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a b s t r a c t

The increasing metal pollution in salt marshes and its influence on the plants that inhabit these eco-
systems, has become a major concern with serious implications on the species establishment. Juncus
acutus is a highly common halophyte specie in Portuguese marshes. Seeds from his specie were exposed
to a range of different Cd concentrations (0.05, 0.1, 0.5 and 1 mM) in order to evaluate the effects of acute
Cd stress on seed germination and growth as well as on seedling pigment composition, photosynthetic
apparatus and oxidative stress biomarkers. Seedling length was higher than in control in every Cd
treatment, however biomass showed a decrease. It was also observed that increasing Cd treatments, lead
to a proportional increase in the Cd tissue concentration. Also the Cd-substituted chlorophylls showed an
increase with increasing Cd doses that were applied. This substitution results in a non-functional
chlorophyll molecule, highly unstable under moderate light intensities which inevitably reduces the
efficiency of the LHC II. As consequence, there was a decrease in the use-efficiency of the harvested
energy, leading to a decay in the photosynthetic capacity and energy accumulation, which was dissipated
as heat. As for the antioxidant enzymes, SOD and APX presented higher activity, responding to increasing
cadmium concentrations. Thus, becomes evident that Cd affects negatively, both biochemically and
photochemically, the establishment by seed process of J. acutus highlighting the potential of the use of
this specie seed as potential sentinel and ecotoxicity test in extreme conditions.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Salt marsh ecosystems, as one of the types of wetlands, are of
great ecological importance. Sarcocornia perennis, Sacocornia fruti-
cosa, Spartina maritima, Halimione portulacoides (Caçador et al.,
1996) and Juncus acutus (Martínez-S�anchez et al., 2006; Caçador
et al., 2013) are some of the halophyte species which commonly
inhabit this environment. Since these ecosystems are located
largely near or alongside estuaries, are often exposed and consid-
ered as natural sink of heavy metals from industrial and urban
sewage (Otte et al., 1991; Caçador et al. 1996). Despite the fact that
some species from salt marshes canwithstand with some degree of
contamination, excessive concentration of metals in the soil can not
only cause damages in the plants, but also be potentially harmful to
human health, through food chain.

Metals like zinc (Zn), iron (Fe) and nickel (Ni) are essential to
plants at lower concentrations with some role in plant physiology,
however in excess can cause some disorders. Cadmium (Cd), as
other non-essential metals like lead (Pb), is toxic to plants even at
low concentrations (Marschner, 1995). Cadmium reaching the es-
tuaries can have several origins. Phosphate fertilizers can present
high amounts of cadmium in their composition (Monbet, 2004).
Cadmium stored in agricultural soils can be leached during rain
events and enter the riverine system. Also, cadmium is very mobile
(Duarte et al., 2008), especially in acidic conditions, as the ones
promoted by corrective fertilizers. In these conditions leaching is
enhanced (Monbet, 2004). On the other hand, industrial activities
can also contribute to cadmium introduction to the estuarine
ecosystem. This element is widely used in electroplating and
galvanizing, as a color pigment in paints and in batteries. It can also
be originated as a by-product of zinc and lead mining and smelting
(Sandrini et al., 2006). As well as in other estuarine systems, in
Tagus estuary Cd presents relatively high concentrations in the
sediments (Duarte et al., 2010) and waters (Duarte and Caçador,
2012), being present in highly mobile fraction (Duarte et al.,
2008) easily transferred to the food chain (Duarte et al., 2010;
Caçador et al., 2012).
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Cadmium is an element extremely toxic to organisms, since its
solubility in water is very high and has neurotoxic, mutagenic and
carcinogenic nature. Its accumulation in plants can be high, due to
its great mobility between soil and roots. This non-essential metal
leads to photosynthesis inhibition and hinder water and nutrient
uptake in the plants causing therefore chlorosis, growth inhibition,
ultra-structural damage and ultimately the plant death (Marschner,
1995). High concentration of cadmium in plants can also cause
imbalances between production and scavenging of reactive oxygen
species, inducing oxidative stress conditions. To counteract the ef-
fect of the free radicals, plants had developed a battery of defenses
that includes some antioxidant enzymes like superoxide dismutase
(SOD), catalase (CAT), guaiacol peroxidase (GPx) and ascorbate
peroxidase (APx). These enzymes play an important role in the
production of O2 and H2O2, which are less harmful to the organism,
from the dismutation of O2� and preventing this way serious
cellular damage. In plants cadmium can also substitute the Mg
atom at the chlorophyll reaction centre (Küpper et al., 1996). Hence,
the formation of minor proportions of [Cd]-Chl relative to the total
Chl may already inhibit photosynthesis completely (Küpper et al.,
1996).

