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Abstract Defense pathways and stress responses induced un-
der Cd stress were illustrated in roots of hydroponically grown
Medicago truncatula seedlings. Actually, the ascorbate–glu-
tathione and antioxidative system, secondary metabolism
events including peroxidases, phenolic compounds, and
lignification launching, and developmental modifications
were described. Cd (100 μM) initially increased reactive
oxygen species, enhanced antioxidative (total SOD, CAT,
and PRX) and ascorbate–glutathione-related metabolism
enzymes (APX and MDAR), except in A17 and TN1.11.
In agreement with peroxidase enhancement, physiological
measurement and in situ observation illustrated soluble
phenolic compound accumulation under Cd treatment.
However, lignification was restricted to recently created pro-
toxylem elements established in the root tip area, usually con-
stituting the elongation zone. Cell death was increased. In the
absence of necrotic reactions, developmental changes includ-
ing lignin deposition, increase in cellulose and pectin contents,

intercellular meatus, and condensed and deformed hairs were
noticed in Cd-treated roots.
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Abbreviations
APX Ascorbate peroxidase
Cd Cadmium
CAT Catalase
FW Fresh weight
MDAR Monodehydroascorbate reductase
CD Cell death
PRX Peroxidase
ROS Reactive oxygen species
SOD Superoxide dismutase

Introduction

Cadmium is recognized as one of the most phytotoxic pollut-
ants found in air, water, and soil (Wagner 1993; Mendiola
et al. 2011). Cadmium contamination has disastrous effects
on plant productivity and both animal and human health. It
can interrupt a wide range of plant physiological processes,
including water relations, nitrogen metabolism, photosynthe-
sis, respiration, and mineral nutrition (Hassan et al. 2009;
Singh and Tamari 2003; Garmash and Gorlovka 2009), and
result in visible symptoms of injury in plants such as chlorosis,
growth inhibition, browning of root tips, and finally death
(Kahle 1993).

In addition, Cd produces disturbances in the plant antioxi-
dant defenses, producing an oxidative stress. Concerning the
mechanism of reactive oxygen species (ROS) production, Cd
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does not participate in Fenton-type reactions, but can indirect-
ly favor the production of different ROS, such as hydrogen
peroxide (H2O2), superoxide (O2⋅2), and hydroxyl radical
(⋅OH), giving rise to an oxidative burst (Olmos et al. 2003;
Romero-Puertas et al. 2003).

Therefore, ROS overproduction is as important as the an-
tioxidative defense mechanisms may be lacking or altered
(Romero-Puertas et al. 2002a, b, 2007; Rodriguez-Serrano
et al. 2006; Cho and Seo 2005; Chaoui and El Ferjani 2005;
Weber et al. 2006). Likewise, when diffusing through cells,
cadmium changes the redox status and polarity of neighboring
cells and stimulates the antioxidant defense mechanisms
(Alvarez et al. 1998). ROS deleterious effects can be alleviat-
ed by detoxification activities such as superoxide dismutase
(SOD), peroxidases (PRXs), or glutathione–ascorbate cycle
enzymes. SOD, as a first antioxidant defense, catalyzes the
conversion of two molecules of singlet oxygen (O2) in hydro-
gen peroxide (H2O2) and dioxygen (O2) (Noctor and Foyer
1998). H2O2 had to be rapidly metabolized to guarantee the
effective protection afforded by SOD; otherwise, its accumu-
lation can be harmful (Michiels et al. 1994). Therefore, PRX
is the subsequent antioxidative defense, using H2O2 to
oxidize a wide variety of substrates. Moreover, peroxidases
can be involved in various physiological and biochemical pro-
cesses, such as control of plant growth and lignifications
(Mansouri et al. 1999; Quiroga et al. 2000).

As antioxidants, antioxidative enzymes, in concert with
glutathione, ascorbate and SODs (EC 1.15.1.1), ascorbate
APXs (EC 1.11.1.11), and catalases (CAT; EC 1.11.1.6), reg-
ulate reactive oxygen species levels (Noctor and Foyer 1998).
Ascorbate reprocess is realized by monodehydroascorbate re-
ductase (MDAR; EC 1.6.5.4.), dehydroascorbate reductase
(DAR; EC 1.8.5.1), and glutathione reductase (GR; EC
1.6.4.2).

Cd exposure changes antioxidative enzymes’ activities.
Nevertheless, different results have been observed. For exam-
ple, ascorbate–glutathione-related activities were decreased
after Cd stress in Helianthus annuus leaves (Gallego et al.
1996). After Cd treatment, elevated APX activities were ob-
served in Phaseolus vulgaris roots and leaves as well as in
Nicotiana tabacum suspension culture cells (Chaoui et al.
1997; Piqueras et al. 1999). In Phaseolus aureus seedlings,
Cd induced elevated guaiacol PRX, but decreased CAT activ-
ities (Shaw 1995).

