Plant Soil (2012) 359:255-266
DOI 10.1007/s11104-012-1171-1

REGULAR ARTICLE

Effects of copper on growth, radial oxygen loss and root
permeability of seedlings of the mangroves Bruguiera
gymnorrhiza and Rhizophora stylosa

Hao Cheng - Nora Fung-Yee Tam - Youshao Wang - Shiyu Li - Guizhu Chen -

Zhihong Ye

Received: 23 September 2011 / Accepted: 3 February 2012 /Published online: 16 March 2012

© Springer Science+Business Media B.V. 2012

Abstract

Purpose Mangrove wetlands have experienced signifi-
cant contaminant input such as copper (Cu), aggravated
by rapid urban development. This study aimed to inves-
tigate the possible function of root permeability in metal
detoxification.
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Methods Pot trials were conducted to evaluate the
responses of root permeability in relation to metal (Cu)
exposure in seedlings of two mangroves: Bruguiera
gvmnorrhiza and Rhizophora stylosa.

Results Copper inhibited plant growth and root perme-
ability of the two species significantly (due to decreases
in root porosity, thickening of exodermis and increases in
lignification), leading to a significant reduction in radial
oxygen loss (ROL). A negative correlation between soil
Cu and ROL from root tip was also observed. The
observed metal uptake by excised roots further indicated
that increased lignification would directly prevent exces-
sive Cu from further entering into the roots.
Conclusions In summary, the two mangroves reacted to
Cu by producing an impermeable barrier in roots. Such
an inducible barrier to ROL is likely to be an adaptive
strategy against Cu toxicity. This study reveals new
evidence of a structural adaptive strategy for metal
tolerance by mangrove plants.

Keywords Heavy metal - Mangrove plant - Radial
oxygen loss - Root anatomy - Root porosity

Introduction

Mangrove ecosystems are one of the major types of
natural wetlands in tropical and subtropical coastal
regions. Since they are frequently or permanently flooded
by freshwater or saline ocean water, mangrove sediments
are often characterized by a shortage of oxygen (O,) and
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an accumulation of soluble phytotoxins (e.g., Fe?", H,S
and CHy4; Ponnamperuma 1984; Youssef and Saenger
1996). Plants that survive in such anaerobic conditions
therefore depend on an internal supply of O,, which
moves from shoots through aerenchyma to below-
sediment roots (Armstrong 1971; Voesenek et al. 2006;
Suralta and Yamauchi 2008). Success of mangrove
plants in intertidal zones is generally ascribed to the
morphological and anatomical adaptations of their
roots. Mangrove plants often exhibit well-developed
aerial roots (e.g., pneumatophores, knee roots and stilt
roots) and extensive aerenchyma within roots, which
allow sufficient O, to be transported to below-
sediment roots (Youssef and Saenger 1996). A part
of this O, is used for aerobic metabolism in roots,
while excessive O, may diffuse into rhizosphere soil/
sediment—a process defined as radial oxygen loss
(ROL) (Armstrong et al. 1992). A barrier to ROL
in subapical root regions is considered as another
important adaptive strategy to flooding (McDonald
et al. 2001; Colmer 2003b). Mangrove plants often
develop a barrier to ROL in subapical root zones (Pi
et al. 2009), which typically show significantly lower
ROL rates than that in the apical root region. An
extensive aerenchyma together with a barrier to ROL
reduces O, leakage from subapical root regions
through long-distance transport of O,, and enhanced
longitudinal O, diffusion towards root tips.

Root permeability and ROL vary significantly among
different plant species (Bodegom et al. 2005). External
environmental factors, however, can also alter root aera-
tion and regulate O, movement within plants (Visser et
al. 2000; Laskov et al. 2006; Armstrong et al. 2009). It
has been reported that some plants (e.g., rice, maize and
Trifolium tomentosum) develop larger root porosity
(POR) when grown in deoxygenated solutions (Gibberd
etal. 1999; Colmer 2003a; Mano et al. 2006). Armstrong
and Armstrong (2001, 2005) also found that phytotoxins
such as organic acids and sulphide can decrease ROL
from Oryza sativa or Phragmites by altering their root
anatomical features. On the other hand, root permeability
and ROL may alter the tolerance of plants to environ-
mental stresses and their uptake of nutrients and pollu-
tants (Armstrong and Armstrong 2005; Pollard et al.
2008). It has been reported that root permeability affects
the ability of plants to take up water and nutrients (e.g.,
N, P and Fe; Aguilar et al. 2003; Armstrong and
Armstrong 2005; Insalud et al. 2006). ROL from roots
can also change the mobility and bioavailability of
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heavy metals and metalloids, both at root surfaces
and in rhizosphere soil, by processes of rhizosphere
oxidation (Ye et al. 1997; Jacob and Otte 2003; Tao et
al. 2003). However, information on root permeability
and ROL of mangrove plants as affected by their
external environmental factors, and how they regulate
the uptake and tolerance of heavy metals is still
scarce (Liu et al. 2009; Cheng et al. 2010; Pi et
al. 2010).

