Epson Perfection V700 Photo 4 1 & 44 43 BT 4K
fF WinRHIZO BEATH ZR 2047, e ARG L AR A
FRIEAR AL RRE, BAMEEES 49K
Ab PR zn e R F R I o g T CHACH
T, Z-2000) PUGE .
1.4 FURELIB S

Bl 5 2200 H1 R SPSS 19.0 £ LA, K
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SR ZEN I (P<0.05), KIKHFEH SigmiaPlot12.5
UG

2 R G 9H

2.1 AM EEXM Z/PNEIRABI Zn BIF M0
2.1.1 AM EL B X2/ N 2 R B Zn Wiz ) 25
M. FEIIN (0-90min) AN[rlHEFP AL R 4/ N2
FNF Zn WA FE BV R Zn® R BE A8 I T K8
i@ (K1), HFE Michalis-Menten [z
JIFREAL (R D). Bl EE VG W IR 1A /N R
Zn (RO B 53 (P<0.05) i T AR F Ab 31, Zn*
Y JiE 4y 8Opmol/L 1N e Rl S D A A B A A 2
MR Zn WOROH FE2) R R HE R AL BRI 2.38 f% . $hp
A AR A B B AL B A/ N AR R Zn (WSO JE AR
LEAGHE Zn (2pumol/L A1 4pmol/L) I Eb A FE Ak
FRNGAR , EAE LA Zn™ Ve B R e i Py Mt 28 25 1)
Zn W RE S W B TR R AR B, Zn® IR
80pmol/L I FZ A phy AL U ZE 45 1) /N FE AR 2R Zn IR
T S AR FEFI AL BRI 2.07 £, ULPIRERD AM ELE
RPN ARRE T & /NZERR R Zn IR, $Fh BE VY
EWNRR I NER R zZn BRI FE IS = T
PR AR 7, X U AN [F] AM LB AT 46 /N2
R Zn WORL ) RS WA A7 76 B 5 22 57

WARAL N AR R Zn WG B BV P Zn®
W AT T AR A (3% 1)o B0 B VG 45 0 2 25 R AR
WA B R b A /NI R Zn 1) B K WSO B2
Vimax 2170 T ARBE R AL BE, 43 5 oK 35 b b 31 £y
2.28 i\ 2.33 fif, XULWIEAT AM ELEIG N T4
INZERR RN Zn IR ST ) o T PR VG 5 A 2 2 Ak
AR R Zn WS 125 K EH B Ko LU A
Pl b FRAK 8.99%, 42 A P A f00 3 25 Ab B & /N A2
AR Zn Wl 8) )7 25K IR Ky ) BB R Ak 2
B 13.27%, X BEWIR BBl AL BN ERR R Zn®
ISR ABE AP 22 e W Viax A1 Koy IEGAE @
K TS TR AAMR R KN, o EBKE T
AR I R (e 55 1995, A A4 11
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2016). #Fh AM ELIE W BN T Zn® NN
AR R, LR EE PR . AN AR R R
() o {EL20 Bl R R RI ALY 2,51, 2.05 %, {HEE
FhEEVEE MR R AR AR TR 2] a HZE A
i
2.1.2 AM ELTE A/ N R R KA zn RCRA 52 11 5%
M. K (0-210min) AN [R] B Ad BE /N 22 AR
A Zn WIRR BRI e R B, FRh BE VS AR ZE R 1)
/NFERRER Zn HWLISCRR SR  AE 5 A I Th) A58 T S
FREFALFE, 4E 60min. 90min FI 120min B4
FREEVE SRR A NERR Zn MEEEH
T (P<0.05) ARFELFHALI, Fir# 20l & e
() 1.68+ 2.00 Fl 1.45 5. {£ 15min B, R A
IR AN R Zn (RSN BB R
b PRA, Rl I TRD (R 3 0, F2Eh R A AR AR 3 27 1) /)
ER zn MR REE S T AR AL HE, 210min I
PR R AU R 1) /NI R Zn ORR R i R
P AL FRR 1.36 5 (K 2), XU AM FUR
SRMANFEIR R Zn TR 2 &

10
T ol —— RFF Uninoculation
g .- J%EI:RE@&? F. mosseae o |
£ 8 —o— MR AHITEAETS o0
o 7 Rhizophagus intraradices ,»*
M 3 P -~
M E °f
=2
= 5r
X
BT oar
g 3t
i}
S 2t
2
S 1
0

0 8 16 24 32 40 48 56 64 72 80 88 96
227958

Zinc concentration (umol/L)

1 RRE AM EEMZ/NEIRF Zn RSN FRIF M
CPEME R, n=4)

Fig. 1 Concentration-dependent kinetics of zinc uptake of
winter wheat roots inoculated with Funneliformis mosseae or

Rhizophagus intraradices (meantSE, n=4).
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R 1 AR AM EREXE/NERE 2n RS D FSHREE CFHE, n=4)

