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Abstract

This research was conducted to understand the mechanisms of arsenic hyperaccumulation in Preris vittata
by comparing the characteristics of arsenic accumulation in Pteris and non-Pteris ferns. Seven Pteris
(P.vittata, P. Cretica Rowerii, P. Cretica Parkerii, P. Cretica Albo-lineata, P. Quadriavrita, P. Ensiformis
and P. Dentata) and six non-Pteris (Arachnoides simplicor, Didymochlaena truncatula, Dryopteris atrata,
Dryopteris erythrosora, Cyrtomium falcatum, and Adiantum hispidulum) ferns were exposed to 0, 1 and
10 mgL™" arsenic as sodium arsenate for 14-d in hydroponic systems. As a group, the Preris ferns were
more efficient in arsenic accumulation than the non-Pteris ferns, with P. vittata being the most efficient
followed by P. cretica. When exposed to 10 mg L™" As, arsenic concentrations in the fronds and roots of
P. vittata were 1748 and 503 mg kg~'. Though not all Preris ferns were efficient in accumulating arsenic,
none of the non- Preris ferns was an efficient As accumulator (the highest concentration being 452 mg kg™ ).
The fact that frond arsenic concentrations in the control were highly correlated with those exposed to As
(¥ = 0.76-0.87) may suggest that they may be used as a preliminary tool to screen potential arsenic
hyperaccumulators. Our research confirms that the ability of P. vittata to translocate arsenic from the roots
to the fronds (73-77% As in the fronds), reduce arsenate to arsenite in the fronds (>50% AsIII in the
fronds), and maintain high concentrations of phosphate in the roots (48—53% in the roots) all contributed
to its arsenic tolerance and hyperaccumulation.

Introduction 2003; Zhao et al., 2002). Besides the three culti-
vars of P. cretica (Albo-lineata, mayii, and park-
erii) identified by Ma et al. (2001b), additional

four cultivars of P. cretica were also identified as

The first-known arsenic hyperaccumulator Pteris
vittata L (Chinese brake fern) was discovered in

1998 (Komar et al., 1998). Its hyperaccumulation
capability was also reported by several other sci-
entists (Chen et al.,, 2002; Ma etal, 200la;
Visoottiviseth et al., 2002). In addition to P. vit-
tata, several other arsenic hyperaccumulating
plants have been identified including Pityrogram-
ma calomelanos (Francesconi et al., 2002), Pteris
cretica (Ma et al., 2001b; Zhao et al., 2002), and
Pteris longifolia and Pteris umbrosa (Meharg,

* FAX No: 352-392-3902.
E-mail: Lgqma@ifas.ufl.edu

arsenic hyperaccumulators, i.e. chilsii, crista and
rowerii (Meharg, 2003) and wimsetti (Zhao et al.,
2002). Except for Pityrogramma calomelanos, all
known arsenic hyperaccumulators are ferns in
Pteris genus. However, not all Pteris ferns hyper-
accumulate arsenic (Meharg, 2003; Zhao et al.,
2002). Among the five known arsenic hyperaccu-
mulators, P. vittata is the most well-known and
therefore has received the most attention.

Metal hyperaccumulating plants all share one
common characteristic, i.e. the ability to tolerate
high levels of toxic metals. Some plants have
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evolved the ability to either avoid or exclude
metals to reduce toxicity, while others have
developed mechanisms to detoxify metals once
inside the plant (Goldsbrough, 2000; Venkoba-
char, 1990). This is apparently the case for P. vit-
tata. Detoxification mechanisms include ligand
chelation and/or sequestration of metals away
from sites of metabolism in the cytoplasm, nota-
bly into the vacuole or cell wall (Baker et al.,
2000; Rauser, 1999; Salt et al.,, 1998). These
mechanisms have been suggested to be important
in P. vittata (Lombi et al., 2002; Wang et al.,
2002; Webb et al., 2003). However, other mecha-
nisms are also important to mitigate arsenic tox-
icity in the roots and fronds before arsenic is
chelated and/or sequestered in the fronds.

