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Abstract The objective of this study reported
here was to characterize arsenic (As) accumu-
lation by Preris ferns by comparing 3 of the ferns
of this genus with each other as well as with four
non-Pteris ferns growing on seven sites in
southern China with different As levels. A total
of 112 samples, including 78 Pteris vittata, 13
P. cretica, 3 P. multifida and 18 ferns from other
non-Pteris genera, with the soils in which they
grew were collected for As and other elemental
analyses. P. vittata was found to be the most
dominant species and the most efficient
As-accumulator, whereas P. multifida was the
lowest As-accumulator among the Pteris ferns,
with 4.54-3599, 28.7-757 and 11.2-341 mg kg"
As recorded in the fronds of P. vittata, P. cretica
and P. multifida, respectively. Arsenic concen-
trations in non-Pteris ferns were generally much
lower than those in Pteris ferns, with 0.81-1.32,
3.59, 10.7, 6.1724.3 mg kg in the fronds of
Blechumum orientale, Dicranopteris dichotoma,
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Pteridium aquilinum and Cyclosorus acuminatus,
respectively. For P. vittata, the As bioaccumu-
lation factor (ratio of As in fronds to that in
soils) changed, whereas the As translocation
factor (ratio of As in fronds to that in roots)
remained unchanged among the different sites.
The concentrations of Fe were very high in all of
the collected fern sample, with the exception of
B. orientale, with 207-6865, 637-3369, 375-1856,
1876, 493-6865 and 492 mg kg™ in the fronds of
P. vittata, P. cretica, P. multifida, C. acuminatus,
P. aquilinum and D. dichotoma, respectively.
The association between Fe accumulation and
As accumulation and tolerance in these ferns
indicates the unique role of Fe in As-hyperac-
cumulation.

Keywords Accumulation - Arsenic -
Hyperaccumulator - Iron - pH - soil

Introduction

Arsenic (As) has been classified as a toxic and
carcinogenic element and as such has contributed
to a number of environmental and human health
problems worldwide, with the highest number of
cases having been reported in South-East Asian
countries, mainly India, Bangladesh and China
(Mandal and Suzuki 2002). Drinking water from
wells located in areas with As-rich underground
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sediments has been shown to be the source of ar-
senocosis (Mandal et al. 1996; Patel et al. 2005;
Yang et al. 2002). It is estimated that a total of
90 million people worldwide are at risk of As tox-
icity, with more than 2 million of these being in
China (Nordstrom 2002). Metal mining and
smelting activities are additional sources of As
toxicity and can lead to As contamination of the air,
water and soil (Andrea et al. 2004; Cheng 2003).

Liao (1989) reported arsenic concentrations in
various plant types in China and recorded levels
of 0.07-0.83 mg kg in cereal crops, 0.02-0.56 mg
kg™ in legumes, 0.001-0.039 mg kg™ in vegeta-
bles and 0.001-0.039 mg kg™' in woody plants. A
number of investigators have reported high levels
of As in various plants growing on As-contami-
nated soils. For example, Porter and Peterson
(1975) reported that Jasione montana, Calluna
vulgaris, Agrostis tenuis and Agrostis stolonifera
plants collected from sites in the UK polluted
with high levels of As contained 6640, 4130,
3470 and 1350 mg kg™' As, respectively. De
Koe (1994) found that Agrostis castellana plants
growing in tailings from the gold mines in
Portugal contained As levels of 1900 mg kg
A high As concentration was reported by Bech
et al. (1997) in plants of the grass Paspalum
racemosum, with the dead leaves containing up to
5280 mg kg™ As.

The term ‘metal hyperaccumulator’ is a term of
relativity and is used to designate plants that are
able to accumulate more than 100 times
concentrations of metals in their shoots than
non-hyperaccumulators. For example, elevated
concentrations of metals have been measured in
the shoots of the following hyperaccumulators:
Cd > 100 mg kg™'; Co, Cu, Ni and Pb > 1000 mg
kg™'; Mn and Zn > 10,000 mg kg™ (Baker 1989).

