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Abstract

We have shown previously that phosphorus nutrition and iron plaque on the surface of rice roots influence
arsenate uptake and translocation by rice in hydroponic culture. We have now investigated the role of iron
(Fe) and manganese (Mn) plaque on arsenate and arsenite uptake and translocation in rice seedlings grown
hydroponically. Fe and Mn plaques were clearly visible as reddish or brown coatings on the root surface
after 12 h induction, and Fe plaque was much more apparent than Mn plaque. Arsenite or arsenate supply
did not decrease plant dry weights significantly. There were significant differences in shoot dry weights but
little difference in root dry weights between some plaque treatments. Arsenic (As) concentrations in Fe
plaque when arsenate was supplied were significantly higher than those in no plaque (control) and Mn
plaque treatments, and much higher than those supplied with arsenite. This showed that Fe plaque on the
rice root had higher affinity to arsenate than to arsenite. In Fe plaque treatment, the results indicated that
most As was sequestered in roots when arsenite was supplied and most As concentrated in Fe plaque when
arsenate was supplied. Most As was accumulated in rice roots in Mn plaque and no plaque treatments for
both As species.

Introduction

Arsenic (As) is a ubiquitous and potentially toxic
element in the environment, and is observed in
living tissues, water and soil derived from both
natural and anthropogenic sources. Chronic As
poisoning by drinking tube well water and con-
suming As-contaminated food has become a
chemical disaster in Southeast Asia (Meharg,
2004). Rice (Oryza sativa) is the staple food for
people in many parts of the world, particularly
Southeast Asia. Apart from the health risks
directly associated with the consumption of

As-contaminated drinking water, Meharg and
Rahman (2003) have demonstrated that As pas-
ses into rice through irrigation water pumped
from contaminated tube wells in Bangladesh.
Under irrigation with As-contaminated ground-
water, rice straw, which is fed to cattle, can accu-
mulate high levels (up to 92 mg kg)1) of arsenic
(Abedin et al., 2002a). In addition, rice grown on
As-contaminated soils can accumulate high levels
of arsenic in grains (Xie and Huang, 1998). Con-
sequently, there are health risks to cattle and hu-
mans through the food chain.

The toxicity and bioavailability of As in the
environment depends not only on the total con-
centration, but also on its chemical species (Chen*E-mail: ygzhu@mail.rcees.ac.cn
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and Wang, 1990; Cullen and Reimer, 1989).
Arsenic released into the environment has both
inorganic and organic forms. Generally inorganic
As species are thought to be more mobile and
more toxic than organic forms (Byrne et al.,
1995; Philips, 1990). Arsenate is the predomi-
nant species in aerobic soils, whereas arsenite
dominates under anaerobic conditions such as
paddy soil (Marin et al., 1993; Masscheleyn
et al., 1991; Onken and Hossner, 1995, 1996;
Smith et al., 1998). Abedin et al. (2002a) found
that arsenite was the most predominant species,
followed by dimethylarsinic acid (DMAA), arse-
nate, and monomethylarsonic (MMAA), in the
rice rhizosphere under flooded paddy conditions
irrigated with arsenate-contaminated water.

The bioavailability of As in paddy soil is
affected by some physico-chemical properties of
bulk soil, such as presence of iron (Fe) (hydro-)
oxides. The functional groups of Fe hydroxides
may sequester some cations and anions in sedi-
ment and soil (Kuo, 1986). Iron (hydro-) oxide
has a high affinity for arsenate in soil or solution
(Belzile and Tessier, 1990; Jain et al., 1999; Meng
et al., 2002). In addition, a coating of Fe hydrox-
ides/oxides known as �iron plaque’ is commonly
formed on the roots of aquatic plant species,
such as Oryza sativa L. Iron plaque is the conse-
quence of the oxidation of roots by release of
oxygen and oxidants into the rhizosphere
(Armstrong, 1967; Chen et al., 1980). It has been
reported to consist of a mixture of amorphous or
crystalline Fe (Bacha and Hossner, 1977; Chen
et al., 1980). Otte et al. (1991) showed that Fe
plaque plays an important role in mediating As
accumulation in the salt marsh plant Aster tripo-
lium growing in flooded soil. Liu et al. (2004a, b)
suggested that Fe plaque on the root surface of
rice has a high affinity to arsenate.

Iron plaque can also accumulate a variety of
heavy metals and metalloids, such as Cu, Ni,
Mn, Cd and As (Greipsson, 1994; Liu et al.,
2004a, b; Otte et al., 1989; Taylor and Crowder,
1983a; Ye et al., 1998). In particular, Fe and Mn
usually co-exist (adsorption and co-precipitation)
in root plaques of aquatic plants. Because Fe
oxides and hydroxides precipitate at lower redox
potentials than Mn oxides, Fe is the main ele-
ment and Mn is secondary in the plaques
(Christensen and Sand-Jensen, 1998; Crowder &

St-Cyr, 1991). A field study showed that the
concentrations of Fe and Mn were positively cor-
related in the coating on the root surface of
Phragmites australis (St-Cyr and Crowder, 1990).

In rice paddy soil, arsenate and arsenite co-ex-
ist in the soil solution (Abedin et al., 2002b;
Smith et al., 1998). It is possible that there are
two pathways for arsenite to enter into rice roots.
In the rhizosphere, part of arsenite may be oxi-
dized to arsenate, which has high affinity for iron
plaque, co-precipitate with Fe(III) and adsorb on
to the plaque (Otte et al., 1991). At the root–pla-
que interface, siderophores or phytosiderophores
exuded by microbes or rice roots may complex
with Fe(III) and mobilize Fe-bound arsenate, ta-
ken up through phosphate co-transporters. This
may lead to simultaneous uptake of Fe and arse-
nate. In the second possible pathway, arsenite
may be accumulated on Fe plaque in the form of
H3AsO3

0 and then transported into rice roots via
aquaporins (Meharg and Jardine, 2003).

