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a b s t r a c t

Total mercury (THg) and methylmercury (MMHg) were investigated in 259 wild plants belonging to 49
species in 29 families that grew in heavily Hg-contaminated wastelands composed of cinnabar ore mine
tailings (calcines) in the Wanshan region, southwestern China, the world's third largest Hg mining
district. The bioconcentration factors (BCFs) of THg and MMHg from soil to roots ([THg]root/[THg]soil,
[MMHg]root/[MMHg]soil) were evaluated. The results showed that THg and MMHg in both plants and soils
varied widely, with ranges of 0.076e140 mg/g THg and 0.19e87 ng/g MMHg in roots, 0.19e106 mg/g THg
and 0.06e31 ng/g MMHg in shoots, and 0.74e1440 mg/g THg and 0.41e820 ng/g MMHg in soil. Among all
investigated species, Arthraxon hispidus, Eremochloa ciliaris, Clerodendrum bunge, and Ixeris sonchifolia
had significantly elevated concentrations of THg in shoots and/or roots that reached 100 mg/g, whereas
Chenopodium glaucum, Corydalisedulis maxim, and Rumex acetosa contained low values below 0.5 mg/g. In
addition to the high THg concentrations, the fern E. ciliaris also showed high BCF values for both THg and
MMHg exceeding 1.0, suggesting its capability to extract Hg from soils. Considering its dominance and
the tolerance identified in the present study, E. ciliaris is suggested to be a practical candidate for phy-
toextraction, whereas A. hispidus is identified as a potential candidate for phytostabilization of Hg
mining-contaminated soils.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Mercury (Hg) is a highly toxic trace element that can be accu-
mulated and biomagnified at high trophic levels via food chains
(Lindqvist, 1991; Clarkson, 1993; Lindberg et al., 2007; Xia et al.,
2010). The toxicity and mobility of Hg are dependent on its
chemical forms in the environment. Methylmercury (MMHg), an
organic form produced by anaerobic bacteria acting on inorganic
Hg (IHg) under certain conditions, is the most toxic Hg species
because of the accumulation and biomagnification in biota (WHO,
1990). Compared with other Hg forms, MMHg is effectively taken
e by Dr. Jorg Rinklebe.
nvironmental Geochemistry,
nces, 99 Lincheng West Rd.,
up and absorbed by organisms, with bioconcentration factors
(BCFs) ranging from 104 to 107 (Stein et al., 1996), thereby posing an
increased risk to human health and wildlife. The Minamata disease
that occurred in Japan was caused by the consumption of fish and
other seafood contaminated by MMHg.

Mercury mines are one of the persistent anthropogenic Hg
sources to the environment. Historic mining and retorting of cin-
nabar ores release much elemental Hg (Hg0) and water-soluble Hg
compounds into nearby surroundings (e.g. Gray et al., 2004; Qiu
et al., 2005, 2013), and may also generate numerous wastelands
composed of Hg-enriched mine tailings (calcines) adjacent to
abandoned retorts and adits. In China, significant quantities of Hg-
enriched wastelands are found in the Wanshan Hg mining region,
the largest national metallic Hg products center in Guizhou Prov-
ince, of which cinnabar oremining and retorting activities may date
back to 221 BCE. Mercury concentrations in the calcines have been
recorded as high as 4400 mg/g (Qiu et al., 2005), which are
continuously releasing Hg downstream in the region. Hence, the
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wastelands that are composed of amounts of calcines have become
major Hg sources to the surrounding ecosystems after the Hgmines
have been abandoned for several decades (Gosar and �Zibret, 2011;
Tomiyasu et al., 2012), releasing Hg0 and secondary Hg compounds
via natural weathering and runoff into air, soil, and water that enter
biota (Kocman et al., 2011).

Previous studies show that plant roots can uptake Hg from soil
and transfer it to shoots, but the efficiency largely depends on the
Hg form and its bioavailability in the soil solution (Baya and Van
Heyst, 2010; Mill�an et al., 2006; P�erez-Sanz et al., 2012; Lu et al.,
2016). Bioavailable Hg in soils varies with time and is usually
operationally defined by various laboratory extraction procedures
(Beckers and Rinklebe, 2017). Extractants such as water, ammo-
nium thiosulfate, and neutral salts supposedly quantify the so-
called bioavailable Hg fraction in soils (e.g. Menzies et al., 2007;
Frohne and Rinklebe, 2013; Fern�andez-Martínez and Rucandio,
2013; Zhu et al., 2015). Generally, the highly toxic MMHg species
are more easily taken up and transferred by roots from soils to
shoots than IHg (Bishop et al., 1998; Gnamu�s et al., 2000; Schwesig
and Krebs, 2003; Rajan et al., 2008; Shiyab et al., 2009). Plants can
also uptake Hg0 from the atmosphere by direct adsorption through
the leave stomata (Patra and Sharma, 2000), or via foliar uptake
from atmospheric deposition (Millhollen et al., 2006). The process
of Hg0 reemitting from leaves to the atmosphere can also occur (Fay
and Gustin, 2007). Total mercury (THg) concentrations in plants
from uncontaminated control sites are usually less than 0.1 mg/g
(Lindqvist et al., 1991), but are abnormally high in plants growing in
abandoned Hg-mining regions (Higueras et al., 2006; Zhao et al.,
2014; Fern�andez-Martínez et al., 2015). Therefore, under such
conditions, plants may act as a significant pathway through which
Hg enters terrestrial ecosystems. The evaluation of Hg, particularly
MMHg accumulation, in plants from Hg-mining areas is of great
concern.

Within the last decade, THg and MMHg in soils, surface waters,
and crops, in addition to Hg0 in the atmosphere, have been widely
characterized in the study area of the Wanshan Hg mine (e.g.,
Horvat et al., 2003; Qiu et al., 2005, 2009; Dai et al., 2013; Yin et al.,
2016). Nevertheless, presently, few studies have been conducted
regarding the effect of Hg on vegetation (Wang et al., 2011, 2012),
particularly the wild species growing vigorously at Hg-enriched
wastelands. The biomonitoring of THg and MMHg in the study
area has concentrated mostly on agricultural crops consumed by
humans, such as rice (Qiu et al., 2008, 2012a, b; Zhang et al., 2010),
with a general lack of attention directed to THg and MMHg in
naturally dwelling plants, which are likely playing an important
role in Hg biomagnification in local terrestrial food chains
(Abeysinghe et al., 2017). Therefore, the concentrations of both THg
and MMHg in the wild plant species must be determined.
Furthermore, if the species that effectively accumulate THg and/or
MMHg can be identified, those species could be candidates for
phytoremediation of Hg-contaminated soil.

To obtain primary information on the concentrations of THg and
MMHg in the plant species growing at Hg-enriched wastelands in
the Wanshan mining region was the aim of the present work. We
also estimated the soil-to-root transfer efficiency of THg andMMHg
in plant species to contribute to the understanding of THg and
MMHg in the plant-soil ecosystem. Finally, species were evaluated
for their feasibility for phytoremediation of Hg-contaminated soil.

