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Abstract

Plant samples of Cardamine hupingshanesis (Brassicaceae), Ligulariafischeri (Ledeb.) turcz (Steraceae) and their underlying top
sediments were collected from selenium (Se) mine drainage areas in Enshi, China. Concentrations of total Se were measured
using Hydride Generation-Atomic Fluorescence Spectrometry (HG-AFS) and Se speciation were determined using liquid
chromatography/UV irradiation-hydride generation-atomic fluorescence spectrometry (LC-UV-HG-AFS). The results showed
that C. hupingshanesis could accumulate Se to 2396201 mg/kg DW in roots, 3166184 mg/kg DW in stems, and
3806323 mg/kg DW in leaves, which identifies it as Se secondary accumulator. Particularly, it could accumulate Se up to
19656271 mg/kg DW in leaves, 17876167 mg/kg DW in stem and 441463446 mg/kg DW in roots, living near Se mine
tailing. Moreover, over 70% of the total Se accumulated in C. hupingshanesis were in the form of selenocystine (SeCys2),
increasing with increased total Se concentration in plant, in contrast to selenomethionine (SeMet) in non-accumulators (eg.
Arabidopsis) and secondary accumulators (eg. Brassica juncea), and selenomethylcysteine (SeMeCys) in hyperaccumulators
(eg. Stanleya pinnata). There is no convincing explanation on SeCys2 accumulation in C. hupingshanesis based on current Se
metabolism theory in higher plants, and further study will be needed.
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Introduction

Enshi is located in western Hubei province, China (Fig. 1a). It

has the only selenium (Se) mines in the world, which were formed

during the Maokou, Late Permian period. Carbon-siliceous

sediment (also called ‘‘stone coal’’) contains the highest content

of Se (up to 8,500 mg/kg), followed by silicon-carbonaceous

sediment and then peat coal [1,2]. Human activities, such as coal

mining and agricultural soil amendment with coal ash, have

played an important role in the transport and distribution of Se in

the local environment [3]. In particular, those processes have

substantially increased the bioavailability of Se in soil-plant

systems.

Earlier studies indicated that the soil Se concentrations varied

significantly in Enshi with the highest Se concentration found in

the Se mine drainage areas [4]. High water Se concentrations

were also observed at the abandoned ‘‘stone coal’’ spoils and Se

mine drainage areas [3]. Previous researches had primarily

focused on soil Se bioavailability and Se accumulation in crops

in relation to Se toxicity to animals and local residents in Enshi

[3,5–10]. However, few studies have been conducted to identify

local Se hyper-accumulator species. Since the Se mine drainage

areas contain high levels of bioavailable Se, it provides a unique

environment to study plants with novel features on Se accumu-

lation and biotransformation. Se hyperaccumulator prince’s plume

(Stanleya pinnata) and twogrooved milkvetch (Astragalus bisulcatus)

were found to contain Se up to 0.1–1.5% (dry weight) and 0.6%

(dry weight), respectively [11–14]. The mechanisms responsible for

high Se tolerance in S. pinnata were found to be related to the levels

of ascorbic acid, glutathione, total sulfur, and nonprotein thiols,

and may in part be due to increased antioxidants and up-regulated

sulfur assimilation [15]. Pilon-Smits and Quinn (2010) [16]

recently indicated that toxic SeCys can be methylated to form

methyl-SeCys, a non-toxic free amino acid, by SeCys methyl-

transferase (SMT). Because methyl-SeCys does not enter proteins,

it can be safely accumulated to high levels in plant tissues, which

explains in part the high tolerance of hyperaccumulators to Se.

The specific objectives of this study were to identify local Se-

accumulating plant species, and to determine the dominant

chemical forms of Se accumulated in plant tissues of different

species in Enshi, China. The research findings of this study could

be helpful in the development and application of Se phytoreme-

diation and biofortification technologies.
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Study Site and Methods

Ethics statement
Permissions for field work were obtained from local govern-

ment. As this was a purely scientific study, no specific permit was

needed. This field study did not involve endangering to protected

species.

Study site and sampling
The study site was located in Yutangba (E 109u489310, N

30u099270, H 1758 m), northwestern Enshi, Hubei Province,

including three Se mine drainage creeks (Fig. 1b). During the dry

season of March to June, the creeks are recharged entirely from

groundwater permeating the Se mine as Se drainage water. Zhu
et al. (2008) [3] reported that Se mine mainly distributed

between the overlying and the underlying layers of muddy shale,

mudstone and limestone. The layers were natural barriers that

limited the transport of Se drainage in other directions. The creeks

formed by seeps were the main natural pathway for Se to transport

from the Se mine into the drainage basin. There are three creeks

that were sampled (i.e., Creek 1, Creek 2 and Creek 3) (Fig. 1b).