Mangrove wetlands, as a consequence of their prox-
imity to urban developments, have experienced signifi-
cant anthropogenic inputs of pollutants (MacFarlane et
al. 2007; Vane et al. 2009). Heavy metals such as copper
(Cu) have received increasing attention in recent years
and are often found in high concentrations in polluted
estuarine zones, for example, up to 800 mg Cukg ' was
reported in surficial sediments of Port Jackson, Sydney,
by Irvine and Birch (1998). Excessive Cu can initiate a
variety of responses in mangrove plants and cause dam-
age at the cellular level or lead to wider phytotoxic
responses in whole plants (MacFarlane and Burchett
2002). Previous studies have focused on the vegetal
and physiological (e.g., photosynthesis and antioxida-
tive enzymes) responses to metals (MacFarlane and
Burchett 2001; Zhang et al. 2007b); little information
reports root permeability and ROL of mangrove plants
as affected by Cu.

The present study aimed to (1) investigate wheth-
er and how Cu alters root permeability and ROL in
mangrove plants; (2) evaluate the relationship be-
tween ROL and Cu exposure, and (3) illustrate the
function of root permeability and ROL on metal
(e.g., Cu) uptake, translocation and tolerance in
mangrove plants. Bruguiera gymnorrhiza and Rhizo-
phora stylosa are two important mangrove species of
the Eastern group and are dominant along the south
China coast. Their cortices are considered as precious
materials for traditional medicine (Agoramoorthy et al.
2008). They also provide erosion mitigation and sta-
bilization for adjacent coastal landforms (MacFarlane
et al. 2007). Despite their importance, these biological
resources have experienced serious threats from heavy
metal (e.g., Cu) pollution due to the increase in
anthropogenic inputs (Zhou et al. 2007; Leon and
Warnken 2008). The outcomes of the present study
could lead to a better understanding of the ecotoxi-
cology and metal tolerance mechanisms involved in
mangrove plants in relation to root permeability and
ROL.
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Materials and methods
Field collection and seedling preparation

Mature and healthy propagules of Bruguiera gymnor-
rhiza (L.) Poir and Rhizophora stylosa Griff were
collected from a National Nature Reserve in Zhuhai,
Guangdong Province, PR China. The propagules were
then cultivated in clean river sand irrigated with
0.2-strength Hoagland’s nutrient solution (containing
10%o0 NaCl) under glasshouse conditions. The seed-
lings were kept in the glasshouse at a temperature of
25+5°C, a 16-/8-h day/night cycle with an irradiance
of 480 pumol m 2 s~ ' throughout the experimental
period.

Soil pot trial with addition of Cu

Uniform, overwintered seedlings of the two mangrove
species were selected for the following pot trial. The
seedlings were all uniform in size, with 10 cm seedling
height, six fully expanded leaves and the initial bio-
mass (without propagules) approximately 2 g (n=06).
The selected seedlings were then transplanted into
cylindrical plastic pots. Each pot had a dimension of
20 cm diameter and 25 cm height, contained two
seedlings of the same species and was filled with
4 kg soil materials (a mixture containing 50% silty
clay loam, 40% clean river sand and 10% organic peat
moss). The mixed soil was prepared to ensure that it
had sufficient nutrients for the mangrove seedlings to
grow with no additional fertilizers needed during the
experiment. Copper treated soils (the chemical prop-
erties of the soils are shown in Table 1) were prepared
by addition of 0, 100, 200, 300 and 400 mg kg ' Cu
(as CuCl,) per kilogram of dry soil, following the
method described by MacFarlane and Burchett

(2002). The seedlings were flooded with 0.2-strength
Hoagland’s solution (containing 10%o. NaCl) once a
day for 12 h and exposed for another 12 h. A tide tank
system described by Zhang et al. (2007a) was
employed to simulate a 12/12 h high/low tidal cycle,
and the seedlings from different Cu treatments were
placed in the different tide tanks to avoid cross con-
tamination. Eight seedlings of each species were pre-
pared for each treatment; four collected from four
different pots were used for growth measurements
and metal analysis, while the other four seedlings, also
from different pots, were used for the measurement of
root permeability such as ROL, POR and root anato-
my at the end of 120-day experiment.