2. Materials and experimental methods

2.1. Study area

TheWanshan District (109�070e109�240E; 27�240e27�380N) is in
eastern Guizhou Province, southwestern China (Fig. 1). The annual
average temperature and precipitation are 13.4 �C and 1300mm,
respectively. The agrotypes consist of yellow, red, and paddy soils.
The primary minerals in the Wanshan Hg mine are cinnabar,
metacinnabar, and elemental Hg. The cinnabar ore is associated
with sphalerite, pyrite, and stibnite. Intensive cinnabar ore mining
and retorting in Wanshan occurred for 630 years and ceased in
2004 (Qiu et al., 2005). Large quantities of mine-waste calcines
were introduced into the surrounding area, producing substantial
wastelands. Because of inefficient retorting processes, mine-waste
calcines are enriched in secondary Hg compounds, such as meta-
cinnabar, Hg sulfide, Hg chloride, Hg oxide, and elemental Hg,
which are water-soluble and can be readily released into nearby
sites via leaching processes (Biester et al., 1999; Kim et al., 2004).
Because of the large reserves of cinnabar ores and elemental Hg
outputs, Wanshan oncewas termed the “Mercury Capitol” of China.

Four wastelands, Wukeng (WK), Sikeng (SK), Shibakeng (SBK),
and Gouxi (GX), were selected for the investigation of THg and
MMHg in wild plants. The wastelands of SK, WK, and SBK experi-
enced long-term, intensive cinnabar ore mining and retorting. In
brief, SK is 0.8 km southwest of the town of Wanshan, and
approximately 31.33 million cubic meters of mine-waste calcines
were introduced nearby. WK is 2.5 km northeast of Wanshan, and
approximately 44.5 million cubic meters of mine-waste calcines
were introduced nearby. SBK is 2.5 km north of Wanshan, and
approximately 2.83 million cubic meters of mine-waste calcines
were introduced nearby. GX is an abandoned artisanal cinnabar ore
mining and retorting site and used a mercuric chloride catalyst to
recycle Hg. Calcines and catalyst wastes were observed at the
sampling sites. All sampled areas were of barrenwastelands, which
were away from the water and characterized by alkaline pH,
drought and high concentrations of Hg.

2.2. Sampling and analyses

2.2.1. Sampling of plants and soils
2.2.1.1. Plants and corresponding rhizosphere soil sampling.
Plants were randomly collected from the wastelands of WK, SK,
SBK, and GX during April 5e8, 2015, using a regular sampling grid
of 5 m� 5m.Within each sampling unit, a final sample consisted of
three individuals of the same species and similar size. A total of 259
samples were collected during the sampling campaign. After
collection, plant samples were in situ separated into roots and
aerial shoots using stainless scissors after being washed with water
from rivers adjacent to the sampling site. All roots and shoots were
separately put into polyethylene bags and stored in coolers (þ4 �C)
and then shipped to the laboratorywithin 24 h. In the laboratory, all
samples were thoroughly washedwith tapwater and then cleansed
three times with deionized water (DI). An ultrasonic cleaning ma-
chine (JP040S; Shenzhen, China) was applied during the DI washing
process to exclude adsorption of fine particles on plant tissues.
Before grinding to a fine powder, the samples were lyophilized
at �50 �C. All powdered samples were stored in polyethylene bags
and sealed until analysis.

Corresponding rhizosphere soil of plants were simultaneously
collected and stored in polyethylene bags to avoid cross contami-
nation. In the laboratory, soil samples were air-dried at room
temperature and then ground in a ceramic disc mill through a 200
mesh for analysis.

2.2.1.2. Plant diversity survey. A quadrat of 1.0m� 1.0m was
selected for the plant species diversity survey. For each wasteland, a
total of 10 quadrats were selected randomly to record individual
numbers of all species. The total number of a plant species found in
one quadrat was considered the “Individual Plant Speciesnumber,” and
the total number of quadrats that had a similar plant species was



Fig. 1. Map of Wanshan mercury mine and sampling sites.
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the “Individual Plant Speciesfrequency.” The dominance values of plant
species were calculated as follow:

RDð%Þ ¼ Individual Plant Speciesnumber

All Plant Speciesnumber
� 100 (1)

RCð%Þ ¼ Individual Plant Speciescoverage
All Plant Speciescoverage

� 100 (2)

RFð%Þ ¼ Individual Plant Speciesfrequency
All Plant Speciesfrequency

� 100 (3)

DD ð%Þ ¼ RDþ RC þ RF
3

(4)
where
RD is the Index of relative density
RC is the Index of relative coverage
RF is the Index of relative frequency
DD is the Dominance degree of THg and MMHg
2.2.2. Analyses

2.2.2.1. Plants. For plant THg analysis, approximately 0.5e1.0 g
(accurate to 0.0001) of dry sample was digested using a fresh
mixture of HNO3 and H2SO4 (4:1, v/v) in a water bath at 95 �C for
3 h; then, 5mL of DI and 0.5mL of BrCl were added, and the sample
was digested for another 30min before finally bringing the diges-
tate to a fixed volume of 50mL with DI. After 24 h, 400 mL of
NH2OH$HCl was added, and the liquid supernatant with a volume
of 5mL was put into a bubble bottle; then, 400 mL of SnCl2 was
added for the THg determination via atomic absorption spectros-
copy (AAS, F732-V; Shanghai Huaguang, China) (Qiu et al., 2008).

For MMHg analysis, approximately 0.3e0.5 g (accurate to
0.0001) of dry samples was weighed into Teflon tubes and digested
using 25% KOH-methanol in a water bath at 75 �C for 3 h. Then,
1.5mL of concentrated HCl was added to neutralize and acidify the
solution. Ten milliliters of dichloromethane (CH2Cl2; HPLC/Spectro
Tedia, USA) was added to the digestate followed by shaking for
30min and then separation. The solvent phase CH2Cl2 was
collected into a 50mL Teflon bottle. Approximately 30mL of DI was
added to the solvent phase, and the CH3HgCl in the samples was
back-extracted into water, and approximately 10mL was removed
for measurement using gas chromatography-cold vapor atomic
fluorescence spectrometry (GC-CVAFS; Brooks Rand Model III,
Seattle, USA) according to US EPA Method 1630 (US EPA, 2001;
Liang et al., 1994, 1996). The method requires a progressive
sequence of distillation, addition of 2M acetate buffer, ethylation
with 1% sodium tetraethylborate, pure and trap of methyl-
ethylmercury onto Tenax traps, and thermal desorption.
2.2.2.2. Soil. For soil THg analysis, approximately 0.1e0.3 g (accu-
rate to 0.0001 g) of sample was weighed into plastic tubes. Then,
5mL of DI and 5mL of a mixed solution of HCl and HNO3 (3:1, v/v)
were added. The samples rested for 5min, and then 1mL of BrCl
was added for a water bath digestion at 95 �C for 3 h (Meng et al.,
2016). After leaving the digestate for 24 h, 400 mL of NH2OH$HCl
was added to remove the free halogens, and then, samples were
brought to a fixed volume of 50mL with DI. Approximately 5mL of
digestate volumes was taken for THg analysis similar to the method
used for plants.