Table 1 Effects of different AM fungus on zinc absorption kinetic parameters of winter wheat roots (mean, n=4)

B a3 e R 2 KK H £ a R’
Inoculation treatments Vmax (HMol/g dry wt-h) K., (umol/L) V ax! Kim

AR Uninoculation 10.74 164.48 0.0653 0.9399
PEVEE RN FEREE F mosseae 24.49 149.69 0.1636 0.9912
R W AR I ZE %5 Rhizophagus intraradices 24.99 186.31 0.1341 0.9982

VE: RPRR YV 5 YC IR RS v IE/INENRR Zn WIGE R, CIRIERMIIKE
Note: R%indicates the correlation coefficient between 1/C and 1/V. V refers to the absorption rate of wheat roots, and C refers to

the concentration of substrate.

5 (54.7%—65.9%), AHLFMAEFLRYE AM FURR G (R

PEVEEARBE R A AR AL B AN R T P
BB AR BRI AL PR 2.00 A1 1.88 1%, XU =
ZAFT AM BRI NS 5 A/ N TR B LA 1R
90 120 150 180 210 240 23 AR AM EEXNE/NEIRAFSHFMN
Tirjj'(‘?n " Pebl AM EUBRIAERS 5 S AN R TE A
fiE, AR [F) BRI AL PR TR AE AR W7 e e BE Y

s iy el 2). PIMBEAEEEI AR R (P0.05) BT A

3 Tt - PERALT, (FL PR P PR AR P A R

= Rhizophagus intraradices N . e e
i 5 R A AP A IR S . HeFh AM ZLH)
ﬁ S B (P<0.01) fLHE T AR P I, e

0 30 60

2 AR AM EEMZNERR zn RREFW CF1Y
{EhriEZ, n=4)
Fig. 2 Effects of different AM fungi on zinc accumulation of
winter wheat roots (mean#SE, n=4).
22 FEAMEFEMZNERARRRMGHER
Al

Pl AM B 10 fJE, A/ NEARER 7 S ETY

EWNRER D (P<0.01) BEIN T /NEARRRK . K

L IR FIAR SRS, FOREC . RRTImAL, 4R
PRFR AR 73 e AR PP AL #L ) 2.54, 1.60. 1.42
A1 2.19 fi%. BRI AR ZE RN AN FEAR RIEASF
TER AN s, AR IR SR B 23 il ey T AR ol
AbEE, MR, MR R V1) EARFIAR AR U ws /T
REFPALEE, (HIYAIE S B E KT, XU AM

ENERAMRARBEER R ERERRE RN DERRESRAL RS 25 (K 3).
£2 AR AM EEMZNERARRRIMEHENEN CEHEHREES, n=4)

Table 2 Effects of different AM fungus on colonization rate and P concentration of winter wheat roots (mean+SE, n=4)

T b 2 (Fg =S & B il
Inoculation treatment Colonization rate (%) P concentration in root (%)
AFFI Uninoculation 0 b 0.17+0.01 b
EEVEE PR F. mosseae 54.69+2.91a 0.3420.06 a
M N HUZESE Rhizophagus intraradices 65.865.71 a 0.32+0.02 a

B AP R FERER R IE S 5% 235 K (P<0.05)

Note: Different letters of the column indicate significance at 0.05.

WY AR
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&3 AR AM EENZ/NERARTSHEM (CEHEHREE, n=4)

Table 3 Effects of different AM fungus on root morphology of winter wheat (meanzSE, n=4)

Al 2 A MR AR AR AR HRARFR MR
Inoculation Root length (cm)  Root surface area (cm®)  Root average Root volume (cm?) Root tips (N)
treatments diameter (mm)

AR Fh 866.9165.4 b 79.03+4.81b 0.29+0.01 a 0.57+0.13 b 3169+278.8 b
Uninoculation

IR I 27 1570+118 a 126.1+5.97 a 0.26+0.01 a 0.81+0.03 a 6 928+249.2 a
F. mosseae

S AR fl 8 42 889.8£130 b 77.3419.26 b 0.28+0.01a b 0.54+0.05 b 3188+433.7 b

Rhizophagus

intraradices

B AP R FERER R IE S 5% 235 K F (P<0.05)

Note: Different letters of the column indicate significance at 0.05.

3 itk

AL KK, R R AL PR AN R
Zn W Hh 2554 Michalis-Menten il 5] ) 27 R 7Y
(% 1). Hacisalihoglu et al. (2001) F-#WF5TH K&
W, KREMAPEALNZRR Zn W& T H
Michalis-Menten [zl /7 2245580 . /¢ 0-80umol/L Zn**
WEEVE RN, KRB Voo (i (10.74pmol/g dry
wt-h) 5 Hacisalihoglu et al. (2001) AfHpAbH A&
INERR RSN J) % Vinan( 0.521pumol/g fresh wt-h,
MRARG/KE 80%-95%) 45 W KEAHN . Toit /& s
W1 (0-90min) zn Weleah il (B 1) b2k
W (0-210min) zn WA 25 (18 2) B EoR:
M AM BRI AR E T AN RN Zn 1R
o, BN T AR RN Zn BB WRGE FE AT Zn P A
WAL ZHEA LR B AL zZn KT
Bl AM LR B B A2 3E T % 3 Zn K (Chen et al.
2003; Cavagnaro 2008).