There are two Se mine outcrops in Yutangba, Enshi (Fig. 1b).

One (YTB-M-1) was suspended in 2006 after 5 years in operation,

and the mine tailings were discarded 100 meters away. The other

(YTB-M-2) was started in 2008 and was still in operation when the

samples were collected. There were two common plant species

which were collected from the creeks and the banks, including

Cardamine hupingshanesis (Brassicaceae) and Ligulariafischeri (Ledeb.)

turcz (Steraceae). These two plant species were collected along with

their underlying top sediment samples (0–3 cm depth). The

collected samples and their locations are shown in Table 1 and
Figure 1b.

Sample analysis
Sample preparation. Plant samples were washed in tap

water to remove soils from the root surface, and then rinsed in

deionized water. Plants were separated into roots, stem, and

leaves, oven-dried at approximately 50uC for 24 hours, and

ground to pass through a 0.2 mm sieve (FT-100, China). Sediment

samples, free of plant roots and detritus, were oven-dried at

approximately 50uC for 24 hours, and then ground in an agate-

mortar to pass through a 0.15 mm sieve.

Measurement of total Se. 0.5–3.0 g samples were weighed

into a 50 ml conical flask. Ten ml of concentrated HNO3 and

HClO4 (4:1, v/v) were added to each flask and covered with a

glass funnel. The flasks were kept overnight at the room

temperature, heated at 100uC for one hour, 120uC for two hours,

and 180uC for one hour on an electrical hot plate. The samples

were then heated at 210uC until the white fume formed and the

volume of solution was approximately 2 ml. After acid digestion,

the digest was cooled to room temperature and 5 ml HCl (12 M)

was added to reduce Se(VI) to Se(IV) for 3–4 h as following

pathway: H2SeO4+2HCl (Concentrated) = H2SeO3+Cl2+H2O

[17]. Then, the digestion solution was brought up to 25 ml for

Se analysis. The detailed procedure was described by Gao et al.
(2011) [18]. The total Se concentration was determined by

Hydride Generation Atomic Fluorescence Spectrometry (HG-AFS

9230) (Beijing Titan Instrument Co., China). National standard

reference materials GSV-1 (shrub leaves) and GSS-1 (soil) were

used for plant samples and soil samples, respectively. The recovery

of the standard reference materials ranged from 85.5% to 117.8%,

and the relative standard deviation (RSD) of reference materials

was calculated as 0.76%. The instrument detection limit (DL) was

0.08 mg/kg.

Measurement of Se speciation. The leaf, stem and root

samples were extracted with 100 mM Tris-HCl buffer (pH 7.5) in

an ultrasonic tank for 10 min. The enzyme Protease XIV was

added and the mixture was shaken for 24 h at 37uC. After

extraction, the mixture was centrifuged at 10000 rpm/min for

30 min at 4uC. The supernatant was collected and filtered through

a 0.22 mm filter for Se speciation analysis. The separation of

different Se compounds was performed using a Hamilton PRP X-

100 anion exchange column (4.1 mm6250 mm610 mm). The

mobile phase was 40 mM NH4H2PO4 (pH 6.0) with a flow rate of

1 mL/min. The eluent from the column was mixed with

concentrated HCl (flow rate: 3 mL/min) and then passed through

the UV unit. 1.2% NaBH4 in 0.1 mol/L NaOH (flow rate: 3 mL/

min) was added after the UV unit. Argon was used as carrier gas

(260 mL/min) to transfer H2Se from the gas liquid separator

through the dryer into the AFS detector (SAP-10-AFS-9230, Titan

Co, Beijing). The dryer gas was nitrogen with a flow rate of 3 L/

Figure 1. Study site and sampling.

doi:10.1371/journal.pone.0065615.g001
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min. The organic Se standards (L-Selenocystine, Se-Methylseleno-

L-cysteine, DL-Selenomethionine) were purchased from Tokyo

Chemical Industry, Co., Japan, and the inorganic Se standards

(Selenite and Selenate) were purchased from National Reference

Material Centre, China. Since Se(VI) could be reduced to Se(IV)

by concentrated HCl during elution, the inorganic Se of sample

was represented by measured Se(IV). Thus, four Se species were

detected in plant tissues, including selenocystine (SeCys2),

selenomethylselenocysteine (SeMeCys), selenomethionine (SeMet)

and Se(IV) species were determined with precisions of 5%, 6%,

10% and 5%, respectively. The instrument detection limits were

2 mg/L, 5 mg/L, 10 mg/L and 2 mg/L (100 mL injection, 10 times

of the baseline noise), respectively. The detailed description of the

procedure was given by Liang et al. (2006) [19] and Mazej et
al. (2006) [20]. It should be pointed out that there is lack of

Selenocysteine (SeCys) standard because of its high instability due

to oxidization in air [21], and the alternative reference material,

Selenocystine (SeCys2), was used since the SeCys could be co-

eluted with SeCys2 in LC-UV-HG-AFS [22]. Thus, the deter-

mined concentrations of SeCys2 here will be the total concentra-

tions of SeCys and SeCys2 in plant tissues.

