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ABSTRACT

Pytoremediaton of arsenic (As) contamination using Chinese brake
fern (Pteris vittata L.), an As hyperaccumulator has proven potential because
of its cost-effectiveness and environmental harmonies. Aiming to investigate
the elemental correlation in Chinese brake fern, 20 elements (As, Br, Ca, Ce,
Co, Cr, Eu, Fe, Hf, La, Na, Nd, K, Rb, Se, Sm, Sr, Th, Yb and Zn) were meas-
ured in the fronds and roots of the fern by neutron activation analysis. The
ferns were sampled from two sites with high geogenic As levels: Zimudang
(ZMD) and Lanmuchang (LMC) in Guizhou Province, China. Multivariate
statistic analysis was performed to explore the interrelationship between
these elements, especially between As and other elements. As was found to
be positively related to K, Na, La, and Sm in both the roots and the fronds,
suggesting that these four elements might operate as synergies to As during
uptake and transportation processes. Se was positively related to most of the
other cations measured, except in the fronds of the fern at ZMD, where Br
replaced Se as positively related to the other cations. The difference of As
and Se in correlation with other cationic elements suggested that the two
anionic elements play different roles in elemental uptake processes. Our
findings of elemental correlation highlight the importance of the anion-
cation balance in Chinese brake fern.

Index Entries: Arsenic; anion—cation balance; antagonism; selenium;
synergy; cluster analysis; principle component analysis.

INTRODUCTION

Arsenic (As) is ubiquitous but toxic in the environment, and As con-
tamination has caused severe global epidemic As poisonings and arsencosis,
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especially in Bangladesh, India, Vietnam, and China (1). Up to the present,
there appears to be no cost-effective method for the in situ cleanup of As-
contaminated soils and groundwater. The Chinese brake fern (Pteris vittata
L.) is a newly identified As hyperaccumulator and has proven potential in
remediation of As contamination in soil and water (2—4). The fern has great
ability for tolerance and accumulation of As; it can accumulate more than
1000 mg/kg As in its fronds when growing on the tailings with 23,400
mg/kg As in the field and soils spiked with 1500 mg/kg As in greenhouse
conditions (5,6). A growing interest has been focused on the mechanisms
of As uptake and accumulation by this fern; however, much has been left
unresolved (7-11).

Plants uptake metal or metalloids through channels in their roots;
hydrponic experiments demonstrated that some As-tolerant plants,
including Holcus lanatus, Deschampsia cespitosa, and Agrostis capillaris, as
well as the As-hyperaccumulating plant the Chinese brake fern uptake As
and P via the same channel, as the two elements are analogues in chem-
istry (9,12-17). High-performance liquid chromatography-mass spectrom-
etry (HPLC-MS) and synchrotron radiation extended X-ray absorption
fine structure EXAFS studies have reveled that As exists mainly as inor-
ganic arsenite and arsenate forms in the Chinese brake fern, with arsenite
as the major form (18-20). These highlight the importance of the correla-
tion between As and other elements, as plants usually take up elements in
a synergic or antagonistic way in their transportation and, through these,
to get an ion balance (21). As is toxic to most of the plants; the concentra-
tion in ordinary plants is low (22). The abnormally high As concentration
in the Chinese brake fern might rely on the anion—cation balance effect
between As and other elements. Little is known about the Chinese brake
fern in this respect, the present study aimed to explore the correlation
between As and other elements in the Chinese brake fern from two sites
with high As levels. Instrumental neutron activation analysis (NAA) was
employed for elements analysis, as this method has been proven to be use-
ful in the multielemental analysis in plants (23).

MATERIALS AND METHODS

Sites and Sampling Methods

Detailed site description and sampling methods have been illustrated
in our previous report (24). In brief, samples of the Chinese brake fern
were collected from two sites—Zimudang (ZMD) and Lanmuchang
(LMC)—with high geogenic As levels in Guizhou Province, China.

Determination of Elements in the Chinese Brake Fern

Fern samples were separated into fronds (aboveground) and roots
(below ground), washed, dried, and powdered before analysis (24). Each
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Table 1
Comparison of Analytic Results of As by NAA and ICP-AES
NAA ICP-AES Pearson
o o coefficient
. . (NAA vs
Mean Min. Max. SD Mean Min. Max. SD ICP-AES)
ZMD
15.74 497 519 1337 1104 362 3599 837 0.949**
fronds
roots 18.5 3.4 38.7 14.11 690 265 1691 428 0.587*
LMC 8.42 1.62 33.13 9.97 810 266 1832 451 0.914%**
fronds
roots 0.46 0.2 1.2 0.27 536 197 1291 307 NS

* Significant level at p<0.05.
** Significant level at p<0.01.

powdered sample was packed with two layers of aluminum foil. Samples
were irradiated for 8 h in a heavy-water nuclear reactor at the Chinese
Institute of Atomic Energy (CIAE) at a thermal neutron flux of 3.35x1013
n/cm?/s. After decaying for 5 and 20 d, the samples were counted twice
for medium and long-lived nuclides by a high-purity germanium (HPGe)
detector. Analytical quality control was assured by using two certified ref-
erence materials (CRMs), including GBW08501 Chinese Peach Leaf and
GBWO08505 Chinese Tea (Center for Standard Reference of China). A total
of 20 elements (As, Br, Ca, Ce, Co, Cr, Eu, Fe, Hf, La, Na, Nd, K, Rb, Se, Sm,
Sr, Th, Yb, and Zn) were recorded for their concentrations.

