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Abstract
Purpose The relationship between plant absorption and
accumulation of heavy metals and the effect of iron plaque
on roots of wetland plants are unknown, especially for
plants grown in heavy metal-contaminated soil. This
experiment was designed to study the effects of iron
addition on the formation of iron plaque in the rhizosphere
of the wetland plant species Iris pseudacorus L. in artificial
Pb-contaminated soil and the effects of iron plaque on Pb
accumulation by plants.
Materials and methods Soil was collected from 0- to 30-cm
depth of a clayey illitic thermic typic epiaqualfs in an
abandoned paddy field in Jiaxing of Zhejiang Province,
China. The seeds of yellow flag (I. pseudacorus L.) were
germinated in soil mixed with vermiculite and grown for
30 days. Three treatments of iron (0, 100, and 500 mg Fe
kg−1 as FeSO4) were added when uniform seedlings were
transplanted into plastic pots filled with 1.0-kg soil, which

had been previously treated with four treatments of Pb
[0, 100, 500, and 1,000 mg Pb kg−1 as Pb(NO3)2] and
waterlogged for 72 days. The yellow flags were grown in a
greenhouse for 60 days. The plaque on roots was extracted
using the cold DCB (dithionite–citrate–bicarbonate) tech-
nique. The plant samples were digested with 10 mL
concentrated nitric acid by microwave digestion. The
concentration of Fe and Pb were determined using atomic
spectrophotometry (NovAA300, Germany).
Results and discussion The amount of iron plaque on the
roots of yellow flag (I. pseudacorus L.) was markedly
affected by Fe addition but not by Pb addition. The total Pb
accumulated in plants was increased initially and then
decreased with the addition of Fe in three lower Pb
treatments (0, 100, and 500 mg Pb kg−1) but decreased
with more Fe addition in the 1,000 mg Pb kg−1 treatment.
The pH value was decreased with the addition of more iron,
which increases Pb availability, and heavy doses of iron
caused iron toxicity. Plant growth decreased due to iron
toxicity at higher iron additions (500 mg kg−1), while Pb
accumulation decreased. Intermediate levels of iron supply
(100 mg kg−1) enhanced Pb absorption in roots, which
improved phytoremediation effectiveness.
Conclusions Iron supply enhanced the amount of iron
plaque and increased both Pb adsorbed on the roots and
Pb uptake by plants. However, plant growth was inhibited
by iron toxicity at high iron dose (500 mg kg−1) and
biomass decreased. The intermediate iron dose (100 mg kg−1)
generally enhanced Pb absorption and accumulation, which
enhances the ability of yellow flag to remove Pb from Pb-
contaminated soils.
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1 Introduction

A number of air, water, and soil processes and pathways
are involved in the emission of heavy metals into the
environment (Järup 2003). Major sources of lead (Pb) in the
environment are oil or wastes, plants used as solid fuel,
metal smelting, and burning of coal (Mihai et al. 2007).
Pb toxicity inhibits root elongation (Chao et al. 2007).
Peroxidase activity and the malondialdehyde induced at
high Pb concentration provoke ultrastructural damage to the
leaf (Hu et al. 2007). Heavy metal contamination is a
serious threat for the safety of aquatic ecosystems, agro-
ecosystem, and human health (Järup 2003; Farmer et al.
2006; Overesch et al. 2007). Constructed wetlands are
widely used for removal of heavy metals in treating
wastewater (Manios et al. 2003; Deng et al. 2006; Yang
et al. 2006). Sedimentation, sorption, co-precipitation,
cation exchange, phytoaccumulation, and microbial activity
are the main processes for the removal of heavy metals
(Sheoran and Sheoran 2006). Wetland plants develop
aerenchyma cells to transfer O2 from the aerial parts to
the roots, inducing the precipitation of iron oxides or
hydroxides on the root surfaces (Chen et al. 1980;
Armstrong et al. 1994).