BATAR AL A P R 28— Ml ok g e o A RS ot
BIRIUER: e EIE AR BRI 3 R A i
(HEWOR), —RE I AM B B 22 I
FRREAM R B =4 (RES) (Smith & Read
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1997; Smith & Smith 2011). —J5If, % AM E
B AN EREZR AT Zn O e 3EE FH 5 AM EL B
RYRE LN ER BRI (R 3), &
ELEWOBOE AR AT O o T2 JBE 74 5 A T 27 AR P A 7
PRI IN T A/ IN AR ZR A P FIAR R 1) £ i« o
B (2013) RIS KB EE VY A 9 A e
WK, Bertaetal. (2005) iiF SZ4%H B8 P4 45 4
T 7 W W IR AR E . BAL, P EE PG A R T
B FHAR P AR 0 2 25 35 95 /> A N AR R I3 A AR
(£ 3)o WRAA/NEZIR R TEAS SRS T AR
Z2 Zn WO A ROB ST AR, TR 1 T Zn (R
Zhang et al. (2016) KILARKAR RE A5 N
Zn W S IEAI G, Li et al. (2005) WL KA1
FERNT Zn RS AR K 25 IEAH DG . Al IR AR A
RE S IR 5 T AR T4 B 0% (Fitter 1987;

Hetrick 1991), ZMLLHI &, A R LR s,

AR AL N5 L zn BRI (Rengel &
Graham 1995). 73— 7 1fl, #F AM ELE X4 /N2
MR Zn WS AR BEE FH AT RE S B35 0 7 e R
WOEATXS Zn DTk, &/ N R RIEY), T
AN, AEMR AL, EARA AN A ] LU
FRE P AR B TRy, B AT LU AM B B 1R
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LEARMRMTTR 53 o ARG T A4 /N AR AR IR B AR e 2
K 54.7%—64.9% . AR AN 22 AMHAG RO I TR R
(R ST TR, ) AR P AT 22 o A RN YR 38 ) DL
KRR 52 b 4 v A A A R0 BRI R (2T 24 4%
2009). Zn RS I L AP E R 22 HEWR IO e 2 %
F (Smith & Read 1997) . I I 57 (Watts-Williams
et al. 2015) KW, 7EfK Zn LI REYIHL L35
24%11) Zn >k 1 BEARBOSOE S o
AHFF L FIL R AM BB & /N AR
A Zn WIS A7 25 5, FEP R DR A5 N SE 25 (1)
BN TR AR e R . 2Rk, Wu et al. (2015)
DL b OBV O B R M R BRI R G
versiforme X 7K FE I F8 A 2 6 0 IV At 8 226 W Wig 1) 56
Wit A7 1 2 S o 2Tl PR VG AN 9 5 RIS T OK IR 2
Ko TR NI 0 K (BR Do AR AM
FLTR Ky ()5 M AN ) 0] 682t T AN [R) AM EL TR 6
MR TGS B RE WA AR 22 R P B (33D o $EM R DE 45
WHERE W2 (P<0.01) M9 T &/NEMR AR R
FTAL ARARF TN S i, 1T F2 AR P AR A 3 25
WA NI RTESFIER WA E . Wu et al.
(2011) B A HI T KA JBE VG A A . Sl 2 G 1
WA R MR FIARART, (4% T Paraglomus
occultum HVEAR 2 35 BE HIAR A AR T BURIAR AR AN .
HEEXF Zn (WS 2 s WO 72, 75 A
ghi o RS AR . WIBN J1E S Ve KD
5 SRR BER AT O o T B VG R AR P ARl
B NER R Zn 1) Vinox Y00 TR AL BE,
Ui W TR AR A /D 22 R 5 R M Ak B A EE 5 A7 41 i
B B AT 2 sk, AM B RAR G ] BE
W) T A /NZAR R Zn Hia B R R ) R4 - Tamayo et
al. (2014) ST~ A H 4 3 LA 5 #r,
Rhizophagus irregularis JE il AR H (1) Zn 532 25 (1 3
RiZRT. RiZTR3.1 Hl RiZTR3.2 LbJK Z H 1- FIAR
N2 T 420 1%, 3.5 /A1 3 5. AF AM IT
PR KR 28 P 1 i 1 36 TR 3k 1) A 4 6 ) A
FEZ25) (Tian et al. 2013), UM, AN[F AM EL
X A/NERR B Zn Heis B 1 R SR IA 1 52 i mT REAS

