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a b s t r a c t

Avicennia schaueriana, Laguncularia racemosa and Rhizophora mangle were experimentally exposed to
increasing levels of iron (0, 10, 20 and 100 mg L�1 added Fe(II) in Hoagland’s nutritive medium). The
uptake and translocation of iron from roots to stems and leaves, Fe-secretion through salt glands (Avi-
cennia schaueriana and Laguncularia racemosa) as well as anatomical and histochemical changes in plant
tissues were evaluated. The main goal of this work was to assess the diverse capacity of these plants to
detect mangroves at risk in an area affected by iron pollution (Vitoria, Espírito Santo, Brazil). Results
show that plants have differential patterns with respect to bioaccumulation, translocation and secretion
of iron through salt glands. L. racemosa showed the best environmental sensing capacity since the bio-
accumulation of iron in both Fe-plaque and roots was higher and increased as the amount of added-iron
rose. Fewer changes in translocation factors throughout increasing added-iron were observed in this
species. Furthermore, the amount of iron secreted through salt glands of L. racemosa was strongly
inhibited when exposed to added-iron. Among three studied species, A. schaueriana showed the highest
levels of iron in stems and leaves. On the other hand, Rhizophora mangle presented low values of iron in
these compartments. Even so, there was a significant drop in the translocation factor between aerial
parts with respect to roots, since the bioaccumulation in plaque and roots of R. mangle increased as iron
concentration rose. Moreover, rhizophores of R. mangle did not show changes in bioaccumulation
throughout the studied concentrations. So far, we propose L. racemosa as the best species for monitoring
iron pollution in affected mangroves areas. To our knowledge, this is the first detailed report on the
response of these plants to increasing iron concentration under controlled conditions, complementing
existing data on the behavior of the same plants under field exposure.

© 2016 Elsevier Ltd. All rights reserved.
e by W. Wen-Xiong.

Wunderlin), smachado@ibb.
1. Introduction

Mangroves are part of the ecosystem continuum from terrestrial
to fully marine environments that occur at the boundary between
land and sea, and are flooded regularly by the tide (Clough, 2013).
Coastal wetlands have been recognized for their ability to stabilize
shorelines and to protect coastal communities. Coastal wetland
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vegetation is an effective shoreline buffer, which acts as a natural
barrier to stabilize fine sediment, preventing coastal erosion.
Moreover, they reduce effects of storms and flooding, maintain
water quality and biodiversity, and support awide range of wildlife.
Mangroves may have an indirect value in the protection of coastal
property and economic activities such as fishery (Barbier et al.,
2011; Vo et al., 2012). However, despite all the goods and services
provided around theworld, estimated at $1.7 to $2.8 billion per year
(Brander et al., 2012; Costanza et al., 1997), mangroves have the
fastest rates of loss of ecosystems worldwide, and are increasingly
impacted by pollution (Valiela et al., 2001). Among the contami-
nants, pollution by metals is a concern, since these elements can be
uptaken, transferred and involved in metal biomagnification along
the food chain, generating toxicity for the biota (Cardwell et al.,
2013; Nica et al., 2012).

Metal accumulation in mangrove sediment is favored by its high
capacity of absorption of organic matter and small particles (Zhou
et al., 2010). The anaerobic environment, in addition to high
levels of organic matter and iron sulfide, in mangrove sediments
enhance iron settling, and the accumulation of metals. Therefore,
iron is responsible for modulating the bioavailability and redox
characteristics of metals in sediments (Morse and Rickard, 2004).

Vascular plants mangroves are crucial to the dynamics of the
estuarine ecosystem, strongly influencing the processes of metals
retention, with unique biological mechanisms. Some mechanisms
involved in the resistance of mangrove plants to metals, namely the
accumulation of metals in roots in comparisonwith the aerial parts
of the plants, have been reported (Nath et al., 2014). These mech-
anisms involve the formation of an iron (Fe) plaque on the root
surface (Cheng et al., 2014; Du et al., 2013), and metal retention in
the root (epidermis and endodermis) (Lu et al., 2014; MacFarlane
and Burchett, 2000). Evidence suggests that the extent of Fe-
plaque formed on mangrove root is species-specific (Pi et al.,
2011) and that the amount of Fe-plaque can be related to adap-
tive changes in the root anatomy in response to pollution (Pi et al.,
2010). An additional adaptive response in some mangrove plants is
the secretion of metals through salt glands (MacFarlane and
Burchett, 1999; 2000; Naidoo et al., 2014).

Avicennia schaueriana Stapf & Leechm. ex Moldenke, Laguncu-
laria racemosa (L.) C.F. Gaertn. and Rhizophora mangle L. are
mangrove species, commonly found in Brazil (Giri et al., 2011;
Tomlinson, 1994). These plants are well adapted to saline wet-
lands, presenting aerenchymatose roots with air gaps that are
usually bigger in Avicennia schaueriana and Laguncularia racemosa
in comparison with Rhizophora mangle, which additionally shows
warming root cells (Menezes, 2006; Youssef and Saenger, 1996).
These three species show different ways to cope with the saline
sediment. A. schaueriana and L. racemosa are species with salt
glands in leaves; conversely, R. mangle have glabrous leaves
(Tomlinson, 1994). Mangrove plants secreting salt through salt
glands are capable of absorbing more salt through the root (salt-
including species), which has been proposed as a mechanism that
facilitates the absorption of metals, resulting in a higher bio-
accumulation in these plants (Bernini et al., 2006; Cuzzuol and
Campos, 2001; Sarangi et al., 2002).

