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Abstract
This study aimed to investigate the Sb and As co-accumulating processes of Pteris vittata under soil culture condition, including
the transformation of Sb and As, and the difference in co-accumulating ability among different plant species/populations. Two
populations of P. vittata and one population of As-tolerant species Holcus lanatus L. were grown on soil co-contaminated by Sb
and As. Sb and As speciation in plants was assessed by X-ray absorption near-edge structure (XANES) spectroscopy. P. vittata
displayed strong As- but limited Sb-accumulating ability, with the highest shoot concentrations of As and Sb reaching 455 and
26 mg kg−1, respectively. After 28 days culture, the concentrations of Sb and As in the soil solution were reduced by up to 22%
and 36% in the P. vittata treatments, respectively. Holcus lanatus showed limited uptake for both metalloids. In P. vittata, the
reduction of arsenate to arsenite occurred (with As in shoots all existing as arsenite), but limited reduction of antimonate to
antimonite (with more than 90% of Sb in shoots existing as antimonate) was observed. In terms of the differences in metalloid
uptake between the two P. vittata populations, the population from the habitat with higher soil As concentration showed 35%
higher As uptake than the population from the habitat with lower As concentration. This populational difference may partly result
from varying As transformation efficiencies. However, no significant difference was observed in Sb accumulation between the
two populations.
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Introduction

Antimony (Sb) and arsenic (As) are two harmful elements
belonging to group 15 of the periodic table. Sb and As are
often found together at high concentrations in mining and
smelting sites, especially inmining sites of sulfide ore deposits
(Sun et al. 2017). China is the world’s largest Sb producer,
with an average annual production of 80% of the global pro-
duce (US Geological Survey 2013). Serious Sb contamination

was detected in Hunan province (Li et al. 2014; Wei et al.
2015). Excess Sb and As in soil can cause health risks to
surrounding residents and consumers of agricultural products
(Abad-Valle et al. 2018; Arslan et al. 2018; Filella et al. 2002a,
b; Pierart et al. 2015). The risks posed by soils co-
contaminated by As and Sb must be urgently evaluated and
controlled (Doherty et al. 2017; Mirza et al. 2017; Tandy et al.
2017; Xiao et al. 2017).

Phytoremediation recently received increasing attention
due to its adaptability to large-scale farmland cleanup
(E s c ap a e t a l . 2 017 ; S chn e i d e r e t a l . 2 016 ) .
Phytoremediation of As-contaminated soil has been success-
fully applied to several cases in China and other countries
(Jankong et al. 2007; Niazi et al. 2012). Despite the growing
interest in phytoremediation and the success of pilot studies,
fundamental studies are still needed to disclose the complex
interactions among contaminants, soil, and plants in the rhi-
zosphere, especially under multi-metal(loid)s co-
contamination (Chirakkara et al. 2016; Feng et al. 2017).

Given the advantages of phytoextraction, such as its harm-
lessness to soil quality and lower cost than most techniques,
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studies have been conducted to investigate the possibility of
utilizing phytoextraction to soil contaminated with multi-
metals. Several Brassicaceae and Sedum species can co-
accumulate Zn and Cd (Fellet et al. 2013; Xing et al. 2012).
Hydroponic experiments indicated that the shoot Sb and As
concentrations in Vetiveria zizanioides reached 217 and ~
500 mg kg−1 after 21-day culture, respectively (Mirza et al.
2017). One of our previous hydroponic experiments indicated
that Pteris vittata can co-accumulate As and Sb in the pinnae,
with the aboveground Sb and As concentrations measuring
higher than 1000 mg kg−1 (Wan et al. 2016). However, thus
far, no soil culture experiment has confirmed the co-
accumulation of Sb and As by P. vittata.

The capacity of P. vittata to accumulate As varies among
P. vittata populations (Wan et al. 2013a; Wu et al. 2009). The
population difference in As accumulation may be strongly
related to the conversion of As species (Wu et al. 2009).
P. vittata populations with stronger ability to reduce As(V)
to As(III) showed higher As-accumulating ability because
As(III) was transported upward more easily than As(V) (Su
et al. 2008). This intraspecies difference has become an im-
portant aspect in phytoextraction practice because it can pro-
duce large variation in extraction efficiency. However, no
study determined whether these differences also exist in Sb
accumulation among P. vittata populations.

