Chemosphere 144 (2016) 2206–2213

Contents lists available at ScienceDirect

Chemosphere
journal homepage: www.elsevier.com/locate/chemosphere

Inﬂuence of the phenols on the biogeochemical behavior of cadmium
in the mangrove sediment
Jian Li a,c, Jingchun Liu a, Haoliang Lu a, Hui Jia a, Junyi Yu a, Hualong Hong a,
Chongling Yan a,b,∗
a

Key Laboratory of Ministry of Education for Coastal and Wetland Ecosystems, Xiamen University, Xiamen, 361102, China
State Key Lab of Marine Evironmental Science, Xiamen University, Xiamen, 361102, China
c
Institute of Environment and Ecology, School of the Environment and Safety Engineering, Jiangsu University, Zhenjiang, China
b

h i g h l i g h t s
•
•
•

Phenols disturbed the “source-sink” balance of Cd and turned it into a “source”.
Phenols played a protective role in the plants of contaminated mangroves.
Phenols facilitated Fe absorption and alleviated the limit of Fe to the plant growth.

a r t i c l e

i n f o

Article history:
Received 27 February 2015
Received in revised form 20 October 2015
Accepted 31 October 2015
Available online 18 November 2015
Handling Editor: X. Cao
Handling editor: Xinde Cao
Keywords:
Cadmium
Biogeochemistry
Phenol
Mangrove
Rhizosphere

a b s t r a c t
Phenols exert a great inﬂuence on the dynamic process of Cd in the soil-plant interface. We investigated
the inﬂuence of phenols on the biogeochemical behavior of cadmium in the rhizosphere of Avicennia marina (Forsk) Vierh. All combinations of four levels of cadmium (0, 1, 2 and 4 mg/kg DW) and two levels
of phenol (0 and 15 mg/kg DW) were included in the experimental design. We found that phenols facilitated increasing concentrations of exchangeable cadmium (Ex-Cd), acid volatile sulﬁde (AVS) and reactive
solid-phase Fe (II) in sediments, and iron in plants, but inhibited Cd accumulation in iron plaque and
roots. The concentrations of AVS and reactive solid-phase Fe (II) were signiﬁcantly positively correlated
with Cd treatment. As for the biogeochemical behavior of Cd in mangrove sediments, this research revealed that phenols facilitated activation and mobility of Cd. They disturbed the “source-sink” balance
of Cd and turned it into a “source”, whilst decreasing Cd absorption in A. marina. Additionally, phenols
facilitated iron absorption in the plant and alleviated the Fe limit for mangrove plant growth.
© 2015 Elsevier Ltd. All rights reserved.

1. Introduction
Mangrove forests are located in the intertidal zone of tropical
and subtropical regions as a speciﬁc ecological habitat, and play a
key role in maintaining the coastal ecological balance (Liu et al.,
2010; Du et al., 2013). Mangrove sediments are known as the ﬁnal
“sink” for discharge of heavy metals into the seawater (Tam and
Wong, 1997; Chou et al., 2004). However mangrove ecosystems are
subjected to serious heavy metal pollution, such as Cd, Cu, Pb and
Cr (MacFarlane et al., 2003; Silva et al., 2006). Avicennia marina,
the pioneer mangrove species in the southeast of China, has been
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found to accumulate heavy metals in root tissues under ﬁeld conditions with levels equal to or greater than surrounding sediment
concentrations (MacFarlane et al., 2003). One of the heavy metals,
Cd, has drawn more attention because of its high bioavailability
and activity, which interferes with plant metabolic processes, leading to poor growth and lower biomass.
Soils developed from peat have an abundance of phenolic
compounds and other organic matter which can adsorb a large
quantity of heavy metals. Our preliminary studies have revealed
a high content of phenols in mangrove sediments, from about
20 mg/kg DW to 28 mg/kg DW (Table 1). The sources of phenols are mainly root exudates, secretions of microorganisms and
release by plant tissue decomposition (Bao et al., 2013a, 2013b;
Vane et al., 2013). Additionally, mangrove plants themselves also
have a high content of phenols (Rahim et al., 2007, 2008). Phenols and low molecular organic acids, the main root exudates
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Table 1
General physical–chemical properties of the sediments used.
pH