Like most plants, P. vittata has evolved multi-
ple adaptations to cope with arsenic toxicity
(Meharg, 2002; Meharg and Hartley-Whitaker,
2002). Several such characteristics of P. vittata
may contribute to its ability to tolerate high
levels of arsenic and its effectiveness in arsenic
hyperaccumulation. The most obvious one is its
ability to effectively translocate arsenic from the
roots to the fronds, i.e. high translocation factor
(TF; arsenic concentration ratio in fronds to
roots), thereby minimizing the potential damage
to the roots by arsenic. An arsenic TF as high as
42 has been reported for P. vittata when growing
in a soil containing 98 mg kg™' As (Tu et al.,
2002). Once transported to the fronds, arsenate is
still toxic. To mitigate arsenic toxicity in the
fronds, P. vittata developed the capability to
effectively reduce arsenate to arsenite in the
fronds. This is evidenced by 60-74% of the ar-
senic is present as AsIII in the fronds compared
to just 8.3% AsIIl in the roots (Francesconi
et al., 2002; Zhang et al., 2002). Though arsenic
reduction can occur in the roots, it takes place
predominantly in the fronds (Tu and Ma,
2003b). In a separate study, up to 94% AsIII in
the fronds was reported (Tu et al., 2003), which
is consistent with Wang et al. (2002). It is possi-
ble that once reduced to AsIII, arsenic is com-
plexed by some organic ligands, possibly
phytochelatins and/or glutathione, and is then
sequestered in the vacuoles (Zenk, 1996). How-
ever, the low concentrations of phytochelatins
and/or glutathione in the fronds of P. vittata
potentially argue against such a mechanism (Cai
et al., 2003; Zhao et al., 2003).

In addition to the ability of efficient arsenic
translocation and reduction, the ability of P. vit-
tata to manipulate phospahte in the plant bio-
mass may also be important. As a chemical
analogue of arsenate, phosphate may play a sig-
nificant role in arsenic detoxification in P. vittata.
This is because arsenate replaces phosphate in
ATP synthesis, and/or in various phosphorolysis
reactions, thus interfering with phosphate metab-
olism (Tu and Ma, 2003b). At an arsenic concen-
tration of 200 mg kg™', phosphate has little effect
on P. vittata growing in a soil for 20 weeks; how-
ever, phosphate significantly improves plant
growth when soil arsenic concentration increases
to 400 mg kg™' (Tu and Ma, 2003b). In other
words, phosphate is critical to plant growth when
arsenic is at a toxic level. Based on this study, it
is proposed that a minimum ratio of P/As of 1.2
in the fronds is required for normal growth of P.
vittata. In a hydroponic experiment (Tu and Ma,
2003b), phosphate is shown to inhibit arsenic up-
take by P. vittata at all concentrations (0—
1000 uM phosphate and 0-668 uM arsenate).
This suggests that arsenic may be taken up by
the plant via the phosphate system (Meharg and
Hartley-Whitaker, 2002), which is consistent with
Wang et al. (2002). However, compared to a non
arsenic-hyperaccumulator (Nephrolepis exaltata),
P. vittata maintains substantially greater
amounts of phosphate in the roots (Tu and Ma,
2003c). Therefore, it is proposed that the ability
of P. vittata in maintaining high concentrations
of P in the roots may constitute one of its mech-
anisms of arsenic tolerance.

Though much research has been conducted to
understand the mechanisms of arsenic detoxifica-
tion and hyperaccumulation in P. vittata, it is still
unclear why P. vittata is so efficient in arsenic
accumulation. Therefore, the overall objective of
this research was to better understand the mecha-
nisms of arsenic detoxification in P. vittata by
comparing the characteristics of arsenic accumu-
lation in Pteris and non-Pteris ferns. Specifically,
this research was to: (1) compare arsenic accumu-
lation between Pteris and non-Pteris ferns; (2)
evaluate the roles of arsenic translocation, arsenic
reduction, and phospahte status in plant arsenic
detoxification. The results from this research
should be helpful to further understand the mech-
anisms of arsenic hyperaccumulation by P. vittata
as well as other arsenic hyperaccumulators.