Similar to As, earlier hydroponic experiments indicated
that the trivalent form of Sb can be taken up by P. vittatamore
easily than the pentavalent one. When provided with Sb(III),
Sb concentrations in the pinnae of P. vittata reached values
765% higher than those of plants exposed to Sb(V) (Wan et al.
2016). On the other hand, the Sb(III) percentage of the total Sb
in the pinnae is lower than that of As (Wan et al. 2016). The
transformation of Sb has been rarely reported in soil culture
systems.

Our earlier study (Wan et al. 2016) on P. vittata and Mirza
et al. (2017) on V. zizanioides have both revealed a mutual
beneficial effect between As and Sb; thus, addition of As
can improve Sb uptake by plants, and the addition of Sb can
improve As uptake. These aforementioned studies involved
hydroponic experiments. Thus, studying metalloid uptake in
co-contaminated soils may bear importance.

The current experiment included a population of P. vittata
that can co-accumulate Sb and As from solution spiked with
both metalloids, a population of P. vittata with As-
accumulating ability only, and an As-tolerant plant Holcus
lanatus (Fernandez et al. 2017). Holcus lanatus was included
to compare the differences in metalloid uptake between accu-
mulators and non-accumulators.

Comparisons were performed on Sb and As uptake by
these plants. The targeted processes included Sb and As spe-
cies transformation in the soil–plant system by X-ray absorp-
tion near-edge structure (XANES) spectroscopy and transfor-
mation from solid to liquid phases via soil solution extraction.

The present study aimed to (1) confirm the Sb and As co-
accumulating ability of P. vittata under soil culture condition;
(2) compare the transformation of Sb and As during the uptake
process; and (3) investigate the difference in co-accumulating
ability among different plant species/populations.

Materials and methods

Spores and seeds Two populations of P. vittata were used in
the current experiments. Spores of one population were col-
lected from a soil in an Sb smelting area located in
Xikuangshan, Hunan, China (abbreviated as HN population).
This area features high concentrations of both As and Sb.
Hunan province is the largest Sb ore area in the world.
Xikuangshan Sb ore contains high amounts of Sb and As,
and it has been mined for more than 110 years. The total
concentrations of Sb and As in this soil reach approximately
453 and 147 mg kg−1, respectively.

Spores of the other P. vittata population were collected
from a Pb–Zn mining area with high As concentrations in
Yunnan province, China (abbreviated as YN population).
Arsenic is a common accompanying element of Pb/Zn mines.
The area where we sampled P. vittata spores features a Pb/Zn
mining history of more than 200 years. The total Sb and As
concentrations in this soil were approximately 10.9 and
572 mg kg−1, respectively. Table 1 provides background in-
formation of these sampling sites. Holcus lanatus seeds were
provided by Emorsgate Seeds (Norfolk, England).

Preculture of P. vittata and Holcus lanatus Spores of
P. vittata were mixed together with water and then dispensed
in soil (sieved through 2 mmmesh) at a density of 0.1 g m−2 to
produce progenies of P. vittata. To get a uniform growth of
P. vittata sporelings, the re-growth scenario was adopted.
When the sporelings of P. vittata reached the height around
40~50 cm, the shoots were cut for the re-growth of them. The
re-growing sporelings at the height of 10 cm were used in the
experiment. Holcus lanatus seeds were directly placed on soil
at a density of 10 g m−2 after soaking in 150 mg L−1

gibberellic acid (Merck) for 48 h.
The soils used for germination of spores or seeds were

collected from a farmland in Beijing. These soils contained
18.5 g kg−1 organic matter, 0.88 g kg−1 total P, 1.04 g kg−1

total N, 14.2 cmol kg−1 cation exchange capacity, 26% clay (<
0.002 mm), and 8 mg kg−1 total As concentration.

Pot experiment Four treatments were studied as follows: (1)
HN population ofP. vittata (HN treatment), (2) YN population
of P. vittata (YN treatment), (3) Holcus lanatus (HL treat-
ment), and (4) no plant (CK treatment). Each treatment
consisted of four replicates.
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Sporelings and seedlings with a height of ~ 10 cm were
transferred to a pot filled with 1 kg culture soil. The culture
soil used for pot experiments was collected from amining area
in Hunan province contaminated by both As and Sb due to the
nearby Sb smelting activities. Top soil (0–20 cm) was collect-
ed, and plant material was removed. Then, the soil was ho-
mogenized on site and air-dried and then sieved with a 2 mm
mesh in laboratory. The soil had a pH of 6.6 and contained
20.0 g kg−1 organic matter, 0.78 g kg−1 total P, 1.10 g kg−1

total N, 11.2 cmol kg−1 cation exchange capacity, and 28%
clay (< 0.002 mm). The total Sb and As concentrations of the
culture soil were 64.8 and 65.8 mg kg−1, respectively.