However, under Cd exposure, common defense pathways
are launched in plant cells likewise to other biotic or abiotic
stresses. Acting as a signaling molecule, H2O2 accumulation
is the common first event of these pathways. In plant–patho-
gen interactions, a coordinated succession of reactions relating
peroxidase activation, secondary metabolism enhancement,
structural changes such as lignin deposition, and, eventually,
cell death are induced by H2O2 (Alvarez et al. 1998). In fact,
Fojtova and Kovarik (2000) illustrated apoptotic alterations in

suspension cultures of tobacco cells after Cd exposure, which
were characterized by DNA fragmentation.

It must be recalled that cell death (CD) is a process that
cannot be inverted. After cadmium exposure, unusual devel-
opment leading to xylogenesis and ultimate lignification es-
tablishment was observed (Polle et al. 1997). All the same,
lignified xylem elements were established too near to the root
tip at the expense of the elongation zone (Polle et al. 1997;
Schutzendubel et al. 2001; Durcekova et al. 2007).

In the case of heavy metal stress, development alterations
may increase heavy metal potential to bind cell walls by in-
creasing their cation exchange capacity. Thus, cell wall com-
position changes due to cadmium stress may be involved in
cell response optimization (Song et al. 2013a, b).

It is important to consider that the first path of metal uptake
is simple diffusion through the apoplast of the root cortex and
the endoderm, and through pores in networks of cellulose,
hemicellulose, and glycoproteins. However, some ions may
be absorbed by the negative surface charges (polygalacturonic
acids and pectins) which act as ion exchangers (Briat and
Lebrun 1999).

Similarly, ROS accumulation and peroxidase stimulation
are involved in defense polymer polymerization in the cell
wall, forming a mechanical barrier to stress and ensuring cell
wall rigidity (Ferrer et al. 1991; Velikova et al. 2000).

In order to investigate the effect of cadmium on germina-
tion and early seedling growth in legumes, Medicago
truncatula Gaertn. was used as a model. This wild relative
of alfalfa (Medicago sativa) has been adopted as a model plant
for the study of legume biology and is being studied in a large
number of laboratories. M. truncatula is easily grown and
maintained under laboratory conditions, and numerous genet-
ic and genomic tools are available. The biodiversity of this
species should reveal potentially important characteristics dur-
ing germination and heterotrophic growth.

Seeds are crucial organs for plant life dispersal and surviv-
al, and the germination time control is a strong advantage
under adverse environmental conditions (Bewley 1997).
Recognized explanations for the impact of Cd on seed
germination are that it produces respiratory disturbances
(Sharma et al. 2013) and limitation in nutriment (minerals
and carbohydrates) availability (Rahoui et al. 2010a, b,
2015; Sfaxi-Bousbih et al. 2010), but not an osmotic ef-
fect delaying the seed tissue hydration capacity (Mihoub
et al. 2005; Rahoui et al. 2008).

During the last years, few works were conducted to evalu-
ate the impact of cadmium toxicity inM. truncatula using seed
germination and early growth assays and focused on (1) cad-
mium interference with radicle growth, (2) some oxidative
stress-enhanced responses, and (3) detoxification gene alter-
ations (Rahoui et al. 2014, 2015).

Cd toxicity mechanisms on antioxidative systems and cy-
tological differentiation in roots of contrasted M. truncatula
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have not yet been tightly recognized (Ghodratollah et al. 2012;
Rahoui et al. 2014).

Therefore, the aim of the present work was to focus on
(1) the sequence of physiological reactions, including
changes in ascorbate–glutathione-related antioxidant sys-
tems, (2) secondary metabolism (phenolics and lignifica-
tions), and (3) developmental changes and CD occurring
in roots after Cd exposure. The response to Cd stress was
analyzed in five M. truncatula genotypes. The seedlings
were exposed to 100 μM Cd in hydroponics and used to
study physiological defense reactions and anatomical
changes in root tips.

Cd-treated seedling showed root growth inhibition with
a genotype-dependent pattern (Rahoui et al. 2014).
Oxidative status alteration was described according to
ROS (Rahoui et al. 2014) and phenolics in situ observa-
tion. CD was measured and membrane integrity was ana-
lyzed using conductivity. Antioxidative and detoxification
capacity alterations were analyzed in some up-described
(1) ROS-scavenging enzymes—superoxide dismutases
(EC 1.15.1.1), catalase (EC: 1.11.1.6), and peroxidase
(EC: 1.11.1.7) and (2) ascorbate–glutathione-related anti-
oxidant systems—APX (EC 1.11.1.11) and MDAR (EC
1.6.5.4). Root differentiation was analyzed in situ with
the observation of lignification and pectin and cellulose
changes.

