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Abstract: Cadmium accumulation and leaf cell death in the
brackish water-submerged angiosperm Ruppia maritima
L. were investigated under laboratory conditions exposed
to increasing metal concentrations (2.22-355.88 uM).
The Michaelis-Menten equation satisfactorily described
accumulation Kkinetics in plant compartments (leaves,
rhizome-stems, roots). Equilibrium concentration and
uptake rate generally tended to increase, whereas biocon-
centration factor at equilibrium decreased, as exposure
concentration increased. The relationship between tis-
sue concentration and the set of exposure concentrations
and times was adequately described by multiple regres-
sion equations. Leaf cell death was observed after 3 or
5 days depending on dosage, but dead cell percentage was
small after 9 days, suggesting a rather slow progress of
cell death. The lowest leaf cadmium concentration asso-
ciated with the onset of cell death was within the range
of cadmium concentrations reported for seagrasses from
various locations, implying that cadmium poses a risk
to submerged angiosperms in coastal waters. However,
toxicity appeared to be related to the rate of metal uptake
rather than to total tissue concentration; an earlier onset
of cell death at the highest exposure concentration was
associated with the highest uptake rate, and dead cell per-
centage on the ninth day tended to increase with uptake
rate. The data presented provide insights into metal accu-
mulation by, and their effects on, submerged angiosperms
colonizing coastal waters.
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Introduction

In estuarine environments, seagrasses are often found
growing in contact with brackish water-submerged angio-
sperms, such as Ruppia species (Hemminga and Duarte
2000). Among the Ruppia species, Ruppia maritima L. has
the widest salinity tolerance known for any submerged
angiosperm (Kantrud 1991) and occurs worldwide in a
variety of coastal habitats. This species usually occurs at
low intertidal elevations in estuaries, but mixes with sea-
grasses up to at least 1.5 km offshore in large oceanic bays
(Kantrud 1991). In the Mediterranean Sea, Ruppia species
[R. maritima, Ruppia cirrhosa (Petagna) Grande] are almost
entirely restricted to brackish lagoons and salt marshes,
but some open sea Ruppia stands were also observed in
very sheltered and shallow bays (see Boudouresque et al.
2009 and references therein).

Seagrass and brackish water-submerged angiosperm
communities are recognized as one of the most important
biotic communities in shallow coastal waters. Popula-
tions of these angiosperms exhibit high primary produc-
tion and serve as habitats and nurseries for a variety of
invertebrates, fish, turtles, and mammals; this aquatic
vegetation also functions in nutrient cycling, stabiliz-
ing fine sediments, and mitigating shoreline erosion
dynamics (see Davis et al. 2000 and references therein).
Monitoring seagrasses and brackish water-submerged
angiosperms is rapidly becoming one of the foremost
methods to determine the overall health and condition of
coastal and estuarine environments (Bortone and Turpin
2000). In particular, these angiosperms have been consid-
ered to be a valuable tool in the evaluation of metal con-
tamination in shallow coastal waters (see among others
Pergent-Martini and Pergent 2000). Metals, particularly
mercury, cadmium, and lead, are of greatest environ-
mental concern because of their toxicity to biota above a
threshold availability and their persistence in the environ-
ment (Kennish 2000).

Several field studies have been carried out concerning
the use of a wide diversity of seagrasses as bioindicators
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of metal contamination (see synthesis in Ferrat et al.
2003). In addition, a number of studies have addressed
the kinetics of metal accumulation in these angiosperms
through laboratory experiments in order to support their
use as bioindicators in field situations (e.g., Faraday and
Churchill 1979, Fabris et al. 1982, Lyngby and Brix 1984,
Malea 1994, Malea et al. 1995a,b, Warnau et al. 1996).
Information on metal accumulation issues is also avail-
able for submerged aquatic angiosperms occurring in
brackish waters such as Vallisneria spp. and Potamogeton
spp. (e.g., Di Giulo and Scanlon 1985, Greger et al. 1995,
Fritioff et al. 2005, Lafabrie et al. 2011), as well as for salt
marsh plants usually growing in the intertidal zones of
estuaries, such as Spartina species (e.g., Williams et al.
1994, Windham et al. 2003, Cacador et al. 2009, Duarte
etal. 2011, Redondo-Gémez 2013). In recent years, research
efforts have focused on the capacity of aquatic plants to
act as biomonitors of metal contamination through the use
of early symptoms termed biomarkers (e.g., Ferrat et al.
2003, Bucalosi et al. 2006, Alvarez-Legorreta et al. 2008,
Singh et al. 2010, Malea et al. 2013a); biomarkers, defined
as “cellular, molecular and biochemical changes induced
by chemical pollutants, measurable in biological systems
such tissues, cells and biological fluids” (Depledge et al.
1995), are especially useful as an early warning signal of
emerging environmental problems. On the other hand,
data on the relationship between metal accumulation
and the occurrence of toxic effects in aquatic organisms,
particularly seagrasses and brackish water-submerged
angiosperms, are still scarce (see Lewis and Devereux
2009, Adams et al. 2010, Malea et al. 2013b); metal con-
centrations in key biomonitors associated in some way
with ecotoxicological effects, which were identified using
biomarkers, have the potential to be used for detecting the
presence of ecotoxicologically significant metal pollution
(Rainbow 2006).

Concerning Ruppia species, scientific knowledge on
trace element accumulation is very limited; in particu-
lar, very few studies have been carried out, mainly with
R. cirrhosa (Sanchiz et al. 1999, 2000), Ruppia megacarpa
Mason (Kilminster 2013), and R. maritima. Most of the
few field studies that provide information for R. maritima
determined concentrations of trace elements, most com-
monly copper, zinc, and lead, in whole plant tissues,
while in some cases, sediment element concentrations
were also assessed (see Di Giulo and Scanlon 1985, Pulich
1987, Lacerda et al. 1992, Falandyz 1994, Wu and Guo 2002,
Lewis et al. 2004). Malea et al. (2008) studied the monthly
variation and distribution of metal (iron, zinc, copper,
lead, cadmium) contents in compartments of R. mar-
itima and suggested that this brackish water-submerged
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angiosperm is a strong accumulator of metals. However,
we are not aware of any published data concerning the
kinetics of metal accumulation and toxic effects induced
by metal stress in Ruppia species, particularly R. maritima.
Such information is needed in order for this submerged
angiosperm to be potentially used as a valuable tool in
biomonitoring programs for the protection and manage-
ment of a variety of brackish water coastal environments
worldwide.

The present study aims to provide information on
metal accumulation and toxic effects in submerged angio-
sperms colonizing shallow coastal waters. Using increas-
ing cadmium concentrations under laboratory conditions,
we investigated (a) the kinetics of cadmium accumula-
tion in leaves, rhizomes-stems, and roots of the brackish
water-submerged angiosperm R. maritima for 11 consecu-
tive days, (b) the toxic effects (leaf cell death) of cadmium
on this angiosperm, and (c) the relationships between
exposure concentration, accumulation kinetics, and toxic
effects.