Materials and methods
Hydroponic experiment

For this experiment, seven Pteris fern species and
six non-Pteris fern species were used. The ferns
were obtained from a nearby nursery (Milestone
Agriculture, Inc, FL), and were approximately
3—4 months old with 4-6 fronds. They were al-
lowed to acclimatize for 7 days in aerated 20%
Hoagland nutrition solution before being
exposed to arsenic. After washing the roots care-
fully with deionized water, the plants were trans-
ferred to 0.5-L opaque plastic bottles (one plant
per pot) containing 20% Hoagland nutrition
solution that was spiked with 0, 1, or 10 mg L™
arsenic as sodium arsenate.

The plants were grown for 14 days with addi-
tion of 20% Hoagland solution as necessary to
maintain a constant level in the bottle. They were
kept inside a controlled room with 8-h photo-
period at light intensity of 350 ymol m™2s™',
25 °C/20 °C day/night temperature and 60-70%
relative humidity. After 14 days the plants were
removed from the hydroponic system and sepa-
rated into above and belowground biomass. The
plants were rinsed with deionized distilled water
and patted dry. Both fresh and dry (2 days at
65 °C) biomass weights were determined. A fresh
sample from each plant was stored at —86 °C for
arsenic speciation.

Sample analysis

Arsenic concentrations in the hydroponic solu-
tions at the end of the experiment were deter-
mined after acidification with concentrated
HNO; using a graphite furnace atomic absorp-
tion spectrophotometer (GFAAS, Perkin-Elmer
SIMAA 6000, Norwalk, CT).

The air-dried plant samples were ground to
60-mesh fineness using a Wiley Mill and stored
in sealed plastic containers. Fern samples (0.5 g)
were digested for arsenic analysis using SW-846
Method 3050A, which was adapted for the Hot
Block Digester (Environmental Express, Wando
Park, SC). Arsenic analysis was performed with a
GFAAS. A H,SO4/HNO;3;/H,0, digestion was
used for preparation of the dried plant samples
for phosphate analysis using a modified method
SM4500P-E to overcome arsenic interference via

119

cysteine reduction. (Carvalho et al., 1998). The
effectiveness of the digestion procedure was
checked with NIST SRM 1547 (Peach Leaves),
digested in duplicate with each batch of samples
(mean recovery of 96 +/— 16%), along with a
pair of reagent blanks for quality control.

Arsenic speciation was performed by extract-
ing fresh plant samples ultrasonically in 10 mL of
a methanol/water mixture (1:1 v/v) twice over a
4-h period at 60 °C (Zhang et al., 2002). Each ali-
quot was decanted and combined into a 100-mL
volumetric flask and after the second extraction
the resultant solution was diluted to 100 mL with
water. Arsenate and arsenite were separated using
an arsenic speciation cartridge (Metal Soft Cen-
ter, Highland Park, NIJ), which retains arsenate
(Meng et al., 2001). Total As and arsenite were
determined by a GFAAS. To check the reliability
of this method, these methanol/water extracts
were analyzed using both As cartridge-GFAAS
and HPLC-ICP-MS (Unpublished data). The
sum of AslII and AsV concentrations determined
by HPLC-ICP-MS and the total As concentra-
tion determined by As cartridge-GFAAS were in
good agreement (%RSD between the two meth-
ods was 13%).

Statistical analysis

The experiment was conducted using a com-
pletely randomized block design with three repli-
cations. Regression and variable analysis were
carried out with REG and ANOVA procedures
of SAS Software. Duncan’s test was used to
compare the significant difference of the means
(o = 0.05).

Results

Arsenic accumulation by Pteris and
non-Pteris ferns

The thirteen fern species used in this experiment
included seven Pteris and six non-Pteris fern
plants. These ferns were exposed to arsenic con-
centrations of 1 or 10 mgL™" for 14 days.
Though the arsenic level used in this experiment
was relatively low, arsenic phytotoxicity was ob-
served in both Preris and non-Pteris ferns, with
necrosis apparent at the tips of the fronds of
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some ferns, especially after prolonged exposure
at 10 mg kg™'. Among all ferns, P. vittata and
P. cretica suffered the least from arsenic toxicty.
As expected, arsenic concentrations in the
fronds and roots of all ferns increased with exter-
nal arsenic concentrations (Figure 1a and b). As
a group, arsenic concentration was greater in the
Pteris ferns than in the non-Pteris ferns regard-
less of external arsenic level. After growing in
20% Hoagland solution with no arsenic added
for 14-d, the average arsenic concentration in the
fronds of the Pteris ferns was 4.53 mg kg™', com-
pared to 1.10 mg kg™' for the non-Preris ferns
(Figure 1a). The corresponding numbers when
exposed to 1 and 10 mg kg™' arsenic were 117