Statistical Analysis
Normality test, two sample t test on normally distributed data,

nonparametric test (Two sample Kolmogorov-Smirnov Test/K-S

Test) on non-normally distributed data, and correlation analyses

were performed by OriginPro 8.

Results

Total Se in plant tissues
Concentrations of total Se accumulated in plant tissues of C.

hupingshanesis are shown in Fig. 2. The highest plant Se

accumulation was observed at the sampling site 3 (or YTB-3) in

Creek 1 (YTB 1–6 sampling sites, see Fig. 1), showing 19656271

(n = 3) mg/kg DW in leaves, 17876167 (n = 3) mg/kg DW in

stem, and 441463446 (n = 3) mg/kg DW in roots. Relative lower

Se concentrations in C. hupingshanesis were found in Creek 2 (YTB

7–11 sampling sites), with 56.85619.20 mg/kg DW (n = 5) in

roots, 132.67621.48 mg/kg DW (n = 5) in stems, and

117.70652.84 mg/kg DW (n = 5) in leaves. Concentrations of

total Se in L. (Ledeb.) turcz (Steraceae) at YTB 4–6 and 8–10

sampling sites were compiled in Table 2. Concentrations of total

Se in L. (Ledeb.) turcz grown in Creeks 1 and 2 (n = 6) were

18.9868.13 mg/kg in root, 14.0167.78 mg/kg in stem, and

25.62618.05 mg/kg in leaves.

The statistical analysis revealed that C. hupingshanesis has

significant higher Se concentrations in leaves (4326471) (n = 27)

(mg/kg DW), stems (4256447) (n = 27) (mg/kg DW), and roots

(4626709) (n = 19) (mg/kg DW) than those of L. (Ledeb.) turcz in

leaves (25.62618.05) (n = 6) (mg/kg DW) (K-S Test, D = 1,

Z = 0.45, P,0.01), stems (14.0167.78) (n = 6) (mg/kg DW) (K-S

Test, D = 1, Z = 0.45, P,0.01), and roots (18.9868.13) (n = 6)

(mg/kg DW) (K-S Test, D = 1, Z = 0.46, P,0.01), respectively. In

contrast, there were no significant differences (K-S Test, P.0.1) in

Se distributions in plant tissues of C. hupingshanesis.

Total Se in sediments
Total Se concentrations in underlying top sediments (0–3 cm

depth) of C. hupingshanesis and L. (Ledeb.) turcz are shown in

Figure 3 and Table 2, respectively. The sediments Se

concentrations generally varied from 10 to 70 mg/kg DW, except

for those sampling sites near Se mine tailings (YTB 3 and 14)

where sediment Se concentrations were 2746152 (n = 3) and

1776200 (n = 3) mg/kg DW, respectively. Since these two plants

were only co-existed at six sampling sites (YTB 7–9, YTB 11–13),

the calculated average sediment Se concentrations on those points

were 25.39614.16 (n = 8) mg/kg DW for C. hupingshanesis and

28.78614.76 (n = 6) mg/kg DW for L. (Ledeb.) turcz, and there was

no significant (K-S Test, D = 0.54, Z = 0.29, P = 0.19) difference

between them though the total Se concentrations in C. hupingshan-

Table 1. The sampling sites and collected plant and sediment samples in Yutangba, Enshi in May 2011.

Sampling Site* Plant species and code Sediment code

YTB-1 Cardamine hupingshanesis (Brassicaceae) S1

YTB-2 Cardamine hupingshanesis (Brassicaceae) S1

YTB-3 Cardamine hupingshanesis (Brassicaceae) S1

YTB-4 Cardamine hupingshanesis (Brassicaceae), Ligulariafischeri (Ledeb.) turcz (Steraceae) S1, S2

YTB-5 Cardamine hupingshanesis (Brassicaceae), Ligulariafischeri (Ledeb.) turcz (Steraceae) S1, S2

YTB-6 Cardamine hupingshanesis (Brassicaceae), Ligulariafischeri (Ledeb.) turcz (Steraceae) S1, S2

YTB-7 Cardamine hupingshanesis (Brassicaceae) S1

YTB-8 Cardamine hupingshanesis (Brassicaceae), Ligulariafischeri (Ledeb.) turcz (Steraceae) S1, S2