Pteris vittata has recently been identified as an
As-hyperaccumulator (Chen et al. 2002; Ma et al.
2001). Other species of ferns, including Pteris
cretica and Pityrogramma calomelanos, have also
been determined to be As-hyperaccumulators and
show great potential in phytoremediation (Fran-
cesconi et al. 2002; Visoottiviseth et al. 2002; Wei
et al. 2002). In fact, these ferns have been strongly
put forward as good candidates for As phyto-
remediation (Chen et al. 2002; Ma et al. 2001;
Visoottiviseth et al. 2002). Research has focused
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on screening for additional possible As-hyperac-
cumulators and on the mechanisms related to As-
hypertolerance and hyperaccumulation (Bondada
et al. 2004; Duan et al. 2005; Fitz et al. 2003;
Meharg 2003; Zhang et al. 2002; Zhao et al. 2002).

To date, little knowledge is available on
the interaction of As with other elements in
As-hyperaccumulators. Phosphate is known to act
as an antagonist to arsenate and consequently
suppresses As uptake in some As-tolerant plants
(Meharg et al. 1994). An early study by Porter and
Peterson (1977) reported that a clear correlation
exists between As and Fe in plants growing on soils
heavily contaminated with As, with the results
indicating that Fe plays a role in As accumulation
in these plants. Fitz et al. (2003) found a high Fe
concentration in soil solutions in the rhizosphere
of P. vittata, suggesting the possible mobilization
of Fe by the roots of P. vittata. However, more
studies are needed to explore the exact role of
nutrient elements on the detoxification and accu-
mulation of As in As-hyperaccumulators.

Since the As fractions in soils, especially the
bioavailable or/and soluble/exchangeable frac-
tions, are different between the pot and field,
more information related to As accumulation
characteristics under field conditions is needed in
order to evaluate the phytoremediation potential
of these plants. The objectives of the present
study were: (1) to characterize As accumulation
in three Pteris ferns growing at different sites in
southern China; (2) to assess the possible influ-
ence of Fe and other nutrient elements on As
accumulation in the ferns. The results should
contribute to an understanding of As accumula-
tion in Pteris ferns under field conditions.

Materials and methods
Site description and sampling

The survey was conducted at seven sites in
southern China in April 2003. Arsenic was pres-
ent along with gold, mercury/thallium and tin
deposits at four sites, resulting in very high As
levels in the soils (Table 1). All of the sampling
points at each site were located on hill slopes
or hillsides, some distance away from mining,
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smelting and agricultural activities, in order to
reduce as much as possible the influences of
anthropogenic As sources and to determine the
true properties of As accumulation by these ferns.

Ferns from the Pteris genus were collected at
every sampling site. Additionally, four selected
genera of non-Pteris ferns that grew with abun-
dant distribution at these same sites were also
collected. Mature ferns with four to eight fronds
(above-ground parts) and roots (below-ground
parts) were sampled. The sampling points at each
site were strictly kept at more than 20 m from
each other to guarantee the representation of
each sample. Approximately 1 kg soil around the
fern roots — to a depth of 20 cm — was collected
for each sample.