and 32.7, and 816 and 316 mg kg™, respectively.
While the 13 ferns used in this experiment were
selected randomly, three Pteris ferns happened to
be three cultivars of P. cretica. However, when
P. cretica and P. vittata were taken out from the
Pteris group, arsenic concentrations were similar
between the Pteris ferns and the non-Pteris ferns.
Similar trends were observed for arsenic concen-
trations in the roots (Figure 1b). In addition, the
arsenic concentrations in the fronds of the con-
trols were highly correlated with those exposed
to 1 and 10 mg L™" As, with »* = 0.87 and 0.76,
respectively (P = 0.05). However, no correlation
was found between arsenic concentrations in the
roots among different treatments.
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Figure 1. Arsenic concentrations in the fronds (a) and roots (b) and arsenic translocation factors (c) in 13 fern plants after expo-
sure to 0, 1 or 10 mg L™" arsenic for 14 days. Translocation factor is defined as the ratio of arsenic concentrations in the fronds to

those in the roots.



Consistent with the observation of Meharg
(2003), not all Pteris ferns were efficient in taking
up arsenic (Figure la and b). Those non-accumu-
lators included P. quadriavrita, P. ensiformis, and
P. dentata. Though arsenic concentration in the
fronds of P. quadriavrita was as high as
754 mg kg~ (Figure la), the plant suffered from
apparent arsenic toxicity, which was reflected in
the low arsenic removal from the solution by the
plant (Figure 2). On the other hand, none of the
non-Pteris ferns were more efficient than P. vitta-
ta in taking up arsenic, with a maximum arsenic
concentration of 452 mg kg™! in the fronds after
exposure to 10 mg L™ arsenic (Figure 1a).

In addition to arsenic concentrations in the
plants, arsenic concentrations in the hydroponic
solutions were also measured. The amount of ar-
senic removed by the plants is determined by two
factors: plant arsenic concentrations and its bio-
mass. With an initial arsenic concentration of
10 mg L ! in the solution, among the 13 ferns,
P. vittata was the most efficient in arsenic re-
moval with a final arsenic concentration of
443 mg kg™', a 55.7% reduction (Figure 2). A
trend similar to arsenic concentrations in the
plants (Figure 1) was observed for arsenic re-
moval, i.e. the Pteris ferns were more efficient
than the non-Pteris ferns. Arsenic reduction by
the Pteris ferns was 43-56% whereas it was 24—
32% for the non-Pteris ferns. This result was
confirmed by the dry weight averages of plant
biomass. The Pteris ferns had, on average,
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approximately 20% more biomass than the non-
Pteris ferns at the end of the experiment (data
not shown).

Characteristics of arsenic accumulation
in Pteris and non-Pteris ferns

One of the characteristics of metal hyperaccumu-
lators is their ability to translocate most of the
metal from the roots to the fronds (Tu et al.,
2002), i.e. high TF. All 13 ferns were capable of
translocating arsenic, with more arsenic being
translocated to the fronds as their arsenic expo-
sure was increased from 1 to 10 mg L™' with
some exceptions (Figure 1c). For example, the
average arsenic TFs for all fern plants increased
from 1.8 in the control to 2.7 at 1 mg L™ As
exposure, to 4.7 at 10 mg L™' As exposure. As a
group, the Pteris ferns had greater TFs than the
non-Pteris ferns, with TFs being 2.8, 3.1, and 5.1
at arsenic exposure of 0, 1, and 10 mg L™,
respectively, as compared to 0.6, 2.2 and 4.2 for
the non-Pteris ferns. However, greater TFs did
not correlate with greater plant arsenic accumu-
lation. For example, at arsenic exposure of
10 mg L™', arsenic TFs of P. ensiformis and P.
dentata were 7.4 and 6.9, which were much great-
er than the 3.4 TF for P. vittata (Figure 1c).
However, these plants were not efficient in
arsenic accumulation (Figure 1a).