YTB-9 Cardamine hupingshanesis (Brassicaceae), Ligulariafischeri (Ledeb.) turcz (Steraceae) S1, S2

YTB-10 Cardamine hupingshanesis (Brassicaceae), Ligulariafischeri (Ledeb.) turcz (Steraceae) S1, S2

YTB-11 Cardamine hupingshanesis (Brassicaceae) S1

YTB-12 Cardamine hupingshanesis (Brassicaceae) S1

YTB-13 Cardamine hupingshanesis (Brassicaceae) S1

YTB-14 Cardamine hupingshanesis (Brassicaceae) S1

YTB-15 Cardamine hupingshanesis (Brassicaceae) S1

YTB-16 Cardamine hupingshanesis (Brassicaceae) S1

Note:
*The sampling locations were shown in Figure 1b.
doi:10.1371/journal.pone.0065615.t001
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esis tissues were significant higher than those of L. (Ledeb.) turcz

tissues.

Selenium speciation in plant tissues
The chemical compositions of Se in C. hupingshanesis are shown

in Figure 4, while the Se speciation in L. (Ledeb.) turcz is presented

in Table 2. The dominant chemical compounds of Se in C.

hupingshanesis included SeCys2 with 78616% in leaves, 74617% in

stems, and 78623% in roots, followed by SeMeCys with

12.9166.74% in leaves, 16.6569.21% in stems, and

12.4368.88% in roots, and Se(IV) with 5.1266.77% in leaves,

4.0764.31% in stems, and 8.71610.23% in roots. Moreover, the

accumulation of SeCys2 was greater in the plant having higher

contents of total Se. The Se speciation in C. hupingshanesis also

varied among different sampling sites. At Site 3 (or YTB 3) where

the highest plant Se concentrations were observed, SeCys2

accounted for almost all the Se accumulated in C. hupingshanesis.

In contrast, the lowest proportion of SeCys2 in C. hupingshanesis was

recorded at YTB 8 sampling site, with 30.37% in stem and

38.37% in leaves, which were corresponding to the lowest total Se

contents with 128 mg/kg DW in stem and 66.67 mg/kg DW in

leaves. Furthermore, there were no significant differences in Se

speciation of plant tissues between roots and leaves (Two Sample t

Test, t = 0.50, Df = 22, P.0.05), and between stem and leaves

(Two Sample t Test, t = 0.64, Df = 27, P.0.05).

The Se speciation results in L. turcz were compiled in Table 2.

SeMet and SeMeCys compounds accounted for 52.34626.94%

and 27.44621.27% (n = 3) of the total Se accumulated in leaves,

70.9069.25% and 23.06610.57% in stems, and 57.10621.56%

and 25.67613.53% in roots, respectively. Overall, SeMet was the

dominant Se compound in L. turcz, followed by SeMeCys

(Table 2), which was quite different with those of C. hupingshanesis.

Discussion

Cardamine hupingshanesis (Brassicaceae) as a new Se-
accumulator species

Zhu et al. (2008) [3] determined the total Se contents in five

staple plant species from Yutangba, Enshi as follows: Corn seeds,

1.4861.41 mg/kg DW (n = 20); Agry wormwood, 1.6861.27 mg/kg

DW (n = 30); Bracken fern, 0.6361.61 mg/kg DW (n = 57); Central

China dryoathyrium, 0.4860.72 mg/kg DW (n = 39) and Hupeh

beautyberry, 0.1960.03 mg/kg DW (n = 5). But in the present study,

C. hupingshanesis collected from the same study area in Enshi

accumulated Se as high as 4326471 mg/kg DW (n = 27) in leaves,

4256447 mg/kg DW (n = 27) in stems and 4626709 mg/kg DW

(n = 19) in roots. In fact, C. hupingshanesis could be identified as a

new Se accumulator, or Se secondary accumulator, which could

grow on soils contaminated with moderate levels of Se (10–70 mg/

kg DW) in the Se mine drainage area, and accumulate Se up to

100–1000 mg/kg DW [23–25]. Moreover, C. hupingshanesis could

Figure 2. Concentrations of total Se in different tissues of Cardamine hupingshanesis (Brassicaceae).

doi:10.1371/journal.pone.0065615.g002

Table 2. Concentrations (unit: mg/kg DW)of total selenium (TSe) in sediment and plant tissues of Ligulariafischeri (Ledeb.) turcz
(Steraceae), along with selenium speciation in plant tissues, at different sampling sites in Yutangba, Enshi, China.