In this study, the effects of Fe and Mn pla-
ques on arsenite or arsenate uptake by rice seed-
lings were investigated under hydroponic culture.
A previous experiment demonstrated that iron
plaque had a high affinity to arsenate and thus
affected the uptake of arsenate by rice seedlings
(Liu et al., 2004a). However, the effect of iron
plaque on adsorption and uptake of arsenite by
rice plant remains unclear. Compared with Fe
plaque, studies on Mn plaque are few and accu-
mulation of metals/metalloids in Mn plaque is
unclear, and need further investigation. There-
fore, the objectives of this study were to
(1) investigate the effects of Fe and Mn plaques
on As uptake and translocation by rice seedlings
when arsenate or arsenite was supplied to the
growth solution, respectively; (2) investigate the
differences between Fe and Mn plaques in affect-
ing As uptake and translocation.

Materials and methods

Preparation of rice seedlings

Seeds of rice (Oryza sativa L.) (Cultivar:
Yuanyou-1) were obtained from Professor Li
Damo, Institute of Subtropical Regional Agricul-
ture, Chinese Academy of Sciences. Seeds were
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sterilized in 30% H2O2 (wt:wt) solution for
15 min followed by thorough washing with deion-
ized water. The seeds were germinated in moist
perlite. After 3 weeks, uniform seedlings were se-
lected and transplanted to PVC pots (75 mm
diameter and 140 mm height, two seedlings per
pot) containing 500 mL 1/3 strength nutrient
solution. The composition of nutrient solution
was modified from that of Hewitt (1966) and con-
tained 5 mM NH4NO3, 2 mM K2SO4, 4 mM
CaCl2, 1.5 mM MgSO4 Æ 7H2O, 1.3 mM
KH2PO4, 50 lM Fe(II)-ethylenediaminetetraace-
tic acid (EDTA), 10 lM H3BO4, 1.0 lM
ZnSO4 Æ 7H2O, 1.0 lM CuSO4 Æ 5H2O, 5.0 lM
MnSO4 Æ H2O, 0.5 lM Na2MoO4 Æ 2H2O, and
0.2 lM CoSO4 Æ 7H2O. The solution was changed
twice a week, and solution pH value was adjusted
to 5.5 using 0.1 M KOH or HCl.

Growth conditions

All experiments were carried out in a controlled
environment greenhouse with ambient light
(roughly 13 h day/11 h night, 500–
1100 lmol m)1 s)1). Temperature fluctuation in
the greenhouse was between 20 and 35 �C at day
and night. The relative humidity was 70%.

Experimental treatments

Experiment I: Effects of iron and manganese
plaques on arsenate and arsenite uptake
and As translocation
After 3 weeks, Fe plaque and Mn plaques were
induced on roots as follows. All seedlings were
first put into deionized water for 12 h to mini-
mize interference from other elements with
Fe and Mn. They were then transferred into
500 mL solution with 0.36 mmol Fe2+ L)1 for
24 h (Fe2+ as FeSO4 Æ 7H2O and Mn2+ as
MnSO4 Æ H2O), respectively. Solution pH was
adjusted to 5.5 for Fe plaque treatment and 7.0
for Mn plaque treatment using 0.1 M KOH or
HCl. Control seedlings were also put into dis-
tilled water (pH 5.5).

After Fe and Mn plaques were induced, all
seedlings were rinsed with deionized water for
three times, then grown in 1/3 strength normal
nutrient solution for 3 days before exposure to
As treatments. After 3 days, plants were

transplanted in 1/3 strength nutrient solutions
with 6.67 lmol As L)1 or 13.3 lmol As L)1 as
Na3AsO4 Æ 12H2O or NaAsO2 for 2 weeks. The
concentration of 6.67 lmol As L)1 or 13.3 lmol
As L)1 was chosen because a preliminary experi-
ment showed that these doses did not cause
acute toxicity to rice seedlings. These concentra-
tions were also comparable to some contami-
nated irrigation water, and were lower than the
highest As-contaminated irrigation water
(26.7 lmol As L)1) reported in some areas
(Abedin et al., 2002b). The nutrient solutions
were changed twice a week, and solution pH
value was adjusted to 5.5 using 0.1 M KOH or
HCl. The experimental design was completely
randomized with each treatment replicated four
times and there were 48 pots in total.

Experiment II: Measurement of changes in arsenic
speciation in nutrient solution
Uniform seedlings were selected and transplanted
to PVC pots containing 500 mL of 1/3 strength
nutrient solution (see above). After 1 week, seed-
lings were divided into two groups. Fe plaque
was induced on the root surface of one group of
rice plants using the same method as in Experi-
ment I. No plaque was induced on the rice root
of another group. After Fe plaque induction, all
of plants were exposed to 1/3 strength nutrient
solutions with 13.3 lmol As L)1 as NaAsO2 for
72 h; Control pots with no plants were also
included to check changes of arsenic speciation
in nutrient solution. After treatment, 10 mL
nutrient solution from each pot was sampled at
24 and 72 h. Each treatment replicated three
times and there were nine pots in total.