6.88 ± 0.02

Total phenols

Total organic matter

Salt content

Silt content

Total S

Fe

Cd

mg/kg

%

‰

%

%

%

mg/kg

23.99 ± 4.11

8.42 ± 0.72

16.71 ± 0.46

84.1 ± 0.3

0.18 ± 0.02

4.72 ± 0.21

0.69 ± 0.04

Data are shown as Mean ± S.D. (n = 3).

of mangroves, have a great inﬂuence on the dynamic process
of Cd in the soil-plant interface by impacting on the physical–
chemical properties of elements (Lu et al., 2007). They function
as chelators for heavy metals depending on the molecular structure (Brown et al., 1998; Michalak, 2006). Possessing the richest
oxygen-containing functional groups, phenolic compounds (–OH)
etc. are known to play a critical role towards persisting metal elements (Hesterberg et al., 2001) and are recognized as the main active ingredients in soils transforming the speciation of heavy metals through chelation (Hutchison et al., 2001; Karlsson and Skyllberg, 2007). The potential of these secondary metabolites for soil
remediation candidates is considerable for contaminated estuary
wetlands.
High sulphur, high iron, high organic matter content, nutrientrich muddy substrates and oxygen-poor are characteristics of mangrove sediments (Clark et al., 1998; Ferreira et al., 2010). The
chemical reactions of sulphur and iron are considered to be the
key processes controlling the sediment chemical environment in
mangroves (Kostka and Luther, 1995; Ferreira et al., 2007; Alongi,
2010). Karlsson and Skyllberg (2007) have shown that elemental sulphur signiﬁcantly affected the bioavailability, migration and
transformation of heavy metal in the soils containing rich organic matter. Phenolic compounds (–OH) play a critical role towards persisting metal elements, but the study showed that metals take the leading role in bonding with S-containing function
groups (Hesterberg et al., 2001). AVS possessing high activity inﬂuences metal migration (Youssef and Saenger, 1998; Marchand
et al., 2004) and has correlated relatively well with heavy metals
(Martinez et al., 2002). Reddy and Patrick (1977) estimated that
the mobility and utilisation of Cd were controlled by highly stable CdS under low redox potential (Eh), which mainly resulted
from precipitation between AVS and Ex-Cd. Iron is another element which plays an important role in the biogeochemical cycle in mangrove environments. Fe oxides or hydroxides bonding
heavy metals have been revealed to be the dominant fraction in
the Fe rich sedimentary environment (Liu et al., 2008; Prasad and
Ramanathan, 2010). Fe limits mangrove growth indirectly (Alongi,
2010) with the Fe cycle in its sediments closely linked with the
sulphur cycles via microbial mediation (Kostka and Luther, 1995).
Furthermore, Fe (II) and Ex-Cd compete to combine with phenols
which act as chelating agents and carriers. Therefore, the Fe cycle may affect the activities of heavy metal pollutants (Marchand
et al., 2006). Iron plaque on root surfaces is known as a coating
(Batty et al., 2002; Tripathi et al., 2014), commonly found in mangrove plants. Pi et al. (2011) suggested that iron plaque acted as
a physical ‘barrier’ immobilizing and co-precipitating trace metals
and lowered bioavailability and absorption of trace metals in plant
roots.
To our knowledge, this is one of a very few research investigations which has studied the biogeochemical behavior of Cd under
the inﬂuence of phenols in mangroves. In this study, A. marina was
cultivated in rhizoboxes under different Cd and phenol concentrations. The distributions of Ex-Cd, AVS and reactive solid-phase Fe
(II) were examined. The aims were: (1) to assess the inﬂuence
of phenols on the biogeochemistry of Cd, (2) to identify the distribution of Ex-Cd and its potential perniciousness in mangroves,

and (3) to evaluate the signiﬁcance of phenols for soil remediation.