At the end of the experiment, seedlings were har-
vested and washed with deionized water. The height
and the number of fully expanded leaves of each seedling
were measured immediately after harvest (n=4). The
seedlings (without propagules) were then dried at 60°C
to constant weight (1 week) for the calculation of total
biomass at harvest. The oven-dried samples (root and
leaf, 0.2 g) were digested with nitric acid and hydrogen
peroxide following the standard method described by
MacFarlane and Burchett (2002). The concentration of
Cu in the digests was determined using inductively
coupled plasma optical emission spectroscopy (ICP-
OES). Blanks and standard plant materials (GBW-
07063, Gsv-2, China Standard Materials Research Cen-
ter, Beijing) were tested alongside for quality assurance,
and the average recovery percentage of Cu was 90%.
Root bioconcentration factors (BCF) and translocation
factors (TF) of Cu were calculated as the quotient of
root metal/soil metal concentrations and the quotient of
leaf metal/root metal concentrations, respectively
(MacFarlane et al. 2007).

The profiles of ROL spatial pattern along lateral roots
were measured using root-sleeving O, electrodes as

Table 1 Chemical properties of
the Cu-treated soils applied in Cu
present study (mean = SE, n=4; treatment
different letters in the same col-

umn indicate significant differ-

Additions of Cu per kg
dry soil (mg kg™")

Actual observed Cu

Concentrations of Cu in
pore water (pumol Lfl)

Concentrations of Cu for
dry soil (mg kg™")

ences at P<0.05 as determined
by a Tukey’s test) Control (CK) 0
Treatment 1 100
Treatment 2 200
Treatment 3 300

Treatment 4 400

22.78+4.03 e 0.18+0.02 e
104.30+8.75 d 2.77+0.23 d
188.76+8.07 ¢ 5.20+0.34 ¢
298.11+19.55 b 9.49+£0.21 b
402.24+16.41 a 12.72+0.66 a
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described by Armstrong and Wright (1975) and Cheng et
al. (2010). ROL profiles along lateral roots (with similar
diameter in basal root zone: about 1 mm, and length: 8—
9 cm) were recorded by taking ROL values at the dis-
tance of 1, 3, 5, 7 cm from the root tip. At each distance
along the root, a current-voltage curve was run, the
voltage was reset by the plateau test (the range of plateau
voltage among different root positions fluctuated from
0.4 to 0.7 V), and the value of current when equilibrium
was reached then recorded. Four seedlings were used per
treatment and at least two roots were examined per
seedling. ROL from entire root systems was determined
modifying Kludze et al. (1993) and Liu et al. (2009). In
brief, the seedlings were transferred into a deoxygenated
box filled with high purity N,. The root of each seedling
was immersed in a beaker with 70 ml 0.2-strength Hoag-
land’s solution (deoxygenated), and covered with layer
of paraffin oil about 2 cm thick in order to prevent re-
aeration. The stems of the seedlings were covered with
plastic parafilm to protect them from the oil. Titanium
(I1I) citrate stock buffer (5 ml; the buffer was a mixture of
600 ml 0.2 M sodium citrate, 60 ml 1.16 M TiCl; and
70 ml saturated sodium carbonate, pH 5.6) was then
injected into deoxygenated 0.2 strength Hoagland solu-
tion with a syringe. Controls (six blank beakers without
plants but with the same set-up as the planted beakers)
were also prepared simultaneously. Then all beakers with
and without plants were transferred to a climate chamber
with an average irradiance of 300 umol m s, temper-
ature of 30°C and relative humidity of 60%. After incu-
bation for 24 h, any color change in the buffer was
determined at 527 nm. The absorbance of Ti*" was
compared with a standard curve based on the freshly
prepared Ti** citrate solution with known concentra-
tions. ROL was then calculated by subtraction of the
mean consumed O, (indicated by Ti** oxidation, 1 mol
0, reacted with 4 mol Ti*") in controls from that in the
solutions after 24 h treatment with plants as described by
Kludze et al. (1993) and Liu et al. (2009). About 8—
12 umol Ti** were oxidized during 24 h incubation in
the control blanks (without plants), indicating that about
2-3 umol O, could come through the paraffin oil layer.
The average amount of O, leakage from roots was
approximately 16 umol O, day ' plant™'. As for root
porosity (POR), about 0.2 g fresh (nutrient) roots POR
was measured for entire lateral roots of mangrove seed-
lings using a pycnometer method (Kludze et al. 1993).
After measurement of ROL, the seedlings were used
for the measurement of root anatomy. Since apical roots
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are more sensitive to the external environments, trans-
verse sections with similar diameters of about 1 mm,
1 cm from the root tip, were prepared. Fresh cross-
sections were cut by hand with a sharp razor. All sec-
tions were stained with phloroglucinol and concentrated
hydrochloric acid to detect lignification (confirmed with
aniline hydrochloride) (Armstrong and Armstrong
2001, 2005). Specimens were then examined and photo-
graphed using a Carl Zeiss Z1 photomicroscope.