Site*
Sediment Se
concentration

Plant
tissue Plant Se concentration

TSe SeCys2 SeMeCys SeMet Se(IV)

YTB-4 42.51 leaf 31.25 ,DL 2.77 28.23 ,DL

stem 17.52 ,DL 2.74 14.26 ,DL

root 21.75 ,DL 4.62 16.38 ,DL

YTB-5 15.13 leaf 51.55 / / / /

stem 26.66 / / / /

root 29.51 / / / /

YTB-6 8.21 leaf 39.12 3.59 10.68 20.85 3.88

stem 13.06 0.64 3.47 8.72 0.18

root 12.83 ,DL 1.90 10.43 0.67

YTB-8 29.39 leaf 9.31 ,DL 3.51 5.79 ,DL

stem 9.72 ,DL 1.69 5.71 2.33

root 16.77 0.89 7.13 5.15 3.60

YTB-9 45.56 leaf 5.64 ,DL 1.54 1.23 2.87

stem 3.48 ,DL 0.89 2.53 ,DL

root 7.64 ,DL 1.68 3.36 2.60

YTB-10 31.90 leaf 16.87 1.45 6.05 5.60 3.77

stem 13.59 ,DL 3.95 9.64 ,DL

root 25.37 0.58 6.91 13.34 4.54

Samples were collected in May 2011.
Note: ‘‘*: The sampling locations were shown in Figure 1b. ‘‘/’’ No sample to be determined. ‘‘,DL’’ Below detection limit value.
doi:10.1371/journal.pone.0065615.t002
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accumulate Se up to 19656271 mg/kg DW in leaves,

17876167 mg/kg DW in stem and 441463446 mg/kg DW in

roots near Se mine tailing (Sampling site YTB-3), which were

comparable to those of typical Se hyperaccumulating plants,

Stanleya pinnata (prince’s plume) (1000–15000 mg Se/kg DW) and

Astragalus bisulcatus (twogrooved milkvetch) (about 6000 mg Se/kg

DW) [11–14,26].

To characterize the Se-translocation from soil to plant, the bio-

concentration factor (BCF) of Se was calculated (Table 3). C.

hupingshanesis displayed exceptionally high BCF values of 85 in

roots on site of YTB-3, 39 in stem and 38 in leaves on site of YTB-

4, indicating soil Se could be efficiently taken up by it. Overall, C.

hupingshanesis had BCFs with ranges of 9.3169.07 (n = 28) in

leaves, 8.7067.69 (n = 28) in stems and 10.71616.90 (n = 24) in

roots. In contrast, L. turcz had relatively low BCFs values of ,2,

significantly lower (K-S test, P,0.01) than those of C. hupingshanesis

(Table 3). In fact, most plant species, including forages, crops and

grasses, typically accumulate less than 25 mg Se/kg DW when

growing on seleniferous soil with Se concentrations of 10 mg/kg

DW [23,27,28]. In Brassica juncea (Indian mustard) and Brassica

napus (Canola) shoots, the BCFs were less than 10 [29–31].

However, Stanleya pinnata (prince’s plume) and Astragalus bisulcatus

(twogrooved milkvetch) had BCFs typically .100 [32–36].

The translocation of Se from root to shoot by plants could be

indicated by Se concentrations from stem/root and leaf/root

ratios; thus calculated values were summarized in Table 3. The

stemcon/rootcon values and the leafcon/rootcon values were very

close in C. hupingshanesis with 1.7260.95 (n = 24) and 1.7660.98

(n = 24), respectively, which likely indicated that stems of C.

hupingshanesis were not effective Se channels. Moreover, the

stemcon/rootcon values in C. hupingshanesis were significant higher

(Two Sample t Test, t = 2.50, Df = 20, P = 0.02) than those in L.

turcz, although there were no significant (Two Sample t Test,

T = 0.84, Df = 20, P = 0.41) differences on the leafcon/rootcon

values, which revealed that C. hupingshanesis had much better

performance to transport Se from root to stem. It is known that

translocation of Se from root to shoot depends on the forms of Se

supplied from the soil, in which selenate is much more easier to

transport, then selenite and SeMet [23,37,38]. Based on previous

studies conducted by Zayed et al. (1998) [39], the bioavailable

chemical species of Se in underlying sediments in the present study

likely were selenate since the shoot Se/root Se ratios were greater

than 1.4.