2. Materials and methods
2.1. Experimental set up
The sediment sample used in this study was collected from the
mangrove forest of the Jiulong River estuary in Fujian Province,
China and was pretreated by mixing and homogenizing. Different
amounts of Cd were then added by using CdCl2 , separately as 0
(control), 1, 2 and 4 mg/kg dry weight. The treated sediments were
kept fresh by adding distilled water and homogenized by mixing
thoroughly each week for two months.
A laboratory rhizobox approach, (adopted from Liu et al., 2008),
was improved and utilized to plant the mangrove seedlings (Fig. 1).
Brieﬂy, each rhizobox was divided into different sections by nylon
cloth (500 meshes). A root bag 7 cm in height was fabricated to
plant mangrove seedlings. Next to the root bag, a 2 mm-section,
deﬁned as the rhizosphere, was separated with non-rhizosphere
sediment by nylon cloth. This rhizobox is characterized by accessibility, easy operation and convenience for researching the distribution and migration of elements. About 3 kg of the treated sediment was added to each rhizobox, and each treatment made in
triplicate. Four A. marina seedlings obtained from the Jiulong River

Fig. 1. Sketch of the rhizobox used in this study.
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estuary were planted in each root box. Two series of phenols (0
and 15 mg/kg DW, Catechin: Gallic acid = 1:2) were added every
9 d during which Catechin and Gallic acid could decompose. Plants
were grown under greenhouse conditions.
2.2. Sampling
After 45 d of cultivation, sediments within the rhizosphere and
non-rhizosphere were collected separately. These were immediately sealed and stored frozen to prevent oxygen diffusion. The
roots were washed out with tap water to remove sediment and
kept intact. Part of the root samples were used for analysis of iron
plaque and root porosity. Residual roots, all leaves and stems were
separated and then freeze-dried. The dried samples were ﬁnely
ground in an agate mortar for analysis.
2.3. Analysis
At harvest, the detection of root porosity was performed by the
pycnometer method (Li et al., 2011). Iron plaque on fresh root surfaces was extracted according to the DCB technique of Taylor and
Crowder (1983).
Sediment samples that had been stored frozen were subsampled after thawing and homogenizing under nitrogen gas (N2 ).
AVS was extracted adopting the cold-acid purge-and-trap method
of Allen et al. (1993). Ex-Cd was extracted using the ﬁrst step of sequential extraction procedure (Tessier et al., 1979). Reactive solidphase Fe was achieved by anoxic oxalate extraction (Burton et al.,
2007) and the ferrous iron content in extracts was analyzed by the
1, 10-phenanthroline method (Phillips and Lovley, 1987).
Plant samples were digested as described by Soto-Jimenez and
Paez-Osuna (2001). Reagent blanks and standard references of soil
(GBW-070310), plant material (GBW-07603) (from the National
Research Center for Standards in China) were included to verify the accuracy and precision of the digestion procedure and
subsequent analysis. All reagents were Merck analytical grade or
Suprapur quality and all materials (bottles, ﬁlters etc.) were acidcleaned (14% (v/v) nitric acid) and rinsed with deionized water prior to use. Deionized water was used in preparing stock
solutions and in each step of the procedures. Metal concentrations in the samples were determined by ﬂame atomic absorption spectrometry (AAS, Model AA-6800, Shimadzu, Kyoto) with
98–101% percentage recovery for Cd and 99–103% for Fe. The concentration factor was calculated as the ratio of the metal concentrations in the samples (in micrograms per gram dry weight
(DW)) and the concentrations in the solution (in milligrams per
litre).
To assess the capabilities of accumulating and transporting Cd
in the plant, the bioconcentration factor (BCF) and translocation
factor (TF) were calculated and analyzed.
2.4. Statistical analysis
The data were analyzed using a statistical package, SPSS version
13.0. Two-way analysis of variance was carried out. All results presented and discussed are based on mean values and standard deviation (S.D.) in triplicate, and were tested by the Ducan and least
signiﬁcant difference (LSD).
3. Results
Eh variation depending on Cd treatment was detected under
phenol treatment in the sediments (Fig. 2). Eh apparently lowered
response to phenols in both the rhizosphere and non-rhizosphere;
at the same time, Eh decreased depending on Cd concentration

Fig. 2. Eh change trend in rhizosphere and non-rhizosphere. Values with the same
letters are equivalent; different letters denote signiﬁcant differences (p < 0.05)
based on ANOVAs.