Materials and methods

Plant collection

Ruppia maritima was collected from Monolimni Lagoon
(Evros River Delta, Northern Aegean Sea, Mediterranean
Sea). Evros River is the largest flowing water body on the
Balkan Peninsula; it arises on Mt. Rila in Bulgaria and
flows southward. Before reaching the Aegean Sea, the
Evros River divides into two branches, the Eastern Branch,
which is the natural border between Greece and Turkey
and the Western Branch inside Greece, and forms a delta.
Three islets and several lagoons occur in the part of the
delta inside Greece. Monolimni Lagoon occupies an area
of approximately 112 ha, communicating with the mouth
of the Western Branch Estuary and the coastal section
of the delta through an opening 15 m wide. The vegeta-
tion composition in the main part of Monolimni Lagoon
(the innermost section) is rather homogeneous, consist-
ing mainly of a perennial population of R. maritima,
which grows from April to October and reproduces during
summer (Malea et al. 2004).

Plants were collected in the central part of the inner-
most section of Monolimni Lagoon (40°46’N, 26°03’E) at
0.6 m depth in late August 2011 with a 20 cm diameter
acrylic corer, which penetrated to a depth of 30 cm; all
the above- and below-substrate plant material that was
rooted within the 20-cm area was collected. All plants
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were rinsed in lagoon water at the collection site and
transported to the laboratory in plastic containers con-
taining lagoon water.

Treatments

Fresh green plants without epiphytes were kept for 24 h
in lagoon water under laboratory conditions in order to
equilibrate. Plants were incubated in plastic aquaria con-
taining 10 1 of cadmium sulfate hydrate (3CdSO,-8H,0
98.7%, insoluble matter <0.005%, chloride <0.001%,
total nitrogen <0.0005%, Ca<0.005%, Cu<0.0005%,
Fe<0.0005%, K<0.01%, Na<0.005%, Pb<0.002%,
Zn<0.002%; lot number: 1.02027.0100; Merck, Darmstadt,
Germany) dissolved in filtered (Whatman GF/C) lagoon
water at one of the following Cd concentrations: 2.22, 4.44,
44.48, 88.95, 17794, and 355.88 uM, corresponding to 0.25,
0.5, 5, 10, 20, and 40 mg 1%, respectively. At a salinity 8.6,
these total cadmium concentrations were calculated to
correspond to 0.33, 0.65, 6.52, 13.04, 26.09, and 52.17 um (or
0.04, 0.07, 0.73, 1.47, 2.93, and 5.86 mg 1") of free cadmium
ion, respectively, using the equation proposed by Sunda
et al. (1978). Lower exposure concentrations might have
resulted in toxic effects only after several days of incuba-
tion, and thus, these effects would most probably have
been obscured by leaf deterioration. A control treatment,
with no added metal, was included in the experiments. A
similar set of exposure concentrations has also been used
previously in a similar study (Malea et al. 2013b). Plant
material of about 12 g dry wt was incubated in each aquar-
ium; no sediment and no complexing agents were added.
The lagoon water used for the experiments was also col-
lected from the sampling site. The lagoon water used in the
experiments had: salinity 8.5-8.7, pH 7.5-7.6, dissolved O,
74-76 mgl’, NO, 0.88 mg1’, and NH,* 0.48 mg 1", cadmium
0.5 ug 1" (or 0.045 um). The solutions in the aquaria were
changed every 2 days in order to maintain the original
levels. Salinity, pH, and dissolved O, were measured every
2 days. The aquaria were aerated constantly using aquar-
ium pumps and covered with plastic film (Sanitas, Saran-
tis S.A., Athens, Greece) in order to prevent evaporation.
The experiments were conducted under a constant 16:8 h
day:night regime at an ambient temperature of 21+1°C and
an irradiance of 120 umol m? s, After 0, 3, 5, 7, 9, and 11
days, at least three plant subsamples, each one includ-
ing about 250 leaves (approximately 400 mg dry wt) and
the corresponding stems, rhizomes (both approximately
200 mg dry wt), and roots (approximately 30 mg dry wt),
were removed at random from each aquarium. Plant mate-
rial was separated into leaves, rhizomes-stems, and roots.

P. Malea et al.: Cadmium accumulation and leaf cell death in Ruppia maritima = 113

Similar procedures have been used in previous studies
(e.g., Malea 1994, Malea et al. 1995a,b).

Cadmium determination

The materials from each plant compartment of the sub-
samples from a single aquarium collected on the same day
were pooled. The samples were washed in double-distilled
water, dried to a constant weight (60°C) and ground in an
agate mill. Three subsamples of each powdered plant
sample were wet digested in HNO,/HCIO, (4:1) at 50°C for
1 h and then at 130°C for 3 h. Similar methods have been
frequently used in previous studies (e.g., Malea 1994). In
several cases, the quantity of powdered root was insuffi-
cient for metal analysis; hence, the kinetics of cadmium
accumulation in roots at 4.44, 88.95, and 177.94 um Cd were
not examined. Cadmium concentrations were measured
using graphite furnace atomic absorption spectrophoto-
metry (AAS, AANALYST 700 Perkin-Elmer, MA, USA). Pro-
analysis-grade reagents (Merck, Darmstand, Germany)
were used, and reagent blanks were run concurrently.
Standards were prepared by serial dilution of stock solu-
tions. The accuracy of the technique was checked by
analysis of standard sea lettuce reference material (Ulva
lactuca no 279, Community Bureau of Reference BCR,
Brussels, Belgium); one sample of the standard reference
material was included in each analytical batch. Results
were in agreement with certified values (certified value,
mean+SD:0.274+0.032 pg g' dry wt; measured value,
mean+SD: 0.280+0.020 ug g' dry wt; recovery: 102%).

Evans Blue staining

In order to check the occurrence of dead leaf cells of
Ruppia maritima, samples were stained with Evans Blue
following the protocol of Malea et al. (2013a) adapted from
Chen et al. (2008). After 0, 3, 5, 7, 9, and 11 days of incuba-
tion, at least 20 leaves from each aquarium were randomly
collected and incubated for 15 min at room temperature
in a 0.25% Evans Blue (Sigma, Taufkrichen, Germany)
solution in lagoon water collected from the collection site.
After several washes with lagoon water, the leaf segments
were observed under a Zeiss (Berlin, Germany) Axiostar
Plus light microscope equipped with a Canon (New York,
NY, USA) PowerShot A640 camera, and the occurrence of
dead cells (stained blue) was checked. For the 88.95-um
treatment on days 0, 3, 5, 7, 9, and 11, and for each treat-
ment on day 9, segments from the middle section of at
least 10 leaves (one segment per leaf) were photographed,
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the dead cells from a total of about 260 cells per leaf were
counted, and the percentage of dead cells was calculated.