A soil solution sampler (Macro Rhizon Flex, 10 cm porous
material, pore size of 0.2 mm, and 4.5 mm outer diameter,
Rhizosphere Research, the Netherlands) was inserted at an
angle of 45° over the entire pot width. Soil solution was ex-
tracted once every week and analyzed for total As and Sb
concentrations. To collect adequate samples, water content
was increased 24 h before soil solution sampling. At the time
of soil solution sampling, the water content was ~ 25%.

After 28 days of growth, plants were harvested, separated
into shoots and roots, and rinsed for 1 h with tap water. To
remove apoplastic As and Sb, we immersed the roots in an
ice-cold solution (4 °C) containing 1 mM K2HPO4, 5 mM
Morpholino ethane sulfonic acid buffer, and 0.5 mM
Ca(NO3)2 for 20 min before the plant materials were rinsed
thrice with deionized water (Ren et al. 2014). Half of the plant
samples were immediately frozen using liquid nitrogen and
freeze-dried under vacuum at − 50 °C until a constant weight
was obtained. Then, the plant samples were stored in a − 30 °C
freezer prior to measurements for As and Sb speciation in plants
using XANES. The remaining plant samples were oven-dried at
60 °C until a constant weight was attained for chemical analysis.
When plant roots were removed from the pots, the soil adhering
to roots was collected and defined as the rhizosphere soil. The
remaining soil was defined as the bulk soil.

Experiments were conducted in a greenhouse at a day/night
temperature of 23 to 25 °C/20 to 22 °C (16 h/8 h) and a
relative humidity of 60%. Soil water content was kept at ~
27% (w/w) by weighing every 2 days.

Chemical analyses Soil pH was determined in a 1:2.5
soil/water mixture. Total P and N in the soil were determined
using titrimetric and gravimetric methods with ascorbic acid
(John 1970) and Kjeldahl method (Anantakrishnan and

Srinivasa Pai 1952), respectively. Available P was measured
by Olsen method (Olsen et al. 1954). Total organic matter was
calculated using the Walkley–Black method (Nelson and
Sommers 1982). Cation exchange capacity was measured
using the ammonium acetate method (Ciesielski and
Sterckeman 1997).

To measure metalloid concentrations, we digested soils
with HNO3–H2O2 following method 3050B of the U.S.
EPA (1996). Plant samples were dried, ground, and
digested with a mixture of HNO3–HClO4. Sb concentra-
tions in soil solution, soil, and plant samples were deter-
mined with inductively coupled plasma–mass spectrome-
try (ICP–MS; ELAN DRCe, PerkinElmer, USA). Arsenic
concentrations in soil solution, soil, and plant samples
were determined by atomic fluorescence spectrometer
(Haiguang AFS-2202, Haiguang Instrumental Co.,
China).

XANES of As and Sb in plants Immediately prior to XANES
measurements, freeze-dried samples were ground into powder
and packed in a 3 cm × 0.7 cm sample holder. The X-ray
absorption spectra of As and Sb were collected at the X-ray
absorption fine structure (XAFS) station on the 14 W1 beam
line of the Shanghai Synchrotron Radiation Facility
(Shanghai, China). To reduce beam damage during measure-
ments, we analyzed all samples in a liquid-helium cryostat
chamber. Pre-edge background was removed and
normalized. Measurement and data analysis procedures for
XANES of As and Sb followed the methods reported by
Huang et al. (2008) and Ji et al. (2017), respectively. Linear
combination fitting was utilized to calculate the percentages of
different compounds in the samples.

Quality control Certified standard reference materials for soils
(GSS-6) and plants (GSV-2) from the China National
Standard Materials Center were digested along with samples
for quality control. Mean ± standard errors of our measure-
ments for GSS-6 reached 225 ± 16 mg kg−1 for As and 62 ±
6 mg kg−1 for Sb. These values agreed well with certified
values (220 ± 14 mg kg−1 for As and 60 ± 7 mg kg−1 for Sb)
of the reference material. Mean ± standard errors of our mea-
surements for GSV-2 reached 1.28 ± 0.12 mg kg−1 for As and
0.010 ± 0.016 mg kg−1 for Sb, in agreement with the certified
values (1.25 ± 0.15mg kg−1 for As and 0.095 ± 0.014mg kg−1

for Sb) of the reference material.