[lo SR, A AM HEXT A/ NERR Zn Hiz A
LN BRI AN A, ETdE— DRI
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Abstract: Due to continuous economic and social development and the predominant use of coal in energy consumption, emissions of PAHs
in China has maintained a high level for years, which has resulted in serious PAHs contamination in atmospheric and soil environments.
To evaluate the processes and mechanisms contributing to accumulation and regulation of PAHs in wheat, based on systematic analysis of
characteristics and mechanisms of uptake, translocation and accumulation of PAHs in wheat, the present work focused on the effects of
root and foliar uptake of PAHs. Previous studies have found that wheat root uptake of PAHs mainly includes active and passive processes,

of which active process is a carrier-mediated, energy-

consuming and H " -coupled symport process. Besides simple
i B HE: 2016-12-08 f&iTHHA: 2017-05-23

EEWH: EEARPFESTH (41571456) ; T 5 4 & K FHE A8 A
A ZFFIT R H (14HASTITO48 )

diffusion, which is especially prevalent for passive uptake in

higher plants, PAHs could enter into roots via

EEM A 0K (1986-) .4 .1l TEH7 M, shitaoran@ 126. com. aquaglyceroporin. PAHs could enter into leaves by gas-phase
w FALAER  RAEE (1973-) , B R W, 202 B+ S, S ENF and particle-phase deposition onto the waxy cuticle or via the
TIEAE Y6 PAHs FEPEHLEE | 5 XURS VE M R A TR A e F SR, stomata. Root and foliage uptake of PAHs are governed by the

wiy09@ 163. com physicochemical properties of PAHs, plant species and
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environmental conditions. Acropetal translocation of PAHs by root is associated with K, , transpiration rate, nitrogen form and

concentration in soil. Current studies face some challenges. The mechanisms of PAHs translocating from leaves to root need further

research. In addition, winter wheat always suffers from the double pollutions of soil and atmosphere under field conditions, and the role of

root and foliar uptake of PAHs in the accumulation of PAHs in wheat has not been developed yet. Therefore, more efforts should be

devoted to illustrating the effects of phloem and xylem in translocation of PAHs, using powerful techniques such as isotope trace and two-

photon excitation microscopy to visualize and track how such compounds enter, move and distribute within wheat foliage , providing insight

into PAHs foliar uptake. Paying more attention to field experiments to fully address root and foliar uptake of PAHs will provide logical

proofs for revealing mechanisms of uptake, accumulation and regulation of PAHs in wheat and for the safety of agro-products growing in the

PAHs-polluted areas.

Keywords: polycyclic aromatic hydrocarbons; wheat; root uptake; foliar uptake; transport mechanism
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Mechanisms and variations of arsenic accumulation in different
ecotypes of Pteris vittata L.

XU Feifei, MA Xiaona, LUO Wanqing, WU Fuyong

College of Natural Resources and Environment, Northwest A&F University; Key Laboratory of Plant Nutrition and the

Agri—environment in Northwest China, Ministry of Agriculture, Yangling 712100, China

Abstract Arsenic (As) contamination has become a global environmental issue for years, with the most severe problem occurring in
Southeast Asia and China. There has been a particular research interest since the first As— hyperaccumulator, Pteris vittata L., was
identified. The mechanism of accumulation and metabolism of As in P. vittata can contribute to the optimization of phytoremediation. P.
vittata has developed different ecotypes during its long—term evolution process. It is shown that there are significant differences in As
accumulation and tolerance among the ecotypes of P. wittata. Based on a systematic analysis of characteristic and mechanism of As
accumulation in P. vittata, the present work reviews the latest progress in the effects of different ecotypes on As accumulation in P. vittata.
The preliminary result shows that the nonmetallicolous ecotypes possess more effective As accumulation than the metallicolous ecotypes,
suggesting that the efficiency of phytoextration can be greatly enhanced by judicious selection of appropriate ecotypes of P. wvittata.
However, it is still not fully clear how molecular mechanisms are related to accumulation and tolerance of As in different ecotypes of P.
vittata. Further studies should concentrate on key functional genes and the process involved in As hyperaccumulation in P. vittata.