Data analysis

The kinetics of cadmium accumulation were fitted to the
Michaelis-Menten equation (Eq. 1), which is frequently
used in metal kinetic studies, where C represents the
tissue metal concentration reached in time ¢, C__ is the
maximum or saturation concentration, and K is the time
taken to reach half of the value of C__ (see among others
Fernandez et al. 2006, Costa et al. 2011, Diaz et al. 2012).

C=(C_, xt)/(K_+t) 6))]
The data were fitted using IBM Statistics SPSS® (New
York, NY, USA) 19, by means of nonlinear regression, and
with sequential quadratic programming as the estima-
tion method (Diaz et al. 2012). In order for the informa-
tion on accumulation kinetics to be completed, the rate
of the initial uptake (found by dividing half of the value
of C__ by K ), the time required to reach equilibrium
(Teq), the equilibrium concentration (Ceq), and the mean
rate of uptake (V) were calculated. Ceq was estimated
from the Michaelis-Menten equation as the tissue con-
centration at which the daily increase in concentration
was <1% of that of the previous day, Tec1 was estimated
as the time required to reach C_, and V_ by dividing C_,
by T, (Fernandez et al. 2006, Diaz et al. 2012). Biocon-
centration factors (BCFs) at equilibrium were also calcu-
lated (Eq. 2), where Ceq is the equilibrium concentration,
C, is the initial tissue metal concentration (at day 0), and
C, is the metal concentration in the water (Martins and
Boaventura 2002, Diaz et al. 2012).

BCF=(C,,-C,)/C, )

The Wilcoxon matched-pairs signed-rank test was used to
compare metal concentrations in different plant compart-
ments. Spearman’s rank correlation coefficient (p) was
calculated to identify correlations.

A multiple regression model with log-transformed
exposure concentration and time as predictors and tissue
concentration as the dependent variable was additionally
tested in each plant compartment.

The time period required for 10% of leaf cells to die
(LTIO) in the 88.95-um treatment and the 10% cell death
effect concentration (LC ) on the ninth incubation day
and their 95% confidence limits were estimated by probit
analysis with XLSTAT 2013 (New York, NY, USA).
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Results

Accumulation kinetics

Cadmium concentrations in leaves, rhizome-stems, and
roots of Ruppia maritima analyzed immediately after col-
lection in the field (day 0, meantstandard error) were
0.33520.003, 0.305%0.003, and 1.780%0.037 ug g' dry wt,
respectively.

The kinetics of cadmium accumulation into leaves, rhi-
zome-stems, and roots of R. maritima were rapid during the
first days of exposure; this initial rapid accumulation was
generally followed by a slower accumulation phase and/or
a steady state (Figure 1). A marked increase in leaf cadmium
content was observed on the last incubation day in the
355.88-um treatment. Cadmium concentrations reached
during the incubation period differed to some extent among
R. maritima compartments (Figure 1). In particular, at 2.22,
444, 4448, and 17794 uM, leaves showed significantly
higher cadmium contents than rhizome-stems and at 2.22
uM, roots had significantly higher concentrations than
either leaves or rhizome-stems (Wilcoxon test, p<0.05);
cadmium concentrations reached in roots were also
highest in the 44.48 and 355.88 um treatments (Figure 1).
In leaves and rhizome-stems, the fit to the Michaelis-Menten
equation was adequate for all of the treatments, but for
leaves, the initial five points only were fitted at 355.88 um
because of the marked increase in tissue metal content on
the last day of incubation (Figure 1, Table 1). In roots, the
Michaelis-Menten model provided a good fit for the 44.48-
and 355.88-uM treatments (Figure 1, Table 1).

In leaves, the values of the maximum concentration
(C,.) and the equilibrium concentration (Ceq) generally
tended to increase as the exposure concentration (CW)
increased up to 88.95-177.94 um, while the rate of initial
uptake (C__/(2xK )) and the mean rate of uptake (V)
increased with increasing C_ up to 355.88 um (Table 1); in
particular, Copr C,../(2xK ) and V_were significantly and
positively correlated with C (p=0.829, 0.829, and 0.943,
respectively; n=6). In general, the opposite was found
for the time taken to reach half of the value of C__ (K )
and the equilibrium time (Teq); both parameters displayed
the highest value at 4.44 uM and the lowest at 355.88 um
(Table 1). In rhizome-stems, C__ and Ceq increased with
increasing C, up to 355.88 um (Table 1), and a signifi-
cant positive correlation was found between both these
concentrations and C, (p=1, n=6). The hioconcentration
factor (BCF) at equilibrium in both leaves (range: 17.0—
1009.1) and rhizome-stems (range: 21.7-431.0) decreased
as C_ increased from 4.44 to 355.88 um (Table 1); in both
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Figure1 Kinetics of cadmium accumulation in leaves, rhizome-stems and roots of Ruppia maritima at different concentrations of cadmium
in water. Values plotted are mean tissue concentrationtstandard deviation (n=3). Bold lines are the accumulation kinetics calculated using

a Michaelis-Menten equation.

compartments, BCF at equilibrium showed a significant
negative correlation with C_ (p=-0.943, n=6).

The relationship between tissue concentration and the
combination of exposure concentration and time was ade-
quately described by multiple regression equations. Time
was found to be more significant than exposure concentra-
tion in predicting tissue concentration in leaves and rhi-
zome-stems, but had no significant effect in roots (Table 2).

Leaf cell death

Some of the leaf cells died upon cadmium treatment
as confirmed by Evans Blue staining, in contrast to the
control where no positive Evans Blue staining was ever
observed. The dead cells were stained blue as shown in
Figure 2 and were commonly observed in groups. Dead
cells appeared at 2.22-177.94 uM from the fifth day onward,
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Table1 Kinetics of cadmium accumulation in leaves, rhizome-stems, and roots of Ruppia maritima exposed to different concentrations of

cadmium in water.