For soil MMHg determination, approximately 0.3e0.4 g (accu-
rate to 0.0001) of soils was weighed into plastic tubes. Next, 1mL of
2mol/L CuSO4 and 4mL of concentrated HNO3:H2O¼ 1:3 (v/v)
were added, and 5mL of ultra-pure CH2Cl2 was added to extract the
CH3HgCl into the solvent. Afterward, the extract was transferred
and weighed, and then the CH3HgCl was back-extracted to the
water phase, and the extract was brought to a fixed volume of
50mL with DI (Liang et al., 1994, 1996, 2004). Approximately 5mL
aliquots were taken for GC-CVAFS analysis according to US EPA
Method 1630 (US EPA, 2001).

For soil pH and ECmeasurements, approximately 10 g of soil was
weighed into plastic vials, and 25mL of DI was added, mixed for
2min, and then set for 30min (Chinese National Standard Agency,
1988). Soil pH was determined using a pH meter (PHS-2E;
Shanghai, China). For soil organic matter (OM), approximately
0.5e1.0 g of soil was weighed into colorimetric tubes, K2Cr2O7/
H2SO4 was added and then a water bath-potassium dichromate
volumetric method was used for measuring (Lu, 2000).

The mineralogical composition of samples was determined us-
ing X-ray diffraction (XRD). The XRD patterns were recorded using
a diffractometer (Model: Empyrean) using nickel-filtered Cu Ka
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radiation (l¼ 1.54178 Å). The data were collected in a 2q range of
4.1e60� in a continuous scanning mode with a 0.026� step size and
a counting time of 30 s per step. The working voltage and current
were 40 kV and 40mA, respectively. The semi-quantitative analysis
of the specimens was conducted using the K-value method.

2.3. QA/QC

Data quality control for THg and MMHg analyses was by work-
ing standard curve, blanks, duplicates, matrix spikes and certified
reference materials of GBW10020, TORT-2, GBW07405, and ERM-
CC580. The basic information on certified reference materials is
presented in Supplemental Data, Table S1.

Briefly, for plant THg, the measured value of Hg in citrus leaves
of GBW10020 was 150 ± 4.1 ng/g (n¼ 5), which was comparable to
the reference value 150± 13 ng/g. Recoveries on matrix spikes of
THg in plant samples were in the range 91e118%. For plant MMHg,
the measured value of MMHg in lobster hepatopancreas of TORT-2
was 155± 25 ng/g (n¼ 5); whereas the reference value was
152 ± 13 ng/g. For soil THg, an average THg concentration of
310± 20 ng/g (n¼ 6) in yellow red soil of GBW07405 was obtained,
which was comparable to the certified value of 290± 40 ng/g. For
soil MMHg, estuarine sediment of ERM-CC580 was determined,
and the obtained MMHg concentration of 73.5± 5.0 ng/g (n¼ 6)
confirmed the certified value of 75.5± 3.7 ng/g.

2.4. Enrichment factor calculations

The bioconcentration factors (BCFs) between soil and root were
calculated (Ghosh and Singh, 2005; Yoon et al., 2006; Ye et al.,
2009) to evaluate both THg and MMHg migration in the soil-
plant system. At high BCF values, the migration of THg and
MMHg from soil to plant is easier. The BCFs were calculated as
follow:

BCFs ¼ Croot
Csoil

where

Croot is the Concentration of THg and MMHg in roots
Csoil is the Concentration of THg and MMHg in soils

3. Results and discussion

3.1. Plants' characterization

3.1.1. Composition
A total of 259 plants belonging to 49 species in 29 families were

found in the present study, including Pteridophyta, Mono-
cotyledons, and Dicotyledons. The Pteridophyta consisted of three
species: Eremochloa ciliaris of Blechnaceae, Cibotium barometz of
Dicksoniaceae and Woodwardia, and Equisetum ramosissimum of
Equisetaceae, belonging to three families. The Monocotyledons
included four species: Arthraxon hispidus of Gramineal arthraxon,
Imperata cylindrica of Cogon, Neyraudia reynaudiana of Genus type,
and Allium tuberosum of Allium, belonging to two families. Other
plants were classified into 39 species, among which the dominant
family of plants was the Feverfew, consisting of 18 species and
accounting for 31.6% of plants. The herbaceous plants were both
annuals and perennials, accounting for 49.1% and 33.9%,
respectively.

The naturally growing plants on the wastelands were exotic and
exhibited the capability of migration and tolerance of both barren
situations and Hg contamination. In the present study, most species
growing on the wastelands were heliophytes and exhibited adap-
tive capabilities to the dry and barren conditions. The high distri-
bution proportionally of Composita and Polygonaceae might be due
to their widespread occurrence and tolerance of nutrient-poor soils
(Conesa et al., 2007).

3.1.2. Dominance degree
A wide variability of species community dominance was

observed at GX, SBK, SK, and WK, ranging from 1.9 to 12%, 3.5 to
25%, 2.1 to 14%, and 1.0 to 13%, respectively (Table S3). Eight species,
Eremochloa ciliaris, Sonchus oleraceus, Buddleja lindleyana, Plantago
asiatica, Equisetum ramosissimum, Herba artimisiae, Rumex acetosa,
and Houttuynia crdata, exhibited a high degree of dominance,
ranging between 10.5 and 25% for their peak values, of which
E. ciliaris showed the highest average value of 16± 6.1% in the study
area.

Data for those eight species with high degrees of dominance
identified in the present study indicated their strong adaptabilities
to Hg-enriched wastelands. Plants with high dominances are
regarded pioneer species for the natural vegetation restoration of
wastelands characterized by nutrient deficiencies, toxic element
contaminations, and acidic/alkaline conditions (Shaw, 1989; Baker,
1987; Parraga-Aguado et al., 2014). For the study area, the eight
adaptively dominant species might be selected as potential pioneer
plants for vegetation restoration or phytoremediation.

3.1.3. Tolerant species
To identify the tolerant species, cluster analysis was selected for

plant classification according to density. Based on data of plant
dominance degree, the Ward method of cluster analysis was
applied, automatically generating thresholds (Ts) for the classifi-
cation criteria of a cluster when the difference between the groups
was small and the distance between the groups was obvious (Tang
and Feng, 2006; He, 2008). The results suggested that plant toler-
ance was divided into four grades with Ts values of 2.62, 4.46, 2.82,
and 3.37 at GX, SK, WK and SBK, respectively (Fig. 2; Table S4). The
plants with a high degree of dominance were defined as tolerant
species.