Keywords arsenic contamination; Pteris vittaia L.; ecotype; intraspecific variation
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Molecular Weight and Concentration Influenced Dissolved Organic
Matter Complexation with Heavy Metals
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Abstract The equilibrium dialysis method and spectroscopy technology were performed to explore the interaction between
different concentrations of heavy metal and different molecular weights DOM from Dianchi Lake sediment. Results indicated
that TOC concentration was maximal in the DOM fraction with molecular weight lower than 1 000 u after different molecular
weights DOM combined with total Cu  TOC concentration was maximal in the DOM fraction with molecular weight of 1 000
to 2 000 u after different molecular weights DOM combined with total Pb. TOC concentration decreased with increased
molecular weight and was not effected by concentration gradient of heavy metal. Total Cu concentration was maximal in the
DOM fraction with molecular weight lower than 1 000 u total Pb concentration was maximal in the DOM with molecular
weight between 1 000 and 2 000 u. Total Cu and total Pb concentrations affected by concentration gradient of heavy metal
were higher in Caohai individual DOM fractions than in Waihai. This research will provide the theory basis for the research
on interaction of DOM and heavy metals in the lake sediments.
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1.3 TOC TOC
DOM M,<5000u DOM .
Hitachi F—4500 - 150 W Pb DOM TOC
PMT 700 V >110 Bandpass o Cu TOC
A S5 nm Ag, 5 nm DOM Pb
1 200 nm/min A=200~400 nm p>0.05 o 2 2
Agn=220~600 nm o 1 000<M, <2 000 u DOM TOC
3 - TOC TOC-VCPH M, >10 000 u TOC
0.01 mg/L. DOM TOC Cu
DOM 1 cm DOM TOC DOM
UV-1800 i
200~800 nm DOM®, 2 DOM
GB11894-89 ., Cu. Pb 1 mg/LL Cu.Pb TOC Pb
AAS  Perkin Elmer 603 . DOM 5 000~10 000 u
Cu.Pb ion selective Cu Pb TOC
electrodes ISE . o Cu
1.4
° [2172210
2 DOM Cu.Pb TOC
Table 2 TOC concentrations in different molecular weights DOM combined with Cu Pb
DOM u
p(Cw/me L™ <1 000 1 000~2 000 2 000~5 000 5 000~10 000 >10 000
1 2.480 2.250 2.195 1.201 0.365
5 4129 2.305 2.356 1.351 0.499
1 2423 2.080 2.181 1.159 0.256
5 2,598 2155 2.308 1.190 0430
J— DOM u
<1 000 1 000~2 000 2 000~5 000 5 000~10 000 >10 000
0.5 3.338 6.002 4.139 2.577 0.437
1 3.684 9.130 4.527 2.990 0.645
0.5 2561 3.230 2.486 2.807 0.459
1 2.603 3.771 3.690 2,011 0.620
2.2 DOM Cu. Pb Cu DOM Cu
3 DOM o pH DOM DOM
Cu DOM Cu @,
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N ° M,<1 000u DOM Cu
Cu 5 [24-26]
DOM Cu
17,1 mg/L Cu DOM DOM-Cu Cu o
DOM Cu 5mg/L Cu DOM
o 2 2 =1,
3 DOM Cu Pb
Table 3 Total Cu Pb concentrations in the different molecular weights DOM fractions
DOM /u
p(Cu)/mg-L~" -
<1 000 1 000~2 000 2 000~5 000 5 000~10 000 >10 000
1 5.579 3.407 4.07 3.289 3.777
5 6.427 5.116 95.235 5.291 5.093
1 4.075 1.961 2.308 0.934 2.640
5 4.129 2.155 3.984 3.462 2.159
DOM /u
p(Pb)/mg-L™
<1 000 1 000~2 000 2 000~5 000 5 000~10 000 >10 000
0.5 1.382 1.392 1.050 0.812 1.008
1 1.438 1.834 1.135 0.950 1.085
0.5 0.713 1.084 0.316 0.183 0.588
1 0.865 1.394 1.047 0.945 0.775
3 C AEX / )\Em =
DOM Pb DOM 300~320 nm/ 400~420 nm B
Pb Cu Ap/Agn= 275~285 nm/ 300~320 nm
D A Agn= 220~230 nm/ 330~340 nm,
281 1 mg/L Pb 2 DOM
DOM Pb Cu pH. ol
DOM 4. 5 DOM DOM
@1, 2 2 Cu.Pb 2 —
1 000<M,, <2 000 u DOM Pb B D A C,
Pb ° Uv
3 DOM - Baker™
Cu o DOM
40(%3[?4] 5
N / 2l DOM Cu
M, <500 u DOM C B3,
N N 4 2 DOM
[30] Cu
o Cu Pb P>0.05 .
B N Cu M,<1 000 u DOM
2.3 DOM Cu.Pb M, <1 000 u DOM
Cu 2.1.2.2 5
DOM 50% M,<1 000u DOM
Cu.Pb - 132) sl N Cu
DOM A.C Cu 5 mg/L DOM B
B.D . D