Statistical Analysis

Statistical analysis was carried out using SPSS 11.0. Correlations were
evaluated using the bivariation method, with two-tailed significance and
Pearson correlation coefficients. Cluster analysis (CA) with furthest neigh-
bor and Pearson correlation and principle components analysis (PCA)
with rotation of maximum variance were performed to test the correlation
between As and other elements in the Chinese brake fern.

RESULTS

Comparison of As Measurement Between NAA and ICP-AES

The analytical results of As concentration determined by NAA were
remarkably lower than that by ICP-AES (Table 1). However, generally there
existed a clear correlation between the results of NAA and inductively cou-
pled plasma-atomic emission spectrometer (ICP-AES), especially in the
fronds. Because As can be volatile in high temperatures during the radia-
tion process in the heavy-water nuclear reactor, NAA methods give a much
lower concentration for the Chinese brake fern.
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Correlation Analysis

Correlation analysis gave common but slightly different results on the
relationship between As and other elements in the Chinese brake fern,
between fronds and roots, and between the ZMD and LMC sites. In the
fronds of the Chinese brake fern, correlation analysis showed that As was
positively correlated to K, Na, and Sm but negatively correlated to Ca at
ZMD, and positively correlated to La, Na, and Sm at LMC; In the roots of
the Chinese brake fern, La and Sm were found to be positively correlated
to As, whereas Br was found to be negatively correlated to As at ZMD, and
only La was positively correlated to As at LMC (Table 2).

Among the 20 elements tested, only As, Br, and Se are anions. Numer-
ous significant correlations between Se and Br with other cations, were
found especially Se, correlation was found between Se with K, Na, La, and
Sm, which were generally positively correlated to As in the Chinese brake
fern, both in the fronds and roots at the two sites. In the fronds of the Chi-
nese brake fern, Br was positively correlated to Ce, Co, Cr, Eu, Fe, Hf, Nd,
Sb, Sc, Th, Yb, and Zn at ZMD, whereas Se was positively correlated to Ce,
Co, Cr, Eu, Fe, Hf, Nd, Sc, Tb, and Th at LMC. In the roots of the Chinese
brake fern, Se was positively correlated to most of the cations, including Cr,
Eu, Fe, Hf, Nd, Sb, Sc, Th, and Yb at both sites, plus Ca, Ce, and Co at ZMD.

Cluster Analysis

In CA, La, Sm, As, K, and Na were classified into a group in the fronds
of the Chinese brake fern at the two sites, however, slightly differences
appeared in the roots, with Rb added to the group at ZMD, and Sm and
Na removed but Ca added at LMC (Fig. 1).

Principle Component Analysis

A selection of 10 elements, including As, Co, Cr, Fe, Hf, K, La, Na, Se,
and Sm, were evaluated using PCA. The Varimax rotated component
matrix clearly indicated that As appeared with K, La, Sm, and Na in the
same component, with the only exception being in the roots of the Chinese
brake fern at LMC, where Na was found to appear in another component.
Se appeared with Co, Cr, Fe, and Hf in a same component in different parts
of the fern at two sites, except in the fronds of the Chinese brake fern at
ZMD (Table 3).

DISCUSSION

Although the As concentrations measured by NAA were much
lower than that by ICP-AES, the data obtained by NAA could be
regarded as reasonable for statistic analysis; this is because As was pro-
portionally lost during the volatile process at high temperatures (Table 1).
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Table 3
Principal Component Loadings from PCA After Rotation
for the Maximum Variance

ZMD Fronds LMC Fronds ZMD Roots LMC Roots
PCI PC2 PC3 PCI PC2 PCI PC2 PCI PC2 PC3
As -0.128 0.863  -0.290 -0.085 0.972 -0.327 0.861 -0.103  -0.454 0.829

Co 0.907 -0.012 0.294 0918 -0.044 0.980 -0.123 0.066 0.836  -0.281
Cr 0915 -0.030 0.107 0.889 0.076 0973 -0.106 0.468 -0.689 -0.173