Soil and plant analysis

Soil samples were air-dried, the stonesand plant
debris removed and the sample sieved through a
20-gauge mesh (0.18 mm). A 10 g fraction of the
samples was ground still finer to pass through a
60-gauge mesh (100 um) for the analysis of
As forms in soils using the modified procedure of
Chang and Jackson (1957). The As in these finer
soil samples was sequentially extracted as bio-
available (F1), Ca-incorporated (F2), Al-incorpo-
rated (F3), Fe-incorporated (F4) and residual
(F5). A second fraction of the samples (approx.
15 g) was ground yet finer to pass through a 100-
gauge mesh (150 pm) for the analysis of As and
other elements. Fern samples were separated into
fronds and roots, washed thoroughly with flowing
tap water, rinsed three times in deionized water,
then dried in an oven at 70°C for 5 h. Extremely
carefulness was paid during the washing processes
to remove all soil particles that adhered to roots
and to prevent the loss of any tiny fern roots. Plant
samples were then powdered using an electric
stainless steel miller and homogenized. Soil and
plant samples were digested with mixtures of 8:1
HNO; and HCIO,4 on an electric hot plate at
120°C. The presence of As in the soil and fern
samples was determined using a hydride genera-
tion atomic fluorescence spectrometer (AFS830,
Beijing Jitian Co., China). Phosphorus, K, Na, Ca,
Mg, Fe, Mn, Cu and Zn in the ferns were deter-
mined by inductively coupled plasma atomic
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emission spectroscopy (ICP-AES). Standard soil
and plant references (Center for Standard Refer-
ence of China) were used to check the accuracy of
the chemical analyses. Milli Q (18Q) water was
used throughout, and the acid and reagents were
all super grade or higher.

Statistics

The statistical analysis of the data was done using
the software package SPSS 10.0 (SPSS, Chicago,
I1l.). One-way ANOVA with the Duncan test was
used for the analysis the variance of the bioac-
cumulation factor (BF; ratio of arsenic in fronds
to soil) and translocation factor (TF; ratio of ar-
senic in fronds to roots) between different sites.
The Student’s t-test was employed to compare the
concentration of As and nutrient elements in
the fronds of P. vittata between the sites of
Zimudang (ZMD), Lanmuchang (LMC), Getang
(GT) and Gejiu (GJ), with high As levels, and
Baise (BS), Guangzhou (GZ), with low As levels.

Results
The distribution of ferns and soil properties

P. vittat was found to be growing well at all of the
sampling sites, reaching a height of 30-80 cm and
showing no symptoms of toxicity (data not
shown). At site Shiling (SL), only P. cretica were
collected as P. vittata did not grow here. In gen-
eral, P. cretica had a lower biomass and were less
abundant than P. vittata plants. In contrast to P.
vittata and P. cretica, P. multifida was found only
rarely, with only three samples collected from a
total of 112 ferns in this survey (Table 1). Cy-
closorus acuminatus, a non-Pteris fern, had accu-
mulated high concentrations of As and was also
found in abundance at ZMD, where As concen-
trations in the soils ranged from 285 to
2603 mg kg™ '; this may indicate that this fern has
a similar As tolerance as P. vittata and P. cretica
(Table 1). Dicranopteris dichotomy was the
dominant species at LMC; however, it only
accumulated 3.59 mg kg™’ As in the fronds
compared to the 266-1832 mg kg™' As in the
fronds of P. vittata at the same site.
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The pH in the growing soils of P. vittata was
mostly in the range of 7-8, except at LMC, where
the average value of pH in growing soils was 5.98.
P. cetica was found to be growing on slightly
acidic soils at ZMD and on strongly alkaline soils
at SL and GJ, with mean pH values at the latter
sites of 6.21-8.11. This latter pH range was also
observed for P. multifida, which may indicate the
adaptation of Preris ferns to soil pH changes
(Table 1). However, Blechnum orientale, a non-
Prteris fern found nearby P. vittata at BS and GZ,
was growing in soils with a pH of only 4.05 and
4.70 at GZ and BS, respectively, which were much
lower than those tolerated by P. vittata. The
lowest pH — 3.67 — was recorded in growing soils
of D. dichotomy at LMC, indicating that this fern
prefers strong acidic soils.

The distribution patterns of the various forms
of As in the soils at different sites were similar. As
extracted in the first three steps of the sequential
extraction procedure, which were the bioavail-
able, Ca-incorporated and Al-incorporated frac-
tions, respectively, generally represented less than
5% of the total As. Most of the As was extracted
during the last two steps, suggesting that As was
mainly incorporated with Fe oxides and silicon
mineral phases in the soils (Fig. 1).