Exposure concentration (um)

2.22

4.44

44.48

88.95

177.94

355.88

Leaves

max

Km
C,./2xK)

max

(4
BCF
Rhizome-stems

max

247.3 (£60.5)
7.78 (£3.7)
15.90

0.966°

25 (£5)
188.62 (£35)
7.55

753.12

94.31 (£21.2)

779.89 (£79.2)
20.15 (£3.8)
19.35

0.969°

37 (x7)

504.88 (+60)
13.65

1009.09

299.74 (£56.7)

593.28 (+58.2)
1.26 (£2.5)
235.43

0.691°

12 (x4)
536.90 (+59)
44.74

107.31

440.02 (£45.4)

882.56 (+£62.4)
3.22 (£1.3)
137.04

0.867¢

17 (x4)

742.01 (£81)
43.65

74.24

512.05 (£51.3)

880.17 (£60.4)
2.52(£1.2)
174.57

0.947°

16 (£3)

760.36 (£75)
47.52

38.00

818.17 (£59.1)

747.44 (£38.2)
0.97 (£0.8)
386.07

0.942°

10 (£2)

681.47 (£48)
68.15

17.03

1047.02 (£87.4)

K, 5.63 (+2.7) 12.79 (£5.4) 0.50 (+£0.2) 0.62 (+0.3) 4.10 (£2.1) 3.96 (+2.1)
C,./(2xK ) 8.38 11.72 440.90 412.28 99.85 132.20
r? 0.921° 0.9747 0.575¢ 0.9162 0.955° 0.9292
T, 22 (+6) 33 (+8) 8 (+2) 9 (+2) 19 (+5) 19 (+6)
Ceq 75.10 (+19) 216.03 (+41) 414.19 (£61) 479.00 (£59) 673.04 (£67) 866.44 (£91)
Vv, 3.41 6.55 51.77 53.22 35.42 45.60
BCF 299.18 431.00 82.70 47.87 33.64 21.65
Roots
Ca 1847.11(+115.4) 3673.54(+137.9)
K, 1.46(£0.9) 0.76 (£0.5)
C,./(2xK ) 631.71 2426.38
r? 0.999° 0.973°
T, 12 (£5) 9 (+4)
C‘eq 1646.5 (£92) 3388.53 (+121)
v, 137.21 376.50
BCF 328.95 84.67
The fits correspond to a Michaelis-Menten equation: C=(C__ xt)/(K_+1).

C, tissue concentration (ug g* dry wt) reached in a given time; C

value of C

max’

max®

(in concentration/day); BCF, bioconcentration factor at equilibrium; standard errors are given in parentheses.
2p<0.001; °p<0.01; °p<0.05.

Table 2 Results of multiple regression analysis performed using
log-transformed exposure concentration (C ) and time (T) as predic-
tors and tissue concentration (C) as the dependent variable (log,,

C=a+b log,C +b,log,T)

maximum tissue concentration; K_, time (in days) to reach half of the
t, time (in days); T time (in days) to reach equilibrium; Ceq, equilibrium concentration (ug g* dry wt); V_, mean rate of uptake

while they appeared from the third day in the highest
concentration tested (355.88 um). In the 88.95-um treat-
ment, the percentage of dead cells (D, mean,%) increased

from 0.3% and 2.5% on days 5 and 7 to 7.6% on day 9 and

Variables Std. t  Significance Model
coefficients summary
Leaves
log,, C, 0.210  2.544 <0.01  R=0.888,
logm T 0.866 14.600 <0.001 p<0.001
Rhizome-stems
log,, C, 0.292  3.590 0.001  R?=0.782,
log,, T 0.835 10.277 <0.001 p<0.001
Roots
log,, C, 0.846  4.854 0.002  R=0.727,
log,, T 0.082 0.469 ns p<0.001

33. 5% on day 11 (Figure 3A); the estimated period of time
required for 10% of cells to die (LT, ) was 8.9 (95% con-

fidence limits: 8.7-9.1) days. On the ninth day of incuba-

tion, this percentage increased with increasing exposure
concentration (Cw), and a significant positive correlation
was found between D and C (p=1, n=6,). The 10% cell
death effect concentration (LC, ) on the ninth incubation

day was 268.8 (95% confidence limits: 245.1-297.1) um

ns, not significant.

(Figure 3B).
The time period before the first occurrence of dead

leaf cells (5 days at 2.22-177.94 um, 3 days at 355.88 um)
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Figure 2 Photomicrographs of Ruppia maritima leaf cells stained with Evans Blue. Control (A) and after treatment with 88.95 um of
cadmium for 3, 5, 7, 9 and 11 days (B-F); dead cells appear blue; scale bar=100 um.

was shorter than the estimated time period taken to reach
the equilibrium cadmium concentration (Teq) in leaves
(Table 1) in all of the treatments; hence, cell death

A 10 - o
0.9+
0.8+
07+
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0.2 4
014

0

Proportion of alive cells

0 2 4 6 8 10 12
Time (days)
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0.9 ° T
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0.6
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0.4
0.3
0.2
0.1

Proportion of alive cells

0 50 100 150 200 250 300 350 400
Water cadmium concentration (1)

Figure 3 Leaf cell death in Ruppia maritima in response to incu-
bation with cadmium. Proportion of live cells (A) after different
times of incubation in 88.95 um of cadmium in water and (B) after
9 days incubation in different concentrations of cadmium. Symbols
indicate observed mean values; lines indicate the lower and upper
bounds (95%) estimated by probit analysis with XLSTAT 2013.

was generally first detected during the initial phase of
cadmium accumulation. The lowest experimental tissue
concentration associated with the first occurrence of cell
death was 86.2 ug g' dry wt (2.22 um treatment, day 5); the
corresponding concentration value predicted using the
Michaelis-Menten model was 96.8 ug g' dry wt (Figure 1).
When Ruppia maritima was treated at cadmium concentra-
tions of 4.44-355.88 uM, these values had been exceeded
by the third incubation day (see Figure 1); however, as
already noted, cell death was first detected on the fifth
incubation day in the 4.44-177.94 uM treatments.

The highest values of the mean rate of uptake (V)
and of the initial rate of uptake in leaves (355.88 uM treat-
ment; Table 1) were associated with the earliest onset of
cell death (third incubation day). On the ninth incubation
day, the percentage of dead cells (D,%) tended to increase
as the rate of initial uptake and V_ increased (Table 1,
Figure 3B); in particular, D showed a significant posi-
tive correlation with C__ /(2xK ) (p=0.829, n=6) and V_
(p=0.943, n=6).

Discussion

Accumulation kinetics

Theinitial concentrations of cadmium (day 0) in leaves and
rhizome-stems of Ruppia maritima were lower, and that for
roots was higher than those previously reported for whole
plant tissues of R. maritima from other geographical areas
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(Di Giulio and Scanlon 1985, Lewis et al. 2004). In addi-
tion, these values were among the lowest of those earlier
measured all year round in the corresponding compart-
ments of R. maritima at the same sampling area (Malea
et al. 2008).