Table 1 Properties of soil in P. vittata spore sampling sites

Site Site description Geographical coordinates Altitude
(m)

pH Total As
(mg kg−1)

Total Sb
(mg kg−1)

Total P
(mg kg−1)

Available P
(mg kg−1)

HN Sb smelting area E111° 30′ 4.3″ N27° 47′ 9.2″ 548 6.3 147 ± 21 454 ± 34 510 ± 25 14 ± 2

YN Pb–Zn mine area E103° 15′ 05″ N23° 23′ 04″ 1325 6.5 572 ± 52 10.9 ± 0.5 200 ± 34 4.9 ± 1.9
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Data processing Data were analyzed using PASW Statistics
18.0 and are provided in the form of average ± standard devi-
ation. One-way ANOVA with Tukey’s HSD test as post hoc
test was performed to determine the significance of treatment
effects. A general linear model with repeated measures was
used to compare As and Sb concentrations in soil solution
over time. Significance level was set at an error probability
of 0.05. Bioaccumulation factor (BAF) and translocation fac-
tor (TF) were calculated for both As and Sb, as follows:

BAF ¼ Concentration of metalloid in shoots=

Concentration of metalloid in bulk soil

TF ¼ Concentration of metalloid in shoots=

Concentration of metalloid in root

Results

Sb and As concentrations in soil solution

Initial Sb concentration in soil solution ranged from 207 to
222 μg L−1 under different treatments (Fig. 1a). The Sb con-
centration in soil solution showed no significant change over
time in CK and HL treatments. By contrast, in the two
P. vittata treatments (HN and YN), Sb concentration in soil
solution significantly decreased with time. On day 28, Sb
concentration in soil solution reached 162 μg L−1 in HN and
183 μg L−1 in YN treatment.

The As concentration in soil solution showed changes
similar to that of Sb over time (Fig. 1b). In CK and HL
treatments, As concentration in soil solution exhibited no
significant change with time; while in the two treatments
with P. vittata, the As concentration in the soil solution
remarkably decreased with time. On day 28, As concentra-
tion in soil solution reached 86 μg L−1 in HN and
66 μg L−1 in YN treatment.

Plants’ growth

P. vittata and Holcus lanatus grew well in soil and exhibited
no toxicity symptoms. The two populations of P. vittata
showed no significant difference in terms of plant height, bio-
mass, and root/shoot biomass ratio (Table 2). HN population
showed significantly lower pinna density than the YN
population.

Sb and As concentrations and speciation in plants

Shoot concentrations of Sb were lower than 30 mg kg−1 in all
the analyzed plants (Fig. 2a). Sb concentrations in the roots
were higher than those in the shoots of YN populations of

P. vittata and Holcus lanatus. However, an opposite trend
was observed in the HN population of P. vittata. Holcus
lanatus exhibited significantly lower Sb concentration in the
aboveground parts than P. vittata.

The concentration of As in plants was higher than that of
Sb (Fig. 2b). The As concentration was lower in roots than in
the aboveground parts of P. vittata, whereas the opposite trend
was observed in Holcus lanatus. Holcus lanatus showed sig-
nificantly lower As concentration in both roots and shoots
than P. vittata. Comparing the two populations of P. vittata,
YN population presented significantly higher As concentra-
tions in shoots than the HN population.

These results indicated the higher accumulating capacity
for As and Sb of P. vittata as compared to Holcus lanatus.
In terms of the difference between two P. vittata populations,
YN population showed a higher As-accumulating ability than
HN population (P < 0.05). There was no significant difference
in the shoot concentration of Sb between two P. vittata
populations.

Fig. 1 Sb (a) and As (b) concentrations in soil solution under different
treatments. CK: treatment with no plants growing; HN: treatment with
HN population of P. vittata growing; YN: treatment with YN population
of P. vittata growing; HL: treatment with Holcus lanatus growing
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Because of the low Sb and As concentrations in Holcus
lanatus, speciation analysis was only conducted for
P. vittata. Speciation analysis of Sb in plants indicated that
Sb existed mainly as Sb(V) in the pinnae and roots of both
populations of P. vittata (Figs. 3a and 4)a, and no significant
Sb transformation was observed. In contrast to Sb, As mani-
fested notable transformation in P. vittata (Figs. 3b and 4)b. In
the roots, As(V) was the predominant As species, whereas
As(III) was the main As species in the pinnae.