As concentration in soils and ferns at different
sites

Among the four sites with high As levels in the
soils — ZMD, LMC, GJ and GT - As concen-
tration in the fronds of P. vittata were invariably

100
801
mFS
60[ B F4
BN OF3
40 OF2
OF1

20[

0 Bs GZ SL GJ GT LMC ZMD
Sampling site

Fig. 1 The distribution of As forms by sequential extrac-
tion at different sites. '/ Bioavailable, F2 Ca-incorporated,
F3 Al-incorporated, F4 Fe-incorporated, F5 residual

high, with the highest As concentration recorded
as 3599 mg kg™' at ZMD, suggesting that high
As concentrations in soils results in high As
accumulation in the plant (Table 1). Although
the soil pH at LMC was mostly lower than 6, we
did not find a reduced accumulation of As by
P. vittata, indicating that As accumulation by
P. vittata was not affected by soil pH in the field.
At BS and GZ, although the As concentrations
were greatly lower than those at ZMD, LMC,
GT and GIJ, P. vittata was able to accumulate
nearly 320 mg kg”' As in the fronds, which
reflects the large capacity of this plant to accu-
mulate As.

P. cretica was clearly the second most efficient
of the ferns tested with respect to the efficiency to
accumulate As (Table 1). As the As concentra-
tion in soils increased from SL to ZMD to GJ,
more As was accumulated by this fern, with the
highest As concentration recorded in P. cretica
plants at GJ — 757 mg kg™' — suggesting that
P. cretica also accumulates more As as the con-
centration of As increases in the growing soil.
P. multifida, which was able to accumulate slightly
more As in the fronds than what was present in
the growing soils, reached a maximum As con-
centration of 341 mg kg™' at GJ; this fern type
was the least efficient of the three Preris ferns
with respect to As accumulation.

C. acuminatus, although growing together with
P. vittata on soils with high As levels at ZMD,
contained far lower levels of As in the fronds —
less than 243 mgkg' As — than P. vittata
(Table 1). Nevertheless, this fern could grow well
and abundantly on soils with high As concentra-
tions of 285-2643 mg kg', indicating that it has a
great tolerance to As.

At BS and GZ, although the range of As con-
centrations in the growing soils of B. orientale were
the same with those of P. vittata, the As concen-
trations in the fronds of B. orientale were less than
1.32 mg kg™', much lower than those of all the
Pteris ferns in this survey, reflecting a different
mechanism of As accumulation between the two
genera of ferns (Table 1). Pteridium aquilinum
and Dicranopteris dichotoma from GT and LMC,
while accumulating more As than B. orientale
from BS and GZ, also did not demonstrate an As
accumulation ability (Table 1).
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As translocation and bioaccumulation factors
of ferns

In general, the concentrations of As in the fronds
of the Pteris ferns studied were greater than those
in roots, whereas the reverse was true for the non-
Pteris ferns (Table 1). Consequently, the TFs for
most of the Preris ferns were greater than 1
(Table 1, Fig. 2).

For P. vittata, the greatest BF was measured in
P. vittata plants at GZ, with 51 mg kg™' As in the
soil (Fig. 2). The ANOVA test showed that the
BFs of P. vittata changed among the different
sites, whereas the TFs did not even though the As
levels varied (Fig. 2). The constant value of the
TFs of P. vittata at all six sites with different As
sources suggests that As translocation in P. vittata
is a constitutive property.

Concentrations of nutrient elements in ferns

Iron concentrations were very high in all the ferns
collected, with the exception of B. orientale, with
207-6865, 637-3369, 375-1856, 1876, 493-6865
and 492 mg kg™' in the fronds, and 391-3875,
659-4891, 3880, 219610898, 1911 and 578 mg kg ™"
in the roots of P. vittata, P. cretica, P. multifida,
C. acuminatus, P. aquilinum and D. dichotoma,
respectively.