In addition to translocating most of the ar-
senic to the fronds, another mechanism of
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arsenic detoxification by P. vittata is to reduce
arsenic from AsV to AsIIl in the fronds (Ma
et al., 2001a). Arsenic in P. vittata is almost en-
tirely present in the inorganic form (Tu et al.,
2003), therefore only speciation between arsenate
and arsenite was conducted in this experiment.
Arsenic speciation was performed only in plant
samples that had high arsenic concentrations, i.e.
those exposed to 10 mg kg™ arsenic. As was
shown previously, the Preris ferns as a group
were more efficient in accumulating arsenic than
the non-Pteris ferns (Figure la and 1b). This
translated to greater concentrations of both AsV
and AsIII in the Pteris ferns than the non-Pteris
ferns (Figure 3a and b). To effectively measure
the capability of plant arsenic reduction, AsIII%

in the fronds and roots was calculated (Fig-
ure 3c).

Arsenic reduction was more efficient in the
Pteris ferns than the non-Pteris ferns, this was
true for both the fronds and the roots. Where
the average values of AslIl1% for the Pteris ferns
were 56.8 and 45.8 in the fronds and roots, the
corresponding values were 18.5 and 20% for the
non-Pteris ferns. The ineffectiveness of the non-
Pteris ferns at reducing arsenic was also obvious
from their low AsIII concentrations in the fronds
and roots, which were 59 and 21 mg kg™' com-
pared to 548 and 133 mg kg™' for the Preris
ferns (Figure 3a and b). The concentration of
AsV in P. vittata was 446 mg kg™' in the fronds
and 75.8 mg kg™' in the roots, compared to an
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Figure 3. Concentrations of AsIII (a) and AsV (b), and %AsIII (c) in the fronds and roots of 13 fern plants after exposure to

10 mg L™" arsenic for 14 days.



average of 109 (fronds) and 22 mg kg™ (roots)
for the remaining 12 ferns. However, compared
to soil-based long-term experiments, AsllI% in
the fronds of P. vittata in this experiment was
much lower. The P. vittata ferns used in this
study were not at optimum health, which may
have affected its ability to reduce arsenic in the
fronds. The values reported previously for
Aslll% in the fronds of P. vittata include
60-74% (Zhang et al., 2002), 86% (Tu et al.,
2003), and 94-100% (Webb et al., 2003). Though
P. vittata was the most efficient in reducing AsV
to AsIII, concentrations of AsV in the fronds
and roots were among the highest among all
ferns since it accumulated the most arsenic of
any species in this study (Figure la and b). The
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high concentrations of AsV may suggest the
importance of phosphate in assisting arsenic
detoxification in the plant.

For all ferns except P. vittata, with increasing
arsenic concentrations, phosphate concentrations
in the fronds and roots generally decreased
(Figure 4a and b). For example, as arsenic con-
centrations increased from 0 to 1 to 10 mg L™,
the average concentration of phosphate in the 12
ferns excluding P. vittata decreased from 6.4 to
6.2 to 4.0 gkg " in the fronds, and from 4.1 to
3.5t0 2.4 g kg™! in the roots. On the other hand,
upon exposure to 1 mg L™ As, phosphate con-
centrations in P. vittata increased significantly
from 2.33 to 5.19 g kg™! in the fronds, and from
0.91 to 5.76 g kg™ in the roots. However, upon
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Figure 4. Phosphate concentrations in the fronds (a) and roots (b) and P translocation factors (c) in 13 fern plants after exposure
to 0, 1 or 10 mg L™" arsenic for 14 days. Translocation factor is defined as the ratio of P concentrations in the fronds to those in

the roots.



124

exposure to 10 mg L™' As, they were slightly
lower, ie. 447mg g ' in the fronds and
5.05 gkg™" in the roots. Nevertheless, upon
exposure to high arsenic concentration, i.e.
10 mg L™' As, phosphate concentrations in
P. vittata increased by 91.8% in the fronds and
455% in the roots compared to the controls.
This is in direct contrast to the remaining 12
ferns, which showed a reduction of approxi-
mately 40% in average phosphate concentrations
in both fronds and roots.