(p < 0.01). It is evident that Eh in the rhizosphere is higher than
that in the non-rhizosphere (p < 0.01).
In the rhizosphere, Ex-Cd had clearly increased after phenol
treatment (Fig. 3a, p < 0.05). Ex-Cd concentrations were signiﬁcantly higher under the rising Cd treatment (p < 0.01). In the nonrhizosphere (Fig. 3a), the results were similar to the rhizosphere
(p < 0.05). Except at exposure to low concentration Cd (1 mg/kg),
Ex-Cd concentrations in the rhizosphere were much higher than
that in the non-rhizosphere (p < 0.05).
Phenol treatment facilitated formation of AVS in the mangrove
sediments (Fig. 3b, p < 0.05). AVS concentration in the nonrhizosphere was signiﬁcantly higher than that in the rhizosphere
(p < 0.01). In response to exposure to Cd at low concentration, the
content of AVS was lower than the blank, but increased depending on rising Cd treatment and presented a statistically signiﬁcant
positive correlation with it (p < 0.01).
Under phenol and Cd treatment, reactive solid-phase Fe (II) presented an increasing trend (Fig. 3c, p < 0.05). It proved most obvious in the non-rhizosphere. Compared with the rhizosphere, reactive solid-phase Fe (II) concentration was higher in the nonrhizosphere because the performance of ROL (radial oxygen loss)
caused Fe (II) oxidation in rhizosphere. Reactive solid-phase Fe (II)
showed a rising trend after the ﬁrst decrease with Cd applied in
the rhizosphere; whereas a sustained upward trend was shown
in the non-rhizosphere. The trends presented a signiﬁcant positive
correlation with Cd treatment (p < 0.05).
Cd and Fe concentration signiﬁcantly increased by Cd treatment
(p < 0.01) in DCB extracts (Fig. 4). Fe concentration gave a statistically signiﬁcantly positive correlation with Cd concentration in
DCB extracts (p < 0.01). Concentration of iron increased when phenols were added (p < 0.01). In turn, Cd concentration lowered dramatically in response to exposure to phenols (p < 0.01).
Fig. 5, shows root porosity decreased and negatively correlated
(p < 0.01) with the Cd treatment. It also decreased when provided
with phenols (p < 0.01).
In response to phenols, Cd concentration lowered in roots and
stems; while the opposite occurred in leaves (Table 2). The concentrations of Cd in roots, stems and leaves demonstrate a highly
signiﬁcant positive correlation with Cd treatment (p < 0.01). Inversely, BCF-Cd and TF-Cd in plants (Table 3) decreased continuously with increasing Fe and Cd contents in DCB-extracts and Cd
treatment in sediments and showed signiﬁcant negative correlation
with them (p < 0.01). Phenols enabled BCF-Cd and TF-Cd to reduce
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Fig. 4. Cd (a) and Fe (b) concentration in DCB-extracts. Values with the same letters
are equivalent; different letters denote signiﬁcant differences (p < 0.05) based on
ANOVAs.

Fig. 3. Ex-Cd (a), AVS (b) and Reactive solid-phase Fe (II) (c) concentration in sediments. Values with the same letters are equivalent; different letters denote significant differences (p < 0.05) based on ANOVAs. 0/1/2/4-R and 0/1/2/4-NR mean Cd
treatment (0/1/2/4 mg/kg DW) in sediments (rhizosphere and non-rhizosphere).

in both roots and stems, but not in leaves (Table 3). The accumulation and distribution of Cd in plants showed a decreasing order of:
roots > stems > leaves. In Table 2, data have revealed an obvious
increase of Fe concentration in plants under phenol treatment. Fe
concentration showed a highly signiﬁcant positive correlation with

Fig. 5. Distribution of root porosity. Values with the same letters are equivalent;
different letters denote signiﬁcant differences (p < 0.05) based on ANOVAs.
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Cd treatment, especially in roots (p < 0.01). BCF-Fe and TF-Fe in
plants gave a signiﬁcant positive correlation with Fe and Cd contents in DCB-extracts (p < 0.01), except TF-Fe in stems exposed
to Cd stress alone. Phenols exerted positive effects for enrichment
and translocation of Fe in plants (Table 3).