Cu uptake by excised roots with different root
permeability

In order to investigate in more detail the function of root
permeability in metal uptake and tolerance, metal uptake
by excised roots with different permeability was also
determined. A pretreatment of salinity was employed to
reduce root permeability. Previous studies (Shannon et
al. 1994; Reinhardt and Rost 1995) have reported that a
moderate salinity can promote lignification within exo-
dermal cell walls, which would lead to a barrier to ROL.
Uniform seedlings (as described above) were selected
and transplanted to PVC pots and divided into two
groups. One group was incubated in 0.2-strength Hoag-
land’s solution containing 500 mmol L' NaCl for
20 days (the concentration applied was based on a
concentration-dependent preliminary experiment, which
represented sub-lethal effects and high enough to rein-
force lignification), while the remaining seedlings were
maintained in 0.2-strength Hoagland’s solution over the
same period.

After a 20-day pretreatment, the seedlings were
washed carefully and then the lateral roots with similar
diameter (about 1 mm) were selected and excised for a
further Cu uptake experiment. About 1 g fresh apical
root (0—2 cm from root tip) was incubated in the solu-
tions with 50 pmol L™ Cu for 1 h. The solution used for
Cu uptake was prepared using 0.2-strength Hoagland’s
solution containing 1.5 mmol L' 2-(N-morpholin)
ethansulfonic acid (MES) buffer, 0.5 mmol L™ CaSO,
and 50 umol L' CuSO,, adjusted to pH 5.5 (Otte et al.
1989). After 1 h incubation, the root sections were
washed with deionized water and the concentration of
Cu was measured by ICP-OES (n=06).

Statistical analysis

The differences in each plant performance parameter
among different Cu treatments were evaluated by a
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parametric one-way analysis of variance (ANOVA).
Data were tested for their normality and homogenous
variance prior to ANOVA; if the data did not meet these
assumptions a data transformation (log-transformed, 10
base logarithm) was employed to restore normality and
homogeneity of variances. If the difference among treat-
ments and species was significant at the 5% probability
level, Tukey’s tests were calculated to determine where
the difference lay. The statistical analyses were per-
formed using the SPSS 13.0 statistical package. All
figures were created using the PC-based Origin 6.1
program.

Results

Toxicity, growth and Cu accumulation in seedlings
of the two mangrove species

The growth of the seedlings was significantly
inhibited by Cu (Table 2). For both species, all growth
parameters, including seedling height, leaf number
and total biomass (without propagules), were reduced
significantly with increased Cu levels.

The concentrations of Cu in root tissues also in-
creased significantly with increases of Cu in soil
(Fig. 1). However, except for the lowest and highest
Cu treatments, the root bioconcentration factors (BCF)
decreased markedly when exposed to Cu (Table 3).
Only a small fraction of Cu was translocated to leaf
tissues (Table 3 and Fig. 1). The translocation factors
(TF) for Cu in both species decreased significantly
with the Cu levels in substrate.

ROL and POR of roots in the two mangrove species
exposed to Cu

The data presented in Table 4 illustrate clearly the
responses of root permeability to the stresses of Cu.
When exposed to Cu, root porosity of the two man-
grove seedlings were significantly reduced to lower
values (P<0.05 as determined by Tukey’s test). ROL
rates from entire roots also diminished significantly
stressed by Cu. The symptoms became more pro-
nounced when exposed to the higher Cu treatments.
The results from root-sleeving O, electrodes
(Fig. 2) further showed that ROL from apical roots
was more sensitive to the stresses of Cu. For both
species, ROLs from apical and sub-apical root regions

were inhibited significantly by Cu. A significant neg-
ative correlation was found between soil Cu and ROL
from root tips (Fig. 3). ROL from basal roots, howev-
er, was apparently unaffected by the stresses of Cu,
even in the highest Cu treatment. ROL profiles of the
roots in Cu-treatments were shifted towards the ‘par-
tial” barrier (ROL did not change much from apex to
base).