Between the two P. vittata populations, YN population
showed a lower As(V) percentage in the pinnae than the HN
population. This finding indicated that the YN population
transformed As(V) into As(III) more efficiently than HN pop-
ulation. YN population originated from a habitat with high As
concentration and was confirmed as a high As-accumulating
population with well-developed aboveground parts. HN pop-
ulation originated from an area with less As concentration but
with high Sb concentration (Table 1).

The culture soil for the pot experiment was also tested for
the speciation of As and Sb, and both were present predomi-
nantly as pentavalent forms (Fig. S1).

Sb and As concentrations in rhizosphere and bulk
soils

No significant difference was observed in Sb concentrations
between rhizosphere and bulk soils for the three plant species/
populations (Fig. 5a). The As concentration in rhizosphere
soil was significantly lower than that in bulk soil in the YN
population of P. vittata (Fig. 5b). Rhizosphere and bulk soils
showed no significant difference for the HN population of
P. vittata and Holcus lanatus.

BAF and TF of Sb and As

P. vittata showed significantly higher BAF and TF for both Sb
and As than Holcus lanatus (Table 3). Between the two

Table 2 Physiological
characteristics of two P. vittata
populations and one Holcus
lanatus population

Physiological characteristic Species/populations

HN YN HL

Plant height (cm) 30.2 ± 5.1a 32.5 ± 3.3a 15.1 ± 4.1b

Shoot biomass (g DW) 10.5 ± 4.9a 11.0 ± 4.3a 8.9 ± 1.5a

Root/shoot biomass ratio 0.68 ± 0.12a 0.56 ± 0.05a 0.32 ± 0.10b

Pinna area/unit DW (m2 mg−1) 48.4 ± 5.6a 50.9 ± 4.8a N/A

Pinna density 0.89 ± 0.05b 1.05 ± 0.08a N/A

Plant height refers to the distance from the top of the plant to the upper rhizome surface. Pinna density = number of
pinnae/length of frond. Values with different letters within a row indicate significant difference among three plant
species/populations (P < 0.05, n = 4)

N/A not applicable

Fig. 2 Sb (a) and As (b) concentrations in three plant species/
populations. HN: treatment with HN population of P. vittata growing;
YN: treatment with YN population of P. vittata growing; HL: treatment
with Holcus lanatus growing. Different lowercase letters indicate
significant difference in shoot Sb or As concentrations among three
plant species/populations (P < 0.05, n = 4). Different capital letters
indicate significant difference in root Sb or As concentrations among
three plant species/populations (P < 0.05, n = 4). Asterisk indicates
significant difference in Sb or As concentrations between the shoots
and roots of the same species (P < 0.05, n = 4)
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P. vittata populations, YN population showed significantly
higher BAF and TF for As than HN population. Although
Sb concentration in shoots and BAF showed no significant

difference between the two P. vittata populations, HN popu-
lation showed a significantly higher TF for Sb than the YN
population of P. vittata.

Discussion

Sb and As uptake from co-contaminated soil
by P. vittata and their speciation

Similarly to literature data (Lombi et al. 2002), P. vittata
displayed a strong As-accumulating capacity. Considering
the YN population of P. vittata as an example, the As concen-
tration in sporelings approximated 95 mg kg−1 before
transplanting. After growing on the soil containing
65.8 mg As kg−1 for 4 weeks, As concentrations in shoots
reached 450 mg kg−1 (Fig. 2b). Therefore, P. vittata extracted
~ 3.9 μg of As from the soil within the indicated period. This
result was in accordance with the decrease in As content in
soil (Fig. 5). The concentration of As in the rhizosphere soil
decreased by ~ 10 mg kg−1, and the rhizosphere amount
accounted for approximately 70% of the total soil.
Therefore, ~ 3.5 μg of As was removed from the soil. The
minor difference between the two calculation methods may
result from sampling and measurement errors.