4. Discussion
Exterior environmental factors (e.g., heavy metals, organic acid
and sulphide) can change root anatomical structure (Armstrong
and Armstrong, 2001, 2005) or morphology (Taggart et al., 2009),
such as root porosity (Visser et al., 2000; Li et al., 2011), and then
regulate ROL from roots. ROL has a major impact on the Eh in
sediments. Results from a previous researcher (Cheng et al., 2010),
as well as the present study proved reduced root porosity in response to heavy metal stress (Fig. 5). This may partly explain why
Eh was reduced with the concentrations of Cd. Olsen et al. (1981)
showed that phenols are characteristics of reducibility. Substitution
patterns on the B-ring and hydroxyl substituents on the A-ring are
the determinant of phenol reducibility in their molecular structure
(Arora et al., 1998). Therefore, when phenols were provided here,
Eh showed a decreasing trend in sediments (Fig. 2). Eh and pH
most affect the metal chemical process and bioavailability in soils.
The absorption capacity of Cd decreased with rising Eh in soils
and desorption ability increased by increasing reduction capacity
after Cd was adsorbed (Ge et al., 2006). Phenols induce strong
acidiﬁcation in sediments and behave as desorption and solubilization agents, which desorb Cd2+ from sediment particles (Olsen
et al., 1981) dissolving Cd and other solutes (Charlatchka and
Cambier, 2000). Phenols prompt Cd to form Ex-Cd (Charlatchka
and Cambier, 2000) with Ex-Cd concentration rising in the rhizosphere and non-rhizosphere (Fig. 3a). In this study, oxygen and Eh
gradients occurred between the rhizosphere and non-rhizosphere,
which made AVS content in the non-rhizosphere higher than that
in the rhizosphere (Fig. 3b). This induced Cd2+ immobilization and
reduced activity of Cd. Alongside, root exudates in the rhizosphere
dissolved and chelated Cd, affected species distribution of Cd (Lu
et al., 2007; Cesco et al., 2010, 2012), offered similar beneﬁts to
exogenous phenols, and caused chelating Cd and organic content
higher in the rhizosphere, so that Ex-Cd in the rhizosphere was
more than the non-rhizosphere (Fig. 3a, p < 0.05). Lin (2010) found
that exchangeable Cu concentration in the rhizosphere of paddy
soils was higher than that in non-rhizosphere, which accords with
our Cd results. Phenols catalyze Cd which enhances its activity
and then disturbs the “source-sink” balance by converting it into
a “source” in the mangrove sediments.
Phenols are characteristic of solubility, chelation and reduction
mechanisms (Olsen et al., 1981; Arora et al., 1998), facilitating the
reducing process of SO4 2− to S2− . As a response to phenols exposure, some slightly soluble sulphides (FeS2 , CdS etc.) will resolve to develop S2− and Fe2+ /Cd2+ through a series of chemical reactions under the common actions of solubility, chelation
and reducibility of phenols. This may lead to AVS and Ex-Cd concentrations increasing (Fig. 3b, a). Under reducing conditions, sulphate is prone to reduction reaction. ROL formed micro aerophilic
zones and lowered reducibility in the rhizosphere, sulphur oxidation occurred in the rhizosphere; while in the non-rhizosphere,
sulphur reduction reaction occurred. Accordingly, AVS content was
greatly higher in the non-rhizosphere than the rhizosphere (Fig. 3b,
p < 0.01). As the most active speciation of sulphur, AVS greatly
affects the solubility and bioavailability of Cd. It can be used as
a primary source for S2− ligands and generates CdS through substitution reaction, which decreases the activity of Cd in reducing
conditions (Huerta-Diaz et al., 1998). Because of the development