Iron oxide coating (iron plaque) has been found on the
roots of many wetland plants (Otte et al. 1989; Ye et al.
1997; Sundby et al. 1998; Hansel et al. 2001). The presence
and degree of iron plaque formation are controlled by both
abiotic and biotic factors (Mendelssohn et al. 1995).
Several possible mechanisms for oxidation of Fe (II) have
been proposed with O2 diffused from wetland plant roots
considered the best mechanism (Sundby et al. 1998). In
this mechanism, iron-oxidizing bacteria play a role in Fe
plaque formation (Emerson et al. 1999; Weiss et al. 2005).
Producing oxidase in the rhizosphere may participate in the
oxidation of Fe (II) to form iron plaque (Mitsui et al. 1962).
The iron plaque occurs primarily as fillings or casts in
exposed cavities of epidermal cells (Chen et al. 1980). Iron
(hydr)oxide precipitates (or plaques) occurring on the
surface of roots may consist of ferrihydrite, goethite, and
siderite (St-Cyr and Crowder 1989; Hansel et al. 2001).
Due to the high capacity of functional groups on iron (hydr)
oxides to sequester metals by adsorption and/or co-
precipitation, researchers have paid considerable attention
to iron plaque (Liu et al. 2004; Chen et al. 2006). Recently,
the influence of iron plaque on the growth of wetland plant
roots and on heavy metal absorption and accumulation by
plants has been studied in laboratory and field experiments
(Otte et al. 1989; Ye et al. 1997, 1998). However, the
relationship between the amount of heavy metal absorption
and accumulation and iron plaque on roots of wetland
plants is still unclear.

Iris pseudacorus L. is an erect glabrous perennial
wetland plant (Kim 2008) with an exceptionally high
ability to absorb heavy metals even under unfavorable
conditions. As a result, it has been used as an efficient
economical approach for removing heavy metals from
wastewater (Piccardi and Clauser 1983; Barbolani et al.
1986; Zhang et al. 2007). In this study, we hypothesized
that iron addition could benefit the formation of iron plaque
on the roots of plants, and the amount of iron plaque would
significantly affect Pb absorption and accumulation on
plants growing in Pb-contaminated soil. The objective of
the present study was to determine the optimum amount of
iron addition for improving Pb accumulation in the wetland
plant species I. pseudacorus L.

2 Materials and methods

2.1 Soil

The test soil was collected from 0- to 30-cm depth in an
abandoned paddy field in Jiaxing of Zhejiang province,
China. The soil was classified as a clayey illitic thermic typic
epiaqualfs and was previously under long-term agricultural
use. The soil was sieved through a 2-mm sieve after being air-
dried. It had a pH of 5.61 (soil:water=1:2.5), organic matter
content of 3.62%, and total phosphorus, nitrogen, iron, and
lead contents of 1.03 g kg−1, 2.32 g kg−1, 2.95%, and
45.58 mg kg−1, respectively.

2.2 Greenhouse experiment

The seeds of yellow flag (I. pseudacorus L.) collected at a
pond site in Huajiachi campus of Zhejiang University,
Hangzhou were germinated in soil mixed with vermiculite
and grown for 30 days. Three treatments of iron (0, 100,
and 500 mg Fe kg−1 as FeSO4) were added when uniform
seedlings were transplanted into plastic pots filled with
1.0 kg soil. The soil had been previously treated with four
treatments of Pb [0, 100, 500, and 1,000 mg Pb kg−1 as Pb
(NO3)2] and waterlogged for 72 days. Each treatment was
replicated three times. The pots were arranged randomly,
and their position was rotated regularly to ensure uniform
conditions in the greenhouse. Water was kept about 0.5 cm
above the soil surface for 60 days.

2.3 Analytical methods

At harvest, plant samples were separated into shoots and
roots. Fresh roots were washed with tap water, then rinsed
in deionized water, and dried on filter paper. The plaque on
fresh roots was then extracted using the cold DCB (dithionite–

J Soils Sediments (2010) 10:964–970 965



citrate–bicarbonate) technique (Taylor and Crowder 1983).
The plant samples including roots and shoots were dried at
105 °C for 15 min, and then dried at 70 °C for 24 h and
dry weights recorded. Ground samples (about 0.2–0.5 g
weight) were digested in 10 mL concentrated nitric acid
by microwave digestion. A three-step digestion procedure
was used: initial rise to 80 °C for 2 min, then to 120 °C
for 5 min, and a final digestion at 185 °C for 20 min.
The digests were transferred to 100-mL volumetric flasks
with deionized water and filtered into plastic bottles. The
concentrations of Fe and Pb were determined by atomic
spectrophotometry (NovAA300, Germany).