The presence of iron mines close tomangrove areas can result in
an additional load of metals in the sediment; particularly iron
(Veerasingam et al., 2015). The state of Espírito Santo (Brazil) has
the largest iron production of the country, being the biggest mining
harbor in Brazil (IBEF, 2011). Levels of iron in sediments of this area
reach 23 mg g�1 (Arrivabene et al., 2015), which are above levels
found in other polluted mangrove areas (Defew et al., 2005;
Lacerda et al., 1989; Sadiq and Zaidi, 1994; Sarangi et al., 2002;
Sherman et al., 1998; Silva et al., 1990).

Some field studies have been carried out to evaluate the
bioaccumulation of iron in mangrove plants (Souza et al., 2014a,
2014b, 2015). However, to our knowledge, there are few studies
on the bioaccumulation of iron under controlled conditions (Cheng
et al., 2012), looking to isolate the behavior of this metal from the
complex matrix present in mangrove sediments, like the presence
of different amounts of organic matter, dissolved oxygen, gran-
ulometry, etc. (Arrivabene et al., 2015). Furthermore, previous
studies did not report the iron distribution in all plant compart-
ments. It is worth to mention that, in addition to being a micro-
nutrient, iron can reach concentrations toxic to the plant if its
amount in sediments as well as its bioavailability are high enough
(Kobayashi and Nishizawa, 2012).

Considering the above-described evidence, the main goal of this
work was to evaluate the diverse capacity of these three plants to
absorb, translocate and bioaccumulate iron in different plant
compartments, as well as to evaluate changes in the plant anatomy.
Thus, we look to verify if these plants can be used as pollution
sentinels in an area with mangroves at risk because of iron pollu-
tion (Vitoria, Espírito Santo, Brazil).

2. Materials and methods

2.1. Experimental set up

Propagules of A. schaueriana, L. racemosa and R. mangle were
collected at the ecological reserve of the Lameir~ao county (Estaç~ao
Ecol�ogica Municipal Ilha do Lameir~ao), State of Espírito Santo,
Brazil, during the spring 2013 (A. schaueriana), or the summer 2014
(L. racemosa and R. mangle). Propagules were transported to a
greenhouse at the Federal University of Espírito Santo, where they
were cultivated in pre-cleaned PVC pots (2.8 L each) containing
washed sand. Sand pots were stored in receptacles containing a
nutritive medium (Hoagland and Arnon, 1950), with 0.25 ionic
strength and a salt content of 7 g L�1. The level of the nutritive
medium was ca. 3 cm during plant grow, and ca. 7 cm during ex-
posures, simulating mangrove conditions without the presence of
organicmatter. The nutritivemediumwas coveredwith a black PVC
film to prevent photo-oxidation.

Propagules were developed during eight months, afterward
plants were used for exposure. Exposures were performed by
adding 0 (control), 10, 20 and 100 mg L�1 Fe(II)SO4 (to simulate the
bioavailable form of iron), disodium EDTA and MES buffer (1 mM,
pH 6) to the nutritive medium (which already contained
0.53 mg L�1 Fe as FeCl3). Iron concentrations of 10 and 20 mg L�1

were selected as they are close to values found in the interstitial
water during field studies in the mangrove area of Espírito Santo
(Arrivabene et al., 2015). The highest concentration (100 mg L�1)
was selected to simulate a more toxic condition, with iron levels
exceeding current environmental levels, similar to the levels found
during an incident like the recent mine dam break in the neighbor
State of Minas Gerais (Brazil). The nutritive medium was renewed
weekly.

Sets of five independent plants (n ¼ 5) from each species
(randomly selected) were exposed to different iron concentrations
during eight weeks. After exposure, plants were harvested and
analyzed as described below.

2.2. Chemical analysis of iron

Glassware and plasticware used for sampling preparation and
analysis were previously washed using a neutral detergent Extran
MA 02 (5% v/v), 15e50% v/v nitric acid (63.7%) sub-boiling grade
and ultrapure water (<5 mg L�1 TOC). Ultra-pure water was ob-
tained from a purification system Arium 61316-RO, plus Arium 611
UV (Sartorius, Germany). Nitric acid sub-boiling grade was
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prepared from analytical grade acid, using a sub-boiling distiller
(Figmay, C�ordoba, Argentina). The purity of the nitric acid was
checked by Mass Spectrometry Inductively Coupled Plasma (ICP-
MS) (Agilent 7500cx, USA).

Iron concentrations were determined in triplicate by ICP-MS,
using an ASX-100 autosampler (CETAC Technologies, Omaha, NE),
according to Usepa (2009) methods. Quality assurance (QA) and
quality control (QC) were performed using a certified reference
material (CRM): peach leaves NIST SRM 1547. Recoveries from
CRMs were above 80% as recommended by USEPA. Spiked samples
were also prepared for roots, stems, rhizophores and leaves to
verify the matrix effect. Thus, standard Merck VI CertiPUR® (Merck
Química, Buenos Aires, Argentina) was added to dried plant ma-
terials; the rest of the procedure was the same as used for non-
spiked samples. The average recovery of these assays ranged from
92 to 105%.