After sampling, arsenite in solution was ana-
lyzed at once to prevent the further changes in ar-
senic speciation during storage. Arsenite and total
arsenic concentrations were measured by atomic
fluorescence spectrometry (2202E, Beijing Haigu-
ang Analytical Instrument Co., Beijing, China).
For the determination of arsenite, 4 mL sample
solution was diluted with deionized water to
10 mL. The reductant is 10 g L)1 KBH4 and the
carrier acid solution used was 1.0 M HCl. For to-
tal arsenic determination, the same procedure as
described above was carried out after adding
2 mL of 10 g L)1 thiourea solution and 1.7 mL
concentrated HCl (Yang et al., 2003). The concen-
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trations of arsenate were calculated by subtracting
arsenite concentrations from total arsenic concen-
trations. The recovery of arsenite was carried out
by spiking standard solution of arsenite in sample
solution and determination of arsenic concentra-
tion in mixed solution. The recovery rates were
between 90 and 108% in this experiment.

DCB extraction of plaque from roots

At harvest, Fe plaque and Mn plaque on fresh
root surfaces were extracted with dithionite–cit-
rate–bicarbonate (DCB) using the method of
Taylor and Crowder (1983b) and Otte et al.
(1991). The whole root system of each seedling,
including controls with no plaque, was incubated
for 60 min at room temperature (20–25 �C) in
40 mL of a solution containing 0.03 M sodium
citrate (Na3C6H5O7 Æ 2H2O) and 0.125 M sodium
bicarbonate (NaHCO3), with the addition of
1.0 g sodium dithionite (Na2S2O4). Roots were
rinsed three times with deionized water that was
then added to the DCB-extract. The resulting
solution was made up to 100 mL with deionized
water. After DCB extraction, roots and shoots
were oven dried at 70 �C for 3 days and weighed.

Plant analysis

Dried plant materials were ground and about
0.25 g weighed accurately into clean, dry Teflon
tubes (100 mL) for digestion and 5 mL of con-
centrated HNO3 was added. The tubes were
placed on a microwave accelerated reaction sys-
tem (Mars5, CEM Microwave Technology Ltd.,
USA). The procedure of digestions is: 15 min
ramping to 160 �C, and holding at this tempera-
ture for 15 min. A reagent blank and standard
reference plant material (GBW07603 from the
National Research Center for Standards in Chi-
na) were included, to verify the accuracy and
precision of the digestion procedure and sub-
sequent analysis using recovery. After digestion
the solutions were cooled, diluted to 50 mL with
ultra-pure water (Easy-pure, Dubugue, Iowa,
USA) and transferred into acid-washed plastic
bottles. The concentrations of Fe, Mn, P and As
in the DCB-extracts and in the acid digests were
measured by ICP-OES (Inductively Coupled
Plasma Optical Emission Spectrometer, Optima
2000 DV, Perkin Elmer, USA) and atomic fluo-

rescence spectrometry (AF-610A, Beijing Ruili
Analytical Instrument Co., Beijing, China),
respectively.

Data analysis

Element concentrations in DCB-extracts, roots
and shoots were calculated on the basis of dry
weight. Total As (TAs), percentages of As in
DCB-extracts, roots and shoots were calculated
as follows:

TAs ¼ TDCB-extract-As þ TRoot-As þ TShoot-As

TDCB-extract-As ¼ CDCB-extract-As �Rootbiomass

TRoot-As ¼ CRoot-As �Rootbiomass

TShoot-As ¼ CShoot-As � Shootbiomass

DCB-As% ¼ ðTDCB-extract-As=TAsÞ � 100

Root-As% ¼ ðTRoot-As=TAsÞ � 100

Shoot-As% ¼ ðTShoot-As=TAsÞ � 100

Where TDCB-extract-As;TRoot-As and TShoot-As rep-
resent the total As in DCB-extracts, roots and
shoots, respectively; CDCB-extract-As;CRoot-As and
CShoot-As are As concentrations in DCB-extracts,
roots and shoots, respectively.

Specific arsenic uptake: (TRoot-As þ TShoot-AsÞ=
Rootbiomass

Statistical analysis

Analysis of variance (ANOVA) on plant biomass
and concentrations of metals were performed
using Windows-based Genstat (6th edition, NAG
Ltd., England).

Results

Experiment I: Effects of Fe and Mn plaques on
arsenate and arsenite uptake and arsenic
translocation

Plant growth and plaque formation
In general, there was no significant difference in
root growth between plaque treatments.
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Although the overall effects of concentrations
(P < 0.001) and species of As (P < 0.005) in
nutrient solutions on root dry weights were sig-
nificant (Table 1), the results of multiple compar-
ison showed that root dry weight of only arsenite
treatment (13.3 lM) in no plaque treatment was
significantly higher than those of other 11 indi-
vidual treatments. Shoot dry weights of rice seed-
lings with iron plaque were significantly lower
than those of Mn plaque and no plaque with the
tendency Fe plaque < Mn plaque < No plaque
(P < 0.001). Shoot dry weights of Plants with
arsenite were statistically lower than those trea-
ted with arsenate only for Mn plaque treatments,
not for control and Fe plaque (Table 1).

Fe and Mn plaques were clearly visible as
reddish or brown coatings on the root surface
after 12 h induction, and Fe plaque was much
more apparent than Mn plaque. Control (no pla-
que) plant roots were white, and no colored
coating was visible. Plaques on the root surface
were removed with DCB-extracts. Fe and Mn
concentrations in DCB-extracts indicated the
amounts of Fe and Mn accumulated on the root
surface (Table 2). The results showed that Fe

concentrations in DCB-extracts for Fe plaque
treatment were significantly higher than those for
Mn plaque and no plaque treatments. Although
Mn concentrations in DCB-extracts for Mn pla-
que treatment were higher than those for Fe pla-
que and no plaque treatments, the amount of
Mn plaque was significantly lower than that of
Fe plaque.