Anatomical adaptations to Cu involved in the roots
of the two mangroves

For both mangrove plants, the anatomical features of
the apical roots were obviously altered by Cu. After a
120-day exposure to Cu, a pronounced thickening of
outer cell layers, visible additional development of
endodermal Casparian strips, and a significant in-
crease in lignification and suberization within exoder-
mis, endodermis and the stele were observed in roots
of both mangrove species. The effects became more
pronounced when exposed to the highest Cu treatment

(Fig. 4).

Cu uptake by excised roots with different root
permeability

Similar to Cu, the same anatomical symptoms were
also found when the plants were exposed to salt. An
obvious increase in lignification within the exodermis
was observed in salt-pretreated roots (Supplementary
Fig. S1). Moreover, after the 20-day pretreatment with
salt, the capacity for Cu uptake by the excised roots
declined significantly when compared to the controls,
indicating that lignification within the exodermis also
acted as a barrier to the movement of Cu entering the
roots (Fig. 5).

Discussion

Effects of Cu treatments on growth, ROL and root
permeability in mangrove seedlings

The present study provides a first demonstration that
ROL from roots decrease significantly, especially in
apical root zones, when stressed by Cu (Fig. 2), with a
significant negative correlation between ROL from
apical root zones and the levels of substrate Cu
(Fig. 3). Previous studies have reported that some
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Table 2 Sub-lethal effects on growth parameters in two man-
grove seedlings after 120 days exposure to different Cu-treated
soils. Mean + SE, n=4; different letters in the same column

indicate significant differences among Cu treatments at P<0.05
as determined by a Tukey’s test

Cu treatment  Seedling height (cm)

Leaf number per plant

Total biomass per plant (g)

Bruguiera gymnorrhiza  Rhizophora stylosa  B. gymnorrhiza  R. stylosa B. gymnorrhiza  R. stylosa
Control (CK) 21.28+1.37 a 22.5842.53 a 10.72+1.81 a 9.00+0.37 4.99+0.61 a 4.36+0.58 a
Treatment 1 19.47+1.66 ab 18.24+1.67 b 10.01+£0.29 ab  7.00+0.34 b  3.77+0.42 ab 3.01+0.23 ab
Treatment 2 16.59+1.52 b 17.13£1.82 b 9.65£0.49 ab  6.59+0.53b 2.97+£0.39 b 2.72+0.33 ab
Treatment 3 14.58+0.88 b 15.93+£1.38 b 9.50+0.53 ab  6.29+0.29b 2.62+0.38 b 2.41+0.47 ab
Treatment 4 13.50+0.63 b 10.72+1.38 ¢ 8.43+0.48 b 5.67£0.33b 2.35+034b 1.90+£0.26 b
12001a B. gymnorrhiza a environmental factors (e.g., organic acids, sulfide) can
= 1000 - regulate ROL and root permeability (Armstrong and
< 8007 Armstrong 2001, 2005).
£ 6001 The significant reduction in ROL coincided with the
3 400'/ growth responses of plants to Cu. In the present study,
E [ s plant growth was inhibited significantly by Cu, even in
s §§§§§§ the lowest Cu treatment, 100 mg kg ' (Table 2). Previ-
g E§§§§ ous studies also reported that excessive Cu would initi-
c 6% %% .
g o0 S8 ate a variety of responses at the cellular level, such as
KR . . . . .
é ] accumulation of reactive oxygen species leading to in-
s hibition of growth at the whole plant level (Zhang et al.
Plant tissues 2007a, b; Caregnato etal. 2008). ’The reduced groyvth of
leaves would directly reduce their contact area with the
1200+ b a atmosphere and hence photosynthetic O, yield, while
1000+ R. stylosa inhibition of root growth would reduce respiratory O,
F‘g 800 - needs in roots, leading to less O, diffusion from shoot to
2 600 below-surface roots (Armstrong and Beckett 1987).
> 400 Further direct and important reasons for decreased
© b ROL from roots were related to the alteration of root
o 1 e %e%% eqe .
@ s permeability (Table 4, Fig. 4), such as aerenchyma and
oS
2 b K the structure of external cell layers (Thomson et al. 1990;
£ 01 e L Evans 2003; Colmer and Pedersen 2008). Aerenchyma
3 (5 o id h £ 0O, diffusion withi E
e s s provides a pathway of O, diffusion within roots (Evans
3 s K 2003), while the structure of the exodermis controls the