To better describe how much phosphate was
translocated to the fronds, phosphate TFs were
calculated (Figure 4¢). In the absence of arsenic,
phosphate TF for P. vittata (TF = 3.0) was the
second highest among the 13 ferns studied. How-
ever, it was distinctively lower upon arsenic
exposure. For example, at arsenic exposure of
10 mg kg™!, phosphate TF for P. vittata was
only 0.9 compared to 1.8 for the rest of 12 ferns.
In other words, under increased exposure of ar-
senic, P. vittata was able to keep much more
phosphate in the roots than other ferns.

Discussions

Among the 13 fern plants studied, P. vittata was
the most efficient in arsenic accumulation, fol-
lowed by P. cretica (Figure 1), which is consis-
tent with our previous study (Ma et al., 2001b).
However, Zhao et al. (2002) observed similar ar-
senic uptake between P. vittata and P. cretica.
Pteris cretica cultivars Albo-lineata, parkerii and
rowerii were used in the current study whereas
Albo-lineata, parkerii, and mayii were used in
Ma et al. (2001b), and Albo-lineata and Wimsetti
in Zhao et al. (2002). Differences in P. cretica
cultivars may partially explain the differences in
arsenic accumulation observed between the dif-
ferent studies. Taking P. vittata and P. cretica
out of the Pteris ferns, plant arsenic uptake was
similar between the rest of Pteris ferns (3 species)
and the non-Preris ferns (6 species), suggesting
that not all Pteris are efficient in arsenic uptake,
which is consistent with Meharg (2003) who re-
ported that not all Pteris ferns are arsenic hyper-
accumulators based on a screening study of 45
fern species. On the other hand, none of the non-
Pteris ferns were arsenic hyperaccumulators
either (Figure 1). The fact that arsenic concentra-

tions in the fronds of non-exposed controls were
highly correlated with those exposed to arsenic
(* = 0.76-0.78) may suggest that the former can
be used a preliminary tool to screen for potential
arsenic hyperaccumulators.

When exposed to 10 mg L™ arsenic, except
for P. vittata and P. cretica, arsenic toxicity was
apparent in all other ferns (data not shown) even
though less arsenic was accumulated in these
ferns (Figure 1), suggesting that both P. vittata
and P. cretica have the ability to detoxify ar-
senic. Therefore, both the ability to take up and
detoxify arsenic are important for a plant to
effectively accumulate arsenic. Such abilities are
observable by plant arsenic concentrations and
total biomass, which is further confirmed by the
amount of arsenic removed from the solution.
With an initial arsenic concentration of
10 mg L™, P. vittata was the most efficient in
removing arsenic from solution followed by
P. cretica (Figure 2). Similar to plant arsenic up-
take, the non-Pteris ferns were less effective in
removing arsenic from solution than the Pteris
ferns at both arsenic concentrations. Among the
three non arsenic-hyperaccumulators of Pteris
ferns, P. ensiformis was the most efficient in ar-
senic removal, which may suggest that it has
some capability to detoxify arsenic compared to
the other two Pteris ferns.

In this experiment, three mechanisms of ar-
senic detoxification in plant were examined, these
were arsenic translocation and reduction, and
phosphate status. To minimize arsenic damage to
the roots, plants reduce the arsenic concentra-
tions in the roots by translocating most of the
arsenic to the fronds (Ma et al.,, 200la). As
shown earlier, all ferns tested in this experiment
were able to translocate arsenic to the fronds,
resulting in TFs greater than one (Figure lc).
This ability of ferns to translocate arsenic may
explain why they are more efficient in accumulat-
ing arsenic than other terrestrial plants (Kabata-
Pendias and Pendias, 1991). In their natural
environment, arsenic concentrations in ferns are
0.2-3.6 mg kg™! compared to 0-2.9 mg kg™ in
grasses and vegetables (Peoples, 1975). The abil-
ity to translocate arsenic from the roots to the
shoots has also played a role in arsenic tolerance
in grasses (Meharg and Macnair, 1991). Studies
on arsenic uptake in arsenic tolerant and non-
tolerant Holcus lanatus showed that there are