Materials and methods

Plant material and cadmium treatment

The M. truncatula genotypes used in this study were A17
(derived from Jemalong cultivar), TN1.11 (Tunisia), TN1.21
(Tunisia), F83005.5 (France), and DZA315.16 (Algeria). The
same number of seeds (between 85 and 100) for each geno-
type was germinated at 25 °C on filter paper moistened with
H2O. Twelve-hour-old germinating seeds were transferred in-
to square Petri dishes containing filter paper moistened with
H2O or 100 μM CdCl2 solution. They were incubated in the
dark at 25 °C and a relative humidity of 65 % (±5) for 48 h.
Root samples, freshly harvested, were stored at −80 °C for
enzyme assay or directly used for the determination of total
phenolics and CD.

Root growth and germination efficiency

Embryonic axis growth was measured as root length.
Germination efficiency was estimated by germination per-
centage (GP=germinated seeds/total seeds), calculated as a
standard of radical emergence and the number of hours re-
quired for 50 % of the total number of seeds to have germi-
nated, regarded as T50 (Orchard 1977; Table 1).

Enzyme assays and protein determination

Root tips were powdered in liquid nitrogen. Of the fresh root
samples, 1 g was homogenized in 5 ml of 50 mM potassium
phosphate buffer (K2HPO4/KH2PO4, pH 7.0), 5 mM sodium
ascorbate, and 0.2 mM EDTA using a chilled mortar and pes-
tle. The homogenate was centrifuged at 12,000×g for 10 min
at 4 °C, and after dialysis the supernatant was used for enzyme
assays. The enzyme activities were determined according to
the following methods: total SOD (Polle et al. 1989), Cu–Zn
SOD and Fe SOD (Sandalio et al. 1987), CAT (Aebi 1983),
APX (Nakano and Asada 1981), MDAR (Hossain et al.
1984), and PRXs (Fielding and Hall 1978).

Detection of cell death

Cell death, indicated as loss of plasma membrane integrity,
was measured spectrophotometrically as Evans Blue uptake
(Turner and Novacky 1974). After Cd treatment, three roots
were incubated in Evans Blue solution (0.025 %, w/v, Evans
Blue in water) for 15 min. Then, the roots were decolored in
boiling ethanol to develop the blue precipitates, which were
quantified by solubilization with 1 % (w/v) sodium dodecyl
sulfate in 50% (v/v) methanol at 50 °C for 10 min. The optical
density of the supernatant was determined at 600 nm and
expressed on the basis of dry mass.

Plasma membrane integrity was also estimated by measur-
ing ion leakage from seedlings. The remaining germination
media was analyzed for electrolyte leakage. Special care was
taken to remove most of the medium from the filter paper by
folding the paper and applying pressure. Small volumes of
H2O were used to wash the medium from the filter paper.
This was repeated three times (Pretorius and Small 1993).
Electrolyte leakage measurements were carried out using a
conductivity meter (Multi-parameter 197i VTW). The electri-
cal conductivity of the germination media was expressed on
the basis of seed number (in microohm per centimeter per
seed) (Powell and Raymond 1981). Blanks containing water
or 5 mMof aqueous cadmium chloride solution were included
in the experiments and their conductivity values were
subtracted from those of the control or Cd treatment, respec-
tively (Perry and Harrison 1970).

Determination of phenolics

Phenolics were determined according to Swain and Hillis
(1959) (Table 2). Root tissues were homogenized with 80 %
(v/v) ethanol. The homogenate was agitated for 30 min with a
magnetic stirrer. The ethanol was evaporated and the residues
redissolved in 10 ml of water. A 1-ml aliquot of aqueous
solution was added to 7.5 ml water and 0.5 ml Folin reagent.
After 3 min, 1 ml of saturated NaCO3 solution was added and
incubated for 1 h. The absorbance was determined after 1 h at
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725 nm. Of the total phenols, 1 U corresponds to the relative
absorbance of 1 ml of crude extract.

Histochemical staining of roots for phenolics
and developmental changes

Root tip alterations and cell wall modifications were assayed
on fresh material included in 5 % low-melting agar (agarose
type I; Sigma). Root tips were sectioned with a vibratom
(Leica VT 1000S). The observation of phenolic compounds
was based on their absorption of UVand the emitted fluores-
cence (Rispail et al. 2005).