As concentrations in DCB-extracts
Concentrations and species of As supplied, pla-
que formation, and the interactions between

Table 1. Dry weights (g per pot) of roots and shoots of rice seedlings with Fe plaque, Mn plaque and no plaque, supplied with
nutrient solutions containing 6.67 or 13.3 lmol L)1 arsenite or arsenate for 2 week, and analysis of variance by three-way
ANOVA

Plaque treatments As concentrations in
solution (lmol L)1)

Roots Shoots

Fe plaque Arsenite 6.67 0.38 ± 0.02 bc* 0.80 ± 0.06 de

13.3 0.41 ± 0.02 bc 0.73 ± 0.02 e

Arsenate 6.67 0.36 ± 0.01 c 0.82 ± 0.03 cde

13.3 0.38 ± 0.03 bc 0.77 ± 0.04 de

Mn plaque Arsenite 6.67 0.38 ± 0.01 bc 0.92 ± 0.07 bcd

13.3 0.44 ± 0.05 ab 0.74 ± 0.09 e

Arsenate 6.67 0.36 ± 0.01 c 1.05 ± 0.04 ab

13.3 0.38 ± 0.01 bc 1.00 ± 0.02 ab

No plaque Arsenite 6.67 0.35 ± 0.02 c 1.04 ± 0.11 ab

13.3 0.49 ± 0.01 a 0.98 ± 0.06 abc

Arsenate 6.67 0.38 ± 0.02 bc 1.12 ± 0.05 a

13.3 0.41 ± 0.02 bc 1.10 ± 0.06 a

Analysis of variance

Concentration of As (C) P < 0.001 NS

Plaque (P) NS P < 0.001

Speciation of As (S) P < 0.05 P < 0.001

*The different letters in the same line indicated the results of multiple comparisons according to LSD test; data are means ± SE,
n = 4.

Table 2. Fe and Mn concentrations in DCB-extracts (DCB-Fe
and DCB-Mn) (mg kg)1) of rice roots with Fe plaque, Mn
plaque and no plaque

Plaque treatments DCB-Fe DCB-Mn

Fe plaque 42067 ± 1543 a 26.77 ± 1.99 b*

Mn plaque 6710 ± 595 b 223.7 ± 15.5 a

No plaque 5263 ± 1009 b 24.15 ± 1.75 b

*Different letters in the same line indicated a significant dif-
ference (P < 0.001) according to LSD multiple comparison
test; data are means ± SE, n = 16.
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them had significant effects on As concentrations
in DCB-extracts (Table 3). As concentrations in
Fe plaque when arsenite or arsenate was supplied
were significantly higher than those in Mn plaque
and no plaque. However, in Mn plaque and no
plaque treatments, As species added to the solu-
tion had little effect on DCB-As concentrations.
In iron plaque treatments, As concentrations in
iron plaque on the roots exposed to solution
with arsenate were significantly higher than those
exposed to solution with arsenite. These results
indicated that Fe plaque has higher affinity to
arsenate than to arsenite.

Arsenic concentrations in plant tissues
The concentrations of arsenic in roots and shoots
increased significantly with increasing of arsenic
concentrations in nutrient solutions when arse-
nate and arsenite were supplied (P < 0.001,
Table 3). Arsenic concentrations in roots were
significantly lower when arsenate was supplied

than when arsenite was supplied, especially with
Fe plaque (P < 0.001, Table 3). Fe plaque de-
creased As concentration in roots when
13.3 lmol L)1 arsenate was supplied compared
with Mn plaque or no plaque, and the difference
was significant for no plaque treatment. Overall,
there were no significant differences in shoot-As
concentrations between arsenate and arsenite
treatments. As concentrations in shoots with iron
plaque were higher than those with Mn plaque
and control (no plaque) when 13.3 lmol L)1

arsenate was supplied, but the differences were
not significant for no plaque (Table 3). However,
As concentrations in shoots with Fe plaque were
significantly higher than those with Mn plaque
and no plaque when 13.3 lmol L)1 arsenite was
supplied.

Specific arsenic uptake (SAU)
Specific arsenic uptake (SAU) at 13.3 lmol L)1

was significantly higher than those at
6.67 lmol L)1 for both arsenite and arsenate

Table 3. As concentrations (mg kg)1) in dithionite–citrate–bicarbonate (DCB) extracts, roots and shoots of rice with Fe plaque,
Mn plaque and controls (no plaque), exposed to nutrient solutions with arsenite or arsenate at 6.67 or 13.3 lmol L)1 for 2 week,
analysis of variance by three-way ANOVA

Plaque treatments As concentrations in
solution (lmol L)1)

DCB-As Root-As Shoot-As

Fe plaque Arsenite 6.67 276 ± 16.7 d 356 ± 19.9 de 16.9 ± 1.2 def *

13.3 353 ± 9.6 c 547 ± 68.9 ab 30.4 ± 4.6 a

Arsenate 6.67 451 ± 19.7 b 244 ± 6.27 f 15.3 ± 2.3 ef

13.3 590 ± 4.9 a 403 ± 18.9 cd 26.4 ± 1.0 abc

Mn plaque Arsenite 6.67 164 ± 6.7 fg 378 ± 18.7 cd 15.9 ± 2.7 ef

13.3 172 ± 17.6 fg 580 ± 97.8 a 19.2 ± 2.2 cde

Arsenate 6.67 136 ± 14.4 g 250 ± 16.4 f 11.6 ± 0.9 f

13.3 168 ± 6.8 fg 470 ± 24.9 bc 19.7 ± 1.4 cde

No plaque Arsenite 6.67 130 ± 12.4 g 391 ± 16.1 cd 14.8 ± 0.7 ef

13.3 219 ± 23.8 e 623 ± 24.7 a 22.8 ± 2.0 bcd

Arsenate 6.67 146 ± 28.0 g 264 ± 15.5 ef 15.6 ± 1.2 ef

13.3 193 ± 5.8 ef 536 ± 16.2 ab 24.3 ± 1.4 abc

Analysis of variance

Concentration of As (C) P = 0.033 P < 0.001 P < 0.001

Plaque (P) P < 0.001 NS P = 0.002

Speciation of As (S) P < 0.001 P < 0.001 NS

C · P P < 0.001 NS NS

C · S P = 0.024 NS NS

P · S P < 0.001 NS NS

*The different letters in the same line indicated the results of multiple comparisons according to LSD test; data are means ± SE, n = 4.