J. acutus Lam. is a highly common halophyte specie in Portu-
guese marshes, found in several kinds of sediments from sandy to
muddy, gathering this way an increased colonization potential in all
sorts of salt marshes (Caçador et al., 2013). Therefore, its wide-
spread presence and wide range of habitat physical attributes, turn
this specie ideal for testing the effects that Cd can have in the
establishment of a halophytic specie independently of the type of
marsh (Caçador et al., 2013). This species role as ecosystem sentinel
of other estuarine contaminants in acute toxicity forms was already
shown previously (Santos et al., 2014).

In the present work, the authors aimed to understand the effects
of Cd acute toxicity on J. acutus seed germination, growth, photo-
synthetic apparatus aswell as in photosynthetic pigments (including
Cd substituted chlorophylls) and in the seedlings antioxidant
response to acute metal stress for use as potential biomarkers in a
sentinel specie. These experiments allow understanding the effect of
this specific metal on the seedling germination and survival and its
implications on cellular bioenergetics and redox homeostasis, while
being potential candidates for biomarkers.

2. Materials and methods

2.1. Seed harvest and incubations

J. acutus seedlings were harvested in November 2011 in an un-
disturbed salt marsh of Tagus estuary within the old Expo 98' site.
The inflorescences were collected, brought to the laboratory from
which the seeds were extracted and kept in dry conditions. Seeds
were incubated in ¼ Hoagland solution supplemented with CdSO4
(SigmaeAldrich Ultra-Pure) in order to make the desired Cd con-
centrations (0.05, 0.1, 0.5 and 1 mM). Approximately 20 seeds were
placed in each petri dish with a Whatman GF/C. Each treatment
(n ¼ 3 petri dish, approx. 60 seeds) was soaked with 800 mL of the
correspondent Cd concentration solution. The petri dishes were
sealed with parafilm and placed in a FytoScope Chamber (Photon
System Instruments, Czech Republic) in the dark at 25� C. Every
three days the germinated seeds were counted until a maximum of
15 days. At the end of the experiment, the seedlings were collected
and used for analysis. For all biochemical analysis was used 3
replicates composed by approximately 8e10 seedlings each one
and were flash-frozen in liquid-N2. Seedlings were also weighted
and measured for total length. Germinations percentage was
attained dividing the number of germinated seeds at each sampling
moment by the total number of seeds in each petri dish. The
germination index (GI) and rates (GR) were calculated according to
AOSA (1983):

GI ¼
XNumber of germinated seeds

Days since first count

GR ¼
X

ðNumber germinated seeds

� Days since the first countÞ

2.2. Metal content analysis

Dry homogenized material (100 mg) was digested by adding
2ml HNO3/HClO4 (7:1, v/v) in a reactor and heated at 110 �C for 6 h.
After cooling overnight, the digestion products were filtered
through Whatman No. 42 (2.5 mm of pore diameter) filters and
diluted with distilled water to a total volume of 10 ml. Cadmium
concentrations in the extracts were determined by atomic ab-
sorption spectrometry (PerkineElmer A Analyst 100). International
certified reference materials (CRM 145, CRM 146 and BCR 62) were
used to ensure accuracy and precisionwas determined by analyzing
replicate samples. The concentrations in the reference materials
determined by FAAS were not statistically different from their
certified ones (t student; a ¼ 0.05).

2.3. PAM fluorometry

Modulated chlorophyll fluorescence measurements were made
in attached leaves in field with a FluoroPen FP100 PAM (Photo
System Instruments, Czech Republic). All the measurements in the
dark-adapted state were made after darkening of the leaves for at
least 30 min. The minimal fluorescence (F0) in dark-adapted state
was measured by the measuring modulated light, which was suf-
ficiently low (<0.1 mmol m�2 s�1) not to induce any significant
variation in fluorescence. The maximal fluorescence level (FM) in
dark-adapted state was measured by a 0.8 s saturating pulse at
8000 mmol m�2 s�1. The maximum photochemical efficiency was
assessed as (FM�F0)/FM. The same parameters were also measured
in light eadapted leaves, being F00 the minimum fluorescence, F0M
the maximum fluorescence and the operational photochemical
efficiency. Rapid light curves (RLC) measurements, in dark-adapted
leaves, were attained using the pre-programed LC1 protocol of the
FluoroPen, consisting in a sequence of pulses from 0 to
500 mmol m�2 s�1. During this protocol the F0 and FM as well as the
maximum photochemical efficiency were measured. Each FPSII
measurement was used to calculate the electron transport rate
(ETR) through photosystem II using the following equation:
ETR¼FPSII� PAR� 0.5, where PAR is the actinic photosynthetically
active radiation generated by the FluoroPen and 0.5 assumes that
the photons absorbed are equally partitioned between PSII and PSI
(Genty et al., 1989). Without knowledge of the actual amount of
light being absorbed, fluorescence measurements can only be used
as an approximation for electron transport (Beer et al., 1998a,b and
Runcie and Durako, 2004). Rapid light curves (RLC) were generated
from the calculated ETRs and the irradiances applied during the
rapid light curve steps. Each RLC was fitted to a double exponential
decay function in order to quantify the characteristic parameters,
alpha and ETRmax (Platt et al., 1980). The initial slope of the RLC (a)
is a measure of the light harvesting efficiency of photosynthesis and
the asymptote of the curve, the maximum rate of photosynthesis
(ETRmax), is a measure of the capacity of the photosystems to utilize
the absorbed light energy (Marshall et al., 2000). The onset of light
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saturation (Ek) was calculated as the ratio between ETRmax and a.
Excitation light of 650 nm (peak wavelength) from array of three
light and emitting diodes is focused on the surface of the leaf to
provide a homogenous illumination. The light intensity reaching
the leaf was 3000 mmol m�2 s�1, which was sufficient to generate
maximal fluorescence in all individuals. The fluorescence signal is
received by the sensor head during recording and is digitized in the
control unit using a fast digital converter. The OJIP transient depicts
the rate of reduction kinetics of various components of PS II. When
dark-adapted leaf is illuminated with the saturating light intensity
of 3500 mmol m�2 s�1 it exhibits a polyphasic rise in fluorescence
(OJIP). Each letter reflects distinct inflection in the induction curve.
The level O represents all the open reaction centres at the onset of
illumination with no reduction of QA (fluorescence intensity lasts
for 10 as). The rise of transient from O to J indicates the net
photochemical reduction of QA (the stable primary electron
acceptor of PS II) to QA