2.2.1. Iron in plaque
The extraction of the Fe-plaque was performed using the

dithionite-citrate-bicarbonate technique (DCB), which is effective
in extracting the iron retained in the Fe-plaque present along the
root surface of plants. There are different reports on the proportion
of reagents used in this method (Liu et al., 2004; Otte et al., 1991;
Taylor and Crowder, 1983). Thus, we carried out a comparison be-
tween these three methods (Table 1S) to verify the best experi-
mental set up to be used with our samples. From Table 1S, we can
see that the method proposed by Taylor and Crowder (1983) allows
the highest extraction of iron from the Fe-plaque, while no signif-
icant differences were found for total iron (Fe-plaque þ internal
root) among the three methods. Therefore, we used the protocol
reported by Taylor and Crowder (1983) to extract the Fe-plaque.
Briefly, the entire root system was washed with reverse osmosis
water (RO-water) and air-dried. Next, an amount equivalent to 0.2 g
dry root was stirred at room temperature for 3 h in a cold DCB
solution (40 mL of 0.3 M Na3C6H5O7$2H2O; 5 mL of 1 M NaHCO3,
and 3 g de Na2S2O4) (Taylor and Crowder, 1983). The approximate
ratio between fresh and dry mass of roots was analyzed previously
in roots from different individuals. After DCB extraction, roots were
rinsed with RO-water, dried in an oven (37 �C) until constant
weight. The DCB extraction solution was filtered using nitrocellu-
lose 0.45 mm filters (Millipore, USA), acidified with ultra-pure
HNO3, and stored at 4 �C until analysis.

2.2.2. Iron in roots, stems, rhizophores and leaves
Roots, stems, rhizophores and leaves samples werewashed with

RO-water, dried at 37 �C until constant weight, grinded and ho-
mogenized with a mortar. All samples were digested according to
Chappaz et al. (2012) with slight modifications, using 4 mL nitric
acid (70% ultra-pure, sub-boiling grade) and 1 mL HCl (37%, ultra-
pure sub-boiling grade), in pre-cleaned PTFE tubes (Sevillenex,
USA) at constant temperature during 24 h. All samples were filtered
(0.45 mm, Millipore, USA) and stored at 4 �C until analysis. Controls
were prepared using the same protocol without sample (only
reagents).

Translocation factors (TF) were calculated between different
plant compartments: TFsr: [Fe] stem/[Fe] root; TFls: [Fe] leaves/[Fe]
stem; TFlr: [Fe] leaves/[Fe] root; and TFsh: [Fe] (leaf þ stem)/[Fe]
root. For R. mangle, particularly, TFsh was calculated as [Fe]
(leaf þ stem þ rhizophore)/[Fe] root.

2.2.3. Iron in the secretion from salt glands (A. schaueriana and L.
racemosa)

The entire procedure was performed within a PVC cubic struc-
ture, protecting leaves frompossible atmospheric contamination by
particulate iron, including dust. Leaves from the third node were
successively washed with 5% v/v Extran MA 02 neutral detergent
and then with RO-water. The PVC cubic structure was wrapped
using a transparent PCV film, containing small orifices to prevent
saturation with water vapor, and minimize interference with the
photosynthetically active radiation on the leaves, which could
cause the stomata closure and consequent reduction in the flow of
transpiration and secretion (as observed by Scholander et al., 1962).
After three days, leaves were collected and immersed in DCB so-
lution for 3 h (Taylor and Crowder, 1983). Leaves were also used to
determine glandular density (nº mm�2) by the printing technique,
using a drop of cyanoacrylate ester adhesive (Super-Bonder®) in a
histological slide. Thus, the obtained foliar surface was analyzed by
microscopy (Nikon E200 microscope, Tokyo, Japan). Six random
optical fields were measured from each foliar surface, documented
with the Tsview v.6.1.3.2 software (Tucsen Imaging Technology Co.
Limited). In order to calculate secretion rate per area andmass unit,
both leaf area (cm2) and leaf dry weight (g) weremeasured. The leaf
areawasmeasuredwith the AreaMeter LI-COR 3100 (Lincoln, USA),
while the dry mass was obtained by weighing the samples after
they were oven-dried at 60 �C until constant weight.

2.3. Root anatomy

The thickness of epidermal, cortex and total root, air gap area
and diameter of vascular cylinder of absorption roots were calcu-
lated. Roots were dehydrated using ethanol series, embedded in
historesin (Leica, Germany), cross-sectioned (8e10 mm thick) using
a rotary microtome, and stained with 0.05% toluidine blue, pH 4.7
(O’Brien et al., 1964). Thirty measurements per root section were
performed using the software Nikon NIS-Elements (Tokyo, Japan).
Pictures from analyzed sections were recorded using a light mi-
croscope (Nikon Eclipse 50i, Tokyo, Japan), equipped with a digital
camera.

To compare differences between species, we considered the
variance of data obtained from each treatment, which were
compared to the corresponding control.