A A /A= 230~260 nm/ 420~450 nm



2 5
4 DOM Cu
Table 4 Three-dimensional fluorescence characteristics of different molecular weights DOM combined with Cu
/u p(Cu)l mg/L p(Cu)5 mg/L p(Cu)l mg/L p(Cu)5 mg/L
Ae/Agm Ae/Agm Apc/Agm e/ A
<1 000 285/315 79.12 B 275/300 70.09 B 285/315 74.1 B 280/305 67.07 B
225/335 92.63 D - - - 230/335 90.02 D - - -
1 000~2 000 285/315 89.9 B 275/300 82.46 B 285/315 86.78 B 285/315 80.03 B
230/335 131.9 D - - - 230/335 80.8 D - - -
2 000~5 000 285/315 99.32 B 275/300 83.27 B 285/315 89.97 B 275/300 82.18 B
230/335 206.1 D - - - 225/330 87.6 D - - -
5 000~10 000 275/300 95.71 B 275/300 94.29 B 285/315 91.25 B 285/315 96.63 B
230/335 124.2 D - - - 230/330 88.48 D - - -
>10 000 285/315 95.29 B 285/315 91.29 B 285/315 96.32 B 275/300 91.13 B
225/335 141.9 D - - - 225/330 101 D - - -
5 DOM Pb
Table 5 Three-dimensional fluorescence characteristics of different molecular weights DOM combined with Pb
/u p(Pb)0.5 mg/L p(Pb)1 mg/L p(Pb)0.5 mg/L p(Pb)1 mg/L
Ae/Agm Ae/Agm Ae/Agm s/ Aem
<1 000 275/300 122.5 B 285/315 110.9 B 285/315 223.7 B 285/320 128.6 B
230/335 167.2 D 230/335 75.12 D 225/340 284.2 D 225/335 255.3 D
1 000~2 000 280/310 77.95 B 285/315 70.16 B 285/315 77.69 B 285/315 77.98 B
230/330 75.12 D - - - 230/340 210 D 230/335 171.2 D
2 000~5 000 285/315 120.6 B 285/315 115.8 B 285/315 113.8 B 285/315 105.7 B
225/335 231.2 D 230/340 167.1 D 225/335 373.2 D 230/340 241.6 D
5 000~10 000 285/315 108.2 B 285/315 110.1 B 285/315 100.4 B 285/315 93.98 B
230/340 124.2 D - - - 225/340 202.8 D - - -
>10 000 285/315 122.2 B 285/315 109.6 B 285/315 109.6 B 285/315 116.3 B
230/335 141.4 D 230/335 141.3 D 230/335 336.2 D 225/335 288.1 D
Cu DOM p Cu 12.8 o
mg/L p Cu 6.4 mg/L DOM 2.4 DOM Cu.Pb
[37]
o]
5 2 DOM / UV/VIS
Pb DOM N N
M, >10 000 p Pb 0.5 mg/L 250 nm 365 nm E2/E3
B - DOC Pb DOM =l E2/E3
Pb . R
B8l E2/E3 2.06~9.41
1 000<M,, <2 000 u DOM DOM
1 000<M,, <2 000 u DOM DOM
Pb, Pb o /
1 mg/L B.D 1201 DOM
Pb* DOM E2/E3 2.06~3.69 3.119 DOM
&, 4. 5 DOM E2/E3 2.97~9.41 5.569
p=1 mg/L Cu.Pb Cu DOM
Pb N
Cu Pb DOM i DOM
Cu p=1 mg/L Cu.Pb
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6 DOM Cu.Pb 250.365 nm
Table 6 Ratio of absorbance at 250 nm and 365 nm of different molecular weights DOM combined with Cu Pb
DOM /u
p(Cu)/mg-L™
<1 000 1 000~2 000 2 000~5 000 5 000~10 000 >10 000
3.69 3.5 3.353 2.99 2.06
0.5 2.636 2 1.917 2.625 2
1 2.202 2.077 2.333 1.667 1.341
9.41 6.667 4.75 4.03 2.97
0.5 3.4 2.903 2.75 2.857 2.464
1 3.333 2.833 2.673 3 2.333
DOM /u
p(Pb)/mg-L"
<1 000 1 000~2 000 2 000~5 000 5 000~10 000 >10 000
3.69 3.5 3.353 2.99 2.06
1 3.375 2.583 2.6 2.556 2.375
5 2.75 241 2.250 1.9 2.286
9.41 6.667 4.75 4.03 2.97
1 3.69 3.1 3 2.75 2.589
5 3.167 2.675 2.071 2.1 2.13
Cu E2/E3 Pb cations and trace metal species for binding by humic sub —
Cu-DOM Pb—DOM R stance [J]. Environmental Science and Technology 1993
Cu2+ Pb2+ 27  520-529.
4] Cu Pb [2] Leenheer J A Croue J P. Characterizing aquatic dissolved
Cu DOM 21 DOM—Cu organic matter[J]. Environmental Science and Technology
o 2003 37 18-26.
DOM el Pb 1:1 . .
[3] Korshin G Chow C W K Fabris R et al. Absorbance spec—
Pb—DOM o o .
troscopy based examination of effects of coagulation on the
3 reactivity of fractions of natural organic matter with varying
apparent molecular weights[J]. Water Research 2009 43
1 DOM Cu M, <1 000 u
DOM  TOC Pb 1 000<M. A
< . . . .
v [4] Gao H Zepp R G. Factors influencing photoreactions of dis—
2000u  DOM TOC TOC solved organic matter in a coastal river of the southeastern U—
DOM nited States[J]. Environmental Science and Technology
o My<1 000 u DOM Cu 1998 32 2940-2946.
1000<M,<2000u DOM Pb o [5] Chen Guang Lin Chao Chen Liang et al. Effect of size—
DOM Cu. Pb fractionation dissolved organic matter on the mobility of
DOM o prometryne in soil[J]. Chemosphere 2010 79 1046-1055.
2 Cu M,<1000u [0 : DOM
DOM Pb 1 000<M, <2 000 u LJ1- 2016 37 3 884~
891.
DOM DOM
Chen Xueshuang Jiang Tao Lu Song et al. Three—dimen—
DOM o . . ,
sional fluorescence spectral characteristics of different
DOM o . . . . . .
molecular weight fractionations of dissolved organic matter in
DOM Cu.Pb Cu the water—level fluctuation zones of Three Gorges reservoir
E2/E3 Pb areas[J]. Environmental Science 2016 37 3 884-891. in
o Chinese
3 Cu Pb DOM [7] Wang Zhiwei Wu Zhichao. Distribution and transformation
of molecular weight of organic matters in membrane bioreac—
DOM R tor and conventional activated sludge process[J]. Chemical
Engineering Journal 2009 150 2/3 396-402.
[ 1