The kinetics of cadmium accumulation into compart-
ments of R. maritima were rapid during the first days of
exposure and then became gradually slower. This trend
is generally consistent with previous observations con-
cerning cadmium accumulation in compartments of
seagrass species (e.g., Brinkhuis et al. 1980, Fabris et al.
1982, Lyngby and Brix 1984, Malea 1994). Cadmium accu-
mulation may have involved three successive processes,
namely, a first stage that corresponds to rapid adsorption
of the metal ions onto the surface of the plant, a second
stage that represents the diffusion across the plasma
membrane into the protoplasm, and a third stage that cor-
responds to the active accumulation of metal within the
plant (e.g., Pickering and Puia 1969, Malea 1994, Martins
and Boaventura 2002, Andrade et al. 2006, Fernandez
et al. 2006). A potential release by the plant into the
medium of organic ligands, capable to complex dissolved
metals, may have played a role in controlling the metal
uptake (e.g., Naidu and Harter 1998, Vasconcelos and Leal
2001, Karavoltsos et al. 2013).

A substantial amount of cadmium is probably bound
to the cell wall (e.g., Vogel-Miku$ et al. 2010), which
seems to function as a barrier protecting the protoplast
from metal toxicity; Sousa et al. (2008) observed that
the salt marsh plant Halimione portulacoides (L.) Allen
mostly retains cadmium in the cell wall (70% in roots,
64% in stems, and 54% in leaves), while intracellular
metal content is much lower (19% in roots, 25% in stems,
and 35% in leaves). The steady state may correspond to
an equilibrium attained between the metal in solution
and the metal adsorbed to active sites on the cell surface
(Sunda and Huntstman 1998, Kola and Wilkison 2005).
Complexation of metal ions inside the cell by organic
molecules and compartmentalization, particularly in the
vacuole, may be also included in the array of the cellular
defense mechanisms (e.g., Hall 2002, Wang et al. 2008,
Conn and Gillihan 2010). Overall, cadmium is expected to
be accumulated in different cellular compartments, and
the observed accumulation kinetics were most probably
the net result of several different processes. The marked
increase in cadmium content in R. maritima leaves on the
last day of incubation at the highest exposure concen-
tration may have been the result of extensive cell death;
dead cells have been suggested to display an elevated
metal absorption capacity (Lyngby and Brix 1984, Bond
et al. 1985, Malea 1994).
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Cadmium concentrations reached during the incu-
bation period appeared to differ to some extent among
R. maritima compartments. Roots, which present the
highest surface/volume ratio (Fabris et al. 1982), generally
accumulated more cadmium than leaves and rhizome-
stems. Following root and/or leaf uptake, cadmium may
have been transported to other plant compartments,
mainly rhizome-stems, as it is considered that metal
uptake in submerged angiosperms can follow two path-
ways — from surrounding water to leaves and then rhi-
zomes, or from interstitial water into roots to rhizomes
and leaves (e.g., Pulich 1987, Ralph et al. 2007). Hence,
cadmium accumulation in rhizome-stems of R. maritima
may have resulted from both a direct uptake from the sur-
rounding medium and some internal transport. Under
laboratory conditions, Faraday and Churchill (1979) found
basipetal transport, while Brinkhuis et al. (1980) observed
both basipetal and, at a slower rate, acropetal transport of
cadmium in the seagrass Zostera marina L.

In field situations, a variability in the distribution
pattern of cadmium among plant compartments of R. mar-
itima might be expected due to differences in the bioavail-
ability of this element in the water column and sediments
(see Lewis and Devereux 2009 for factors affecting metal
bioavailability in water and sediments). Nevertheless, our
findings are consistent with previous field observations,
where it has been found that R. maritima roots accumu-
lated the highest cadmium loads and, rhizome-stems,
the lowest ones during most of the annual cycle (Malea
et al. 2008). Higher cadmium accumulation in roots than
in other compartments has been also observed in salt
marsh species such as Spartina maritima (Curtis) Ferland
and Halimione portulacoides (e.g., Reboreda and Cacador
2007, Sousa et al. 2008). As previously reported (e.g.,
Sousa et al. 2011), roots may act as a barrier, preventing
metal toxicity in leaves.

The maximum and equilibrium concentrations in
leaves and rhizome-stems, as well as the rate of cadmium
uptake into leaves, generally tended to increase with the
concentration in water indicating that R. maritima dis-
plays a high absorption capacity of cadmium and an abun-
dance of cell wall or intracellular binding sites (Sanchiz
et al. 1999). This observation also indicates that cadmium
in the plant is correlated with that in the surrounding
medium over a wide range of exposure concentrations
(see also Costa et al. 2011). However, the bioconcentra-
tion factors at the steady-state condition generally tended
to decrease with increasing exposure concentration
suggesting a gradual reduction of available binding
sites (see Fabris et al. 1982). These findings are gener-
ally consistent with those of earlier studies concerning
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cadmium accumulation by seagrasses (Faraday and
Churchill 1979, Fabris et al. 1982, Malea 1994). Concern-
ing leaves, in particular, the observation that the uptake
rate tended to increase as cadmium concentration in
water (C,) increased up to 355.88 uM, while the maximum
and equilibrium concentrations as C increased only up
to 88.95-177.94 uM suggests that, at very high exposure
concentrations (>177.94 um), leaves of R. maritima initially
accumulate cadmium very rapidly, but then, the active
sites at their surface become saturated.

The multiple regression equations obtained permit the
metal concentrations accumulated in plant compartments
to be rigorously related to metal concentration in the sur-
rounding medium and exposure time. Time was found not
to have a significant effect on tissue concentration in roots
as the initial fast metal accumulation was rapidly followed
by a slower accumulation phase or a steady state.

The maximum experimental cadmium concentration
in leaves of R. maritima (281.5 pug g' dry wt) incubated in
lagoon water (8.6 salinity) containing cadmium at a con-
centration of 4.44 um (or 0.5 mg 1) was comparable to that
in leaves of the seagrass Heterozostera tasmanica (Martens
ex Ascherson) den Hartog (approximately 300 pg g' dry
wt) exposed for 8 days to seawater containing 0.4 mg 1? of
cadmium (Fabris et al. 1982). The experimental cadmium
concentrations in R. maritima leaves (579-772 ug g' dry
wt) during the steady-state phase at 88.95 um were also
comparable to those accumulated in leaves of the seagrass
Halophila stipulacea (Forsskal) Ascherson (526721 ug g*
dry wt) incubated for 16 days in seawater (35 salinity) con-
taining 100 um of cadmium (Malea 1994). The maximum
and equilibrium concentrations and the rate of uptake
estimated for cadmium accumulation in leaves of R. mar-
itima in the 4.44- to 88.95-uMm treatments were higher,
while those of the 177.94- and 355.88-uM treatments were
lower, than the corresponding values found for the accu-
mulation of this metal in intermediate-juvenile leaf blades
of the seagrass Cymodocea nodosa (Ucria) Ascherson
exposed to seawater (36.5 salinity) containing cadmium
concentrations of 4.44-355.88 uM (Malea et al. 2013b).