� (lasts for 2ms). The phase from J to I was due
to all reduced states of closed RCs such as QA

� QB
�, QA QB

2� and
QA
� QB H2 (lasts for 2e30 ms). The level P (300 ms) coincides with

maximum concentration of QA
� QB

2 with plastoquinol pool
maximally reduced. The phase P also reflects a balance between
light incident at the PS II side and the rate of utilization of the
chemical (potential) energy and the rate of heat dissipation (Zhu
et al., 2005). From this analysis several photochemical parameters
were attained (Table 1).

2.4. Gauss peak spectra pigment analysis

Seedlings for pigment analysis were freeze-dried in the dark
during 48 h, after which they were grinded in pure acetone with a
glass rod. To ensure complete disaggregation of the seed material,
samples with acetone were subjected to a cold ultra-sound bath
during 2min. Extraction occurred ate 20 �C during 24 h in the dark
to prevent pigment degradation. After extraction samples were
centrifuged at 4000 rpm during 15min at 4 �C. For pigment analysis
it was employed the Gauss-Peak Spectra method (Küpper et al.,
2007). Samples were scanned in a dual beam spectrophotometer
from 350 nm to 750 nm at 0.5 nm steps. The absorbance spectrum
was introduced in the GPS fitting library, using SigmaPlot Software.
The employment of this library allowed to identify and quantify
Chlorophyll a (MgChl a), Chlorophyll b (MgChl b), Cd-substituted
Table 1
Summary of Fluorometric analysis parameters and their description.

Photosystem II efficiency

F00 and F0 Basal Fluorescence under weak actinic light in
F0M and FM Maximum Fluorescence measured after a satu
F0v and Fv Variable fluorescence light (F0M e F00) and dark
PSII operational and maximum

quantum yield
Light and dark adapted Quantum yield of prim
by the PSII reaction centre will result in reduc

Rapid light curves (RLCs)
rETR Relative electron transport rate at each light in
a Photosynthetic efficiency, obtained from the in
OJIP derived parameters (Strasser and Stribet, 2001)
jP0 Maximum Yield of Primary Photochemistry.
jE0 Probability that an absorbed photon will move
jD0 Quantum yield of the non-photochemical reac
40 Probability of a PSII trapped electron to be tran
RC/ABS Fraction of active QA-reducing, PS II reaction c

density within the antenna chlorophyll bed of
Diving force for photosynthesis (DFABS) DFABS ¼ DFRC þ DFjP0 þ DF4)
Driving force for trapping electronic

energy (DFjP0)
DFj0 ¼ log (jP0/(1 � jP0)

Driving force for electron transport
(DF4)

DF4 ¼ log (40/(1 � 40)

Driving force for energy absorption
(DFRC)

DFRC ¼ log (RC/ABS)
Chlorophyll a (CdChl a), Cd-substituted Chlorophyll b (CdChl b),
Pheophytin a (Pheo a), Antheraxanthin (Anthera), b-carotene,
Lutein, Violoxanthin (Viola) and Zeaxanthin (Zea). In order to better
evaluate the light harvesting and photo-protectionmechanisms the
De-Epoxidation State (DES) was calculated as:

DES ¼ ½Anthera� þ ½Zea�
½Viola� þ ½Anthera� þ ½Zea�

2.5. Anti-oxidant enzyme assays

All enzymatic analyses were performed at 4 �C. Briefly, it was
used a proportion of 500 mg of fresh biomassfor 8 ml of 50 mM
sodium phosphate buffer (pH 7.6) with 0.1 mM Na-EDTA, for
extraction. Due to the low biomass of each seedling, each replicate
was composed by 8e10 seedlings pooled together. The homogenate
was centrifuged at 8923 rpm for 20 min, at 4 �C, and the super-
natant was used for the enzymatic assays. Catalase activity was
measured according to the method of Teranishi et al. (1974), by
monitoring the consumption of H2O2, and consequent decrease in
absorbance at 240 nm. (ε¼ 39.4 mM�1 cm�1). The reaction mixture
contained 50 mM of sodium phosphate buffer (pH 7.6), 0.1 mM of
Na-EDTA, and 100 mM of H2O2. The reaction was started with the
addition of the extract. Ascorbate peroxidase was assayed accord-
ing to Tiryakioglu et al. (2006). The reaction mixture contained
50 mM of sodium phosphate buffer (pH 7.0), 12 mM of H2O2,
0.25 mM L-ascorbate. The reaction was initiated with the addition
of 100 mL of enzyme extract. The activity was recorded as the
decrease in absorbance at 290 nm and the amount of ascorbate
oxidized was calculated from the molar extinction coefficient of
2.8 mM�1 cm�1. Guaiacol peroxidase was measured by the method
of Bergmeyer et al. (1974) with a reaction mixture consisting of
50 mM of sodium phosphate buffer (pH 7.0), 2 mM of H2O2, and
20 mM of guaiacol. The reaction was initiated with the addition of
100 mL of enzyme extract. The enzymatic activity was measured by
monitoring the increase in absorbance at 470 nm
(ε ¼ 26.6 mM�1 cm�1). Superoxide dismutase activity was assayed
according to Marklund and Marklund (1974) by monitoring the
reduction of pyrogallol at 325 nm. The reaction mixture contained
light and dark adapted leaves.
rating pulse in light and dark adapted leaves.
(FM e F0) adapted leaves.

ary photochemistry, equal to the efficiency by which an absorbed photon trapped
tion of QAeQ�

A.

tensity (rETR ¼ QY� PAR� 0.5) (Genty et al., 1989).
itial slope of the RLC (Marshall et al., 2000).

an electron into the ETC.
tions.
sported from QA to QB.
entres per light absorbed by PSII and which corresponds to the reaction centre II
PSII.



Fig. 1. J. acutus seedlings response to increasing cadmium treatments.
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50 mM of sodium phosphate buffer (pH 7.6), 0.1 mM of Na-EDTA,
3 mM of pyrogallol, Mili-Q water. The reaction was started with
the addition of 10 mL of enzyme extract. Control assayswere done in
the absence of substrate in order to evaluate the auto-oxidation of
the substrates.

2.6. Statistical analysis

Due to the lack of homogeneity and normality of the data, the
statistical significance between the results obtained among treat-
ments was tested using Krustal-Wallis non-parametric test using
Fig. 2. Germination index, Seed germination and germination rates of J. acutus seedlings wit
significant differences at p < 0.05).
Statistica Software 10 (StataSoft Inc.). Spearman correlations were
applied in order to evaluate the existence of direct effects between
the metal concentrations and the biological variables.

3. Results

3.1. Seed germination

After 15 days at dim light (less than 20 mmol photonsm�2 s�1) in
the presence of various cadmium treatments almost all seeds had
germinated (Fig. 1). The first germination signs could be detected at
h increasing cadmium treatments (average ± standard deviation, n ¼ 3. Letters indicate
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the 6th of experience (as shown in Fig. 2) and its percentage
increased until day 12. As can be observed, the highest percentage
of germination was at 0.05 and 0.5 mM Cd treatments, reaching
almost 100%, being higher than control. Concerning the germina-
tion rates, there was a maximum at 0.05 mM Cd and the lowest was
at 1 mM. In relation to germination indexes, the higher value was
achieved upon application of 0.05 mMCd and theminimum at 1 mM,
as can be observed in Fig. 2.
3.2. Biomass measurements and Cd tissue concentration

Regarding the seedlings length measurement, was higher in all
Cd treatments relatively to the control, being the highest value
verified at the treatment of 0.1 mM of Cd. On the other hand,
biomass presented the opposite pattern, being the control where
can be found the highest value of fresh weight. Given this, as ex-
pected the ratio between fresh weight and length was higher in the
control, as is shown in Fig. 3. Relatively to the metal content, the
seedlings showed higher metal concentrations with the increasing
cadmium treatments. Metal concentration in the seedlings was
Fig. 3. Growth and Fresh Biomass of seedlings from J. acutus, exposed to increasing cadmium
at p < 0.05).
higher at the highest cadmium treatment (1 mM) and the lowest
metal concentration found in seedlings was in the control. The
internal Cd concentration of the seedlings rose with the applied Cd
doses, being this way dose-dependent, as shown by Fig. 4.
3.3. PSII quantum efficiencies and variable fluorescence

In respect to maximum PSII quantum efficiencies (dark-adapted
seedlings) there was difference among cadmium treatments. Con-
cerning the operational PSII quantum efficiencies (light-adapted
seedlings) although being lower than in dark-adapted there wasn't
also any significant fluctuations, as shown in Fig. 5.