of CdS, low concentration of Cd stress lead to decreasing AVS content. Decreasing Eh provided a stronger reducing environment for
AVS and stimulated its production, resulting in AVS concentration
increasing in the sediments. Phenols enhanced both concentrations
of Ex-Cd and AVS in sediments. AVS concentration affects the speciation distribution of Cd, and vice versa. The speciation distribution of sulphur is impacted by Cd concentration in the mangrove
sediments.
Iron-manganese oxides or hydroxides are known as strong adsorbers scavenging most of the heavy metals. Redox conditions
cause the change of bonds between metal and iron-manganese oxides or hydroxides, resulting in the mobility of metals (Chuan et al.,
1996; Davranche and Bollinger, 2000). The concentration of Cd
greatly increases and reveals signiﬁcant positive correlation with
Fe (II) concentration when Eh lowers from +325 mV to −100 mV
(Chuan et al., 1996). The mobility of divalent trace metals was facilitated by reducing conditions which closely followed the redox
potential of Fe and Mn (Charlatchka and Cambier, 2000); part of
the Fe oxide here was reduced and released Cd2+ from its bonding causing increase of Fe (II) and Ex-Cd contents (Fig. 3c, a). Indeed, soluble organic acids prevent readsorption and precipitation
of metal, thus the reactive solid-phase Fe (II) and Ex-Cd rose under phenol treatment (Fig. 3c, a). Arora et al. (1998) proved that
the substitution patterns especially affected antioxidant potencies
in phenol molecular structure: hydroxyl substituents in a catechol
structure on the A-ring were able to compensate substitution on
the B-ring and become a larger determinant of phenols antioxidant activity when substitution on the B-ring was abolished. In this
study, the strong antioxidant potency of phenols increased concentrations of reactive solid-phase Fe (II) and AVS in the rhizosphere
and non-rhizosphere sediments (Fig. 3c, b).
Previous research showed that iron plaque on the root surface
acted as a physical ‘barrier’ (Pi et al., 2011b). Accumulation of Fe
in DCB-extracts here presented a signiﬁcant positive correlation
with Cd treatment (Fig. 4b, p < 0.01). Decreasing TF-Cd in leaves
and stems provide evidence of iron plaque preventing heavy metals transporting into the plants (Table 3). Phenols increased the
concentration of Fe (II) in sediments (Fig. 3c), and more Fe (II)
was oxidized (ROL was an important factor for Fe (II) oxidation (Pi
et al., 2010)) and immobilized in the root surface, increasing the
quantity of iron plaque. The solubilization and desorption (Stingu
et al., 2012) of phenols enable Cd desorption from iron plaque and
hamper re-adsorption or precipitation of metals. When provided
with phenols, the concentration of Cd in DCB-extracts decreased
(Fig. 4a). Visibly, phenols were not conducive to Cd accumulation
in iron plaque.
Reddy and Patrick (1977) suggested that Eh affected the solubility and bioavailability of ﬂooded soil Cd: the uptake of Cd decreased when the Eh was lower. This observation supports our
work that Cd accumulation decreased in plants as a response to
phenols which led to Eh reduction (Tables 2 and 3). A signiﬁcant negative correlation existed between BCF-Cd, TF-Cd in plants
and Fe, Cd in DCB-extracts (p < 0.01). Iron plaque precipitated
some of the Cd and prevented adsorption and enrichment of Cd
in plants (Tables 2 and 3); it acted as a reservoir to immobilize Cd (Pi et al., 2011a). Also, the solubilization and desorption
of phenols hinder absorption of Cd in iron plaque (Fig. 4), which
closed the “ﬁrst door” for Cd access and decreasing the root uptake. Enhancing the phenols played a positive role in plant protection and reduced the uptake, accumulation and translocation of
Cd in roots and stems. In leaves, Cd may substitute Fe to participate in photosynthesis, the synthesis of chlorophyll, amino acid
and protein; simultaneously Cd2+ competed with Fe (II) for chelating with phenols and transporting to the cytomembrane. This facilitated the movement of Cd2+ in plants in which the phenols act
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Table 2
Cd and Fe accumulation in the different tissues of A. marina seedlings.
Treatment

Roots

Cd0
Cd1
Cd2
Cd4
Analysis of variance

Steams

Leaves

Cd (ug/g)