Leaf cell death

Cadmium caused leaf cell death in Ruppia maritima, as
was also shown for the seagrasses Halophila stipulacea
and Cymodocea nodosa (see Malea 1994, Malea et al.
2013b). The observation that in the 88.95-um treatment
dead leaf cells were first detected on the fifth incubation
day but the time period required for 10% of cells to die
(LT,) was estimated to be 8.6 days suggests a rather slow
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progress of cell death. The corresponding values reported
for leaf blades of the seagrass C. nodosa exposed to sea-
water (36.5 salinity) containing 88.95 um of cadmium were
7 and 7.2 days (Malea et al. 2013b). That the progress of
cell death appeared to be slow is also corroborated by the
observation that the percentage of dead leaf cells of R. mar-
itima on the ninth incubation day at 355.88 uM was only
11.5%, while the corresponding percentage in C. nodosa
was 28.7%. This suggests that the first occurrence of dead
leaf cells in R. maritima could be used as a warning signal
of developing cadmium contamination in coastal brack-
ish water environments. Because the cadmium concen-
trations to which R. maritima was exposed in this study
would be reached only in cases of extreme contamination,
further controlled experiments are needed to provide
additional results for lower exposure concentrations.

The lowest experimental tissue concentration of
cadmium associated with the onset of cell death (86.2
ug g' dry wt, 2.22 uM treatment, fifth incubation day) is
within the wide range of reported cadmium concentra-
tions in leaves of seagrass species (0.1-266 ug g' dry wt)
from various geographical areas (see review in Lewis and
Devereux 2009). This finding may imply that cadmium
poses a risk to submerged angiosperms colonizing
shallow coastal waters at worldwide locations. The obser-
vation that the lowest tissue concentration associated
with the onset of cell death was exceeded up to the third
day at higher exposure concentrations but cell death was
first detected at a later time, however, may suggest that
toxicity is not strongly related to a threshold total tissue
concentration of the toxic metal. Hence, our findings seem
not to be compatible with the critical body residue (CBR)
approach, which assumes that toxicity occurs when a
threshold total body (or tissue) concentration of accumu-
lated metal is exceeded (McCarty and Mackay 1993).

As suggested earlier, cadmium is thought to be accu-
mulated in different cellular compartments. Metal that is
bound as exchangeable forms to binding sites in cell walls
or plasma membranes (extracellular metal) is not in direct
contact with the cytoplasm and, thus, cannot be regarded
to have an immediate influence upon metabolism (Sidhu
and Brown 1996). Metal taken up into the cell (intracellular
metal) can be stored safely in a detoxified form or remain
metabolically available (e.g., Pergent-Martini and Pergent
2000, Conn and Gilliham 2010). Hence, the onset of toxic
effects may depend only on the concentration of accumu-
lated metal in a metabolically available form; in particu-
lar, toxicity may occur when the rate of intracellular metal
uptake exceeds the rate of detoxification of metabolically
available metal (see Rainbow 2002). As an increase in the
rate of total metal uptake most probably involves both
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an increase in the rate of extracellular uptake and that
of intracellular uptake (see Fernandez et al. 2006), this
explanation is corroborated by the observations that (1)
the earlier onset of cell death in the 355.88-uM treatment
was associated with the highest values of the initial rate of
uptake and the mean rate of uptake, and (2) the percent-
age of dead cells on the ninth incubation day tended to
increase as these kinetic parameters increased.

This interpretation is in agreement with the argu-
ments put forward by Rainbow (2002) for aquatic inverte-
brates, namely, that the factor that determines the effects
is not whole-body concentration per se, but the rate of
metal uptake in relation to the metabolic capacity for
detoxification and storage. Our findings are also consist-
ent with those concerning the effects of cadmium accu-
mulation on microtubule integrity and cell viability in leaf
blades of the seagrass C. nodosa (Malea et al. 2013b). That
this explanation is corroborated by data obtained from
the 355.88-uMm treatment shows the usefulness of the set of
exposure concentrations used in this study.

References

Adams, W.J., R. Blust, U. Borgmann, K.V. Brix, D.K. DeForest, A.S.
Green, ).S. Meyer, J.C. McGeer, P.R. Paquin, P.S. Rainbow and
C.M. Wood. 2010. Utility of tissue residues for predicting
effects of metals on aquatic organisms. Integrated Environ.
Assess. Manag. 7: 75-98.

Alvarez-Legorreta, T., D. Mendoza-Cozatl, R. Moreno-Sanchez and G.
Gold-Bouchot. 2008. Thiol peptides induction in the seagrass
Thalassia testudinum (Banks ex Konig) in response to cadmium
exposure. Aquat. Toxicol. 86: 12-19.

Andrade, S., L. Contreras and J.A. Moffett Correa. 2006. Kinetics of
copper accumulation in Lessonia nigrescens (Phaeophyceae)
under conditions of environmental oxidative stress. Aquat.
Toxicol. 78: 398-401.

Bond, A.M., J.R. Bradbury, H.A. and Hudson.1985. Kinetic studies
of lead (II) uptake by the seagrass Zostera muelleri in water
by radiotracing, atomic absorption spectrometry and electro-
chemical techniques. Mar. Chem. 16: 1-9.

Bortone, S.A. and R.K. Turpin. 2000. Tape grass life history metrics
associated with environmental variables in a controlled
estuary. In: (S.A. Bortone, ed.) Seagrasses. Monitoring,
ecology, physiology and management. CRC Press, Boca Raton.
pp. 318.

Boudouresque, C.F., B. Guillaume, G. Pergent, A. Shili and M.
Verlaque. 2009. Regression of Mediterranean seagrasses
caused by natural processes and anthropogenic disturbances
and stress: a critical review. Bot. Mar. 52: 395-418.

Brinkhuis, B.H., W.F. Penello and A.C. Churchill. 1980. Cadmium and
manganese flux in eelgrass Zostera marina. 1l. Metal uptake by
leaf and root-rhizome tissues. Mar. Biol. 58: 187-196.

Bucalosi, D., C. Leonzio, S. Casini, M.C. Fossi, L. Masili, S.

Ancona, W. Wang and M. Scali. 2006. Application of a suite

DE GRUYTER

Overall, the onset and progress of leaf cell death
appeared to be a function of the rate of cadmium accumu-
lation in leaves rather than of the total tissue cadmium con-
centration, suggesting that, in the interpretation of tissue
residues in submerged angiosperms colonizing coastal
brackish water environments, the time frame of the expo-
sure must be taken into account. This finding also suggests
that the estimation of kinetic parameters of total metal
uptake (rate of initial uptake, mean rate of uptake) in these
angiosperms could be utilized for predicting metal effects.

Acknowledgments: The authors thank Dr. A. Markos
(Laboratory of Mathematics and Informatics, Democri-
tus University of Thrace, Greece) for assistance with SPSS
and XLSTAT. We are also grateful for the comments of two
anonymous reviewers, which helped to improve the origi-
nal version of the manuscript.