Regarding the variable fluorescence, both dark and light-
adapted seedlings, had a maximum at the highest Cd concentra-
tion (1 mM). However in light adapted seedlings the variable fluo-
rescence increased along with the increasing gradient of Cd doses
applied.

Regarding both rETR at different light intensities and maximum
rETR, higher values at control and 0.5 mM of Cd and a minimum at
1 mM of Cd could be observed. Also, the photosynthetic rate (a),
treatments (average ± standard deviation, n ¼ 3. Letters indicate significant differences



Fig. 4. Cadmium accumulation in tissues of J. acutus (average ± standard deviation,
n ¼ 3. Letters indicate significant differences at p < 0.05).

Fig. 5. Operational and maximum PS II quantum yield of seedlings and variable
fluorescence with different cadmium concentrations (average ± standard deviation,
n ¼ 3. Letters indicate significant differences at p < 0.05).
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given by the initial slope of the rETR vs light curves, had its
maximum at the same Cd concentrations (0.5 and 1 mM) but its
minimum was at observed at of the Cd treatment of 0.1 mM. As for
the onset of light absorption (Ek), all the Cd treatments presented
higher values in comparison to the control, reaching a maximum at
0.05 mM and a minimum at 0.5 mM of Cd as could be seen in Fig. 6.

3.4. Pigment concentrations

Overlooking the pigments concentration in Table 2, it is possible
to observe a reduction of the MgChl a and b with the increasing
concentrations of Cd, with the lowest value found at the 1 mM Cd
treatment for both chlorophylls. Concerning the ratio between Chl
a and b, the highest value was verified in the control, decreased
with the increasing Cd treatments, aside of being similar among Cd
treatments (Fig. 7).
In relation to carotenoids, also shown in Table 2, violaxanthin
showed amarked decreasewith the increasing concentration of Cd.
The remaining carotenoids measured, showed an increase in con-
centration, with the highest value at 0.05 mM of Cd for Antherax-
antin and 0.1 mM for b�carotene as well as Lutein and Zeaxanthin.
Given this, and the decline in Mg-chlorophylls, the ratio between
total carotenoids to Mg-chlorophylls was higher with the
increasing dose of Cd concentration, as shown in Fig. 7, being
indicative of a stress condition of the seedlings. Chlorophyll
Degradation Index (CDI) and the De-epoxidation state (DES) pre-
sented a decrease with increasing doses of Cd, with both reaching a
minimum at 0.1 mM of Cd.



Fig. 6. Relative electron transport rate (rETR) at different light intensities, maximum electron transport rate (rETRmax), photosynthetic rate (a) and onset of light saturation (Ek) of
seedlings, with increasing concentrations of cadmium (average ± standard deviation, n ¼ 3. Letters indicate significant differences at p < 0.05).

Table 2
Pigment (chlorophylls and degradation products and carotenoids) concentration (mg/g FW) in J. acutus individuals exposed to different levels of Cd (average ± standard
deviation, n ¼ 3. Letters indicate significant differences at p < 0.05).

[Cd] mM MgChl a MgChl b Pheo A Antheraxanthin becarotene Lutein Violoxanthin Zeaxanthin

0 339.8 ± 38.4a 129.1 ± 15.4 8.8 ± 2.1a 7.0 � 10�8 ± 7.0 � 10�8a 11.2 ± 1.47a 24.6 ± 2.3 24.9 ± 2.1a 11.9 ± 1.6a

0.05 229.4 ± 8.9b 139.7 ± 5.9 114.6 ± 3.1b 17.6 ± 0.9b 35.0 ± 1.3b 20.6 ± 1.1 6.7 ± 0.9b 44.2 ± 1.3b

0.1 267.2 ± 43.6b 165.2 ± 27.9 137.9 ± 22.7b 16.9 ± 1.9b 42.4 ± 5.5b 21.8 ± 1.9 2.9 ± 2.0b 46.8 ± 5.5b

0.5 218.5 ± 2.8b 134.9 ± 3.3 109.5 ± 7.7b 14.0 ± 1.3b 32.2 ± 2.0b 17.1 ± 1.3 3.3 ± 0.8b 39.2 ± 3.0b

1 210.5 ± 9.5b 128.1 ± 3.5 112.4 ± 8.3b 16.9 ± 1.86b 33.2 ± 1.2b 20.4 ± 1.6 6.8 ± 2.3b 42.9 ± 2.8b
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Regarding the substituted chlorophylls, the highest value found
in CdChl a and b was at 0.05 mM cadmium treatment, contrasting
with the lower concentration at the control treatment. However
CdChl b showed doseeresponse pattern between 0.1 and 1 mM
(increasing with the increasing dose of exogenous Cd applied),
despite the fact that Chl concentrationwas below the highest value
verified as can be observed in Fig. 8.