Selenocystine accumulation in plants
Selenocysteine (SeCys) is a key component in Se metabolism for

plant, which will be incorporated into proteins, transformed to

elemental Se (Se0), or converted to selenomethionine (SeMet) or

selenomethylcysteine (SeMeCys), then methylated to volatile Se

compounds as dimethylselenide (DMSe) or dimethyldiselenide

(DMDSe) [16,23,40]. However, it is uncommon that plants

accumulate Se primarily in the form of SeCys because SeCys

will misincorporate into proteins by replacing cysteine (Cys) to

cause toxicity [27,41,42]. Usually, nonaccumulating plants such as

Arabidopsis and Secondary accumulating plants such as Indian

mustard (Brassica juncea) store Se mainly as selenate when the plants

are fed with selenate. In contrast, selenate-supplied biofortified

vegetables, such as garlic (Allium sativum), onion (Allium cepa), leek

(Allium ampeloprasum) and broccoli (Brassica oleracea), store Se

predominantly as SeMeCys [6,16,43]. SeMet is the predominant

Se species in most grains, such as wheat, barley and rye [44]. Even

in hyperaccumulating plants, such as prince’s plume (Stanleya

pinnata) (Fabaceae) and twogrooved milkvetch (Astragalus bisulcatus)

(Brassicaceae), around 90% of the accumulated Se is present as

SeMeCys in specialized cells in the leaf epidermis or in leaf hairs

[13,45]. Freeman et al. (2010) [15] further identified that

Stanleya albescens (Brassicaceae), as a secondary Se accumulator,

accumulated Se mainly as free amino acid selenocystathionine

(SeCyst). Therefore, this is the first study reporting up to 99% of

total Se as SeCys2 or SeCys in a higher plant.

In fact, although Se is an essential human and animal nutrient

that is needed for several proteins, such as glutathione peroxidase,

Figure 3. Total Se content in underlying top sediment of Cardamine hupingshanesis (Brassicaceae). The error bar was calculated on
triplicate samples.
doi:10.1371/journal.pone.0065615.g003
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thioredoxin reductase and at least 23 other essential selenopro-

teins, no such requirement for Se has been shown for higher plants

[23,40]. Generally, the metabolism pathway of Se in non-

hyperaccumulating higher plants is coupled with S metabolism

pathways [23,40]. Many studies indicated that selenocysteine

methyltransferase (SMT) plays an important role in Se metabolism

Figure 4. Selenium speciation in different tissues of Cardamine hupingshanesis (Brassicaceae). Top: leaves (n = 16); Middle: stem (n = 15);
Bottom: roots (n = 10). The speciation analysis was only conducted when the plant had enough tissues samples of root, stem and leaf.
doi:10.1371/journal.pone.0065615.g004

Table 3. Values of Bioconcentration factor (BCF), Stem/Root ratios and Leaf/Root ratios of Se concentrations in plants.

Plant species Tissue (sample numbers) BCF Leafcon/Rootcon Stemcon/Rootcon

Cardamine hupingshanesis Leaf (n = 28) 9.3169.07 1.7660.98 1.7260.95

Stem (n = 28) 8.7067.69

Root (n = 24) 10.71616.90

Ligulariafischeri (Ledeb.) turcz Root (n = 6) 0.9360.68 1.3760.95 0.7260.22

Stem (n = 6) 0.7760.72

Leaf (n = 6) 1.6561.95

doi:10.1371/journal.pone.0065615.t003
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in Se hyperaccumulators, such as Astragalus bisulcatus (Fabaceae)

and Stanleya pinnata (Brassicaceae); SMT methylates SeCys and

diverts Se away from proteins, thereby reducing Se toxicity in

plant, which could provide Se tolerance and hyperaccumulation

[27,32,41]. Interestingly, SMT enzyme from A. bisulcatus has been

successfully overexpressed in two different non-hyperaccumulating

plants, Arabidopsis thaliana and Brassica juncea (Indian mustard), via

transgenic approaches, confirming that SMT is one of key

enzymes for Se hyperaccumulation [35,36,46]. A study on the

molecular mechanism of Se tolerance and hyperaccumulation in S.

pinnata showed that it related with a constitutively higher

expression of genes involved in sulfur assimilation, antioxidant

activities, defense, and response to (methyl)jasmonic acid, salicylic

acid, or ethylene [15].

In the present study, SeMet and SeMeCys were detected in

much lower proportions than SeCys2, which indicated SeCys

methyltransferase, cysthathionine-c-synthase, cysthathionine-b-ly-

ase, and methionine synthase did not play a significant role in Se

accumulation or tolerance for C. hupingshanesis. So what is the

possible mechanism for C. hupingshanesis to survive in the Se-mine

drainage area of Enshi? The accumulation Se in peripheral tissues

of young leaves and reproductive organs may be a strategy to

accumulate high concentrations of Se as SeCys2 [45,47–55]. Also,

rhizospheric bacteria may contribute to the high ability to

accumulate Se or SeCys2 in tissues [56,57]. Further study should

be carried out on distinguishment special SeCys2 synthase or

enhancement by rhizospheric microorganisms to explain high

SeCys2 accumulation in C. hupingshanesis.