To date, plant uptake experiments for Sb have been mostly
carried out in hydroponic systems, quartz sand cultures, or
field surveys (Feng et al. 2015; Hajiani et al. 2017; Mirza
et al. 2017). Soil culture experiments are still limited.
Similar to a previous study (Muller et al. 2009), the current
soil culture experiment revealed that P. vittata exhibits a cer-
tain Sb uptake ability, which is higher than that of Holcus
lanatus, and of several crop plants such as Raphanus sativus

Fig. 3 X-ray absorption near-
edge structure (XANES) spectra
of Sb (a) and As (b) of the pinnae
for two populations of P. vittata
and reference samples. HN:
treatment with HN population of
P. vittata growing; YN: treatment
with YN population of P. vittata
growing

Fig. 4 Percentage of Sb (a) and As (b) speciation for two populations of
P. vittata. HN: treatment with HN population of P. vittata growing; YN:
treatment with YN population of P. vittata growing
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(Ngo et al. 2016) and Triticum aestivum (Shtangeeva et al.
2014), wild species like V. zizanioides (Mirza et al. 2017),
and a well-known metal hyperaccumulator species as
Brassica juncea (Wang et al. 2018).

Compared to As extraction, P. vittata had lower Sb extrac-
tion efficiency. A previous study showed an Sb concentration
as high as 767 mg kg−1 in P. vittata gametophytes under
Sb(III) exposure in a hydroponic experiment (Tisarum et al.
2015). One of our previous hydroponic experiments also re-
vealed an Sb concentration as high as 1000 mg kg−1 in
P. vittata shoots when supplied with Sb(III) (Wan et al.
2016). In both studies, a high shoot Sb concentration was
observed in the Sb(III) treatment. Shoot Sb concentrations in
the gametophytes of P. vittata after 4-week exposure to
4.8 mg Sb(V) L−1 and in the sporophytes of P. vittata after
2-week exposure to 1.0 mg Sb(V) L−1 reached 39.6 (Tisarum
et al. 2015) and 604 mg kg−1 (Wan et al. 2016), respectively.
Similarly, a quartz substrate culture experiment yielded a
shoot Sb concentration of 8.1 mg kg−1 in P. vittata after 7-
week exposure to 16 mg Sb(V) L−1 (Mullner et al. 2013). The
shoot concentration of Sb at ~ 26 mg kg−1 under exposure to
0.2 mg Sb(V) L−1 in the soil solution found by the current
study was generally in the same range as those of the afore-
mentioned studies. Therefore, compared to the high concen-
tration of Sb in the shoots of P. vittata found in an earlier
hydroponic experiment (Wan et al. 2016), the lower shoot
Sb concentration found by the current study resulted from
the following: (1) lower availability of Sb in the soil and (2)
most Sb in soil are in the form of Sb(V), which can hardly
enter P. vittata roots compared to Sb(III).

The preference for Sb(III) over Sb(V) uptake was also ob-
served in Lolium perenne L., Festuca pratensis H., T.
aestivum L., Hordeum vulgare L., Secale cereale L., and
Helianthus annuus L. but not in Holcus lanatus L. and
Oryza sativa L. (Ji et al. 2017, 2018; Wan et al. 2013b).
Sb(III) in weakly acidic to neutral solutions mainly exists as
neutral Sb(OH)3, whereas Sb(V) exists as oxyanion
Sb(OH)6

−. It has been suggested that Sb(OH)3 enters plant
roots through aquaglyceroporin (Bhattacharjee et al. 2008;
Porquet and Filella 2007) and Sb(OH)6

− via unselective
monovalent anion channels or through leaks in the
Casparian strip (Bienert et al. 2008; Hajiani et al. 2017;
Tschan et al. 2009). Further studies are required toward the
different transport and translocation ratios of two Sb species in
plants.

Similarly to the results of previous studies (Lei et al. 2012),
reduction of As(V) to As(III) occurred in P. vittata since
As(III) was detectedmainly in the pinnae, while As(V) mainly
in the roots (Figs. 3b and 4)b. The reduction rate of Sb(V) to
Sb(III) was much lower than the former. Sb(V) was the main
Sb species in P. vittata, with only a limited amount of Sb(III)
(Figs. 3a and 4)a. Since the reduction of As(V) to As(III) and
Sb(V) to Sb(III) are in close pH–Eh ranges (Cornelis et al.