2.4 Calculation and statistical analysis

Mean values were compared using analysis of variance with
post hoc multiple comparisons using the least significant
difference (LSD) test at the 5% level. Correlation analysis was
carried out by bivariate correlation (two-tailed) and test of
significance in SPSS 11.5. Some data processing was carried
out using Micro Excel 2003.

3 Results

3.1 Plant biomass as affected by Pb2+ and Fe2+ treatments

The dry weight of I. pseudacorus L. roots was dramatically
affected by both Pb addition (F=14.3, p<0.001) and Fe
supply (F=70.6, p<0.01), and the interaction of Pb and Fe
was significant (F=8.4, p<0.01) (Table 1). The dry weight
of roots increased with increasing Pb dose in the absence
of iron addition. However, it decreased in the presence of
100 mg Fe kg−1 (see Table 1). The dry weight of roots
treated with 500 mg Fe kg−1 was the lowest among the
three Fe treatments (0, 100, and 500 mg Fe kg−1). Fe (F=
20.6, p<0.01) had a significant influence on the dry weight
of shoots as compare to Pb (F=1.9, p>0.05). The dry
weight of shoots treated with 500 mg Fe kg−1 was the

lowest among the three iron additions in four Pb treatments
(see Table 1).

3.2 Iron plaque formation and lead adsorption on the roots

The iron plaque covering the roots of yellow flag was very
thick and could be mechanically separated from the roots.
The roots covered with heavy iron plaque became very
brittle. The amount of iron plaque on the roots was
markedly affected by Fe addition (F=7.0, p<0.05) but not
by Pb additions. Iron plaque formation (F=3.0, p<0.05)
was also affected by an interaction between Pb and Fe.
Thus, the addition of Fe was found to strongly affect the
amount of plaque formation (Table 2).

The concentration of Pb in DCB extracts was signifi-
cantly affected by the addition of Pb (F=28.0, p<0.01) and
Fe (F=13.9, p<0.01), and the interaction between Fe and
Pb also had a significant influence on the content of Pb in
DCB extracts (F=3.9, p<0.01). Similarly, the addition of
Fe increased the content of Pb adsorbed by iron plaque
(Fig. 1). The pattern of the content of Pb on roots with Pb
addition in the 0 and 100 mg Fe kg−1 additions initially
increased and then decreased. However, the content of Pb
increased again in the 500 mg Fe kg−1 addition. The
correlation coefficient of Pb content adsorbed by iron
plaque and amount of iron plaque on the roots was 0.61
(n=36, p<0.01).

3.3 Lead in roots and shoots

The content of Pb in the roots after DCB extraction was
increased with increasing Pb supply in the three Fe
treatments, and Pb content with Fe additions was generally
higher than the control (no Fe addition) (Fig. 2a). More-
over, the difference of Pb content between treatments with
high Fe (500 mg Fe kg−1) and low Fe addition (0 and
100 mg Fe kg−1) was significant in the higher Pb additions
(500 and 1,000 mg Pb kg−1). The Pb content was
significantly affected by both Pb (F=585.6, p<0.01) and

Fe2+ treatments (mgkg−1) Pb treatments (mgkg−1)

0 100 500 1,000

Roots 0 1.81±0.21 c 1.94±0.29 bc 2.02±0.28 bc 2.29±0.06 bc

100 3.50±0.25 a 2.39±0.20 b 2.35±0.33 b 2.14±0.25 bc

500 2.12±0.39 bc 1.03±0.22 d 1.26±0.19 d 1.20±0.09 d

Shoots 0 3.11±0.66 a 3.03±0.07 a 3.07±1.32 a 3.29±0.42 a

100 3.33±0.33 a 2.95±0.49 a 3.25±0.68 a 2.86±0.50 a

500 2.72±0.94 a 1.33±0.46 b 1.55±0.14 b 1.24±0.19 b

Table 1 Dry weight per
plant (g) of roots and shoots
in different treatments
(mean±s.d., n=3)

Data within same plant part with
different letters indicated signif-
icant difference at p<0.05
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Fe (F=224.1, p=0.01) addition, and the interaction of Pb
and Fe also had a significant influence on Pb content in the
roots after DCB extraction (F=78.1, p<0.01). The content
of Pb in shoots was increased with increasing Pb addition in
the three Fe treatments (F=77.2, p<0.01) (Fig. 2b).
However, Pb content in shoots was not affected by Fe
addition or a Pb and Fe interaction. Pb accumulated in roots
was from 50.4% to 78.3% of total Pb accumulated by
plants (Fig. 3). The total Pb accumulated in plants was
initially increased then decreased with increasing Fe
addition for the three Pb additions (0, 100, and 500 mg
Pb kg−1), and Pb accumulation decreased with Fe addition
in the 1,000 mg Pb kg−1 treatment.