Conclusions

In the Se-mine drainage area from Enshi, China, Cardamine

hupingshanesis (Brassicaceae) was identified as a new Se secondary

accumulator species. It could accumulate Se to concentrations

ranging as 2396201 mg/kg DW in roots, 3166184 mg/kg DW

in stems, and 3806323 mg/kg DW in leaves, with the underlying

top sediment Se contents of 35.79617.95 mg/kg DW. Particu-

larly, this plant species could accumulate Se up to 19656271 mg/

kg DW in leaves, 17876167 mg/kg DW in stem and

441463446 mg/kg DW in roots, which were comparable to

typical Se hyperaccumulating plants, Stanleya pinnata and Astragalus

bisulcatus. Furthermore, C. hupingshanesis had a high ability to

accumulate Se from sediment with bio-concentration factors of

about 10, and it could accumulate up to 99% of total Se as SeCys2

in plant tissues without showing phytotoxic symptoms. The

current Se metabolisms knowledge could not give a reasonable

explanation on it. More research should be needed to elucidate the

possible mechanism on it.

Acknowledgments

Special thanks go to Dr. Graham Lyons from University of Adelaide,

Australia, for his helpful comments to improve this manuscript. We also

thank two anonymous reviewers for their valuable critical comments in

improving the manuscript. Thanks to academic editor Dr Maria Gasset for

his carful edition. Thanks go to Zhikui Liu, Wenning Jiao and Hongmei

Gu for their help on sample analysis.

Author Contributions

Conceived and designed the experiments: LY XY. Performed the

experiments: YZ LY. Analyzed the data: LY. Contributed reagents/

materials/analysis tools: LY WL. Wrote the paper: LY ZQL GB.

Performed the field work: LY WL.

References

1. Feng CX, Liu JJ, Liu S, Hu RZ, Chi GX (2009) Petrogenesis and sedimentary

environment of the cherts from Yutangba, western Hubei Province: Evidence
from silicon, oxygen, carbon and sulfur isotopic compositions. Acta Petrologica

Sinica, 25(5): 1253–1259

2. Yu RY (1993) Preliminary analysis of the geological characteristics and origin of
Shuanghe Selenium ore beds. Hubei Geology, 7(1): 50–56 (In Chinese with

English Abstract)

3. Zhu JM, Wang N, Li SH, Li L, Su HC, et al. (2008) Distribution and transport
of selenium in Yutangba, China: Impact of human activities. Sci Total Environ,

392: 252–261

4. Zhu JM, Zheng BS (2001) Distribution of Se in mini-landscape of Yutangba,
Enshi, Hubei Province China. Appl Geochem, 16: 1333–1344.

5. Yang GQ, Wang SZ, Zhou RH, Sun SZ (1983) Endemic Se intoxication of

humans in China. Am J Clin Nutr, 7:872–81.

6. Beilstein MA, Whanger PD, Yang GQ (1991) Chemical forms of selenium in
corn and rice grown in a high selenium area of China. Biomed Environ Sci, 4:

392–398

7. Tan JA, Huang YQ (1991) Se in geo-ecosystem and its relation to endemic
diseases in China. Water Air Soil Poll, 57–58: 59–68.

8. Yin SA, Zhou RH, Yang GQ, Man RG, Xu JR, et al. (1996) Effects of milling

and cooking on Se content of foods from the sites with different Se levels. Acta
Nutrimenta Sinica, 18(3): 367–370

9. Tan JA, Zhu WY, Wang WY, Li RB, Hou SF. et al.(2002) Se in soil and

endemic disease in China. Sci Total Environ, 284: 227–35.

10. Fordyce FM, Zhang GD, Green K, Liu XP (2000) Soil, grain and water
chemistry in relation to human selenium-responsive diseases in Enhsi District,

China. Appl Geochem, 15: 117–132

11. Virupaksha TK, Shrift A (1965) Biochemical differences between selenium
accumulator and non-accumulator Astragalus species. Biochimica et Biophysica

Acta, 107: 69–80

12. Davis AM (1986) Selenium uptake in Astragalus and Lupinus species. Agronomy
Journal, 78: 727–729

13. Freeman JL, Zhang LH, Marcus MA, Fakra S, McGrath SP, et al. (2006a)

Spatial imaging, speciation, and quantification of selenium in the hyperaccu-
mulator plants Astragulus bisulcatus and Stanleya pinnata. Plant Physiol, 142: 124–

134.

14. Freeman JL, Banuelos GS (2011) Selection of salt/boron tolerant selenium

hyperaccumulator Stanleya pinnata genotypes and characterization of Se

phytoremediation from agricultural drainage sediments. Environ Sci Technol,

45: 9703–9701.