Received 28 August, 2013; accepted 19 February, 2014; online first
22 March, 2014

of biomarkers in Posidonia oceanica (L.) delile to assess the
ecotoxicological impact on the coastal environment. Mar.
Environ. Res. 62: S327-S331.

Cacador, |., M. Caetano, B. Duarte and C. Vale. 2009. Stock and
losses of trace metals from salt marsh plants. Mar. Environ.,
Res. 67: 75-82.

Chen, P.Y,, K.T. Lee, W.C. Chi, H. Hirt, C.C. Chang, and H.). Huang.
2008. Possible involvement of MAP kinase pathways in
acquired metal-tolerance induced by heat in plants. Planta
228: 499-450.

Conn, S. and M. Gillihan. 2010. Comparative physiology of
elemental distributions in plants. Annals Bot. 105: 1081-1102.

Costa, S., D. Crespo, B.M.G. Henriques, E. Pereira, A.C. Duarte
and M.A. Pardal. 2011. Kinetics of mercury accumulation and
its effects on Ulva lactuca growth rate at two salinities and
exposure conditions. Water Air Soil Pollut. 217: 689-699.

Davis, W.P., M.R. Davis and D.A. Flemer. 2000. Observations on the
regrowth of subaquatic vegetation following transplantation:
a potential method to assess environmental health of coastal
habitats. /n: (S.A. Bortone, ed.) Seagrasses. Monitoring,
Ecology, physiology and management. CRC Press, Boca Raton.
pp. 318.

Depledge, M.H., A. Aagaad and P. Gyorkds. 1995. Assesssment
of trace metal toxicity using molecular, physiological and
behavioural biomarkers. Mar. Pollut. Bull. 31: 19-27.

Diaz, S., R. Villares and A. Carballeira. 2012. Uptake kinetics of
As, Hg, Sb, and Se in the aquatic moss Fontinalis antipyretica
Hedw. Water Air Soil Pollut. 223: 3409-3423.

Di Giulio, R.T. and P.F. Scanlon. 1985. Heavy metals in aquatic
plants, clams and sediments from the Chesapeake Bay, U.S.A.
Implications for waterfowl. Sci. Tot. Environ. 41: 259-274.



DE GRUYTER

Duarte, B., . Freitas and I. Cacador. 2011. The role of organic
acids in assisted phytoremediation processes of salt marsh
sediments. Hydrobiologia 674: 169-177.

Fabris, G.J., J.E. Harris and J.D. Smith. 1982. Uptake of cadmium
by the seagrass Heterozostera tasmanica from Corio Bay and
Western Port, Vistoria. Aust. J. Mar. Freshw. Res. 39: 829-836.

Falandyz, J. 1994. Mercury contaminations in benthic animals
and plants inhabiting the Gulf of Gdafsk, Baltic Sea. Sci. Tot.
Environ. 141: 45-49.

Faraday, W.E. and A.C. Churchill. 1979. Uptake of cadmium by
eelgrass Zostera marina. Mar. Biol. 53: 293-298.

Fernandez, J.A., M.D. Vazquez., ). Lopez and A. Carvalleira. 2006.
Modelling the extra and intracellular uptake and discharge of
heavy metals in Fontinalis antipyretica transplanted along a heavy
metal and pH contamination gradient. Environ. Pollut. 139: 21-31.

Ferrat, L., C. Pergent-Martini and M. Roméo. 2003. Assesssment
of the use of biomarkers in aquatic plants for the evaluation
of environmental quality: application to seagrasses. Aquat.
Toxicol. 65: 187-204.

Fritioff, A., L. Kautsky and M. Greger. 2005. Influence of temperature
and salinity on heavy metal uptake by submersed plants.
Environ. Pollut. 133: 265-274.

Greger, M., L. Kautsky and T. Sandberg. 1995. A tentative model
of Cd uptake in Potamogeton pectina in relation to salinity.
Environ. Exper. Bot. 35: 215-225.

Hemminga, M.A. and C.M. Duarte. 2000. Seagrass ecology.
Cambridge University Press, United Kingdom. pp. 298.

Kantrud, H.A. 1991. Widgeongrass (Ruppia maritima L.): literature
review. Fish and Wildlife Service, Washington, DC. 58 pp.

Karavoltsos, S., A. Sakellari, S. Strmecki, M. Plavsic, E. loannou.
2013. Copper complexing properties of exudates and
metabolites of macroalgae from the Aegean Sea. Chemosphere
91:1590-1595.

Kennish, M.). 2000. Estuary restoration and maintenance, CRC
Press, Boca Raton.

Kilminster, K. 2013. Trace element content of seagrasses in the
Leschenault Estuary, Western Australia. 2013. Mar. Pollut. Bull.
73:381-388.

Kola, H. and K.J. Wilkison. 2005. Cadmium uptake by a green alga
can be predicted by equilibrium modelling. Environ. Sci.
Technol. 39: 3040-3047.

Lacerda, L.D., M.A. Ferndndez and K.F. Calazans Tanizaki. 1992.
Bioavailability of heave metals in sediments of two coastal
lagoons in Rio de Janeiro, Brazil. Hydrobiologia 228: 65-70.

Lafabrie, C., K.M. Major, C.S. Major, J. Cebridn. 2011. Arsenic and
mercury bioaccumulation in the aquatic plant, Vallisneria
neotropicalis. Chemosphere 82: 1393-1400.

Lewis, M.A. and R. Devereux. 2009. Nonnutrient anthropogenic
chemicals in seagrass ecosystems: fate and effects. Environ.
Toxicol. Chem. 28: 644-661.

Lewis, M.A., R.L. Quarles, D.D. Dantin and J.C. Moore. 2004.
Evaluation of a Florida coastal golf complex as a local and
watershed source of bioavailable contaminants. Mar. Pollut.
Bull. 48: 254-262.

Lyngby, J.E., H. Brix. 1984. The uptake of heavy metals in eelgrass
Zostera marina and their effect on growth. Ecolog. Bull. 36:
81-89.

Malea, P. 1994. Uptake of cadmium and the effect on viability of leaf
cells in the seagrass Halophila stipulacea (Forsk.) Aschers.
Bot. Mar. 37: 67-73.

P. Malea et al.: Cadmium accumulation and leaf cell death in Ruppia maritima =— 121

Malea, P., S. Haritonidis and T. Kevrekidis. 1995a. The short-term
uptake of copper by the two parts of the seagrass Halophila
stipulacea (Forsk.) Aschers and leaf-cells viability. Fresens.
Environ. Bull. 4: 117-122.

Malea, P, T., Kevrekidis and S. Haritonidis. 1995b. The short-term
uptake of zinc and cell mortality of the seagrass Halophila
stipulacea (Forsk.) Aschers. Israel J. Plant Sci. 43: 21-30.