3.5. Kautsky curves and transient OJIP parameters

Relatively to the chlorophyll transients, all the treatments
showed an identical photochemical phase, corresponding to O-J
phase. The differences between treatments were more evident
in the thermal phase (J-I-P), as shown by Fig. 9. As can be seen, the
increase in the thermal phase was higher upon the application of
0.1 mM of Cd, being even slightly above the control. On the other
hand, the treatment with highest concentration of Cd was the one
that led to the lower thermal phase among all treatments.

Regarding the driving forces variation, a major decrease was
found in the driving force for photosynthesis (DFABS). This marked
decrease was mainly due to the decline in the driving force for
excitation energy trapping (DFj) and for the conversion of



Fig. 7. Pigments ratio in seedlings exposed to different cadmium concentrations (average ± standard deviation, n ¼ 3. Letters indicate significant differences at p < 0.05).
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excitation energy to electron transport (DF4), although with a
minor influence. On the other hand, the driving force for light en-
ergy absorption (DFRC) was not affected by the different concen-
trations of Cd, being constant among treatments, as shown by
Fig. 10.

3.6. Antioxidant enzymatic activities

Observing the data about antioxidant enzymes, the only enzyme
that didn't show any activity was CAT (data not shown). SOD ac-
tivity was highest on the last Cd treatment (1 mM), contrasting with
the lowest value of activity at the treatment of 0.05 mM of Cd. GPx
showed a similar activity in all treatments, except in the individuals
exposed to 0.1 mMof Cd, where no activity was registered, as shown
by Fig. 11. Relatively to APx activity, it increased along with cad-
mium gradient, with the highest value of activity observed in the
seedlings grown with 1 mM Cd.

3.7. Acute Cd metabolic interferences

Using a correlation matrix (Table 3) it was possible to assess
which biomarkers are more correlated with the Cd-dose applied
and with the effective Cd concentration within the plant tissues.
Several of the evaluated parameters presented good correlations,
not only with the endogenous Cd concentrations but also with the
exogenous Cd concentration applied. While in most cases Cd
application lead to a decrease in the evaluated parameters, PSII
Maximum Quantum Yield and the APx activity showed an evident
positive feedback to Cd stress. Most of the parameters showed a
negative feedback to Cd application with exception of one coun-
teractive measure proxy, APx activity, in accordance to the above-
mentioned results.

4. Discussion

The bioprospection of plant species that could be used as bio-
tools for managing heavy metal pollution, especially in acute situ-
ations such as severe uncontrolled discharges, is one of the
fundamental guidelines for designing and developing of effective
methodologies for environmental monitoring. Nevertheless and
with equally high importance arises the need to evaluate how
potentially hyperaccumulator species behave and tolerate acute



Fig. 8. Cd-Chl a and b concentration in seedlings, treated with increasing cadmium
treatments (average ± standard deviation, n ¼ 3. Letters indicate significant differences
at p < 0.05).

Fig. 9. Chlorophyll a fluorescence transients O-J-I-P in control and with increasing
cadmium concentrations of J. acutus seedlings (average ± standard deviation, n ¼ 3.
Letters indicate significant differences at p < 0.05).

Fig. 10. Variation of Driving Forces in J. acutus seedlings where DFRC is the driving force
for light energy absorption, DFf is the driving force for excitation energy to electron
transportation, DFj is the driving force for trapping of excitation energy and DFABS is
the driving force for photosynthesis (average ± standard deviation, n ¼ 3. Letters
indicate significant differences at p < 0.05).
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metal stress and more importantly how it impacts their primary
productivity. Stress factors are lesser effective in seed stage than in
the following phases after starting the development of vegetative
processes and consequently becoming more susceptible of being
affected by stressors (Li et al., 2005). In the present study, it was
found that the lower Cd concentration (0.05 mM) enhanced seed
germination, since the percentage of seeds germinated was higher
(approximately 90%) than in control (around 80%). According to
Mel'nichuck (1990), seed germination can be promoted by Cd2þ at
low concentrations, around 10�5 mM.Moreover, Zhang et al. (2012),
obtained higher germination rate and index, as well as higher
values for shoot length, root length and dry biomass when exposed
Elymus dahuricus seedlings to Cd treatments. On the other hand,
germination inhibition can also occur due Cd2þ exposure. For
example, Prodanovic et al. (2012) showed inhibition rates around
80% in seeds of Serbian spruce (Picea omorika) with 1 mM of Cd2þ;
also, Zhang et al. (2010) registered inhibition at low concentration
as 0.2 mM in Achnatherum inebrans. In Suaeda salsa, Liu et al. (2012)
had only 10% of seeds germinated after treatment with 0.05 mM of
Cd, which was similar to the lower concentration used in the pre-
sent study. These facts suggest that seeds of J. acutus could have a
higher resistance to Cd-driven stress, than other studied species.
The seedlings in this study experienced a growth inhibition, after
Cd treatments above 0.1 mM. Similar results were obtained by Liu
et al. (2012) where higher doses of cadmium lead to growth inhi-
bition. Ghnaya et al. (2005) also had at some degree a decrease in
growth of Sesuvium portulacastrum and Mesembryanthenum cry-
strallum. These authors suggested that this impairment in growth
could be due to a disturbance in the plant nutrition, since Cd could
interfere in the Ca and K uptake. Along with this, a decline in the
biomass was observed. This fresh biomass reduction could be due
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to the water loss, caused by the membrane damage due to Cd-
induced stress at excessive concentrations (Najeeb et al. 2011).