Fe (mg/g)

Cd (ug/g ( × 10−1 ))

Fe (mg/g ( × 10−1 ))

Cd (ug/g ( × 10−1 ))

Fe (mg/g ( × 10−1 ))

Ph0
Ph1
Ph0
Ph1
Ph0
Ph1
Ph0
Ph1

1.75 ± 0.19d
1.00 ± 0.26d
2.15 ± 0.11c
1.51 ± 0.29c
2.98 ± 0.18b
2.07 ± 0.02b
6.17 ± 0.35a
4.70 ± 0.02a

49.76 ± 8.21d
62.29 ± 1.83d
62.51 ± 1.79c
65.10 ± 0.87c
74.22 ± 9.07b
79.91 ± 11.66b
83.22 ± 3.97a
91.99 ± 2.08a

12.48 ± 0.84b
5.74 ± 0.06b
13.29 ± 1.18b
7.57 ± 0.10b
10.67 ± 2.63c
8.329 ± 0.06b
25.39 ± 1.29a
17.11 ± 0.27a

2.28 ± 0.17b
2.83 ± 0.30b
3.07 ± 0.4a
3.30 ± 0.28b
3.16 ± 0.09a
4.62 ± 0.64a
3.36 ± 0.76a
5.42 ± 0.37a

1.38 ± 0.09b
3.55 ± 0.14b
3.61 ± 0.09 ab
3.65 ± 0.08b
3.62 ± 0.12 ab
5.40 ± 0.07a
5.74 ± 0.03a
6.24 ± 0.12a

1.55 ± 0.13d
2.17 ± 0.14b
1.83 ± 0.05c
2.43 ± 0.01b
2.31 ± 0.16b
3.87 ± 0.62a
3.14 ± 0.18a
4.10 ± 0.29a

Cd
Ph
Cd × Ph

<0.001
<0.001
0.007

<0.001
<0.001
ns

<0.001
<0.001
0.004

<0.001
<0.001
0.008

<0.001
0.012
ns

<0.001
<0.001
0.022

Note: Cd0 , Cd1 , Cd2 and Cd4 indicate Cd treatments concentration 0, 1, 2 and 4 mg/kg DW respectively. Ph means phenols, Ph0 and Ph1 mean “no phenols” and “add
phenols” respectively. Data are shown as Mean ± S.D. (n = 3). “ns” mean no signiﬁcance (p > 0.05). Values with the same letters are equivalent; different letters
denote signiﬁcant differences (p < 0.05) based on ANOVAs. All analysis results were carried out by a two-way ANOVA.

Table 3
Bioconcentration factor (BCF) and translocation factor (TF) of Cd and Fe in A. marina seedlings.
Parts

Roots

Treatment

BCF-Cd
BCF-Fe

Stems

BCF-Cd ( × 10

−1

)

TF-Cd ( × 10−1 )
BCF-Fe ( × 10−3 )
TF-Fe ( × 10−3 )
Leaves

BCF-Cd ( × 10

−1

)

TF-Cd ( × 10−1 )
BCF-Fe ( × 10−3 )
TF-Fe ( × 10

−3

)

Ph

Cd0

Ph0
Ph1
Ph0
Ph1
Ph0
Ph1
Ph0
Ph1
Ph0
Ph1
Ph0
Ph1
Ph0
Ph1
Ph0
Ph1
Ph0
Ph1
Ph0
Ph1

2.19
1.25
1.28
1.68
15.58
7.17
7.40
5.71
6.02
7.91
4.58
4.78
1.75
4.38
2.06
3.97
4.06
5.86
2.72
3.49

Analysis of variance
Cd1
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

0.07a
0.18a
0.19d
0.05d
1.05a
0.71a
0.03a
0.53a
0.30c
0.46c
0.99a
0.10c
0.08a
0.40a
0.32a
0.66a
0.20d
0.37c
0.12c
0.31b

1.19
0.84
1.68
1.77
7.39
4.30
6.21
5.06
7.87
9.35
4.54
5.32
1.58
2.03
1.67
2.66
4.93
6.55
2.92
3.73