Fig. 5 Sb (a) and As (b) concentrations in the rhizosphere and bulk soils
under different treatments. HN: treatment with HNpopulation ofP. vittata
growing; YN: treatment with YN population of P. vittata growing; HL:
treatment with Holcus lanatus growing. Different lowercase letters
indicate significant difference in Sb or As concentrations in rhizosphere
soil among different treatments (P < 0.05, n = 4). Same capital letter
indicates that there was no significant difference in Sb or As
concentrations in bulk soils among different treatments. Asterisk
indicates significant difference in As concentrations between
rhizosphere and bulk soils for YN population (P < 0.05, n = 4)

Table 3 Bioaccumulation (BAF) and translocation (TF) factors of Sb
and As for the two populations of P. vittata and Holcus lanatus

Index Species/population

HN YN HL

BAFSb 0.40 ± 0.04a 0.28 ± 0.06a 0.05 ± 0.03b

BAFAs 5.1 ± 0.4b 6.9 ± 0.3a 0.08 ± 0.04c

TFSb 1.2 ± 0.2a 0.73 ± 0.11b 0.26 ± 0.05c

TFAs 12 ± 1b 20 ± 2a 0.5 ± 0.1c

Values with different letters within a row indicate significant difference
among three plant species/populations (P < 0.05, n = 4)
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2008), such difference may be biochemical instead of pure
chemical. It has been found that arsenate reductase have con-
tributed to the efficient reduction of As(V) to As(III) in
P. vittata (Cesaro et al. 2015). Perhaps the lack of enzyme
facilitating the reduction of Sb(V) to Sb(III) is the reason
behind the limited Sb uptake. We did not find any organic
Sb species using XANES, in accordance with the findings
obtained by high-performance liquid chromatography–ICP–
MS (HPLC–ICP–MS) (Mullner et al. 2013), but in contrast
with another field investigation which has found some un-
known Sb species in wild plants (Wei et al. 2015). The bio-
chemical reactions of Sb showed difference among plant spe-
cies. A study on L. perenne indicated that under Sb(V) expo-
sure, Sb in the roots of this plant existed exclusively as Sb(V),
whereas half of Sb in the shoots existed as Sb(V) and half as
Sb(III) (Ji et al. 2017). One of our previous hydroponic studies
showed that ~ 35% of Sb in P. vittata shoots existed as Sb(III)
(Wan et al. 2016). In the current study, less than 10% of Sb in
P. vittata shoots existed as Sb(III). Considering the limited
reduction ability for Sb and the strong preference of
P. vittata for Sb(III), the limited uptake of Sb by P. vittata in
the current studymay have partly resulted from the low Sb(III)
percentage of the total Sb in soil. Further studies on plant’s
reduction mechanisms, especially in vivo dynamics, intra- and
interspecies differences, and their relationship with Sb uptake
by plants are required.

Until now, studies on the interaction between As and Sb in
the soil–plant system are limited. Hydroponic and sand culture
studies have both found a positive interaction between As(V)
and Sb(V), i.e., the co-existence of As and Sb improved the
uptake of both elements, compared to As or Sb alone (Mullner
et al. 2013; Wan et al. 2017). In the current study, only one
type of soil (contaminated by both As and Sb) was used;
therefore, it is hard to make a conclusion about the interaction
between As and Sb. Further studies on different types of soils
with different contamination levels may help to better eluci-
date the interaction between the two elements.

Comparison of Sb and As uptake by the two P. vittata
populations

The two populations of P. vittata showed differences in As
transformation ability (Figs. 3b and 4b). The population that
more efficiently reduced As(V) to As(III) was also able to
accumulate more As in the pinnae, thereby confirming the
results of a previous study and suggesting the importance of
As transformation in As hyperaccumulation (Ghosh et al.
2015). Another reason for the variance in As uptake between
two P. vittata populations may be the different P concentra-
tions in their habitats (Table 1). The soil where YN population
was collected had apparently lower concentrations of both
total and available P than the soil of HN population. Under
such P-starving circumstance, it is likely that YN population

has evolved a transporter with higher affinity to P, which was
suggested to be also the transporter of As(V) in P. vittata
(Singh and Ma 2006).

The difference in Sb uptake between the two P. vittata pop-
ulations was not as apparent as for As uptake. There was no
significant difference in Sb shoot concentration between the
two populations. The TF of Sb in HN population was signif-
icantly higher than in YN population. A previous hydroponic
study on Sb accumulation by Sb-tolerant species Achillea
wilhelmsii showed that metallicolous A. wilhelmsii population
can accumulate more Sb in shoots than the nonmetallicolous
population, but the difference was only significant at the ex-
posure level of 3 μM of either Sb(III) or Sb(V) (Hajiani et al.
2017). These intraspecific differences still require further
investigation.