[8] Wu Fengchang Evans R D Dillon P J. High—performance
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Determination of Cu complexed with individual molecular size fractions
of dissolved organic matter from the Taihu Lake China by equilibrium
dialysis and multiple spectroscopic methods
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Abstract: Dissolved organic matter ( DOM) from Taihu Lake sediment was separated into different
molecular weight fractions with equilibrium dialysis. Spectroscopic methods and ion selective
electrode ( ISE) were employed to analyze spectral characteristics of different molecular weight DOM
and the interaction with Cu and to further examine metal-binding abilities and fluorescence signals

in connection with molecular weight. The results indicated that in South Lake DOM was dominated
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1.1

with molecular weight higher than 10000 Da while in the North Lake DOM was dominated with
molecular weight lower than 3500 Da. Three-dimensional fluorescence excitation-emission matrix
(3DEEM) showed that DOM from Taihu sediment displayed four distinct fluorophores peaks.
Fluorescence intensity of humicdike fluorescence peak increased with the DOM molecular weight
while the fluorescence intensity of protein-ike fluorescence peak decreased with the molecular
weight. C/N of DOM in South Lake ( 20.30) was significantly higher than that in North Lake
(7.58) indicating their different source. DOM-Cu complex concentration was maximal in the
fractions with molecular weight lower than 1000 Da in both South Lake and North Lake and around
50% of the total DOM-Cu in the fractions with molecular weight lower than 3500 Da. Complexing
capacity showed that DOM with molecular weight lower than 3500 Da in the South Lake and
molecular weight between 1000 and 3500 Da in the North Lake were largely responsible for Cu
complexing indicating the importance of low molecular weight fractions in heavy metal binding.

Keywords: molecular weight dissolved organic matter equilibrium dialysis Taihu Lake.

( DOM) .pH (ORP) . b DOM
2
* .DOM DOM DOM
.DOM .
‘L DOM
7 89% Cu DOM 45 kDa . Smith °
DOM Cu ) ’ DOM 500 Da
DOM-Cu
DOM .DOM
. . . 0 DOM
DOM
Cu .
2428 km’ 2m ',
2011 TOC 15.35—69.02 mg* L™
26.96 mgeL.”" .
DOM " Cu "
DOM )
B Cu (121.8—180.5 mg+kg™")
(35.2—110.7 mgekg™") (18.48 mgekg™)
. (15.4 mgekg™") 2.6 I 2
DOM  Cu DOM )
DOM Cu ) DOM
DOM

( Materials and methods)

2011 9 (0—10 cm) . GPS
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Fig.1 The location of sampling sites in Taihu Lake
DOM 20 g 100 mL ( 18.2 Q+em) (
=5:1) 250 remin”' 24 h. 8000 r*min"" 10 min
0.45 pm DOM .DOM 4 C
12 h. DOC 30 mgL "
1.2
DOM DOM  Cu
1000.3500.7000.10000 Da ( Spectra/Por CE  Fisher Scientific)
30 min . 15 mL DOM
(30 mg-L™") 400 mL Cu™ (2 mg*L™")
(4 C) 17 54d
3
( 1000 Da) 1000 Da
<1000 Da . 1000 Da 3500 Da
1000—3500 Da 5 : <1000 Da. 1000—
3500 Da+3500—7000 Da. 7000—10000 Da  >10000 Da.
1.3
( bOC) TOC  ( Shimadzu-VCPH) 0.45 pm
0.01 mg*L™". ( GB11894—89) Cu ( Total-Cu)