The dominant species E. ciliaris, B. lindleyana, E. ramosissimum,
H. artimisiae, P. asiatica, and S. oleraceus were identified as tolerant
species in this study. The tolerant plants at GX consisted of E. ciliaris,
H. artimisiae and S. oleraceus; with E. ciliaris, B. lindleyana, P. asiatica
and S. oleraceus tolerant at SBK; E. ciliaris and E. ramosissimum at SK,
and E. ciliaris at WK. These six species from the study area showed
the highest abundances, which indicated their tolerance capabil-
ities in Hg-enriched environments. These species that thrived in the
wastelands can be selected as candidates for vegetation restoration
or phytoremediation of Hg when they have high bioaccumulation
of Hg.

3.2. Rhizophere soil THg and MMHg

In the present study, pH values in soil samples ranged from 6.3
to 10.8 with an average of 8.37, exhibiting an alkaline condition. The
highest average pH value of 9.0 was recorded at SK and the lowest
average pH value of 8.0 was recorded at GX. Both WK and SBK
showed average values of 8.2. The OM in the soils was low and
averaged 3.3%, ranging from 0.033 to 13%. GX and SK exhibited the
highest and lowest values of OM, 5.4% and 2.5%, respectively. Ac-
cording to the X-ray diffraction analysis data, soil samples showed
abundant quartz, calcite, dolomite, orthoclase, and muscovite.
Small amounts of marcasite, aragonite, and phosphuranylite were
observed at SK and pyrite at SBK. At GX, however, the marcasite
component was high and reached 24% (see Supplemental Data,
Fig. S1 and Table S2).



Fig. 2. Hierarchical cluster analysis diagram of tolerant plants in study areas.
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Concentrations of THg and MMHg in rhizosphere soils are
shown in Table 1. THg concentrations in soil samples ranged from
0.74 to 1440 mg/g with an average of 97± 180 mg/g. GX soil THg
exhibited the highest average of 210± 375 mg/g with a range of
0.81e1440 mg/g. An average of 34± 29 mg/g with a range of
1.6e120 mg/g was recorded at SK; an average of 79± 91 mg/g with a
range of 3.0e450 mg/g atWK; and an average of 110± 120 mg/g with
a range of 0.74e479 mg/g at SBK. The highest concentration of soil
THg was observed at GX, most likely due to the inefficient retorting
process with an approximately 70% recovery of historic artisanal Hg
mining activities (Li et al., 2013). Our data are close to the results for
soils collected from the world's largest Hg mines (e.g., Molina et al.,
2006; Gosar and �Zibret, 2011; Fern�andez-Martínez et al., 2015) and
as expected, aremuch higher than the uncontaminated background
values of ~0.01e0.5 mg/g (Senesi et al., 1999; Beckers and Rinklebe,
2017). Mine-waste calcines formed under high temperatures usu-
ally contain a significant quantity of Hg-enriched secondary min-
erals (Rytuba, 2003), which might explain the elevated, high THg
concentrations in the wasteland soils.
Soil MMHg rangedwidely from 0.41 to 820 ng/g with an average
of 14± 62 ng/g for all samples. The soils exhibited the highest
average MMHg of 51± 150 ng/g at GX and the lowest average
MMHg of 5.4± 6.2 ng/g at SBK. The average concentrations of
MMHg in soil in the present study were lower than those observed
in other Hg mining regions, such as the Alaskan Hg mines (Bailey
et al., 2002), the Almad�en Hg mine (Higueras et al., 2003, 2006),
the Idrija Hg mine (Kocman et al., 2004), the Halik€oy Hg mine
(Gemici et al., 2009), and the La Soterra~n and Los Rueldos Hg mines
(Fern�andez-Martínez et al., 2015). However, an abnormally high
value reaching up to 820 ng/g was recorded at GX. Generally,
MMHg in soil is affected by the bioavailable Hg form and soil
conditions, such as pH, temperature, oxidation-reduction potential
and OM (Ullrich et al., 2001; Amirbahman et al., 2002; Frohne et al.,
2012; Beckers and Rinklebe, 2017). The artisanal Hg mining at GX
may have led to amounts of elemental Hg emitted into the atmo-
sphere, resulting in high atmospheric Hg deposition in the sur-
rounding area. Such newly deposited Hg is more bioavailable and
ready for methylation in soil with low pH (Bailey et al., 2002; Meng



Table 1
THg and MMHg concentrations in plants and rhizosphere soil collected from study areas (mg/g for THg, ng/g for MMHg).

Species Plant Soil

THg MMHg THg MMHg

Root Aboveground Root Aboveground

Range Mean± SD Range Mean± SD Range Mean± SD Range Mean± SD Range Mean± SD Range Mean± SD