2.4. Iron histochemistry staining of roots, stems and leaves

Freehand sections from roots (ca. 2 cm root apex), stems (ca.
10 cm from the shoot apex), and leaves (middle third) were ob-
tained with a razor blade and immersed in Perl’s reagent (1% po-
tassium ferrocyanide, 2% HCl in a 1:1 proportion; Bancroft et al.,
2008) for Fe(III) detection. Additionally, another set of plants sec-
tions were treated with Lillie’s reagent (400 mg of potassium
ferricyanide in 40 mL 0.5% HCl; Bancroft et al., 2008) for Fe(II)
detection. After 24 h, sections werewashed; pictures from analyzed
sections were recorded using a light microscope (Nikon Eclipse 50i,
Tokyo, Japan), equipped with a digital camera. Positive staining was
verified by the Prussian blue color of Perl’s reagent (ferric iron), or
by the Turnbull blue from Lillie’s reagent (ferrous iron).

2.5. Statistical analysis

All data were tested for normal distribution. For chemical data
(mainly non-normal distribution) Kruskal-Wallis test was applied,
while for biological data (mainly normal distribution), one-way
analysis of variance (ANOVA), followed by the Tukey’s test were
used; both with a significance level P < 0.05. Data are reported as
mean ± standard deviation for biological data showing normal
distribution, while median ± first quartile is reported for chemical
data with non-normal distribution.

The following multivariate statistical methods were applied to
different sets of data (chemical, biological and combination pa-
rameters): canonical correlation analysis (CCA), Spearman’s rank
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correlation coefficient and generalized Procrustes analysis (GPA).
CCA and Spearman’s rank were used to analyze correlations be-
tween two groups of variables (chemical and biological). Spear-
man’s rank shows correlations between variables. CCA improves
the information between iron bioaccumulation and biological re-
sponses. GPA was used with six dataset (chemical and biological
data from three studied species) to understand their distribution
and correlations.

Multivariate statistical methods are important to highlight the
contribution of various variables in the model and their ability to
discriminate one class from another (Wunderlin et al., 2001). The
statistical package Infostat (Di Rienzo et al., 2010) were used for
analyzes.

3. Results

3.1. Iron concentration in plaque, roots, stems, leaves and saline
secretion from salt glands

Fig. 1 and Tables 2S and 3S (supplementary material) show the
iron concentration in plaque, roots, stems and leaves of three
studied species under different concentrations of added-iron. Fig. 2
and Tables 2S and 3S show the iron concentration in secretions
from salt glands. Controls show presence of iron due to the content
of this element in the nutritivemedium. These results evidence that
the Fe-plaque is a place of high iron accumulation in these plants
(Table 2S). L. racemosa accumulated the highest amounts of iron in
the plaque and roots, while A. schaueriana presented the highest
levels in both stems and leaves (Fig. 1 and Table 2S). Also in Fig. 1, it
is evident that the bioaccumulation of iron in the plaque and roots
of L. racemosa increased progressively as the added-iron concen-
tration rose. Fig. 2 and Table 2S show that the iron secretion
through salt glands is strongly inhibited in L. racemosa at iron
concentrations above controls, while A. schaueriana did not show a
noticeable drop from controls to the highest added-iron concen-
tration used. On the other hand, salt glands density in both
A. schaueriana and L. racemosa do not significantly vary throughout
the different amounts of added-iron (Table 2S).

3.2. Translocation factors

Fig. 3 and Table 2S show translocation factors between different
parts of the studied plants, exposed to diverse added-iron amounts.
A drop in TF between aerial parts of R. mangle and its root (TFsr, TFlr
and TFsh) becomes evident. Conversely, R. mangle showed a trend
to increase TF between stems and leaves, although not statistically
significant (Fig. 3, Table 2S). The rest of studied species did not show
changes in TF at all dosages of iron, although A. schaueriana had a
significant drop in TF when exposed to 100 mg L�1 Fe(II). On the
other hand, L. racemosa evidenced a drop in TF only between leaves
and stems, and between leaves and roots, at the maximum iron
concentration used (Fig. 3, Table 2S). In general, L. racemosa pre-
sented the lowest TF among the three studied mangrove plants
(Table 2S).

3.3. Root anatomy

Table 4S shows studied anatomical parameters for roots of the
three studied species. Most analyzed parameters did not show
significant changes throughout studied added-iron concentrations.
The parameters showing changes were thickness of cortex and root
in A. schaueriana, with higher values in controls compared to
exposed plants. Additionally, the root of L. racemosa was signifi-
cantly thinner in plants exposed to 100 mg L�1 and thicker upon
exposure to 20 mg L�1 (Fig. 4).
3.4. Histochemistry

Figs. 5e7 show results from histochemical analysis. In general,
there was no difference in iron bioaccumulation sites under
different dosages of Fe.

From Fig. 5 we can observe the main places of iron bio-
accumulation in roots. Mainly the epidermis, but also cortex, were
the areas showing the highest accumulation of both iron species
(Fe(II) and Fe(III)) in the three studied species. Iron was also
detected in vessel elements of R. mangle and in vascular cambium of
L. racemosa exposed to the highest dose (100 mg L�1).