4 Discussion

Lead is not an essential element for plant growth and is
considered as a toxic element for plants when it occurs at
high concentration. Lead has been shown to inhibit
photosynthesis and transpiration and decrease the content
of chlorophyll (Parys et al. 1998). In the present study,
plant growth was significantly affected by both Fe and Pb
additions (see Table 1). When iron addition was 500 mg kg−1,
the dry weight of root and shoots was generally far lower
than that of lower iron levels for a given Pb treatment. These
results suggest that iron toxicity induced by the higher iron
addition had a negative influence on yellow flag growth. In

order to prevent excessive Fe uptake, wetland plants have
evolved a mechanism to oxidize iron from its ferrous to ferric
form resulting in iron plaque formation in the rhizosphere.
However, higher Fe (II) concentration in waterlogged soil
could induce iron toxicity and inhibit plant growth (Batty and
Younger 2003). It was found that the pH of the surface water
decreased to 3.95 from 4.22 in the 500 mg Fe kg−1 treatment
compared to the range of 5.50 to 7.00 for the lower Fe
treatments (data not shown). With increasing Fe addition,
more Pb was adsorbed on roots for a given Pb addition level
(see Fig. 1). The reason may be due to the small biomass of
roots at higher Fe levels. However, Wang and Zhou (2003)
reported that the decrease of pH should enhance Pb
availability, which could occur in our study because the
higher iron resulted in lower pH values. Both excessive Fe

Fe2+ treatments (mgkg−1) Pb treatments (mgkg−1)

0 100 500 1,000

0 157.3±41.6 c 190.0±22.4 bc 237.8±11.9 bc 164.6±28.5 c

100 315.2±113.7 bc 236.5±49.4 bc 225.9±103.1 bc 237.1±76.3 bc

500 267.1±96.8 bc 332.3±58.6 ab 230.9±27.3 bc 464.8±183.5 a

Table 2 The concentrations of
Fe in iron plaque (g kg−1DWR)
on the roots of yellow flag
in different treatments
(mean±s.d., n=3)

Data with different letters
indicated significant difference
at p<0.05
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and Pb had a great influence on root metabolism, and the
higher Pb concentration inhibited photosynthesis (Parys et al.
1998), which resulted in decreased plant growth.

Heavy iron plaque was observed on the roots of yellow
flag, and more precipitation generally occurred on the roots
with higher iron additions (see Table 2). However, there
was no significant positive correlation between the amount
of iron plaque and Fe addition rates. The presence and
degree of iron plaque formation are controlled by both
abiotic and biotic factors, the most important abiotic factor
is Fe availability in soil (Mendelssohn et al. 1995), and the
biotic factor is generally believed to be the degree of radial
oxygen loss (ROL) from the roots (Jespersen et al. 1998).
Several possible mechanisms for Fe (II) oxidation have
been proposed, and O2 diffusion from wetland plant roots is
considered an important mechanism (Sundby et al. 1998).
The mechanism of forming rhizoconcretions of Fe (hydr)
oxide occurs as the redox boundary moves radially outward
from the root surface such that precipitation takes place