15. Freeman JL, Tamaoki M, Stushnoff C, Quinn CF, Cappa JJ, et al. (2010)
Molecular mechanisms of selenium tolerance and hyperaccumulation in Stanleya

pinnata. Plant Physiol, 153: 1630–1652

16. Pilon-Smits EAH, Quinn CF (2010) Selenium metabolism in plants. In Hell R &
Mendel PR (eds.) Cell biology of metals and nutrients. Plant cell monographs 17,

DOI 10.1007/978-3-642-10613-2-10, Springer-Verlag Berlin Heidelberg.

17. Environmental Protection Administration (EPA), USA (1997) 3114 Arsenic and

Selenium by Hydride Generation/Atomic Absorption Spectrometry (1997).
Avai lable : ht tp://www.standardmethods.org/store/ProductView.

cfm?ProductID = 209

18. Gao J, Liu Y, Huang Y, Lin ZQ, Banuelos GS, et al. (2011) Daily selenium
intake in a moderate selenium deficiency area of Suzhou, China. Food Chem,

126: 1088–1093.

19. Liang LN, Mo SM, Zhang P, Cai YQ, Mou SF, et al. (2006) Selenium speciation
by high-performance anion chromatography-post-column UV irradiation with

atomic fluorescence spectrometry. J Chromatogr A, 1118: 139–143.

20. Mazej D, Falnaga I, Veber M, Stibilj V (2006) Determination of selenium

species in plant leaves by HPLC-UV-HG-AFS. Talanta, 68: 558–568.

21. Jitaru P, Roman M, Barbante C, Vaslin-Reimann S, Fisicaro P (2010)
Challenges in the accurate speciation analysis of selenium in humans: first

report on indicative levels of selenoproteins in a serum certified reference
materials for total selenium (BCR-637). Accred Qual Assur, 15: 343–350.

22. Bierla K, Szpunar J, Lobinski R (2008) Analytical techniques for speciation of

selenium in food and food supplements: State of the art. In: Sunrai PF, Taylor-
Pickard JA (eds.) Current advances in selenium research and applications,

Wageningen Academic Publishers, Netherlands, pp: 107–132.

23. Terry N, Zayed AM, de Souza MP, Tarun AS (2000) Selenium in higher plants.

Annu Rev Plant Physiol Plant Mol Biol, 51: 401–432.

24. White PJ, Bowen HC, Parmaguru P, Fritz M, Spracklen WP, et al. (2004)
Interactions between selenium and sulphur nutrition in Arabidopsis thaliana. J Exp

Bot, 55: 1927–1937.

25. Seppänen MM, Kontturi J, Heras IL, Madrid Y, Camara C, et al (2010)
Agronomic biofortification of Brassica with selenium - enrichment of SeMet and

its identification in Brassica seeds and meal. Plant Soil, 337: 273–283.

26. Davis AM (1972) Selenium accumulation in Astragalus species. Agronomy

Journal, 64: 751–754

A Novel Selenocystine-Accumulating Plant

PLOS ONE | www.plosone.org 8 June 2013 | Volume 8 | Issue 6 | e65615



27. Brown TA, Shrift A (1982) Selenium-toxicity and tolerance in higher plants. Biol

Rev, 57: 59–84
28. Prins CN, Hantzis LJ, Quinn CF, Pilon-Smits EAH (2011) Effects of selenium

accumulation on reproductive functions in Brassica juncea and Staleya pinnata.

J Exp Bot, doi: 10.1093/jxb/errr247.
29. Banuelos GS, Ajwa HA, Mackey M, Wu L, Cook C, et al. (1997) Evaluation of

different plant species used for phytoremediation of high soil selenium. J Environ
Qual, 26: 639–646.

30. Banuelos GS, Terry N, LeDuc DL, Pilon-Smits EAH, Mackey B (2005) Field

trial of transgenic Indian mustard plants shows enhanced phytoremediation of
selenium-contaminated sediment. Environ Sci Technol, 39: 1771–1777.

31. Banuelos GS, LeDuc DL, Pilon-Smits EAH, Terry N (2007) Transgenic Indian
mustard overexpressing selenocysteine lyase or selenocysteine methyltransferase

exhibit enhanced potential for selenium phytoremediation under field condi-
tions. Environ Sci Technol, 41: 599–605.

32. Neuhierl B, Bock A (1996) On the mechanism of selenium tolerance in selenium-

accumulating plants. Purification and characterization of a specific selenocys-
teine methyltransferase from cultured cells of Astragalus bisulcatus. Euro J Biochem,

239: 235–238
33. Neuhierl B, Thanbichler M, Lottspeich F, Böck A (1999) A family of S-
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