Fig. 6 shows that the vascular cambium of L. racemosa and the
periderm of R. manglewere the main places for bioaccumulation of
both iron species in stems from these two plant species. Conversely,
in A. schaueriana it was not possible to verify the main places for
iron bioaccumulation within the stem. However, stems of
A. schaueriana showed presence of Fe(II) and Fe(III) in epidermis,
subepidermis, lenticel, xylem (mainly in protoxylem) and salt
glands cells. Moreover, Fe(II) was massively detected in vessel el-
ements, phloem, cortical parenchyma and pith of A. schaueriana.

Fig. 7 shows some places of iron bioaccumulation in leaves. The
main place for bioaccumulation in A. schaueriana was the water
storage parenchyma and, additionally, the cortex of the midvein,
epidermis, salt glands and spongy parenchyma. On the other hand,
L. racemosa presented the main iron bioaccumulation in its xylem,
but also lower bioaccumulation in salt glands, and in both water
storage and palisade parenchyma. Finally, the bioaccumulation of
iron in leaves of R. mangle occurred in several places, mainly in the
cortex of the midvein, and in both palisade and water storage
parenchyma.

3.5. Statistical analysis

Chemical data (Table 2S) and anatomical information (Table 4S)
were independently evaluated for each plant species to assess the
plant that best correlates the bioaccumulation with changes in the
anatomy. CCA demonstrates that L. racemosa was the species
showing the best correlation between chemical and biological
matrix (R2 ¼ 0.98, P ¼ 0.01), followed by A. schaueriana (R2 ¼ 0.97,
P ¼ 0.03), with no significant correlation for R. mangle (R2 ¼ 0.89,
P ¼ 0.3).

Spearman test showed a positive correlation between the iron
concentration in the Fe-plaque and the amount of iron in roots of
L. racemosa (Spearman R ¼ 0.80) and R. mangle (Spearman
R ¼ 0.82). In addition, a negative correlation was found between
iron concentration in plaque and translocation factors to R. mangle
(Spearman R for TFsr ¼ �0.77, TFlr ¼ �0.84, TFsh ¼ �0.84) and
L. racemosa (Spearman R for TFlr¼�0.64). Therewas no correlation
between Fe concentration in Fe-plaque and root biomass for any of
the three species (Spearman R for L. racemosa ¼ �0.08,
A. schaueriana ¼ �0.07, R. mangle ¼ �0.25). No significant corre-
lation (P > 0.05) was found between the density of salt glands and
the concentration of iron in the secretion from A. schaueriana and
L. racemosa. Furthermore, no significant correlation was found be-
tween the iron concentration from salt glands secretion and the
amount of iron in leaves of A. schaueriana and L. racemosa.

A GPA was performed to evidence the correspondence between
chemical parameters (Table 2S) and biological data (Table 4S) along
the three studied mangrove plants. Fig. 8 shows the graphical
representation of GPA, with the first function (CP1) explaining
53.5% of the total variance, and 27.0% for the second function (CP2).
Also from Fig. 8 it is evident that four studied groups (corre-
sponding to different levels of added-iron) can be clearly separated
by considering the three studied mangrove species, mainly when
exposed to the highest iron level (100 mg L�1).



Fig. 1. Iron concentration (mg g�1 dry weight) in (a) Fe-plaque and roots, and (b) stems and leaves of A. schaueriana, L. racemosa and R. mangle experimentally exposed to increasing
amounts of added-Fe(II). Reported values correspond to the median. Bars represent the first quartile. Significant differences for the same parameter, analyzed between different
exposure concentrations for each plant, are pointed out using different letters (Kruskal-Wallis test, P < 0.05).
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4. Discussion

4.1. Bioaccumulation of iron from exposure medium to different
plant compartments

Sections 3.1 and 3.2 describe results found for the uptake,
translocation and bioaccumulation of iron from the exposure me-
dium to different plant compartments, including secretion through
salt glands present in leaves of two species. From Fig. 1A and
Table 2S, it is evident that L. racemosa showed a dose-dependent
behavior, with low levels of iron in both plaque and roots in con-
trols, and a progressive increase until reaching maximum values at
the highest added-iron concentration. It is important to note that
the highest Fe retention in the Fe-plaque of L. racemosawas not due
to increased root growth, since this species showed lower root
biomass (average values of root dry weight: L. racemosa ¼ 1.22 g,
A. schaueriana ¼ 2.24 g, R. mangle ¼ 4.75 g; Table 4S for growth
compared to controls). In addition, there was no correlation be-
tween Fe-plaque and root biomass for any of the three species. Also
from Fig. 1A, we can observe that R. mangle presented a similar
behavior to L. racemosa with a less pronounced response to
increased amounts of added-iron. So far, roots of L. racemosa could
be proposed as good bioindicator for iron in the mangrove
environment.

Reports from the literature point out that compounds rich in
iron oxides and hydroxides are attached to the root in wetland
plants (Tripathi et al., 2014). Thus, the Fe-plaque could act as a
buffer (Jiang et al., 2009; Xu et al., 2009), or as a barrier regulating



Fig. 2. Iron concentration (mg g�1 dry weight) in salt glands secretion of A. schaueriana and L. racemosa experimentally exposed to increasing amounts of added-Fe(II). Reported
values correspond to the median. Bars represent the first quartile. Significant differences, analyzed between different exposure concentrations for each plant, are pointed out using
different letters (Kruskal-Wallis test, P < 0.05).