Mg-chlorophyll a and b also showed a decrease in their con-
centration. This decline in theMg-chlorophyll content can be due to
the presence of Cd, leading ultimately to chlorosis (Baszy�nki et al.,
1980). Also, De Filippis et al. (1981) indicated that Cd, Zn and Hg
could interfere with the chlorophyll biosynthesis. Alongside with
this decline in the chlorophyll content, the Chlorophyll Degradation
Index (CDI) also showed a decrease indicating that this reduction
wasn't due to chlorophyll degradation into pheophythin. Another
parameter that supports this fact was the increase in the Cd-
chlorophylls. This suggests, that the main reason of chlorophyll
(MgChl a) decrease was due to the substitution of Mg2þ by Cd.
Krupa (1988) and Krupa et al. (1987) also showed that Cd decreased
the ratio of trimeric/monomeric LHC II in radish, due to disturbed
pigment binding. Küpper et al. (1996) also suggests that these Cd-
substituted chlorophyll is highly unstable, and thus decreases the
efficiency of the LHC II.

Although the fact that Cd2þ can cause the arresting of chloro-
phyll synthesis, plastoquinone and carotenoids, it also restricts the
Fig. 11. Ascorbate peroxidase (APx), Superoxide Dismutase and Guaiacol peroxidase (GPx) in
n ¼ 3. Letters indicate significant differences at p < 0.05).
PS II related electron transport, due to structural and functional
changes in tylakoid membranes, reduced activity of ferrodoxin
NADPþ oxireductase and arrested plastoquinone synthesis
(Baszy�nki et al., 1980; Barcel�o et al., 1988; Krupa and Baszynski,
1995). This obstruction of electron transport happens due to the
substitution of Mg2þ by Cd2þ on the chlorophyll molecule, making
it less efficient (Kalaji and Loboda, 2007). This inefficiency can lead
to an accumulation of excessive energy that has to be dissipated to
prevent serious damages to the plant. One of the most efficient
mechanisms of energy dissipation is the conversion of violaxanthin
to zeaxanthin, through the xanthophyll cycle (Demmig-Adams and
Adams, 1992; Reinhold et al., 2008). In this study the seedlings, did
lose some of the excessive energy created by the impairment of PS II
function, throughout this pathway. Supporting this, all treatments
with Cd showed an increase in the DES value and Zeaxanthin
concentrations also rose, as can be observed on Fig. 7 and Table 2,
respectively. Other possible pathway to counteract the excessive
energy accumulation is through heat dissipation (Duarte et al.,
2013a). Looking for fluorescence transient O-J-I-P, its shows that
there was an increase in the thermal phase (J-I-P) in all cadmium
J. acutus seedlings, with different cadmium treatments (average ± standard deviation,



Table 3
Correlation coefficients (r2) between the analyzed parameters and the verified Cd
concentrations in the seedlings tissues (mg g DW�1) and the applied exogenous Cd
concentration (*p < 0.05; **p < 0.01; ***p < 0.001; n.d., non-defined).

Parameter Cd (mg g DW�1) Exogenous Cd (mM)

Germination index �0.40 �0.27
Germination rate �0.50 �0.49
Seedling biomass �0.37 �0.40
Seedlinglength �0.02 �0.04
Biomass/length ratio �0.38 �0.40
F'v 0.44 0.44
PSII operational quantum yield 0.43 0.51
Fv 0.34 0.39
PSII maximum quantum yield 0.63* 0.61*
Photosynthetic efficiency (a) 0.15 �0.14
Maximum ETR �0.01 �0.31
Onset light saturation (Ek) 0.00 0.10
DFRC �0.18 �0.24
DF4 0.17 0.15
DFj �0.71** �0.76**
DFABS �0.53* �0.60*
MgChl a �0.57 �0.70**
MgChl b �0.13 �0.08
Pheo A 0.25 0.38
Antheraxanthin 0.12 0.34
b carotene 0.16 0.34
Violaxanthin �0.52* �0.56*
Zeaxanthin 0.10 0.35
De-epoxidation state (DES) �0.53* �0.56*
Chl a/b raio �0.29 �0.51
Total car/cotal Chl 0.32 0.48
Chl degradation index �0.45 �0.63*
CdChl a 0.08 0.26
CdChl b 0.10 0.23
CAT activity n.d. n.d.
APx activity 0.69** 0.78***
GPx activity �0.03 0.02
SOD activity 0.53* 0.55*
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treatments, concomitant with the seedling lack of efficiently using
the energy harvested, and thus dissipating it through heat. Sup-
porting this, also the variable fluorescence was higher with Cd
treatments, indicating a photochemical stress condition. Related to
this is the loss of photosynthetic capacity, reflected in the photo-
chemical driving forces. First of all, there was a decrease in the
driving force for light energy absorption (DFRC) above 0.1 mM Cd
treatment. Along with this, an increase in DFf occurred (driving
force involved in the excitation energy for electron transportation)
indicating an inefficiently usage of the harvested energy (Eullaffroy
et al. 2009). However, the driving force for photosynthesis (DFABS)
was mostly influenced by the decrease in driving force for trapping
of excitation energy (DFj). In addition, some ultra structure disor-
ganization in the chloroplast, e.g. disappearance of grana or
development of plastoglobuli could be consequence of Cd and Pb in
higher plants as well as others heavy metals do in algae (Rebechini
and Hanzely, 1974; Lindsey and Lineberger, 1981; Thomas et al.
1980), can also be in the basis of this lost of efficiency.