X
35
%

Plant tissues

Fig. 1 Concentrations of Cu in a Bruguiera gymnorrhiza and b
Rhizophora stylosa after 120 days exposure period to Cu-treated
soils, with addition of different concentrations of Cu, 0 ((C_]),
100 (Z7771), 200 (&%), 300 (W), 400 (F8%%) mg Cu per
kilogram dry soil. Actual Cu concentrations in the treated soils
were 22.78+4.03, 104.30+8.75, 188.76+8.07, 298.11+19.55,
402.24+16.41 mg kg ' for dry soil, respectively (mean + SE,
n=4. Different letters above the bars of the same tissue indicate
significant differences among different Cu treatments, P<0.05
as determined by a Tukey’s test)

@ Springer

resistance of O, diffusion from roots to rhizosphere soils
(Soukup et al. 2007). Developed aerenchyma in roots
provides a low resistance internal pathway for O, trans-
port within roots (Armstrong 1971; Jackson and
Armstrong 1999; Colmer 2003b). However, the present
results showed that Cu inhibited the development of
aerenchyma (porosity) significantly (Table 4). A reduced
root aerenchyma produced by Cu stress would result in a
greater resistance to O, transport within roots, leading to
less O, arrival to roots and less O, diffusion into the
rhizosphere (Thomson et al. 1990; Evans 2003; Colmer
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Table 3 Root bioconcentration factors (BCF) and translocation
factors (TF) for Cu in two mangrove species when exposed to
different Cu-treated soils. (BCF=[Metal],,./[Metal]s;; TF=

[Metal]spoo/[Metal]oor). Mean+SE, n=4; different letters in
the same column indicate significant differences among Cu
treatments at P<0.05 as determined by a Tukey’s test

Cu treatment BCFs TFs (x 10"3)

B. gymnorrhiza R. stylosa B. gymnorrhiza R. stylosa
Control (CK) 3.30+0.69 a 3.78+£0.85 a 61.85+3.52 a 77.04+1.42 a
Treatment 1 2.78+0.31 ab 2.84+0.35 ab 53.18+1.10 b 67.13£1.46 b
Treatment 2 1.78+0.12 b 1.95+£0.12 b 52.09+0.66 b 54.34+0.97 ¢
Treatment 3 1.41+0.06 b 1.56+0.20 b 50.10 £1.59 b 53.77£3.77 ¢
Treatment 4 2.43+0.06 ab 2.53+0.05 ab 44.69+2.90 ¢ 50.05+1.07 ¢

and Pedersen 2008). Liu et al. (2009) also found that a
stress of mixed heavy metals (Pb, Zn and Cu) inhibited
the formation of aerenchyma in the mangrove species
Aegiceras corniculatum, B. gymnorrhiza and Kandelia
candel. Yang (2008) reported that exposure of heavy
metals (Pb, Zn) can significantly reduce root porosities
of herbaceous wetland plants. The inhibition of aeren-
chyma development may be related to the morphological
responses to metal exposure. Setia and Bala (1994)
investigated the morphological responses of wheat to
heavy metals, and their results showed that the stresses
of metals tend to reduce the transactional area of cortex,
which may lead to a reduction in aerenchyma formation
(Pi et al. 2009). As for mangroves, the mechanisms of
aerenchyma formation under heavy metal exposure and
its relevant genes are still unclear; further in depth studies
are needed.

The present study also elucidated how Cu alters the
structure of the external cell layers, such as the prominent
thickening of outer cell layers and significant increases in