Malea, P., T. Kevrekidis and A., Mogias. 2004. Annual vs perennial
growth cycle in Ruppia maritima L.: temporal variation
in population characteristics in Mediterranean lagoons
(Monolimni and Drana Lagoons, Northern Aegean Sea). Bot.
Mar. 47: 355-366.

Malea, P., T., Boubonari and T. Kevrekidis. 2008. Iron, zinc,
copper, lead and cadmium contents in Ruppia maritima
from a Mediterranean coastal lagoon: monthly variation and
distribution in different plant fractions. Bot. Mar. 51: 320-30.

Malea, P., I.-D.S. Adamakis and T. Kevrekidis. 2013a. Microtubule
integrity and cell viability under trace metal (Cu, Ni, Cr)
stress in the seagrass Cymodocea nodosa. Chemosphere 93:
1035-1042.

Malea, P., I.-D.S. Adamakis and T. Kevrekidis. 2013b. Kinetics of
cadmium accumulation and its effects on microtubule integrity
and cell viability in the seagrass Cymodocea nodosa. Aquat.
Toxicol. 144—145: 257-264.

Martins, R.J.E. and R.A.R. Boaventura. 2002. Uptake and release
of zinc by aquatic bryophytes (Fontinalis antipyretica L. ex.
Hedw.). Water Res. 36: 5005-5012.

McCarty, L.S. and D. Mackay. 1993. Enhancing ecotoxicological
modelling and assessment. Environ. Sci..Technol. 27: 1719-1728.

Naidu, R. and R.D. Harter. 1998. Effect of different organic ligands
on cadmium sorption by ectractability from soil. Soil Sci. Soc.
Am. J. 62: 644—-650.

Pergent—Martini, C. and G. Pergent. 2000. Marine phanerogams as
atoolin the evaluation of marine trace-metal contamination:
an example from the Mediterranean. Intern. J. Environ. Pollut.
1:126-137.

Pickering, D.C. and I.L. Puia. 1969. Mechanism for the uptake of zinc
by Fontinalis antipyretica. Physiol. Plantarum 22: 653-661.

Pulich, W.M. 1987. Subtripical seagrasses and trace metals cycling,
Florida. Mar. Press Publisher 42: 39-52.

Rainbow, P.S. 2002. Trace metal concentrations in aquatic,

Rainbow, P.S. 2006. Biomonitoring of trace metals in estuarine and
marine environments. Mar. Pollut. Biomonitors 12: 107-122.

Ralph, P.J., D. Tomasko, K. Moore, S. Seddon and C.M.O.
Macinnis-Ng. 2007. Human impacts on seagrasses: Eutroph-
ication, sedimentation and contamination. /n: (A.W.D. Larkum,
R.J. Orth and C.M. Duarte, eds.) Seegrass: biology, ecology
and conservation. Springer, Dordrecht, The Netherlands.
pp. 567-593.

Reboreda, R. and I. Cacador. 2007. Halophyte vegetation influences
in salt marsh retention capacity for heavy metals. Environ.
Pollut. 146: 147-154.

Redondo-G6mez, S. 2013. Bioaccumulation of heavy metals in
Spartina. Funct. Plant Biol. 40: 913-921.

Sanchiz, C., A. Benedito Pastor and A.M. Garcias-Carrascosa.
1999. Bioaccumulation of Hg, Cd, Pb and Zn in four marine
phanerogams and the alga Caulerpa prolifera (Forsskal)
Lamouroux from the east coast of Spain. Bot. Mar. 42:
157-64.



122 —— P. Malea et al.: Cadmium accumulation and leaf cell death in Ruppia maritima

Sanchiz, C., A.M. Garcias-Carrascosa and A. Pastor. 2000. Heavy
metal contents in soft-bottom marine macrophytes and
sediments along the Mediterranean coast of Spain. PS.Z.N.:
Mar. Ecol. 21: 1-16.

Sidhu, M. and A.M. Brown. 1996. A new laboratory technique for

studying the effects of heavy metals on bryophyte growth. Ann.

Bot. 78: 711-717.

Singh, R, R.D. Tripathi, Sanjay Dwivedi, Munna Singh, P.K. Trivedi
and D. Chakrabarty. 2010. Cadmium-induced biochemical
responses of Vallisneria spiralis. Protoplasma 24: 97-103.

Sousa, A.l., I. Cacador, A.l. Lilledg and M.A. Pardal. 2008. Heavy
metal accumulation in Halimione portulacoides: Intra- and
extra-cellular metal binding sites. Chemosphere 70: 850—857.

Sousa, A.l., A. Lilledg, M.A. Pardal and I. Cacador. 2011. Influence of
multiple stressor on the auto-remediation processes occurring
in salt marshes. Mar. Pollut. Bullet. 62: 1584-1587.

Sunda, W.G. and S.A. Huntstman. 1998. Processes regulating
cellular metal accumulation and physiological effects:
phytoplankton as model systems. Sci. Tot. Environ. 219:
165-181.

Vasconcelos, M.T. and M.F. Leal. 2001. Seasonal variability in the
kinetics of Cu, Pb, Cd and hg accumulation by macroalgae.
Mar. Chem. 74: 65-85.

DE GRUYTER

Vogel-Mikus, K., I. Ar¢on and A. Kodre. 2010. Complexation of
cadmium in seeds and vegetative tissues of the cadmium
hyperaccumulator Thlaspi praecox as studied by X-ray
absorption spectroscopy. Plant Soil 331: 439-451.

Wang, X., Y. Lin, G. Zeng, L. Chai, X. Song, Z. Min and X. Xiao. 2008.
Subcellular distribution and chemical forms of cadmium in
Bechmeria nivea (L.) Gaud. 2008. Environ. Exper. Botany. 62:
389-395.

Warnau, M., S.W. Fowler and J.-L. Teyssie. 1996. Biokinetics of
selected heavy metals and radionuclides in two marine
macrophytes: the seagrass Posidonia oceanica and the alga
Caulerpa taxifolia. Mar. Environ. Res. 41: 343-362.

Williams, T.P., J.M. Bubb and J.N. Lester. 1994. The occurrence and
distribution of trace metals in Halophytes. Chemosphere 28:
1189-1199.

Windham, L., J.S. Weis and P. Weis. 2003. Uptake and distribution
of metals in two dominant salt marsh macrophytes, Spartina
alterniflora (cordgrass) and Phragmites australis (common
reed). Estuar. Coast. Shelf Sci. 56: 63-72.

Wu, L. and X. Guo. 2002. Selenium accumulation in submerged
aquatic macrophytes Potamogeton pectinatus L. and Ruppia
maritima L. from water with elevated chloride and sulphate
salinity. Ecotoxicol. Environ. Saf. 51: 22-27.