Reactive Oxygen Species (ROS) can be produced as a direct
consequence of heavy metal exposure or indirectly by excessive
energy accumulation, causing in both cases cellular damage. To
counteract or diminish the extent of the damage caused by these
reactive species, cells have antioxidant mechanisms suited for
protection. These mechanisms are constituted by enzymatic sys-
tems such superoxide dismutase (SOD), Ascorbate peroxidase
(APx), guaiacol peroxidase (GPx) and non-enzymatic systems such
as ascorbic acid, thiols, cysteine, phenolics and flavonoids (Halliwell
and Gutteridge, 1993). SOD appears as a first line of defense, con-
verting superoxide radicals into H2O2. In this study SOD activity
showed a positive trend with increasing Cd treatments. This
increasing activity that was observed could be due to an augmented
cellular concentration of superoxide radicals generated by Cd
oxidative damage, or due to a direct effect on SOD coding genes,
inhibiting its synthesis (Chongpraditnum et al. 1992). In fact, Cd can
promote the activity of some enzymes as well, whether by direct
effector through interference in enzyme synthesis or immobiliza-
tion of their inhibitors. (Blinda et al. 1997; Van Assche and Clijsters,
1990; Przymusi�nski et al., 1995; Chen and Kao, 1995; Stroi�nski,
1999). Although SOD is crucial for ROS detoxification, its activity
is also responsible for the production of hydrogen peroxide. This
product can also cause damage in several cellular components
(such as lipids, DNA, ribosomes) and to counteract these effects
there are some specific peroxidases that are normally involved in
Cd-driven ROS detoxification (Duarte et al., 2013b). Higher SOD
activities lead inevitably to high H2O2 production as reaction
product, and thus was expected that APx should be stimulated
increasing its activity. In fact this enzyme proved to have a very
good doseeresponse correlation, as was already detected in pre-
vious studies (Santos et al., 2014). GPx also showed an increasewith
higher activities of SOD, although no activity was registered in
0.1 mM Cd treatments. Oppositely, CAT didn't show any activity
along Cd treatments. This Cd2þ CAT-inhibition is mostly due their
interactions with enzyme SH-groups. SH-groups are essential to
enzyme reaction centre and to the stabilization of enzyme tertiary
structure. Ultimately, Cd2þ will interfere with enzyme conforma-
tion (Levina, 1972). This could help to explain the fact that, in this
study, CAT didn't show any activity. However the same was not
observed by Liu et al. (2012), where this enzyme showed a linear
response to the increase of Cd treatments.

5. Conclusions

Bioprospection of potential heavy metal hyperaccumulators
focuses not only the phytoremediative ability of the specie towards
a specific metal while producing high amounts of biomass, but
should also focus in the health status of the plant as well as possible
causes and counter-measures of stress. This last approach can also
provide to be a source of important biomarkers of acute toxicity for
biomonitoring proposes. Seedling growth suffered a decline as well
as biomass, with increasing Cd treatments. The presence of Cd in
tissues was dependent of the metal concentration in the culture
medium, since its concentration in the plant biomass was
increasingly higher with increasing cadmium treatments, showing
a typical doseeresponse pattern. Seedlings also showed an
augment in Cd-substituted chlorophylls, which is in the basis of
their loss in photosynthetic efficiency, coupled with an increase in
the energy dissipation both by heat and fluorescence. Also Cd
excessive concentrations induced oxidative stress, which explain
the increase in antioxidant enzymes activities, with SOD enzyme
showing the highest activity among all the enzymes tested, with a
clear dose-related pattern. This enzyme along with the concen-
tration of Cd-Chl, appears as efficient biomarkers of Cd toxicity in
J. acutus. Despite these important mechanism network, some iso-
lated parameters here presented appear to provide efficient bio-
markers of Zn acute toxicity as powerful tools for biomonitoring in
Cd-contaminated environments.
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