132



treatments (P < 0.001; Figure 1). Arsenic species
(P < 0.001) also affected significantly the SAU
by rice roots. SAU of roots exposed to arsenite
solution was significantly greater than those ex-
posed to arsenate (534 mg kg)1 and 409 mg kg)1

for plaque treatments combined, respectively).
There was no significant difference in SAU be-
tween Fe, Mn plaques and no plaque treatments
when arsenite was supplied (Figure 1). However,
when 13.3 lmol L)1 arsenate was supplied SAU
with Fe plaque was statistically lower than that of
no plaque (P = 0.013). Mn plaque also decreased
SAU compared with no plaque, but the difference
was not significant. The ranking of SAU for the
treatments was as follows: no plaque
(600 mg kg)1) > Mn plaque (523 mg kg)1) > Fe
plaque (457 m g kg)1) (LSD0.05: 93.5 mg kg)1).

As distribution in different components
Dithionite–citrate–bicarbonate (DCB)-As% in Fe
plaque and arsenate treatments was about 59%,
and the highest among other five treatments
(P < 0.001, Figure 2). It indicated that most ar-
senic was accumulated in Fe plaque when arse-
nate was supplied. However, Root-As% in other
treatments was greater than 50%, suggesting that
most arsenic sequestrated in roots in the other

five individual treatments. Iron plaque treatments
gave the lowest proportions of As in shoots
when arsenate was supplied (P < 0.001). Shoot-
As% was significantly higher when arsenate was
supplied than when arsenite was supplied for Mn
plaque and no plaque treatments (P < 0.001).

Experiment II: Measurement of changes in arsenic
speciation in nutrient solution

Arsenate was detected in nutrient solutions origi-
nally spiked with arsenite in all three treatments
(Fe plaque, no plaque and no plant, respectively)
at 24 and 72 h . There were no significant differ-
ence between Fe plaque and no plaque treat-
ments in arsenate and arsenite concentrations in
nutrient solutions at 24 h, while at 72 h, there
was more arsenite oxidation in the no plaque
treatment than that of Fe plaque (P < 0.001).
Arsenate concentrations in pots with no plant
were significantly higher than those with plants
(P = 0.007). Overall, arsenate formed in nutrient
solutions during the 72 h experimental period
only accounted for a small fraction of the total
arsenic (22.2%, Figure 3). There was an increas-
ing depletion of total arsenic in nutrient solution
containing plants at 24 h than at 72 h , and there

0

200

400

600

800

000

Fe plaque Mn plaque No plaque Fe plaque Mn plaque No plaque

Arseni te Arsenate

S
pe

ci
fic

 a
rs

en
ic

 u
pt

ak
e 

by
 r

ic
e 

ro
ot

s 
(m

g 
kg

-
)

As: 6. 67
As: 3. 3

de

a

a

ab
ab

bc

cd
cd

d

eff
f

Figure 1. Specific arsenic uptake (mg kg)1) by rice roots with Fe, Mn plaque and no plaque, exposed to nutrient solutions with
arsenite or arsenate at 6.67 lmol L)1 (closed columns), or 13.3 lmol L)1 (open columns) for 2 week (means ± SE, n = 4). The
different letters indicated the results of multiple comparisons according to LSD test.

133



0.00

3.00

6.00

9.00

12.00

15.00

18.00

Arsenite arsenate Total
arsenic

Arsenite arsenate Total
arsenic

24 h 72 h

A
rs

en
ic

 c
on

ce
nt

ra
tio

ns
 in

 n
ut

rie
nt

 s
ol

ut
io

n 
(

m
ol

 L
-

)

Fe plaque No plaque No plant

a

a

a

a

ab

b

a

bb

a

a

b

a

a

b

a
a

b

Figure 3. The concentrations of Arsenite, arsenate and total arsenic in nutrient solution originally spiked with 13.3 lmol L)1 arse-
nite (means ± SE, n = 3). Solution samples were taken 24 and 72 h after the experiment started. The different letters within the
same group indicated the results of multiple comparisons according to LSD test.

0%

20%

40%

60%

80%

00%

20%

Fe plaque Mn plaque No plaque Fe plaque Mn plaque No plaque

Arseni te Arsenate

A
s 

di
st

rib
ut

io
n 

in
 d

iff
er

en
t c

om
po

ne
nt

s 
(%

)
Shoot-As% Root-As% DCB-As%

Figure 2. Percentages of arsenic in different components of rice plants with Fe plaque, Mn plaque and no plaque grown in nutri-
ent solutions with 6.67 lmol L)1 or13.3 lmol L)1 arsenite or arsenate for 2 week (means, n = 4).

134



was a near 100% recovery of total arsenic irre-
spective of the exposure period in the no plant
treatment.