Table 4 Radial oxygen loss (ROL) from entire roots and root
porosity (POR) in B. gymnorrhiza and R. stylosa after a period
of 120 days exposure to different Cu-treated soils. The dry
biomass of root was about 1.2-2.9 g per plant. Mean + SE,

lignification (Fig. 4). Lignin/Suberin within the exoder-
mis has often been recognized as a major barrier to O,
diffusion from roots into rhizosphere (Armstrong and
Armstrong 2001; Soukup et al. 2007; Garthwaite et al.
2008). In the present study, the stresses of Cu directly
promoted lignification with the exodermis. However,
only about 60-80% reductions in ROL from apical roots
were observed in the highest Cu treatment when com-
pared to the respective controls. Previous studies have
demonstrated that the lignified/suberized cell walls were
not completely sealed although cell wall thickening is
reinforced, suggesting a porous structure in lignified/
suberized cell walls (Ranathunge et al. 2005; Franke
and Schreiber 2007). The results from Liu et al. (2009)
and Cheng et al. (2010), as well as the present studies,
also illustrate that heavy metal stress significantly
reduces ROL from roots, but is insufficient to reduce
ROL close to zero. Pi et al. (2009) measured the ROL
patterns in eight mangrove plants dominant in Hong
Kong using the method of methylene blue reduced/

n=4; different letters in the same column indicate significant
differences among Cu treatments at P<0.05 as determined by a
Tukey’s test

Cu treatment Root porosity (%)

ROL from entire roots (umol O, day ' g™ DW)

B. gymnorrhiza R. stylosa B. gymnorrhiza R. stylosa
Control (CK) 30.41+0.83 a 22.16+0.58 a 11.92+1.48 a 9.38+0.34 a
Treatment 1 26.12+0.67 b 17.524£0.34 b 10.44+1.84 a 8.87+1.33 a
Treatment 2 24.86+2.82 be 15.68+1.83 be 8.21+£0.65 b 6.93+0.33 b
Treatment 3 21.11£1.21 ¢ 13.97+1.79 be 7.43+0.18 b 6.28+0.40 be
Treatment 4 19.22+1.43 ¢ 12.24+0.82 ¢ 7.11+0.71 b 5.97+0.11 ¢
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Fig. 2 Profile of radial oxygen loss (ROL) along lateral roots of
B. gymnorrhiza (a) and R. stylosa (b) when grown in different Cu-
treated soils, with addition of different concentrations of Cu, 0
(), 100 ([£222), 200 (235%), 300 (EE), 400 (FRER) mg Cu
per kg dry soil. Actual Cu concentrations in the treatment soils
were 22.78+4.03, 104.30+8.75, 188.76+8.07, 298.11+19.55,
402.24+16.41 mg kg ™' for dry soil, respectively. Mean = SE, n=
4. Different letters above the bars of the same root zone indicate
significant differences among different Cu treatments, P<0.05 as
determined by a Tukey’s test

oxidized dye. They showed that most mangrove plants
possess relatively thick lignified exodermis in old basal
root zones and exhibit an obvious barrier to ROL. How-
ever, the basal root regions also have a certain ability in
ROL. Further research, such as studies on biosynthesis,
three-dimensional structure and topographical deposi-
tion, is required to understand the interactions among
heavy metals, ROL and the properties of lignification/
suberization. Additionally, most mangroves possess rel-
atively high metal tolerance. The two mangrove plants
investigated in this study could live in Cu-treated soils,

@ Springer

< 50-
£
€
S, 40-
o
(@]
£
[}
2 301 o
& ]
(@)
<
X 20-
s n
g
i
10 T T T T T
0 100 200 300 400

Actual soil Cu (mg Cu kg'1 dry soil)

Fig. 3 Relationships between actual soil Cu (mg Cu per kg dry
soil) and ROL rate from B. gymnorrhiza’s (m) and R. stylosa (©)
root tips. Significant negative correlations between concentra-
tion of Cu in soil and ROL from root tip (B. gymnorrhiza: Y=
38.57 — 0.06X, R=-0.94, P<0.05; R. stylosa: Y=29.60 —
0.04X, R=-0.99, P<0.001)

even at the highest Cu treatment, but with slow root
growth.

The important role of permeability and ROL of roots
in metal uptake and tolerance