Fig. 3. Translocation factors (TF) between leaves and roots, and aerial parts and roots of A. schaueriana, L. racemosa and R. mangle experimentally exposed to increasing amounts of
added-Fe(II). Reported values correspond to the median. Bars represent the first quartile. Significant differences for the same parameter, analyzed between different exposure
concentrations for each plant, are pointed out using different letters (Kruskal-Wallis test, P < 0.05).
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the uptake of metals by the plant (Cheng et al., 2014; Pan et al.,
2014). Our current results with L. racemosa and R. mangle
(Table 2S and Spearman statistical analysis) show a positive cor-
relation between the amount of iron in the plaque and the corre-
sponding level in the root (internal). Thus, it is possible to believe
that the plaque is not limiting the input of iron from the environ-
ment to the root, but probably acting as a buffer.

From Fig. 1B, we observed that stems and leaves did not show a
clear dose-dependent response, with the exception of stems from
A. schaueriana and L. racemosa, which evidenced a significant
increase of iron in stems of plants exposed to the highest concen-
tration compared to controls.

We did not observe higher iron content in roots when compared
to aerial parts of A. schaueriana. That result do not agree with re-
ports from the literature on wild species exposed to environmental
iron (e.g. Souza et al., 2015). The large bioaccumulation of iron
found during this work in leaves of studied species reinforce the
importance of this element for the structure of chlorophyll and
photosynthesis (Briat et al., 2015). Furthermore, reports on the high
accumulation of iron and other metals in whole-root



Fig. 4. Variations (compared to controls) in cortex thickness and root diameter of A. schaueriana, L. racemosa and R. mangle, exposed to different amounts of added-Fe(II). Bars
represent the SD. Significant differences for the same parameter, analyzed between different exposures concentrations for each plant, are pointed out using different letters (Tukey
test, P < 0.05).
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(plaque þ internal) could be due to the retention of metals in the
Fe-plaque, and not to a real bioaccumulation of these elements
within the root (internal).

Differences found in the bioaccumulation of iron in roots, stems
and leaves of the three studied species could be attributed to the
regulatory mechanisms of salt in roots, which allows the entry of
other metals in the process (Lacerda et al., 1985). Generally, salt
secreting plants have higher concentrations of salt in the xylematic
sap than those without salt-secreting glands (Scholander et al.,
1962). In these cases, the salt ultra-filtration mechanism present
in roots is responsible for this difference. In R. mangle, a species
without salt glands, both external hypodermis and endodermis
seem towork as two sheaths of the ultrafilter, which would explain
the lower concentration of salt found in the sap (Werner and
Stelzer, 1990). In this context, some studies have shown that
metals concentrations, such as iron and other nutrients, are higher
in leaves of salt-secreting plants when compared to species that do
not secrete salt (Bernini et al., 2006; Cuzzuol and Campos, 2001;
Sarangi et al., 2002). Higher concentrations of iron in leaves have
been reported in Avicennia and Laguncularia, compared to the levels
observed in Rhizophora (Bernini et al., 2006; Cuzzuol and Campos,
2001). Previous and current results from our research group
demonstrate a preferential bioaccumulation of iron (and other el-
ements) in leaves of A. schaueriana and L. racemosa in relation to
R. mangle, corroborating this trend (Souza et al., 2014a, 2014b,
2015).

Fig. 2 shows that the secretion of iron from salt glands of
L. racemosa is strongly inhibited upon exposure to added-iron,
while A. schaueriana did not exhibit a clear change, despite
showing significant drops in relation to controls at both 10 and
100 mg L�1 added-iron. So far, and considering this differential
behavior between the studied plants when exposed to increasing
Fe(II) concentrations, we could propose L. racemosa as the best
bioindicator species for biomonitoring of iron in mangrove areas
under risk of iron pollution. Furthermore, it would be worth a
seasonal study and with other Fe dosages in order to evaluate
whether the Fe secretion of this species maintain this response.
Thus, the use of salt glands secretion from L. racemosa could be
proposed as a method for sensing iron pollution without exces-
sively disturbing the plant.

We observe similarities when comparing our current results
with previous reports on the presence and distribution of metals in
wild mangrove plants, using the same species sampled from the
study area where propagules for this study were obtained (Vit�oria,
Espírito Santo, Brazil). For instance, wild A. schaueriana showed a
variable response between levels of iron in roots in relation to
bioavailable iron in the environment (Souza et al., 2015); a similar
behavior was reported for wild R. mangle (Souza et al., 2014b) and
for wild L. racemosa (Souza et al., 2014a). These reports indicate that
the sum of internal and external levels of iron in roots of wild
L. racemosa ranged from 3995 to 7169 mg g�1

(average ¼ 4864 mg g�1; Souza et al., 2014a); in R. mangle, levels
ranged from 804 to 13,477 mg g�1 (average ¼ 4993 mg g�1; Souza
et al., 2014b); and in A. schaueriana, levels ranged from 1319 to
8938 mg g�1 (average ¼ 3205 mg g�1; Souza et al., 2015). So far,
L. racemosa and R. mangle showed the highest average bio-
accumulations of iron in roots, in agreement with our current re-
sults, although previous reports did not differentiate between Fe-
plaque and root (external and internal iron in the root).