Implication to risk control measures for soil
co-contaminated by Sb and As

The utilization of P. vittata has been confirmed as an effective
measure to remove As from contaminated soil (Kertulis-Tartar
et al. 2006). Despite the potential of co-accumulating Sb and
As by P. vittata in hydroponic studies, the current pot exper-
iment indicated that P. vittata features a limited capacity to
uptake Sb (but still higher than all the other reported plants
under soil culture conditions). Recently, thiosulfate has been
found to increase Sb and As uptake by B. juncea (Wang et al.
2018). Further studies on the mobilization of metalloids by
chemical compounds may increase plants’ ability to extract
Sb and As from soil.

P. vittata can be used to control the risks of soil co-
contamination by Sb and As. Both Sb and As concentrations
in soil were higher than the background values in Hunan
(2.98 mg kg−1 for Sb and 14 mg kg−1 for As) (Pan and Yang
1988). The As concentration in soil was significantly higher
than that recommended by China’s Environmental Quality
Standard for Soils (GB15618–1995; grade II for soil, 6.5 ≤
pH < 7.5, As ≤ 30 mg kg−1). Average Sb and As concentra-
tions in soil were also much higher than the maximum per-
missible pollutant concentrations recommended by the World
Health Organization for receiving soils (i.e., 36 and 8mg kg−1,
respectively (Chang et al. 2002). As and Sb concentrations in
the soil solution exceeded the Environmental Quality
Standard for Surface Water (GB3838–2002, class V, and
100 μg L−1 (As); GB3838–2002, Limit for Centralized
Drinking Water Sources, and 5 μg L−1 (Sb)). Therefore, de-
spite the low fractions of metalloids in soil solutions (0.33%
for Sb and 0.17% for As), the potential pollution diffusion
through surface run-off or leaching into groundwater should
be a concern in this area (Macgregor et al. 2015).

Although the total concentrations of As and Sb in the cul-
ture soil were basically the same (being 65.8 and
64.8 mg kg−1, respectively), the concentration of Sb in the soil
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solution was apparently higher than that of As. Despite the
earlier opinion that Sb is less mobile than As, Sb may be able
to disperse into water system more easily than As, especially
under iron-rich conditions. Wu et al. (2018) suggested that in
iron-rich environments, As(V) can be easily adsorbed to solid
phase due to its strong affinity to iron minerals, and Sb(V)
facilitates this adsorption process. By contrast, Sb(V) may
stay in solution due to its weak affinity to iron minerals and
the competition with As(V) (Wu et al. 2018).

After growing HN or YN populations of P. vittata for less
than 30 days in soil, As concentration in the soil solution (Fig.
1b) decreased to below the standard set by the Environmental
Quality Standard for Surface Water. Also, As was depleted in
the rhizosphere, thereby favoring risk control. For Sb, planting
the HN population from a habitat with high concentrations of
both As and Sb decreased the mobilization of Sb from solid to
liquid phase in soil to a certain extent but not as significantly
as for As.

Compared with the efficiency of iron-based immobilizing
agents (zero valent iron and ferrihydrite), which can decrease
As and Sb in pore water by at least 79% after 7 days (Doherty
et al. 2017), the immobilization ability of P. vittata is lower.
However, the total metalloid concentrations will continue to
decrease over time while plants are growing and over many
cultivation cycles. Thus, planting accumulators may be an
appropriate strategy if the final aim is to decrease the total
concentrations of metalloids without urgent time constraints.
In addition, considering the high extraction ability of P. vittata
for the trivalent forms of As and Sb, this fern may be a suitable
plant to decrease pollution risks under reducing and water-
logged conditions, with Sb(III) and As(III) being the dominant
metalloid species in soil.

Conclusion

Planting the hyperaccumulator P. vittata significantly de-
creased soil solution concentrations of As, thus reducing
the risks of As diffusion to ground or surface water.
However, in the current study, planting P. vittata showed
a limited effect in Sb stabilization for the soil used. The
two P. vittata populations employed showed differences in
Sb and As uptake, with the latter being related to changes
in As speciation within the plant. The control of excess Sb
and As in soil is an important and serious issue. However,
information on Sb uptake remains limited and further in-
vestigations should focus on this issue.
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