Allium tuberosum 2.1e2.2 2.2± 0.063 0.39e0.40 0.40± 0.004 1.7e1.8 1.8± 0.09 5.9e6.1 6.0± 0.11 108e120 110± 7.8 19e20 20± 1.1
Arthraxon hispidus 120e140 130± 9.4 42e98 70± 39 83e87 85± 3.2 24e25 25± 0.81 438e460 450± 14 61e820 440± 540
Aster ageratoides 0.32e3.4 1.8± 1.7 0.58e13 6.3± 6.7 0.47e1.9 1.1± 0.76 2.3e4.5 3.2± 1.1 9.0e31 19± 11 0.54e2.1 1.4± 0.68
Aster subulatus 1.4e1.5 1.5± 0.10 0.41e0.43 0.42± 0.01 13e15 14± 0.85 10.5e11.3 11± 0.55 3.0e3.1 3.0± 0.078 0.74e0.85 0.80± 0.08
Brassica ampestris 0.094e0.10 0.10± 0.006 1.7e2.5 2.2± 0.43 0.59e0.93 0.79± 0.18 0.38e0.59 0.50± 0.11 9.3e63 29± 29 4.6e34 16± 15.8
Buddleja lindleyana 0.30e56 8.5± 19 0.36e28 5.3± 9.3 0.73e5.4 2.8± 2.2 0.81e3.0 2.0± 1.1 6.8e480 98± 160 0.79e240 32± 84
Buddleja officinalis 0.30e0.81 0.52± 0.25 0.50e3.3 1.4± 1.1 0.73e1.8 1.2± 0.52 2.6e3.0 2.8± 0.20 1.2e89 32± 37 1.0e6.4 2.9± 2.1
Campylotropis trigonoclada 0.91e0.95 0.93± 0.034 0.67e0.75 0.71± 0.054 n.a. 0.83 n.a. 1.0 32e53 43± 15 3.2e5.4 4.3± 1.5
Cassia nomame 0.52e0.79 0.66± 0.19 0.38e0.63 0.50± 0.18 1.9e2.5 2.2± 0.48 0.27e1.7 0.99± 1.0 5.3e39 22± 24 0.57e2.3 1.4± 1.2
Chenopodium glaucum 0.40e0.48 0.44± 0.058 0.42e0.43 0.43± 0.009 0.81e0.83 0.82± 0.011 0.27e0.29 0.28± 0.017 2.0e4.0 3.0± 1.4 2.0e4.1 3.0± 1.4
Chromolaene odorata 0.43e6.2 1.5± 1.9 0.52e1.9 1.2± 0.50 0.25e4.3 1.8± 1.6 0.79e3.6 1.7± 1.1 0.81e350 97± 120 1.3e19 7.2± 6.2
Cibotium barometz 1.7e1.8 1.7± 0.044 3.6e3.7 3.6± 0.075 0.22e0.25 0.24± 0.02 0.61e0.68 0.65± 0.05 34e36 35± 1.4 21e23 22± 1.5
Cirsium japonicum 4.8e5.2 5.0± 0.24 3.7e3.8 3.8± 0.01 4.0e4.2 4.1± 0.18 0.42e0.45 0.44± 0.02 1390e1440 1420± 41 41e44 42± 1.8
Clerodendrum bunge 0.29e74 22± 34 0.34e9.4 3.0± 4.2 0.44e3.8 1.6± 1.3 0.38e2.1 1.1± 0.66 62e830 330± 340 2.2e61 20± 28
Conyza canadensis 0.11e4.6 1.5± 1.3 0.63e2.8 1.2± 0.60 0.37e12 2.9± 3.5 0.23e5.0 2.1± 1.5 3.1e410 140± 170 0.90e32 8.9± 19
Coriaria nepalensis 2.6e4.1 3.4± 1.0 1.7e2.0 1.8± 0.19 0.25e0.43 0.34± 0.13 0.35e0.51 0.43± 0.11 32e50 41± 13 1.4e2.5 2.0± 0.77
Corydalisedulis maxim 0.26e0.28 0.27± 0.008 0.86e0.87 0.87± 0.012 6.0e7.0 6.5± 0.68 5.1e5.2 5.1± 0.01 18e19 18± 0.77 9.9e11 11± 0.90
Cyclosorus acuminatus 1.3e1.4 1.3± 0.06 2.8e3.9 3.4± 0.77 1.3e1.5 1.4± 0.15 1.4e1.6 1.5± 0.13 40e41 41± 0.25 3.2e3.5 3.3± 0.22
Debregeasia orientalis 1.2e3.6 2.4± 1.7 1.2e1.3 1.3± 0.007 n.a. 7.2 n.a. 5.5 53e54 54± 0.98 4.0e6.4 5.2± 1.7
Desmodium sequax 0.73e9.9 3.5± 4.2 0.95e5.7 3.2± 2.1 0.30e0.39 0.36± 0.13 0.26e0.43 0.33± 0.09 3.1e12 8.2± 3.9 0.43e1.3 0.71± 0.41
Equisetum ramosissimum 1.0e29 7.0± 11 0.91e3.0 1.7± 0.82 2.2e2.6 2.4± 0.33 5.0e5.1 5.0± 0.09 1.6e67 41± 26 0.59e15 5.2± 5.3
Eremochloa ciliaris 0.43e63 8.6± 14 0.37e106 12± 26 0.52e31 6.4± 7.4 0.22e31 3.8± 5.5 0.79e910 125± 210 0.79e30 7.7± 7.2
Euphorbia esula 0.41e2.0 0.89± 0.62 0.31e1.6 0.66± 0.48 0.64e4.6 2.2± 1.7 0.41e2.9 1.4± 1.1 26e308 83± 88 1.5e105 18± 32
Fallopia multiflora 0.19e28 7.8± 14 0.44e35 14± 17 0.69e1.2 0.92± 0.33 0.28e0.50 0.39± 0.15 42e110 76± 27 0.60e50 16± 23
Gynura bicolor 0.78e0.82 0.80± 0.027 0.80e0.84 0.82± 0.026 3.2e3.6 3.4± 0.27 1.2e1.4 1.3± 0.20 39e41 40± 0.83 11.6e12 12± 0.38
Herba artimisiae 0.22e42 6.0± 11 0.59e17 2.8± 4.4 1.0e4.2 2.6± 1.2 0.73e6.6 2.5± 2.0 3.8e190 65± 74 0.49e34 7.9± 8.6
Herba bidentis 0.86e6.3 3.1± 2.0 0.60e2.0 1.1± 0.56 0.32e1.9 0.91± 0.71 0.18e0.88 0.39± 0.33 3.3e15 9.1± 4.6 0.41e4.0 2.0± 1.4
Houttuynia crdata 0.75e3.2 1.5± 0.81 0.59e2.6 1.8± 0.72 0.19e4.7 2.6± 1.5 0.28e2.6 1.3± 0.83 3.2e250 86± 72 2.4e19 7.2± 6.3
Imperata cylindrica 2.6e8.0 5.6± 3.8 0.87e1.0 0.96± 0.13 2.4e19 11± 11 2.7e3.1 2.9± 0.30 11e82 46± 50 2.8e5.2 4.0± 1.7
Ixeris sonchifolia 26e98 62± 51 18e22 20± 3.1 1.1e6.4 3.7± 3.8 1.6e2.0 1.8± 0.27 45e82 64± 26 7.9e11 9.5± 2.3
Macleaya cordata 0.61e0.72 0.68± 0.063 0.35e2.2 0.98± 1.1 0.26e2.2 1.3± 0.96 0.53e0.97 0.79± 0.23 4.4e39 18± 19 2.2e5.6 4.0± 1.7
Mentha canadensis 0.53e1.5 0.93± 0.47 0.65e1.3 0.91± 0.35 0.61e2.5 1.5± 0.97 0.75e1.9 1.2± 0.61 5.6e110 74± 60 3.0e3.9 3.6± 0.51
Neyraudia reynaudiana 0.31e2.5 1.2± 0.81 0.37e1.2 0.76± 0.38 0.32e4.6 2.5± 3.1 0.68e1.2 0.97± 0.40 0.87e6.1 3.2± 2.1 0.87e5.7 2.7± 1.7
Oenanthe javanica 0.82e4.7 1.7± 1.7 0.30e2.2 1.0± 0.71 0.36e1.7 1.0± 0.66 0.30e3.4 1.8± 1.5 32e77 51± 20 1.5e8.1 4.9± 3.2
Oenothera glazioviana 2.8e17 9.9± 10 4.2e6.2 5.2± 1.4 1.9e3.1 2.5± 0.89 1.3e2.5 1.9± 0.84 46e280 165± 170 2.3e6.2 4.2± 1.8
Onchus brachyotus 0.46e0.48 0.47± 0.005 1.9e2.0 2.0± 0.026 0.69e0.74 0.72± 0.04 1.8e1.9 1.8± 0.03 37e40 38± 1.8 3.1e3.8 3.4± 0.47
Plantago asiatica 0.53e0.88 0.61± 0.13 0.37e0.95 0.53± 0.21 0.28e2.1 1.2± 0.79 0.40e0.81 0.59± 0.19 8.0e260 170± 95 2.0e6.2 4.0± 1.8
Portulaca oleracea 0.70e0.96 0.82± 0.13 0.71e0.96 0.86± 0.13 5.1e5.8 5.5± 0.34 0.06e2.6 1.7± 1.4 47e87 73± 22 2.2e10 5.3± 4.5
Pratia nummularia 1.0e1.1 1.1± 0.082 1.7e1.8 1.8± 0.056 9.1e9.9 9.5± 0.52 2.4e2.5 2.5± 0.06 24e25 24.5± 1.0 7.8e8.4 8.1± 0.46
Primula sikkimensis 2.4e2.6 2.5± 0.11 6.1e6.4 6.3± 0.23 1.9e2.2 2.1± 0.22 1.3e1.4 1.4± 0.08 150e180 166± 18 38e41 40± 1.7
Rumex acetosa 0.32e0.52 0.40± 0.091 0.26e0.84 0.49± 0.27 0.37e0.43 0.40± 0.04 0.47e0.76 0.62± 0.21 0.74e83 42± 47 0.74e4.4 2.3± 1.6
Rumex japonicus 0.092e4.8 1.7± 2.1 0.19e2.2 1.0± 0.70 0.19e5.9 2.6± 2.6 0.28e2.6 1.1± 0.78 31e105 69± 25 1.0e12 4.9± 4.5
Sedum bulbiferum 0.59e1.8 1.0± 0.64 0.25e0.72 0.51± 0.24 0.45e3.0 1.8± 1,3 0.34e1.5 0.99± 0.60 243e479 350± 120 3.6e10 6.0± 3.7
Sedum emarginatum 0.49e1.0 0.71± 0.24 0.51e0.68 0.58± 0.068 1.4e5.6 2.8± 1.6 0.33e1.4 0.79± 0.39 28e78 46± 21 1.8e19 5.0± 6.8
Senecio scandens 0.59e0.79 0.69± 0.15 0.76e1,1 0.92± 0.23 0.81e1.2 1.0± 0.20 0.26e0.61 0.43± 0.18 3.4e48 26± 32 7.3e16 12± 6.3
Sonchus oleraceus 0.076e26 3.1± 6.3 0.27e13 2.4± 3.8 0.25e24 5.7± 8.4 0.70e6.3 2.8± 2.2 2.7e180 46± 51 1.2e530 35± 120
Swertia bimaculata 2.4e4.5 3.5± 1.5 2.0e2.7 2.4± 0.44 0.90e0.99 0.94± 0.07 0.60e0.61 0.61± 0.01 4.6e26 15± 15 1.8e2.9 2.4± 0.73
Telosma cordata 0.47e1.5 1.0± 0.76 1.6e1.7 1.7± 0.12 0.57e0.58 0.58± 0.01 0.53e0.56 0.54± 0.02 36e89 62± 38 4.2e4.5 4.4± 0.19
Xanthium sibiricum 0.96e5.3 3.1± 2.2 0.62e1.3 1.1± 0.36 0.92e6.7 3.8± 4.1 3.5e7.0 5.6± 2.1 2.9e6.3 4.3± 1.8 2.9e8.4 5.0± 3.0