Discussion

Overall, Fe and Mn plaques had little effect on
biomass of rice roots (Table 1). However, shoot
dry weights of rice seedlings with Fe plaque were
slightly lower than those with Mn plaque and
controls with no plaque. This agrees with the re-
sults obtained by Ye et al. (1997, 2001), but dif-
fers from those of Christensen and Sand-Jensen
(1998), Greipsson and Crowder (1992). Greipsson
(1994, 1995) suggested that the formation of iron
plaque could enhance the growth of plants and
reduce excessive Cu, Ni and Zn toxicity to rice
seedlings. The different effects of Fe plaque on
plant growth may depend on the age of plaques,
species of plants or types of heavy metals. In
addition, our result showed that the higher
concentrations of arsenate or arsenite
(13.3 lmol L)1) slightly increased root dry
weight. It is possible that the higher concentration
of As inhibited P uptake and indirectly stimulated
root elongation in order to take up more P.

In this study, although the same concentra-
tions of Fe and Mn were added to the nutrient
solution to induce Fe and Mn plaque, the
amounts of Mn on the root surface were much
less than Fe amounts (Table 2), which was simi-
lar to other aquatic plants (Ye et al., 2001). This
might be due to the fact that Fe and Mn ions re-
spond differently to changes in pH and redox po-
tential, and at any given pH, iron oxides and
hydroxides may precipitate at lower redox poten-
tials than Mn oxides. Similarly, under fixed Eh,
Fe starts to precipitate as an oxide at a consider-
ably lower pH than Mn (St-Cyr and Crowder,
1990). Bacha and Hossner (1977) reported a ratio
of 43:1 (Fe:Mn) in plaque of rice roots under
laboratory conditions. In the present investiga-
tion, the ratio of amounts of Fe to Mn on the
root is about 190:1. The different ratio may de-
pend on different conditions for inducing plaque
formation.

Arsenic concentrations in Fe plaque on the
roots treated with arsenate were significantly
higher than with arsenite. This supports our
previous conclusion that Fe plaque has stronger

affinity to arsenate than to arsenite (Liu et al.,
2004a, b). Hansel et al. (2002) also showed that
arsenate and arsenite co-exist in Fe plaque on
the root surface of two common aquatic plant
species, reed canarygrass (Phalaris arundinacea)
and cattail (Typha latifolia), being comprised
predominantly of arsenate (82%) with lesser
amounts (18%) of arsenite–Fe (hydro-) oxide
complexes, although the predominant species of
arsenic is arsenite in flooded soil. In paddy soil
this difference also applies to chemical properties
of As in soil, where both arsenite and arsenate
are adsorbed on Fe oxide surfaces but have very
different adsorption behaviors depending on oxi-
dation state, the mineralogy of the iron oxides
and pH values (Manning and Goldberg, 1997;
Pierce and Moore, 1982). According to the acid
dissociation constants of H3AsO4 and H3AsO3,
the predominant species of arsenate at pH 4.6
and 9.2 are H2AsO4

) and HAsO4
2), respectively.

The predominant species of arsenite are H3AsO3
0

at pH 4.6 and approximately an equimolar mix-
ture of H3AsO3

0 and H2AsO3
) at pH 9.2 (Sadiq

et al., 1983). Dixit and Hering (2003) reported
that sorption of arsenate onto amorphous iron
oxide and goethite is more favorable than that of
arsenite below pH 5–6, whereas above pH 7–8.5,
arsenite has a higher affinity, which agrees with
our results.

Arsenic concentrations in DCB-extracts of
rice roots with iron plaque are higher than those
of Mn plaque and no plaque when arsenite or
arsenate was supplied. There are some possibili-
ties to explain this result. First, DCB-extracts not
only removed coatings on the root surface, but
also extracted some elements accumulated in the
apoplast of roots (Otte et al., 1989; Strasser
et al., 1999). Although no plaque is formed on
the root surface for controls, Fe, Mn and As in
the apoplast would still be extracted by DCB
solution. The amounts of Fe, Mn and As ex-
tracted in Mn plaque and no plaque treatments
were less than in Fe plaque treatment (Tables 2,
and 3). Second, it may be that Fe plaque not
only adsorbs arsenate, but also sequesters arse-
nite (Dixit and Hering, 2003; Hansel et al., 2002).
In our experiment, the pH was 5.5 in the nutrient
solution, and may have been lower at the root
surface due to organic acid excretion or imbal-
ance of ion uptake. If so, the predominant
species of arsenite would be H3AsO3

0 (Sadiq

135



et al., 1983). It is more likely that arsenite could
be partly oxidized to arsenate, which has higher
affinity for iron plaque, co-precipitates with
Fe(III) and adsorbs to plaque.

There are a number of reports showing that
Fe plaque can act as a barrier to the uptake of
toxic metals (Batty et al., 2000; Chen et al., 2005;
Christensen and Sand-Jensen, 1998; Greipsson,
1994, 1995; Otte et al., 1991; Zhang et al., 1998).
The present study showed that specific uptake of
As by rice roots with Fe plaque was significantly
lower than in roots with no plaque when arse-
nate was supplied. Mn plaque also decreased
SAU compared to controls (no plaque), but the
effect was much less obvious (Figure 1). This
suggests that plaque on the root surface indeed is
a major barrier to arsenate uptake. Therefore,
the effect of Fe plaque on the uptake of arsenate
by rice plants is important for understanding the
accumulation and metabolism of arsenic by rice
and for the development of practical approaches
to reducing As accumulation. However, some
investigations have shown that the formation of
Fe plaque did not inhibit the uptake of heavy
metals (Ye et al., 1997, 1998), which agrees with
the effect of root plaque on arsenite uptake by
rice roots in the present study. It is clear that
there was no significant difference in SAU for
arsenite between treatments with Fe, Mn plaques
and no plaque (Figure 1). This may be because
the root surface pH was lower than 5.5 and the
predominant species of arsenite was H3AsO3

0

(uncharged). The transport of this As species
into roots might be via aquaporins (Meharg and
Jardine, 2003). In this case, the effect of Fe pla-
que on arsenite uptake would be small compared
to that on arsenate uptake. Iron plaque is thus
not a barrier to arsenite uptake.