Cd2
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

0.06b
0.09 ab
0.01c
0.01c
0.91b
0.53b
0.33b
0.44a
0.36b
0.61c
0.01a
0.21b
0.31 ab
0.45b
0.63 ab
0.03b
0.14c
0.03c
0.08c
0.04b

1.06
0.74
2.01
2.16
3.88
3.14
4.58
4.00
8.53
12.82
4.26
5.48
1.29
1.80
1.22
2.45
6.23
9.49
3.22
4.55

Cd4
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

0.02c
0.01b
0.11b
0.01b
0.05d
0.11c
0.40c
0.32b
0.23b
1.53b
0.01a
0.27b
0.42 ab
0.12b
0.48 ab
0.17b
0.44b
0.23b
0.11b
0.77a

1.28
0.97
2.25
2.51
5.06
3.15
4.12
3.34
9.87
14.97
4.56
6.16
1.19
1.30
0.93
1.45
8.49
11.071
3.78
4.45

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

0.07b
0.01 ab
0.10a
0.03a
0.08c
1.76c
0.21d
0.20b
0.68a
0.58a
0.32a
0.14a
0.11b
0.23c
0.12b
0.12c
0.49a
0.78a
0.22a
0.28a

Cd

Ph

Cd × Ph

<0.001

<0.001

0.001

<0.001

<0.001

0.007

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

0.033

ns

<0.001

0.029

<0.001

<0.001

<0.001

<0.001

<0.001

0.011

<0.001

0.001

0.039

<0.001

<0.001

ns

Note: Cd0 , Cd1 , Cd2 and Cd4 indicate Cd treatments concentration 0, 1, 2 and 4 mg/kg DW respectively. Ph means phenols, Ph0 and Ph1 mean “no phenols”
and “add phenols” respectively. Data are shown as Mean ± S.D. (n = 3). “ns” mean no signiﬁcance (p > 0.05). “BCF-Cd/BCF-Fe” means bioconcentration
factor of Cd/Fe, and “TF-Cd/TF-Fe” represents translocation factor of Cd/Fe. Values with the same letters are equivalent; different letters denote signiﬁcant
differences (p < 0.05) based on ANOVAs. All analysis results were carried out by a two-way ANOVA.

as a carrier. They both encourage Cd enrichment and translocation and hence Cd concentration. BCF-Cd and TF-Cd in leaves were
higher under phenol treatment (Table 3). Signiﬁcant positive correlation between BCF-Fe, TF-Fe in plants and Fe, Cd contents in
DCB-extracts was found. This illustrated that accumulation of Fe
as iron plaque enhanced the uptake of Fe. In plants, the increase
of Fe derived from the increase of Fe in DCB-extracts and Fe (II) in
the rhizosphere when phenols were added (Table 2). Fe concentrations showed a greatly positive correlation with Cd concentration
in plants (p < 0.01). These all further demonstrated the viewpoint
of a competition between Cd2+ and Fe (II) (Harikumar and Nasir,
2010).
5. Conclusion
Cd was activated as a response to phenol treatment which increased activity of Cd in mangrove sediments, and especially in
the rhizosphere. This result implies that phenols disturbed the

“source-sink” balance of Cd in mangrove sediments. It appears
that phenol treatment resulted in the increase of Cd activity. But
the concentration of Cd clearly decreased in the plants themselves, accounting for Cd accumulation decreasing in iron plaque,
and the competition between Fe (II) and Cd2+ impeding Cd uptake in A. marina seedling roots. As for the biogeochemical behavior of Cd in mangrove sediments, it is an arresting discovery that
phenols disturbed the “source-sink” balance of Cd and turned it
into a “source”. Meanwhile, phenols are shown to play a critical
role in protecting plants from Cd toxication in mangroves. The potential of phenols as soil remediation candidates can be considerable for contaminated estuary wetlands. Phenols facilitated Fe
(II) production in sediments and iron accumulation in iron plaque
which was favourable for Fe absorption in plant roots. Therefore,
they alleviated the limit of Fe to mangrove plant growth. However,
more focus is needed on research into the molecular mechanism
of phenols in protecting mangroves from heavy metal contamination.
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