n.a.: not available.
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Table 2
THg and MMHg in plants and soil from four sampling sites at Wanshan Hg mining region, southwestern China.

Site Plants Soil

THg (mg/g) MMHg (ng/g) THg (mg/g) MMHg (ng/g)

Root Shoots Root Shoots Range Mean± SD Range Mean± SD

Range Mean± SD Range Mean± SD Range Mean± SD Range Mean± SD

GX 0.19e140 21± 34 0.37e98 15± 25 0.69e87 12± 22 0.22e31 4.9± 7.9 0.81e1440 210± 370 0.60e820 51± 150
SBK 0.094e11 1.7± 1.9 0.25e3.2 0.98± 0.73 0.09e12 1.5± 1.8 0.23e6.3 0.94± 1.0 0.74e480 112± 120 0.74e34 5.4± 6.2
SK 0.076e8.0 1.1± 1.2 0.30e5.4 1.4± 1.1 0.22e24 3.6± 4.9 0.27e11 2.8± 2.2 1.6e120 34± 29 0.49e32 6.6± 6.4
WK 0.092e41 4.8± 7.7 0.19e15 2.8± 3.1 0.30e6.3 2.9± 1.9 0.059e6.9 1.9± 1.6 3.1e450 79± 91 0.41e105 8.2± 16

Fig. 3. Total Hg concentrations in plant species grown in wastelands. Among the 49
species analyzed, the top 5 species exhibiting the highest values and the bottom 5
species exhibiting the lowest values in roots (a) and shoots (b) were indicated.
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et al., 2011), which could explain the highest levels of MMHg
observed at GX.

Ratios of MMHg/THg in soil were usually less than 0.1% with a
range of 0.001e3.0% on average, and the peak valuewas recorded at
GX. A significant negative correlation (r¼�0.71, p< 0.001) was
observed between THg and the MMHg/THg ratio, and a positive
correlation (r¼ 0.44, p< 0.001) was observed between THg and
MMHg in soils. MMHg/THg ratios decreased with THg concentra-
tions, likely due to the dominant mercuric sulfide compounds in
soils from Hg-mining activities (Wang et al., 2012, 2017; Yin et al.,
2016), whereas MMHg concentrations increased with THg con-
centrations, which might be due to the increase in bioavailable Hg
forms with increasing amounts of THg. The wide range of soil Hg
concentrations observed in the present study may also select
different bacterial communities to dominate at different locations,
resulting in variations in MMHg production (Beckers and Rinklebe,
2017; Vishnivetskaya et al., 2018). Of the four sampling sites in the
present study, the GX soil exhibited higher values of both THg and
MMHg than those of the other sites (Table 2), indicating that arti-
sanal smelting activities caused heavy environmental contamina-
tion. The most serious issue facing residents is the high
concentrations of MMHg, which is readily accumulated and bio-
magnified in food chains.

3.3. Plant species Hg and MMHg

3.3.1. Roots
Concentrations of THg in the roots of all species exhibited awide

range of 0.076e140 mg/g (Table 1), and the five species with the
highest concentrations were A. hispidus, E. ciliaris, C. bunge, I. son-
chifolia, and O. glazioviana, with the peak value of 130± 9.4 mg/g on
average recorded in A. hispidus. By contrast, B. ampestris, C. glaucum,
C. maxim, O. brachyotus, and R. acetosa exhibited the lowest THg
concentrations, less than 0.5 mg/g. The lowest value of
0.10± 0.006 mg/g on average was observed in B. ampestris, which
was approximately three orders of magnitude lower than the
highest value of A. hispidus (Fig. 3a).