One may also argue that substantial amounts
of arsenite may be oxidized to arsenate during
the 72 h nutrient change intervals, our results did
show that arsenite could be oxidized to arsenate
in the nutrient solution at room temperature.
However, the amounts of arsenate formed during
the nutrient change interval were not substantial
(Figure 3). The oxidation could be mediated by
microbial activities in the nutrient solution. Cullen
and Reimer (1989) reported that sterile water sam-
ples were less susceptible to speciation changes
than non-sterile samples. Laboratory studies also
showed that the kinetics of oxygenation of arsenite

were slow in the slightly acid range, around pH 5
(Eary and Schramke, 1990).

In conclusion, our results demonstrated that
the role of Fe plaque on uptake and transloca-
tion of arsenite and arsenate is different. The Fe
plaque acted as a ‘‘buffer’’ to arsenate accumula-
tion in rice plants. However, when arsenite was
supplied the main barrier to As uptake may be
the root tissue, rather than Fe plaque. Further-
more, under our experimental conditions, the
amounts of Mn plaque formed on the root sur-
face was much less than those of Fe plaque, and
Mn plaque did not exert any measurable alter-
ation of As accumulation in rice plants irrespec-
tive of the arsenic species. Future more realistic
experiments to examine the effects of the mixture
of Fe/Mn plaque formed on root surface of rice
plants grown from different soil types may be
warranted.

Acknowledgements

The work was financially supported by the Natu-
ral Science Foundation of China (40225002 and
20477055), Ministry of Science and Technology
(2002CB410808), and the Chinese Academy of
Sciences (Hundred Talent Program).

References

Abedin M J, Cresser M S, Meharg A A, Feldmann J and
Cotter-Howells J 2002a Arsenic accumulation and metabo-
lism in rice (Oryza sativa L.). Environ. Sci. Technol. 36, 962–
968.

Abedin M J, Feldmann J and Meharg A A 2002b Uptake
kinetics of arsenic species in rice plants. Plant Physiol. 128,
1120–1128.

Armstrong W 1967 The oxidising activity of roots in water-
logged soils. Physiol. Plant 20, 920–926.

Bacha R E and Hossner L R 1977 Characteristics of coating
formed on rice roots as affected by iron and manganese
additions. Soil Sci. Soc. Am. J. 41, 931–935.

Batty L C, Baker A J M, Wheeler B D and Curtis C D 2000 The
effect of pH and plaque on the uptake of Cu and Mn in
Phragmites australis (Cav.) Trin ex Steudel. Ann. Bot. 86,
647–653.

Belzile N and Tessier A 1990 Interactions between arsenic and
iron oxyhydroxides in lacustrine sediments. Geochim. Cos-
mochim. Acta 54, 103–109.

Byrne A R, Lejkovec Z, Stijve T, Fay L, Goessler W, Gailer J
and Irgolic K J 1995 Arsenobetaine and other arsenic species
in mushrooms. Appl. Organomet. Chem. 9, 305–313.

136



Chen C C, Dixon J B and Turner F T 1980 Iron coatings on rice
roots: Morphology and models of development. Soil Sci.
Soc. Am. J. 44, 1113–1119.

Chen C J and Wang C J 1990 Ecological correlation between
arsenic level in well water and age-adjusted mortality from
malignant neoplasms. Can. Res. 50, 5470–5474.

Chen Z, Zhu Y G, Liu W J and Meharg A A 2005 Direct
evidence showing the effect of root surface iron plaque on
arsenite and arsenate uptake into rice (Oryza sativa L.) roots.
New Phytol 165, 91–97.

Christensen K K and Sand-Jensen K 1998 Precipitated iron and
manganese plaques restrict root uptake of phosphorus in
Lobelia dortmanna. Can. J. Bot. 76, 2158–2163.

Crowder A A and St-Cyr L 1991 Iron oxide plaque on wetland
roots. Trends Soil Sci. 1, 315–329.

Cullen W R and Reimer K J 1989 Arsenic speciation in the
environment. Chem. Rev. 89, 713–764.

Dixit S and Hering J 2003 Comparison of arsenic (V) and
arsenic (III) sorption onto iron oxide minerals: implications
for arsenic mobility. Environ. Sci. Technol. 37, 4182–4189.

Eary L E and Schramke J A 1990 Rates of inorganic oxidation
reactions involving dissolved oxygen. Chemical Modeling of
Aqueous Systems II. ACS Symposium Series. American
Chemical Society, Washington, DC, pp. 379–396.

Greipsson S and Crowder A A 1992 Amelioration of copper
and nickel toxicity by Fe plaque on roots of rice (Oryza
sativa). Can. J. Bot. 70, 824–830.

Greipsson S 1994 Effects of iron plaque on roots of rice on
growth and metal concentration of seeds and plant tissues
when cultivated in excess copper. Commun. Soil Sci. Plant
Anal. 25, 2761–2769.

Greipsson S 1995 Effect of iron plaque on roots of rice on
growth of plants in excess zinc and accumulation of
phosphorus in plants in excess copper or nickel. J. Plant
Nutr. 18, 1659–1665.

Hansel C M, La Force M J, Fendorf S and Sutton S 2002
Spatial and temporal association of As and Fe species on
aquatic plant roots. Environ. Sci. Technol. 36, 1988–1994.

Hewitt E J, (1966) Sand and waterculture methods used in the
study of plant nutrition, 2 ed. Communication No. 22.
Commonwealth Agriculture Bureau Technical, Farnham
Royal, UK.