progressively farther away from the root surface (Sundby
et al. 1998). However, Armstrong (1967) calculated that
radial O2 loss could account for only 1/9 of the total
oxidizing capacity of rice roots. The ROL of yellow flag is
low, and the highest oxygen release rate observed for
I. pseudacorus was 0.34 mg h−1plant−1 in the Eh range of –
250 to –150 mV (Wieβner et al. 2002). Some researchers
found that other sources of oxygen might contribute to
rhizosphere oxidation of iron, for example glycolic acid
oxidase (Mitsui et al. 1962), and excessive Fe2+ uptake
induced production of superoxide radial, which leads to
H2O2 formation. The formation of hydroxyl radical is the
result of H2O2 accumulation, which reacts with iron by the
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Fenton reaction and causes lipid peroxidation, inactivation
of membrane proteins, loss of cellular integrity, and
ultimately death (Hendry and Brocklebank 1985). Root
enzymatic oxidation and bacteria in the rhizosphere may
play an important role in contributing to Fe (II) oxidation in
the rhizosphere (Mendelssohn et al. 1995). The non-protein
amino acid 3-(3-carboxyphenyl) alanine is excreted in
considerable amounts by the roots and is microbially
degraded at a slower rate than protein amino acids
(Cardenas and Kichuth 1978). Thus, root enzymatic
oxidation in the rhizosphere might be one of the causes
for heavy formation of iron plaque on the roots of I.
pseudacorus L. in this study.

Pb in iron plaque was positively correlated with the
amount of iron plaque (r=0.61, p<0.01) (Fig. 4), this
implied that Pb was adsorbed or co-precipitated with iron
(hydr)oxide plaque on the roots; resulting in enhanced
accumulation of Pb on the roots. In the present study, the
pH in the soil was below 7.0, and the reported point of zero
charge (PZC) of most Fe (hydr)oxides usually range from
7.0 to 9.5 (Violante et al. 2003). However, Fe (hydr)oxides
selectively adsorb divalent cations even at solution pH
values lower than the PZC of metal oxides. Metal ions
associated with hydrous (hydr)oxide surfaces raise the PZC
value of (hydr)oxides (Violante et al. 2003), and the
following metal affinity series for freshly precipitated Fe
has been reported: Pb>Cu>Zn>Ni>Cd>Co>Sr>Mg
(Jackson 1998). There was a significant positive correlation
between Pb in root and Pb on the root (r=0.95; p<0.01)
(Fig. 5), and the correlation coefficient between Pb in
shoots and Pb in roots was 0.79 (p<0.01) (Fig. 6). Based on
the correlation analysis of Pb in different parts of the plant,
formation of iron plaque on the roots of yellow flag
improved Pb uptake. Similar results were obtained by Liu
et al. (2007), who found that iron plaque enhanced Pb
absorption in rice (Oryza sativa L.), and Ye et al. (1998),
who found that iron plaque was not a barrier to Pb uptake
and translocation in Typha latifolia. However, some
researchers observed that the presence of iron plaque
reduced the uptake of other metals by the plants. Zinc
uptake of Aster tripolium is reduced when plaque was
presented (Otte et al. 1989), and manganese uptake by
Phragmites australis was decreased (Batty et al. 2000). The
discrepancies in effects of plaque on metal uptake in different
plants and experimental conditions indicate that further broad
studies are needed for various plants and metals.

The total accumulation of Pb in the roots was 1.01 to 3.6
times that in shoots (see Fig. 3), which indicates that Pb
mainly accumulated in roots. Fitzgerald et al. (2003) found
that Pb accumulated mainly in the roots of monocots but in
the shoots of dicots, and T. latifolia was found to accumulate
Pb mostly in the roots (Ye et al. 1997). Compared with the
no iron treatment, Pb accumulation in shoots of the 100 mg

Fe kg−1 treatment was slightly enhanced; however, treat-
ments with 500 mg Fe kg−1 decreased Pb accumulation.
Although more iron addition resulted in more iron plaque
formation and more Pb adsorbed, iron toxicity induced by
higher iron addition decreased plant growth (see Table 1)
and Pb accumulation also decreased (see Fig. 3). Thus,
intermediate iron additions (100 mg kg−1) could enhance Pb
absorption in roots resulting in improved phytoremediation.
If the roots are never removed from the soil, Pb would return
to the soil after plant death and decay. Weis and Weis (2004)
pointed out that studies were needed regarding the turnover
of nutritive roots and the potential release of metals from
these decomposing roots.

5 Conclusions

Our results indicated that iron addition can enhance the
amount of iron plaque on the roots of yellow flag planted in
artificially Pb-contaminated soils and improved Pb absorp-
tion by plants. However, iron toxicity at higher iron
addition (500 mg kg−1) inhibited plant growth and resulted
in a decrease of biomass. Thus, intermediate rates of iron
addition (100 mg kg−1) generally enhanced Pb accumula-
tion and Pb removal by yellow flag.
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