Similarly, MMHg concentrations in samples ranged widely from
0.19 to 87 ng/g. Among all species, A. hispidus with A. subulatus, D.
orientalis, E. ciliaris, C. maxim, P. nummularia, S. oleraceus, I. cylin-
drical, X. sibiricum and P. oleracea showed high MMHg concentra-
tions, ranging between 5.5 and 85 ng/g on average. Peak values of
87 and 31 ng/g MMHg were recorded in A. hispidus and E. ciliaris,
respectively, showing high ability to accumulate MMHg. Approxi-
mately 88% of the investigated samples exhibited MMHg concen-
trations exceeding 1.0 ng/g; only four species, C. barometz, C.
nepalensis, D. sequax, and R. acetosa, exhibited low values of MMHg
less than 0.5 ng/g, ranging from 0.24± 0.02 to 0.40± 0.04 ng/g on
average, suggesting a prevalence of MMHg contamination in the
surroundings of the wastelands. The analytical data indicated that
the fern E. ciliaris and A. hispidus are capable of extracting MMHg
from soils.

Most species that exhibited high THg in roots were growing at
GX, indicating significant quantities of bioavailable Hg in the soil.
Previous work showed elevated, high total gaseous Hg (TGM)
concentrations in the ambient air in the region (Zhao et al., 2016),
that were 1e2 orders of magnitude higher than those observed at
WK, SK, and SBK, possibly due to newly deposited Hg from atmo-
spheric deposition, which is readily bioavailable (Hintelmann et al.,
2002; Mahaffey et al., 2004; Branfireun et al., 2005; Mergler et al.,
2007; Gibb et al., 2011), and therefore might play an important role
in Hg accumulation for the plants at GX. Ratios of MMHg/THg in
roots were usually less than 1%, ranging from 0.0019 to 7.0% with an
average of 0.39± 0.84%, and the peak ratio value was recorded in
S. oleraceus. A slightly positive correlation was detected between
MMHg and THg (r¼ 0.25, p¼ 0.00035), but a significant negative
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correlation was observed between the MMHg/THg ratios and Hg in
roots (r¼�0.68, p< 0.0001; Fig. S2).
3.3.2. Shoots
Concentrations of THg in the shoots of all species exhibited a

wide range from 0.19 to 106 mg/g. Fig. 3b shows the five species
with the highest values and the five species with the lowest values.
Arthraxon hispidus exhibited the highest average value of
70± 39 mg/g of all samples examined in this study. Three other
species, E. ciliaris, F. multiflora, and I. sonchifolia, also exhibited high
values of more than 10 mg/g on average, which generally is
approximately 2e3 orders of magnitude higher than that observed
in plants from uncontaminated areas (usually below 0.1 mg/g)
(Lindqvist et al., 1991). Among the high-concentration species,
E. ciliaris exhibited a peak value of 106 mg/g, suggesting a strong
capability of accumulating Hg in its shoots. Arthraxon subulatus,
C. nomame, C. glaucum, C. odorata, and R. acetosa exhibited low
values, with a range from 0.42 to 0.51 mg/g, and the lowest value of
0.42± 0.01 mg/g was recorded by A. subulatus.

MMHg concentrations in shoots exhibited a wide range of
0.06e31 ng/g, with the highest value of 25 ± 0.81 ng/g on average
recorded in A. hispidus. The peak MMHg value of 31 ng/g was
observed in E. ciliaris, indicating its strong ability to accumulate
MMHg in both shoots and roots. Approximately 76.5% of the
investigated species showed MMHg concentrations exceeding
1.0 ng/g in their shoots. The common phenomenon of high MMHg
in plants, particularly their shoots, poses a high risk of health
exposure to biota (Jackson et al., 2015; Beckers and Rinklebe, 2017;
Abeysinghe et al., 2017). In the present study, MMHg to THg ratios
ranged from 0.00042% to 2.6% in shoots, with an average of
0.22± 0.36%. The highest ratio was observed in A. hispidus,
although A. tuberosum, A. subulatus, E. ciliaris, H. artimisiae, and
S. oleraceus also exhibited a high percentage of MMHg to THg in
shoots, with peak values greater than 1.0%. No significant positive
correlation was detected between MMHg and THg (r¼ 0.16,
p¼ 0.028), but a significant negative correlation was observed be-
tween the MMHg/THg ratios and THg (r¼�0.71, p< 0.0001;
Fig. S2).

Nevertheless, Hg forms in wasteland soils were mostly low-
water-soluble cinnabar or meta-cinnabar, and elevated amounts
Fig. 4. Plot of correlations between roots and shoots
of THg and MMHg were found in area-dwelling plants. Studies
show that plants can absorb Hg ions andMMHg from soils via roots
and that Hg accumulated at the root apex can be distributed
through the vascular system to the leaves (Carrasco-Gil et al., 2013).
In this study, significant positive correlations of THg (r¼ 0.69,
p< 0.0001) and MMHg (r¼ 0.49, p< 0.0001) between the roots
and aerial shoots of plants were observed (Fig. 4), indicating that
roots may play a key role during the process of uptake and transfer
of both THg and MMHg from soil to plants.

As expected, the bioavailable soil MMHg exhibited higher pos-
itive correlations to root THg (r¼ 0.33, p< 0.0001) and shoot THg
(r¼ 0.38, p< 0.0001; Fig. 5a) than those of soil THg to root THg
(r¼ 0.29, p< 0.0001) and shoot THg (r¼ 0.28, p< 0.0001; Fig. 5b).
Soil MMHg also exhibited positive correlations to root MMHg
(r¼ 0.28, p< 0.001) and shootMMHg (r¼ 0.20, p¼ 0.0044; Fig. 5c),
but no correlations occurred between soil THg and shoots MMHg
and soil THg and rootMMHg (Fig. 5d). These phenomena confirmed
that the Hg of a plant highly depends on bioavailable Hg forms,
particularlyMMHg in soil, although plants can absorb elemental Hg
from the atmosphere (Patra and Sharma, 2000; Millhollen et al.,
2006; Fay and Gustin, 2007). Therefore, differences in Hg phytoa-
vailability among the investigated soils could be a key reason for
the observed correlations between plant MMHg and soil MMHg or
plant THg and soil MMHg.
3.3.3. BCFs of THg and MMHg
Plants exhibited a wide range of BCFs for THg and MMHg,

ranging from 0.00028 to 5.5 and from 0.01 to 18, respectively. For
THg, eight species, H. artimisiae, X. sibiricum, H. bidentis, E. ramo-
sissimum, S. oleraceus, I. sonchifolia, N. reynaudiana, and E. ciliaris,
exhibited peak values exceeding 1.0, ranging from 1.2 to 5.5, with
the highest value recorded in E. ciliaris. The difference between the
lowest and the highest BCF value was approximately 20,000-fold.
For MMHg, sixteen species exhibited peak values exceeding 1.0,
ranging from 1.0 to 18, and the highest value was observed in
A. subulatus. Three species, H. artimisiae, S. oleraceus, and E. ciliaris,
showed high BCFs for both THg and MMHg with peak values
exceeding 1.0, indicating their increased ability to accumulate THg
and MMHg compared with that of the other species.