( Perkin Elmer 603)
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0.001.0.01.0.1 mgL™") .
( Hitachi F<4500) .
5 nm,;

5 nm Em
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3
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1.4
3 3 10% 85%—110%.
0.05. +
SPSS  Excel surfer 8.0.
2 ( Results and discussion)
2.1
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Different molecular weight dialysis membrane bags/Da
2 DOM
Fig.2 DOM concentrations in individual dialysis bags after blank experiment reaching dialysis equilibrium
DOM DOM
131 km® 97%
18
DOM . 1 DOM
( <3500 Da) DOM 17.06% ( 3500—10000 Da) 40.70%
( >10000 Da) 42.20%. DOM
DOM 20%. ( <3500 Da)
42.43% ( 3500—10000 Da) 35.27% ( >10000 Da) 22.30%.
1 DOM ( E= ) (n=3)
Table 1 Concentration and proportion of different molecular weight DOM fractions
in the Taihu Lake sediment ( means + standard) (n=3)
Mw/Da <1000 1000—3500 3500—7000 7000—10000 >10000
Concentration/( mg*L™") 2.49+0.07 2.63+0.13 3.56+0.04 8.65+0.59 12.66+1.02
Proportion/ % 8.30+0.21 8.76+0.06 11.87+0.32 28.83+1.01 42.20+0.04
Concentration/( mg*L™") 7.47+0.43 5.26+0.24 6.44+0.45 4.14+0.20 6.69+0.09
Proportion/ % 24.90+0.04 17.53+0.89 21.47+1.07 13.80+0.06 22.30+0.53
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Fig.3 Three-dimensional fluorescence intensities of different molecular weight DOM
2.3 ( C/N)
C/N
2 DOM C/N . 2 1
DOM C/N 20.30
7.58. C/N 13—30 C/N 10 2% .
DOM DOM
DOM # .
C/N DOM
. C/N DOM
2526 DOM
2 DOM ( + )
Table 2 C/N ratio of different molecular weight DOM in Taihu Lake ( means * standard) (n=23)
Mw/Da <1000 1000—3500 3500—7000 7000—10000 >10000
23.65+0.51 21.36+1.03 16.54+0.94 12.63+0.04 13.56+0.29

14.85+0.35 8.54+0.20 4.63+0.04 5.21+0.31 4.75+0.14




11 : - 2391

2.4 DOM-Cu
DOM Cu ) DOM
Cu Cu Cu DOM DOM-Cu
3
3 DOM DOM-Cu ( + Y (n=3)
Table 3 DOM-Cu complexe concentrations in different molecular weight fractions in Taihu Lake ( means # standard) (n=3)
Mw/Da <1000 1000—3500 3500—7000 7000—10000 >10000
Concentration /( mg~L") 0.65+0.01 0.58+0.02 0.45+0.01 0.38+0.03 0.31+0.02
Proportion/ % 27.60+1.33 24.47+1.56 19.09+0.45 15.88+0.94 12.96+0.48
Concentration/( mgL™") 0.55+0.01 0.48+0.03 0.43+0.02 0.32+0.01 0.27x0.02
Proportion/ % 26.70+0.14 23.67+£0.97 20.78+0.11 15.45+0.70 13.40+0.66
DOM-Cu DOM 0.27 mg+L™'( >10000 Da )
0.65 mg*L™"( <1000 Da ) .DOM-Cu 1000 Da 3500 Da
DOM-Cu DOM—Cu  50%. Cu DOM
2728 )
DOM-Cu DOM Cu
» ~ ~ ~
. DOM 14 kD  DOM
o DOM Cu
DOM .C/N DOM DOM
Cu 2
2.5
DOM-Cu DOM Cu DOM )
DOM Cu DOM-Cu DOM 4
4 DOM Cu (mgeg') ( + ) (n=3)
Table 4 Complexing capacity of different molecular weight DOM for Cu ( mg'g_') ( means * standard) (n=23)
Mw/Da <1000 1000—3500 3500—7000 7000—10000 >10000
261.85+7.24 219.77+10.04 126.69+6.01 43.35+0.44 24.17+1.77
73.09+4.55 92.02+2.36 65.99+5.53 76.33+1.21 40.96+0.23
DOM  Cu ( P<0.05) . DOM
1000 Da 10000 Da
Cu DOM 3500 Da Cu
.Cu 92.02 mg*g”'  DOM 1000—3500 Da 10000 Da
40.96 mg+g™' Cu . DOM
.DOM 1000 Da+1000—3500 Da.3500—7000 Da
3.58.2.38  1.92 . DOM
DOM 55% DOM 47.37% ** .
3 ( Conclusion)
DOM . ) DOM

C/N DOM DOM
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