considerable differences between the two in their
ability to translocate arsenic. In the tolerant
plants, approximately 75% of assimilated arsenic
is transported to the shoots, while only 50% is
translocated in non-tolerant plants. However,
based on our data, arsenic translocation alone
could not explain the effectiveness of arsenic hy-
peraccumulation by P. vittata since its arsenic
TFs were relatively low compared to other ferns
(Figure 1c). In fact the three non arsenic-hyper-
accumulators of Pteris ferns had generally great-
er arsenic TFs than P. vittata and P. cretica.
This suggests that a fern cannot be a hyperaccu-
mulator absent other detoxification mechanisms.

Another mechanism of arsenic detoxification
employed by P. vittata is to reduce AsV to AsIII
once transported to the fronds (Ma et al.,
2001a). To minimize arsenic toxicity to the
fronds, AsV is promptly reduced to AsIII upon
entering fronds in P. vittata (Ma et al., 2001a;
Zhang et al., 2002). This hypothesis is supported
by our current study. Compared to the non-Pzer-
is ferns, the Pteris ferns had greater ability to re-
duce arsenic both in the fronds and roots,
contributing to its ability to accumulate arsenic
(Figure 3). After exposure to 10 mg L™ arsenic
for 14 d, the average concentrations of AsIII in
the fronds and roots of the non-Pteris ferns were
only 11 and 16% of those in the Pteris ferns.
The role of arsenic reduction in plant arsenic tol-
erance has also been demonstrated in ten herb
plants grown in arsenic-contaminated soils (Mat-
tusch et al., 2000). Consistent with our data,
inorganic arsenic is the predominant species de-
tected in these plants. Plants with arsenite as the
major arsenic species exhibit better growth than
those that did not.

Though greater arsenic reduction occurred in
the Pteris ferns than the non-Pteris ferns, greater
concentrations of AsV were also present in the
Pteris ferns (Figure 3) because they were more
efficient in arsenic uptake (Figure 1). Therefore,
another mechanism is needed to cope with high
concentrations of AsV in the plants. The third
mechanism of arsenic detoxification employed by
P. vittata is its ability to keep high P concentra-
tions in the roots (Tu and Ma, 2003c). Arsenate
disrupts plant metabolism by substituting P in
various enzymes and proteins (Tu and Ma,
2003b). Therefore, if a plant maintains sufficient
P concentrations in the roots to provide for
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normal metabolic activity, a plant can minimize
the toxicity exerted by arsenate. The behavior of
P.vittata in this study supports this hypothesis.

Among Pteris ferns, P. vittata had the lowest
phosphate TFs upon arsenic exposure, i.e. it had
the ability to take up more phosphate as well as
keep greater amounts of phosphate in the roots
(Figure 4c). When plants were exposed to ar-
senic, phosphate concentrations in both fronds
and roots of P. vittata increased whereas those in
the other 12 ferns mostly decreased (Figure 4a
and b). Among all 13 ferns, P. vittata had the
lowest phosphate concentration in the fronds and
roots in the absence of arsenic. However, upon
exposure to 10 mg kg™' arsenic and compared to
the control, phosphate concentration in the
fronds of P. vittata increased by 91.8%. This
trend was even more pronounced in the roots as
reflected by its increase of 455% in phosphate
concentration. Apparently, arsenic uptake by
P. vittata has stimulated its ability to take up
more phosphate. This may suggest the impor-
tance of phosphate in mitigating the adverse ef-
fect of arsenic in P. vittata. However, how and
why this happens still remain unclear and should
merit further research.

Among the 13 fern species screened in our
study, P. vittata was the most efficient in arsenic
hyperaccumulation. Its ability to effectively trans-
locate arsenic to the fronds, to efficiently reduce
arsenate to arsenite, coupled with its ability to
take up and maintain high concentrations of
phosphate in the roots may constitute a part of
its arsenic detoxification mechanisms. However,
additional studies are needed to further confirm
the observations made in this study.
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