The reduction in root permeability by Cu stress appears to
have significant impacts on mangrove plants, since such
a decline has often been reported to have been accompa-
nied by decreased ability in rhizosphere oxidation
(Armstrong and Armstrong 2001, 2005). However, it
should be noted that, in wetland plants, including man-
groves, lignification of hypodermal layers in maturing
subapical parts of roots accompanied by reduced ROL to
rhizosphere soil, is a well-known phenomenon. It is
considered an important adaptive strategy to flooding
by promoting the emergence of lateral roots and improv-
ing the O, supply to root meristems (Colmer 2003b;
Armstrong and Armstrong 2005; Soukup et al. 2007).
Thus, reduced ROL from roots may benefit O,
conservation within roots for their growth under Cu-
contaminated conditions. Further, an inducible imperme-
able layer within the exodermis has been shown to con-
trol the fluxes of gas, water and solutes, and also to play
an important role in protecting plants from biotic and
abiotic stresses (Pollard et al. 2008). This functional
adaption of the exodermis has been related to the fact
that the exodermis is the external sealing tissue of the root
that is in direct contact with the surrounding environment,
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Fig. 4 Fresh, hand-cut, transverse sections of lateral root tips of
the two mangrove seedlings, 1 cm from root tip. All sections
were stained with phloroglucinol and hydrochloric acid to show
lignification (red). In control treatments (lef?), only slight ligni-
fication was detected; in the highest Cu treatment (added
400 mg Cu kg™' dry soil, actual Cu concentrations for dry soil

and so serves as the first guard preventing excessive
biotic and abiotic toxins entering the root (Degenhardt
and Ginmler 2000; Deng et al. 2009). As for the stresses
of heavy metals, our previous study (Cheng et al. 2010)

30

254

204

Cu uptake by the excised roots
(mg kg™ min™)
g

B. gymnorrhiza

Mangrove species

R. stylosa

Fig.5 Cu uptake by the excised roots with different root per-
meability, control roots ((C—_]) and salt-pretreated roots (IIE).
A 20-day pretreatment of salinity (500 mmol L") was
employed to reinforce lignification, which would lead to a
barrier to ROL. Mean + SE, n=6. Different letters above the
bars of the same species indicate significant differences among
different treatments, P<0.05 as determined by a Tukey’s test

Highest Cu treatment

is 402.24+16.41 mg kg ") (right), prominent thickening of the
outer cortex and significant lignification in exodermis, endoder-
mis and the stele ( arrows) are apparent in both mangrove
species. a, b B. gymnorrhiza; ¢, d R. stylosa. Bar 100 pm,
diameter about 1 mm

partly confirmed this issue. We found that mangrove
seedlings with thicker outer cell layers and more lignifi-
cation within the exodermis tend to have greater resis-
tances to O, fluxes through the root surface, and to have
lower Zn levels in roots. The current study further indi-
cated that such an induced low permeability could direct-
ly prevent excessive Cu further entering into the roots.
Our results show that the capacity for metal uptake by
excised roots decreased markedly (Fig. 5), coinciding
with increased lignification (Supplementary Fig. S1).
Lignin and/or suberin contribute significantly to the for-
mation of an apoplastic transport barrier influencing ra-
dial transport of gas, water and dissolved ions in the
apoplast (Degenhardt and Ginmler 2000; Pollard et al.
2008). Our previous study also indicated that the ligni-
fied exodermis would significantly improve the resis-
tance of Zn movement to the stele (Cheng et al. 2010).
Metal binding within the cell wall in either ionic form or
combined with structural materials of the cell wall such
as lignin, has been accepted widely as an important
detoxifcation strategy involved in higher plants
(Nishizono 1987; MacFarlane and Burchett 2000;
Verkleij et al. 2009). A significant increase in lignifica-
tion within cell walls induced by Cu suggests that more
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Cu could be bound within cell walls and prevented from
further transportation/translocation within the plant tis-
sues, so reducing metal toxicity.

A reduced ROL from roots will result in a direct
reduction of oxidation ability in the rhizosphere, leading
to moderately reducing conditions. An alteration in the
microenvironment of the rhizosphere may impact on
bioavailability of metals through their chelation, absorp-
tion, and desorption with sulfides (Jacob and Otte 2003),
iron plaque (Ye et al. 1997), organic matter (Santos et al.
2009), and microbial populations (Krishnan et al. 2007).
However, so far, the dynamics of Cu in the rhizosphere
related to ROL are still poorly understood. Future re-
search is needed to understand how ROL from roots of
mangrove plants and other wetland species regulates the
dynamics of Cu in their rhizosphere.

Conclusions

The present study firstly revealed that Cu stress can
reduce ROL from roots of mangrove plants significantly,
especially in apical root regions. A negative correlation
between ROL from apical root zones and soil Cu was
observed. The reduction of ROL was related mainly to
the decrease in root permeability, as indicated by signif-
icant decreases of root porosity, prominent thickening of
outer cell layers and significant increases in lignification
within exodermis. Such an induced low permeability to
ROL appears to be a defense response to prevent exces-
sive Cu intake and translocation within plants under Cu-
contaminated conditions.
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