We then considered sites BS and GZ, with
relatively low As levels, as one group and sites
ZMD, LMC, GJ and GT, with high As levels, as
another. The concentrations of As, Ca, Fe, Mn, K,

EBF BETF

be c

BS GZ GJ GT LMC ZMD
Sampling site

Fig. 2 The values of the bioaccumulation factor (BF) and
translocation factor (TF) of Pteris vittata at different sites.
Data are shown as means * standard errors. For sample
numbers refer to Table 1. Bars with different letters
indicate that the difference is significant (P < 0.05)
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Pwere significantly greater and the level of Na
was lower in the fronds of P. vittata plants grow-
ing at the former group of sites relative to the
latter group; there was no difference between the
two groups for Cu, Mg and Zn concentrations
(Fig. 3).

Discussion

The ability of P. vittata plants to efficiently accu-
mulate As when growing in soils with high levels
of As, as shown by the high concentrations of As
in the fonds of these plants growing at the sites
with the highest levels of As(Table 1), indicate
that P. vittata has a great ability to tolerate and
accumulate As. In addition, our observation that
P. viitata growing at the BS and GZ sites, which
had relatively low levels of As, also accumulated
more than 300 mg kg™ As suggests that P. vittata
also efficiently accumulates As from soils with low
As concentrations.

The As concentration in the fronds of P. mu-
lifida was slightly higher than that in its growing
soils, thereby confirming to some extent the re-
sults of other surveys on As mines (Du et al. 2005;
Wang et al. 2006). However, we did not find the
abundant distribution of P. multifida, as had been
reported by these investigators. In addition, both
of these investigators claimed that P. multifida
growing on As tailings could accumulate more
than 1000 mg kg™' As in the fronds. Since the As
concentrations at the sites reported by Wang
et al. (2006) ranged from 3,611 to 47,235 mg kg™,
they were much higher than those in our study,
which may indicate that the population of P.
multifida from the As tailings of Wang et al.’s
study had a greater As tolerance and evolved
competition priority. More studies are needed to
characterize the As tolerance and accumulation
of P. multifida, as the relevant information on this
fern is scarce compared to that available for P.
vittata and P. cretica.

Soils in southern China are acidic and are either
yellow or red-yellow on the classification of the
soil type (Xiong 1987). However, P. vittata and
P. cretica were found growing at all the sites
except SL, where limestone weathering, man-
made concrete construction and brick stitches
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Fig. 3 Comparison of As 100000

and nutrient element
concentrations in the
fronds of P. vittata at sites
with high (ZMD, LMC,
GT and GJ) and low (BS,
GZ) As levels. Data are
shown as means + stan-
dard errors. Bars with
different letters indicate
that the difference is sig-
nificant (P < 0.05)
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provided an alkaline condition that the Preris
ferns prefer. Our survey also showed that while P.
vittata plants were more likely be found growing
on alkaline soils, they were able to grow on acidic
soils, as seen at site LMC (Table 1). The average
winter temperature is the principal limiting factor
to the survival and propagation of P. vittata (Chen
et al. 2005). Although the SL site falls within the
sub-tropic climate zone and the pH values of the
soils were greater than 7, we still did not find P.
vittata at this location. The reason for this is un-
clear.

The BFs measured in the present study fell
within the range of 0.09-13.8 (data not shown),
which are similar to those seen by Caille et al.
who reported a range of 0.04-10.1 in pot experi-
ments using naturally As-contaminated soils from
the field. Our results are much lower than those in
reported from other greenhouse experiments
(Cao et al. 2003; Tu and Ma, 2003; Zhao et al.
2002) in which soluble As salts were added to
uncontaminated soils or composts; this most
likely would have resulted in a much higher As
phytoavailability than in the naturally contami-
nated and aged soils.