Positive correlations between THg BCFs and shoot THg (r¼ 0.29,
concentrations for THg (left), and MMHg (right).



Fig. 5. Scatter diagrams of soil THg vs root THg&MMHg (a) and shoot THg&MMHg (b), and soil MMHg vs root THg&MMHg (c) and shoot THg&MMHg (d).
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p< 0.0001) and shoot MMHg (r¼ 0.34, p< 0.0001) were found.
Similarly, a significant positive correlation between the MMHg
BCFs and shootMMHg (r¼ 0.34, p< 0.0001) was observed but not a
correlation with shoot THg (r¼�0.12, p¼ 0.10; Fig. S3). Although
the roots of plants have “iron plaque” that can effectively prevent
Hg ions from soil entering plants (Cavallini et al., 1999; De Sousa
et al., 1999; Kala�c and Svoboda., 2000), which is considered a nat-
ural barrier to prevent Hg absorption by plants (Tiffreau et al., 1995;
Gracey and Stewart, 1974; Lindqvist et al., 1991), our results
revealed that the capability of root uptake of Hg from soil is an
important determinant of both THg and MMHg levels in aerial
shoots. The extent of bioaccumulation of Hg in plants is likely
dependent on the species (Kala�c and Sta�skov�a, 1991; Reis et al.,
2015).

However, BCFs of plants are dependent not only on the ability of
plants to accumulate Hg but also on Hg phytoavailability in
different soils (Reis et al., 2015; Beckers and Rinklebe, 2017). The
plant species surveyed in the present study grow on soils with
different soil characteristics, Hg speciation and therefore phytoa-
vailability. The differences in Hg phytoavailability among the
investigated soils could also contribute to the differences in plant
Hg levels. Additionally, for a plant species that grows on a soil with
high refractory Hg species and high pH, the ability of Hg accumu-
lation may be underestimated (Beckers and Rinklebe, 2017).
3.4. Potential candidates for phytoremediation

Although plants growing on wastelands in the present study
exhibited remarkable variation, elevated, high concentrations of
THg and MMHg in roots and/or shoots were observed in some
species, suggesting those species were particularly capable of
accumulating and transferring THg and MMHg. Our data indicated
that A. hispidus, E. ciliaris, F. multiflora, and I. sonchifolia exhibited
significantly higher concentrations of THg in shoots and/or roots
than those of the other species. Among the four species, both
F. multiflora and E. ciliaris showed higher THg in aerial shoots than
that in roots, and E. ciliaris not only had a high concentration of THg
in shoots but also high concentrations of MMHg in both roots and
shoots. The maximum concentration of THg in the shoots of
E. ciliaris found in the present study exceeded 100 mg/g, exhibiting a
peak value of 10 for the shoot/root ratios. The shoots (fronds) also
contained the highest concentrations of MMHg, up to 31 ng/g.
Compared with F. multiflora and E. ciliaris, the species A. hispidus
and I. sonchifolia exhibited higher concentrations of THg in roots
than those in aerial shoots, whereas A. hispidus had the highest
concentration of THg in roots of 140 mg/g with a shoot/root ratio of
0.72.

Certain plant species have the ability to accumulate Hg both
from the soil and atmospheric sources, and accumulation is not
homogeneous among the different organs of a plant (Patra and
Sharma, 2000; Rea et al., 2001; Ericksen et al., 2003; Egler et al.,
2006; Cosio et al., 2014). Wastelands composed of mine-waste
calcines are the primary source for Hg in abandoned Hg mining
areas. High levels of THg and MMHg may lead to increased uptake
by plants, which in turn can affect the fate of Hg in the environ-
ment. In the present study, A. hispidus and E. ciliaris accumulation of
THg exceeded 100 mg/g in the roots and aerial shoots, respectively.
We also observed that soil Hg played an important role in plant Hg,
indicating that soil Hg rather than atmospheric Hg was the major
source for those plants. Because these two species are often found
growing in colonies at mine sites or around Hg-retorting sites and
exhibit a large biomass, they can be considered prospects for po-
tential application in phytoremediation of Hg-contaminated lands.
Particularly E. ciliaris, which is a fern and the predominant colo-
nizer of wastelands with a biomass approaching 500 g for shoots
and 300 g for roots and is capable of accumulating of THg and
MMHg into its fronds, can be considered the best candidate for
phytoextraction in the future. At present, although no specific
definition exists for a Hg hyperaccumulator, and little is known
about Hg hyperaccumulation in plants, we define the fern E. ciliaris
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as a “Hg hyperaccumulator.” Further study on the tolerance of THg
and MMHg in the fern is required.

Because the present study was solely conducted in an aban-
doned Hg mining region, and the most investigated species
including A. hispidus and E. ciliaris were from heavily Hg-
contaminated soils of wastelands, the results should be carefully
directly extrapolated to other environments. We note, however,
that the species A. hispidus and particularly the fern E. ciliaris are
ubiquitous and abundant in subtropical humid climates and can be
farmed in arable soils yielding a large annual aboveground biomass.
Hence, our findings provide valuable information to help guide
future studies of the potential abilities of these two species for Hg
phytoremediation in other types of contaminated lands, e.g., the
currently widespread Hg-contaminated farmlands caused by
excessive use of fertilizers and pesticides, sewage irrigation, and
long-term of atmospheric Hg deposition.

4. Conclusions

A total of 259 plant samples belonging to 49 species in 29
families were investigated, of which E. ciliaris, B. lindleyana,
E. ramosissimum, H. artimisiae, P. asiatica, and S. oleraceus were
identified as the dominant Hg-tolerant species. Although THg and
MMHg concentrations in plants and rhizosphere soils varied
widely, among all species, A. hispidus and E. ciliaris showed the
highest concentrations of THg, greater than 100 mg/g in roots and
shoots, respectively, and both exhibited high MMHg in roots and
shoots, reaching 88 and 31 ng/g, respectively. Moreover, the highest
shoot/root ratio of 10 was recorded in E. ciliaris, with its BCF value
exceeding 1.0. The bioavailable soil MMHg exhibited higher posi-
tive correlations with plant THg than those of soil THg, suggesting
differences in Hg phytoavailability among the investigated soils
could contribute to the differences in plant Hg levels. Considering
THg and MMHg concentrations in aerial shoots and the degree of
dominance tolerance, the fern E. ciliaris is suggested as a practical
phytoremediation candidate and a Hg hyperaccumulator, indi-
cating its potential for phytoextraction of both THg and MMHg at
abandoned Hg mining sites. Because of the highest concentrations
of THg in roots, A. hispidus can be considered a potential candidate
for phytostabilization of Hg-contaminated soil. Therefore, the pre-
cise characterization of THg and MMHg tolerance and accumula-
tion mechanisms of both E. ciliaris and A. hispidus will become
important in the future.
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