Furthermore, when comparing our current results for iron in
leaves with field reports, we can observe that wild L. racemosa
ranged from 107 to 427 mg g�1 (average ¼ 211 mg g�1; Souza et al.,
2014a); R. mangle ranged from 71 to 183 mg g�1

(average ¼ 101 mg g�1; Souza et al., 2014b); and A. schaueriana
ranged from 97 to 665 mg g�1 (average ¼ 308 mg g�1; Souza et al.,
2015). Thus, results for iron in leaves from the three studied spe-
cies also show good agreement between field and experimental
exposure.

There are not previous reports on levels of iron in stems or in
secretions from salt glands of studied plants evaluated in the field.



Fig. 5. Histochemical detection of Fe(II) or Fe(III) in cross-sections of roots. The blue color indicates a positive reaction to the test. (AeB) Fe(III) in A. schaueriana exposed to 10 (A)
and 20 mg L�1 (B) of iron. (CeD) Fe(III) in L. racemosa exposed to 0 (C) and 10 mg L�1 (D) of added-iron. (EeF) Fe(II) in R. mangle exposed to 0 (E) and 20 mg L�1 (F) of added-iron.
(Arrow ¼ epidermis, co ¼ cortex, en ¼ endodermis, pe ¼ pericycle). Bars: (A) ¼ 50 mm, (B) ¼ 25 mm, (C, D, E, F) ¼ 100 mm. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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To our knowledge, this is the first report evaluating secreted iron
using increasing levels of Fe(II) during the growth of mangrove
plants. It is worth to remark that controlled studies could help
evaluate the behavior of a particular element, isolating it from the
complex matrix associated with environmental samples.
4.2. Translocation of iron from root to aerial plant compartments

Differences observed with translocation factors (TF) were not so
evident as in the results obtained with bioaccumulation. However,
in general, increasing dosages of iron decreases the translocation of
this metal into the plants (Table 2S, Fig. 3). A significant drop of
translocation was found in R. mangle and A. schaueriana when
evaluating aerial parts and roots (TFsr, TFlr and TFsh) (Fig. 3,
Table 2S). This drop was dose-dependent. L. racemosa did not show
changes in TFsr and TFsh throughout the studied concentrations of
added-iron. This could evidence that higher concentrations of iron
in the substrate could more negatively affect TF in R. mangle and
A. schaueriana than in L. racemosa.

The statistical analysis showed a negative correlation
(Spearman) between TF and the concentration of iron in the plaque
for L. racemosa and R. mangle. Some studies have demonstrated that
the Fe-plaque can diminish the translocation of some metals from
the root to aerial parts of the plant (Cheng et al., 2014; Liu et al.,
2016). Thus, our current results agree with these reports.
4.3. Anatomical and histochemical changes in exposed plants

Few anatomic alterations were found in roots of plants exposed
to increasing levels of iron (Table 4S). No correlation was observed
between the Fe-plaque and the size of air gap. So far, an incidence of
the aerenchymal area on the Fe-plaque in the root could be not
expected. This last result does not agree with the report of Pi et al.
(2010), on the effects of wastewater in two mangrove plants. They
observed a greater area of air gap, with formation of more Fe-
plaque, due to more radial oxygen loss (ROL). Deng et al. (2010)
also noted the positive correlation between the aerenchymal area
and formation of Fe-plaque, although they found that it was not
due to the increased release of ROL, but to the root surface area for
Fe-plaque grip.



Fig. 6. Histochemical detection of Fe(II) or Fe(III) in cross-sections of stems. The blue color indicates a positive reaction to the test. (AeD) Fe(II) in A. schaueriana exposed to 10 (A, C,
D) and 20 mg L�1 (B) of added-Fe(II). (EeF) L. racemosa exposed to 100 mg L�1 of added-Fe(II). Detection of Fe(II) (E) and Fe(III) (F). (GeH) R. mangle exposed to 100 mg L�1 of added-
Fe(II). Detection of Fe(II) (G) and Fe(III) (H). (Arrow ¼ epidermis, co ¼ cortex, en ¼ endodermis, pd ¼ periderm, ph ¼ phoem, pr ¼ phloem ray; sg ¼ salt gland, vc ¼ vascular
cambium, xy ¼ xylem, xr ¼ xylem ray). Bars: (A) ¼ 50 mm, (B) ¼ 25 mm, (C, D, E, F) ¼ 100 mm. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Although there was a decrease in root thickness of
A. schaueriana and L. racemosa exposed at 100 mg L�1 Fe, there was
not a decrease in root biomass between treatments (Fig. 4 and
Table 4S). Some studies have shown varying responses in biomass
of mangrove plants exposed to iron. Alongi (2010) found an in-
crease in total plant biomass, but a reduction in root growth in only
two out of five mangrove species exposed to iron. On the other
hand, Cheng et al. (2012) observed a decrease in total biomass in six
out of eight mangrove plants.