Fe 0985 0.060 0.142 0961 0.004 0981 -0.091 0.814 0243 -0.019
Hf 0984 0.085 0.025 0976 -0.004 0.947 -0.060 0917 -0.233 -0.047
K -0.051  0.795 0.067 -0.119 0.610 -0.239 0.769 0.275 0354  0.758
La 0.067 0.852  0.137 0.010 0976 -0.010 0.977 -0.065 -0.384 0.858
Na -0.273 0345 -0.738 0.560 0.680  0.129 0.884  0.784 0.146  0.023
Se 0.109  0.208 0.806 0.808 -0.107 0.883 0.015 0.886 -0.317 0.155

Sm 0221 0876 -0.032 0.050 0966 0.027 0986 0.037 0.774 -0.174

However, routine analysis of As with NAA for the determination of As
contamination or screening for As hyperaccumulators is invalid.
Numerous studies have confirmed the As-hyperaccumulation prop-
erty of the Chinese brake fern; however, little is known about the correla-
tion between As and other elements in this fern (2-11). Two experiments
reported that K increased and Ca decreased in the fronds of the Chinese
brake fern when As was added to the pots (25,26). Chen et al. (27) found a
positive correlation between As and K in the pinnae of Pteris nervosa (Cre-
tan brake fern) using the synchrotron radiation X-ray fluorescence spec-
troscopy (SRXRF) method. However, because this method only measures
10 elements as a percentage of the total, the possible correlation between
As with other elements had not been explored in depth, In the present
study, through analysis of the expanding lists of elements, we found that
As was closely correlated to K, Na, La, and Sm. The results of NAA con-
firmed our previous results using ICP-AES: that K and Na were probably
taken up with As, as the two elements are relatively mobile and easy for
uptake and transport in plants (24,28). Palmer and Bacon (21) had sug-
gested that there existed an anion—cation balance effect in mustard leaves
(Sinapis alba). As has been demonstrated to be taken up by and stored in an
inorganic form in the Chinese brake fern, suggesting the anion—cation bal-
ance effect during elemental uptake. In this study, the correlation between
As and K, Na, La, and Sm revealed by multivariate analysis might suggest
that the four cations act as antagonists to As during uptake and transporta-
tion. An EXAFS study found that As tends to accumulate in the cell walls
and vacuoles in the Chinese brake fern with K (19,20), whereas Na is not an
essential element for the plant, but it also tends to be stored in the cell walls
and vacuoles (29). La and Sm belong to rare earth elements (REEs) and
plants tend to uptake and accumulate them (30). A study on wheat (Triticum
aestivum L.) accumulation of REEs found that the content of the total REEs
in the leaves of wheat dramatically decreased with increasing levels of
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phosphate applied (31), suggesting the interaction between REE and P (a
chemical analogue of As). An EXAFS study found that La accumulated in
the cell walls of wheat (32), which is similar to the results of Cd and Zn
localization in Cd and Zn accumulation in plants (33-35). All of the above
results might imply that As can be taken up with K, Na, La, and Sm in the
same way and stored in the same place; this might be involved in the mech-
anism of detoxification of As by the Chinese brake fern.

Selenium was found to be positive to most of the cations in the Chi-
nese brake fern, which suggests that Se might operate as an antagonist to
most of the cations. In PCA, Se was also found to appear with these
cations, except in the fronds at ZMD, where Br was found to be positively
correlated to most of the cations in the elemental correlation analysis,
which might suggest that Br occasionally substitutes Se as an antagonist.
However, the reason for substitution of Se to Br in the role of the ion coun-
terbalance is not clear from this study.

Our previous studies have found that the Chinese brake fern could accu-
mulate a high concentration of Fe, with increasing As levels in its growing
soils (24,28). However, both our previous and present results have not found
significant correlation between As and Fe. To the contrary, we found in the
present study that Fe was positively correlated to Se in the Chinese brake
fern. This might suggest that although high As levels in the growing medium
could induced an increasing accumulation of Fe in the Chinese brake fern,
the two elements did not actually rely on each other on a physiological base.

In CA, Rb appeared in the group with As, K, Na, La, and Sm in the
roots of the Chinese brake fern at ZMD. As the greatest As concentrations
were recorded in the roots of the Chinese brake fern at ZMD (data not
shown), the coappearance of Rb with As might suggest that Rb operates as
an antagonist to As, similar to that of K. Because K and Rb are chemical
analogues, plants tend to take up Rb when the K pool is depleted
(22,36,37). The coexistence of As with Rb during uptake and accumulation
in the roots of the Chinese brake fern at ZMD might imply that an
enhanced uptake of mono-cation ions of K, or Rb when K is depleted, was
necessary to enable the greater As accumulation by this fern, as is neces-
sary for anion—cation counterbalance.

In summary, NAA can be used as an effective tool to explore the ele-
mental relationship in the As-hyperaccumulator Chinese brake fern.
Through the multivariate analysis approach, we conclude that the
anion—cation counterbalance effect operates on As hyperaccumulation by
the Chinese brake fern, the mono-ion cations of K, Rb, and Na, together
with the two REEs La and Sm, acted as antagonists to As during their
uptake and accumulation in this fern.
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