Jain A, Raven K P and Loeppert R H 1999 Arsenite and
arsenate adsorption on ferrihydrite: surface charge reduction
and net OH-1 release stoichiometry. Environ. Sci. Technol.
33, 1179–1184.

Kuo S 1986 Concurrent sorption of phosphate and zinc,
cadmium, or calcium by a hydrous ferric oxide. Soil Sci. Soc.
Am. J. 50, 1412–1419.

Liu W J, Zhu Y G, Smith F A and Smith S E 2004a Do
phosphorus nutrition and iron plaque alter arsenate (As)
uptake by rice seedlings in hydroponic culture? New Phytol.
162, 481–488.

Liu W J, Zhu Y G, Smith F A and Smith S E 2004b Do iron
plaque and genotypes affect arsenate uptake and transloca-
tion by rice seedlings (Oryza sativa L.) grown in solution
culture?. J. Exp. Bot. 55, 1707–1713.

Manning B A and Goldberg S 1997 Adsorption and stability of
arsenic (III) at the clay mineral water interface. Environ. Sci.
Technol. 31, 2005–2011.

Marin A R, Masscheleyn P H and Patrick W H Jr 1993 Soil
redox-pH stability of arsenic species and its influence on
arsenic uptake by rice. Plant Soil 152, 245–253.

Masscheleyn P H, Dlaune R D and Patrick W H Jr 1991 Effect
of redox potential and pH on arsenic speciation and
solubility in a contaminated soil. Environ. Sci. Technol. 25,
1414–1419.

Meharg A A 2004 Arsenic in rice – Understanding a new
disaster for South-East Asia. Trends Plant Sci. 9, 415–417.

Meharg A A and Jardine L 2003 Arsenite transport into paddy
rice (Oryza sativa) roots. New Phytol. 157, 39–44.

Meharg A A and Rahman M 2003 Arsenic contamination of
Bangladesh paddy soils: implication for rice contribution to
arsenic consumption. Environ. Sci. Technol. 37, 229–234.

Meng X G, Korfiatis G P, Bang S and Bang K W 2002
Combined effects of anions on arsenic removal by iron
hydroxides. Toxic. Lett. 133, 103–111.

Onken B M and Hossner L R 1995 Plant uptake and
determination of arsenic species in soil solution under
flooded conditions. J. Environ. Qual. 24, 373–381.

Onken B M and Hossner L R 1996 Determination of arsenic
species in soil solution under flooded conditions. Soil Sci.
Soc. Am. J. 60, 1385–1392.

Otte M L, Rozema J, Koster L, Haarsma M S and Broekman R
A 1989 Iron plaque on roots of Aster tripolium L.:
interaction with zinc uptake. New Phytol. 111, 309–317.

Otte M L, Dekkers M J, Rozema J and Broekman R A 1991
Uptake of arsenic by Aster tripolium in relation to rhizo-
sphere oxidation. Can. J. Bot. 69, 2670–2677.

Philips D J H 1990 Arsenic in aquatic organisms: a review
emphasizing chemical speciation. Aquat. Toxic. 16, 151–186.

Pierce M L and Moore C B 1982 Adsorption of arsenite and
arsenate on amorphous iron hydroxide. Water Res. 16,
1247–1253.

Sadiq M, Zaidi T H and Mian A A 1983 Environmental
behavior of arsenic in soils: theoretical. Water Air Soil
Pollut. 20, 369–377.

Smith E, Naidu R and Alston A M 1998 Arsenic in the soil
environment: a review. Adv. Agron. 64, 149–195.

Strasser O, Kohl K and Römheld V 1999 Overestimation of
apoplastic Fe in roots of soil grown plants. Plant Soil 210,
179–187.

St-Cyr L and Crowder A 1990 Manganese and Copper in the
root plaque of Phragmites australis (Cav.) Trin ex Steudel.
Soil Sci. 149, 191–198.

Taylor G J and Crowder A A 1983a Uptake and accumulation
of heavy metals by Typha latifolia L. in wetlands of Sudbury,
Ontario region. Can. J. Bot. 61, 63–73.

Taylor G J and Crowder A A 1983b Use of DCB technique for
extraction of hydrous iron oxides from roots of wetland
plants. Am. J. Bot. 70, 1254–1257.

Xie Z M and Huang C Y 1998 Control of arsenic toxicity in rice
plants grown on an arsenic-polluted paddy soil. Commun.
Soil Sci. Plant Anal. 29, 2471–2477.

Yang L L, Gao L R and Zhang D Q 2003 Speciation analysis of
arsenic in traditional Chinese medicines by hydride
generation-atomic fluorescence spectrometry. Anal.Sci. 19,
897–902.

Ye Z H, Baker A J M, Wong M H and Willis A J 1997 Copper
and nickel uptake, accumulation and tolerance in Typha
latifolia with and without iron plaque on the root surface.
New Phytol. 136, 481–488.

Ye Z H, Baker A J M, Wong M H and Willis A J 1998 Zinc,
lead and cadmium accumulation and tolerance in Typha
latifolia as affected by iron plaque on the root surface.
Aquat. Bot. 61, 55–67.

137



Ye Z H, Cheung K C and Wong M H 2001 Copper uptake in
Typha latifolia as affected by iron and manganese plaque on
the root surface. Can. J. Bot. 79, 314–320.

Zhang X K, Zhang F S and Mao D R 1998 Effect of iron
plaque outside roots on nutrient uptake by rice (Oryza

sativa L.): zinc uptake by Fe-deficient rice. Plant Soil 202,
33–39.

Section editor: A.J.M. Baker

138



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