Plant epidermis was confirmed as the main compartment for
iron bioaccumulation in roots (Fig. 5), probably being the main
barrier to the uptake of metals by the plant. However, histo-
chemical analysis did not detect bioaccumulation of iron in the root
endoderm.
In stem sections, called our attention the accumulation of iron in

the endoderm of R. mangle (Fig. 6G). In roots, endoderm is a place of
recognized accumulation of metals (e.g. Di Toppi et al., 2012). This is
mainly due to Casparian strips that provide an apoplastic barrier to
most of the elements absorbed by the plant. Thus, this cell layer is
responsible for to control input of water and ions dissolved for into
the vascular cylinder (Schreiber et al., 1999). However, in stems,
endoderm has not been linked to the accumulation of metals, but
starch; within the endoderm are sedimentable amyloplasts, which
are essentials for shoot gravitropism (Hashiguchi et al., 2013;
Tasaka et al., 1999). In this study, we observed that the shoot
endoderm can also be local of iron compartmentalization.



Fig. 7. Histochemical detection of Fe(II) or Fe(III) in cross-sections of leaves. The blue color indicates a positive reaction to the test. (AeB) Fe (III) in A. schaueriana exposed to
20 mg L�1 of added-Fe(II). (CeD) Fe(III) in L. racemosa exposed to 10 (C) and 20 mg L�1 (D) of added-Fe(II). (EeF) R. mangle exposed to 10 mg L�1 of added-Fe(II). Detection of Fe(III)
(E) and Fe(II) (F). (co ¼ cortex, ph ¼ phloem, sg ¼ salt gland, sp ¼ spongy parenchyma, wp ¼ water-storage parenchyma, xy ¼ xylem). Bars (C, F) ¼ 100 mm, (A, D, E) ¼ 50 mm and
(B) ¼ 25 mm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 8. Generalized Procrustes Analysis (GPA) of parameters studied for each treatment with added-Fe(II). (AS ¼ A. schaueriana, LR ¼ L. racemosa, RM ¼ R. mangle).
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Similarly, it is important to highlight another site for iron
accumulation, the vascular cambium of L. racemosa (Fig. 6E). This
lateral meristem with primordial function in secondary vascular
tissue production (Nieminen et al., 2015), also showed Zn accu-
mulation in plasmatic membrane-cell wall complex and cell cor-
ners of Solanum nigrum L. (Samardjieva et al., 2015). Nevertheless,
to the best of our knowledge, we did not find in literature accu-
mulation of iron or other metals in this meristem. Further studies
are necessary to understand the relation between these micro-
nutrients and their accumulation in vascular cambium.

In this study, the detection of iron by histochemical test in walls
and cell content of leaves, roots and stems, suggests that there is a
short-distance for the transport of iron via both apoplast and
symplast, as reported by Bauer and Hell (2006). The release of iron
in xylem vessels requires the efflux of Fe from the symplast to the
apoplastic space and it is generally accepted that iron is present
forming Fe(III)-citrate complexes (Kim and Guerinot, 2007).

The secretion of iron through salt glands in A. schaueriana and
L. racemosa was first tested using histochemistry (Fig. 7), and
further confirmed by chemical analysis (ICP-MS) (Table 2S, Fig. 2).
Our current results do not show an increase in secreted iron as
added-iron concentrations rose. Conversely, L. racemosa showed a
significant drop, while A. schaueriana presented a non-clear pattern
with a significant drop when comparing controls with the higher
iron-dose. These results do not agree with previous reports by
Macfarlane and Burchett (1999, 2000) and Naiddo et al., (2014),
who used increasing amounts of Zn and Cu in sediments, resulting
in higher elimination these metal through salt glands. This con-
tradictory result could indicate that the secretion of iron through
salt glands could be interfered by other factors. Particularly,
L. racemosa seems to be more sensitive to changes in the iron
concentration. This could not be attributed to the drop in TF at
higher added-iron concentrations, mainly because levels of iron in
leaves of L. racemosa remained almost unchanged (Fig.1B, Table 2S).
Moreover, no correlation was found between the amount of
secreted iron and the density of salt glands in leaves of L. racemosa
or in A. schaueriana (Table 2S). Further research is needed to
elucidate the inhibition observed in secreted iron. To our knowl-
edge, this is the first report on salt glands in stems of A. schaueriana
(Fig. 6).
5. Conclusions

Three studied plants are capable of biosensing the amount of
added-Fe(II). L. racemosa showed a dose-dependent response in
root and plaque, in addition to an inhibitory behavior with secre-
tion of iron through salt glands. So far, we propose L. racemosa as
the most appropriate species for biosensing the amount of iron in
mangroves exposed to high amounts of this element due to envi-
ronmental pollution. Moreover, further studies on inhibition of iron
secretion through salt glands may allow the use of this parameter
for environmental biomonitoring, avoiding excessive damage on
wild plants, although bioaccumulation in the root of this species
(both internal and plaque) presented the best response.

A drop in translocation factors between aerial parts of the plant
and the root were evident and significant, mainly in R. mangle and
A. schaueriana, indicating the impact on the plant transportation
mechanism induced by high concentrations of added-Fe(II).

Changes in plants anatomy and histochemistry were not so
evident as those observed with bioaccumulation and translocation.

To our knowledge, this is the first detailed report on the
response of these plants to increasing iron concentrations under
controlled conditions, complementing existing data on the
behavior of the same plants under field exposure.
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