The values of TFs of P. vittata sampled in an
expanding circle at six sites from different As
sources further confirmed that As-hyperaccumu-
lation by P. vittata has a constitutive character
(Wei and Chen 2006; Wei et al. 2006; Zhao et al.
2002). This should be an important fact for con-
sideration during field screening for hyperaccu-
mulators. Previous studies have not paid attention
to this phenomenon, as the metal concentrations

Zn

Fe Mn Ca K Na P

As

Mg

[ Sites with low As levels (BS and GZ)
M Sites with high As levels (ZMD, LMC, GT and GJ)

and BFs in plants depend largely on the metal
concentrations and phytoavailable fractions in
soils, whereas the TFs should be generally con-
sistent at a value that is greater than 1. Therefore,
for field screening of hyperaccumulators, it is
important to collect both the shoots and the roots
of plants. If a TF is greater than 1 and a high
metal concentration is recorded in a plant, it
should be considered to be a hyperacccumulator
candidate. We have successfully discovered two
species of As-hyperaccumulating ferns, P. vittata
and P. cretica, in China by this method, with
subsequent pot experiments under controlled
conditions confirming their hyperaccumulating
properties (Chen et al. 2002; Wei et al. 2002).
These hyperaccumulating properties were subse-
quently confirmed by other workers (Meharg
2003; Zhao et al. 2002).

The Fe concentration we measured in the
fronds of P. vittata was much higher than the
ranges that have been reported previously in non-
hyperaccumulators (Jones 1998; Kabata-Pendias
and Pendias 2001). In addition, we found that a
high As concentration in the soils resulted in a
greater As and Fe concentration in P. vittata
fronds, suggesting that P. vittata probably takes
up As and Fe together from the roots into the
fronds (Fig. 3). This range was also far higher
than that reported by Tu and Ma (2005) who,
based on pot experiments, assessed the range of
Fe in P. vittata as being only 82-186 mg kg_l. The
Fe concentration in the fronds of P. vittata was
found by Tu and Ma to be negative with the
addition of As to the soils. In the present study,
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however, we did not find a correlation between Fe
and As in P. vittata, which is probably due to the
fact that pot experiments are totally different
from field ones, and therefore may result in a
different Fe and As fractionation in the soils
(McLaren et al. 1998; Matera et al. 2003). Our
results also differed from those of Porter and
Peterson (1975) on As-tolerant plants growing in
abandoned mine fields, who also found a signifi-
cant correlation between As and Fe. Our results
were in agreement with those of Fitz et al. (2003)
who, in a rhizosphere study, discovered signifi-
cantly higher levels of Fe in soil solutions around
the roots of P. vittata, suggesting that the roots of
P. vittata play a role in the mobilization of Fe
from soil particles.

However, in our survey we found only a
relatively low Fe concentration in B. orientale,
whereas all of the other ferns accumulated high
Fe concentrations in both their fronds and roots.
This may indicate that Fe has a close association
with As tolerance and/or accumulation since the
three Pteris ferns and C. acuminatus, D. dicho-
toma in this survey showed an As accumulation
and/or tolerance character, while P. aquilinum
belongs to the same family of Pteridiaceae with
the Pteris ferns. Arsenic hypertolerance and hy-
peraccumulation by ferns may be an evolutionary
trait, however, the mechanisms have not been
elucidated (Meharg 2003). While our results point
in the direction of a possible link between Fe and
As tolerance and accumulation, more studies on
the relationship of As with Fe in ferns are needed
to explore the actual role of Fe in As accumula-
tion of hyperaccumulating ferns.

There is currently very little information
available on the relationship between other
elements and As in As-hyperaccumulators. Two
groups of investigators have reported that potas-
sium (K) increased, whereas Ca decreased, in the
fronds of P. vittata when As was added to the pots
(Liao et al. 2003; Cao et al. 2004). In the present
study, we found that the concentrations of nutri-
ent elements in P. vittata were in the same range as
those reported for non-hyperaccumulators, with
the exception of Fe (Fig. 3) (Jones 1998). Our
observation of greater Fe, Mn, Ca, K, P concen-
trations in the fronds of P. vittata plants from sites
with higher As levels, compared to those in plants
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from sites with lower As levels, suggests that P.
vittata plants take up more of these nutrient ele-
ments during the As accumulation process.
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