Phloroglucinol (hydrochloric solution; VWR Prolabo) col-
oration (10 min, violet) and Auramine-O (VWR Prolabo) col-
oration (10 min) were used to detect lignin (yellow) deposits
(Herth 1980). Ruthenium red (0.02 %; VWR Prolabo) color-
ation (10 min) was applied to detect pectin (Hou et al. 1999).
Cellulose was detected using calcofluor (0.01 %; VWR
Prolabo) coloration (10 min) absorbing UV wavelengths and
emitting in the blue or green (Kilbey 1977).

Seven plants were sectioned for each biological replicate.
All images were obtained using an invertedmicroscope (Leica
DMIRBE), and images were acquired with a CCD camera

(color-cooled view; Photonic Science). For the autofluores-
cence test, excitation range of 340–380 nm, dichroic mirror
of 400 nm, and long-pass emission filter of 425 nmwere used.

Statistics

The measurements were performed with three independent
biological repeats, as indicated in the figure legends.
ANOVA test was performed to evaluate significant treatment
effects at a significance level of P≤0.05.

Results

Responses of antioxidant systems to Cd exposure

As already described in a previous work, Cd treatment signif-
icantly affected root length—responses to the metal varied
among genotypes—and induced the accumulation of ROS in
roots (Rahoui et al. 2014). Hence, we investigated enzyme
activities related to oxidative stress and antioxidant defense.

Table 1 Root length, germination percentage, and the number of hours required for 50 % of the total number of seeds to have germinated (T50) of
M. truncatula seedling imbibed with H2O or cadmium (100 μM) for 48 h

Genotype Treatment Root growth (48 h) Germination percentage (%) T50 (h)

12 h 24 h 36 h 48 h

A17 H2O 26.00 ± 1.11 07.69 ± 0 47.59 ± 2.67 73.07 ± 4.30 100 ± 0 24± 3

Cd (100 μM) 9.12± 0.92 21.91 ± 0 79.45 ± 10.61 90.41 ± 7.24 100 ± 0 19± 4

DZA315.16 H2O 17.50 ± 2.23 11.42± 0 40.00 ± 5.71 77.14 ± 10.69 100 ± 0 23± 3

Cd (100 μM) 8.37± 2.44 23.88 ± 0 65.67 ± 8.44 95.52 ± 29.24 100 ± 0 18± 4

F83005.5 H2O 21.75 ± 2.04 9.19 ± 0 49.71 ± 1.59 82.75 ± 6.50 100 ± 0 21± 5

Cd (100 μM) 9.50± 2.04 21.05 ± 0 68.42 ± 3.66 80.26 ± 14.88 100 ± 0 22± 2

TN1.11 H2O 29.87 ± 1.26 6.69 ± 0 33.47 ± 1.67 58.57 ± 2.89 100 ± 0 30± 2

Cd (100 μM) 11.00± 0 18.18 ± 0 65.90 ± 7.53 77.27 ± 9.09 100 ± 0 23± 9

TN1.21 H2O 19.62 ± 0.69 20.38 ± 0 39.80 ± 1.77 78.34 ± 5.05 100 ± 0 22± 2

Cd (100 μM) 11.00± 1 36.36 ± 0 63.63 ± 9.09 88.63 ± 11.80 100 ± 0 20± 3

Table 2 Phenolic contents in
M. truncatula genotypes (A17,
DZA315.16, F83005.5, TN1.11,
and TN1.21) in 48-h-old seed-
lings after imbibing with H2O
(0 μM) or CdCl2 (100 μM)

Genotype Phenolics (U g FW−1) Induction factor
(times the control)

H2O Cd (100 μM)

A17 11.59± 3.77 80.06 ± 11.41 6.90

DZA315.16 11.59± 3.77 41.76 ± 4.41 3.60

F83005.5 57.61 ± 10.88 88.95 ± 8.44 1.54

TN1.11 6.27± 4.29 49.54 ± 13.53 7.89

TN1.21 27.85 ± 7.56 73.96 ± 20.70 2.65

Data are the mean values of three independent experiments. Values are the means of four measures. Each measure
was carried out with 12 seeds
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ROS-scavenging activities

Superoxide dismutases

1. Total SOD activity changed in Cd-treated plants com-
pared to the water-treated controls (Fig. 1a). Line
F83005.5 showed strong induction of enzyme activity
estimated to a factor of 21.5. Lines A17, DZA315.16,
and TN1.21 presented a weak induction of total SOD
levels, with induction factors of 1.8, 1.4, and 1.5,
respectively. Finally, TN1.11 showed an insignificant
alteration of enzyme activity. The enzyme levels in
the control plants differed among genotypes, with
higher levels in TN1.11 and TN1.21.

2. Fe/Mn SOD activities were not significantly altered in
Cd-treated A17 and TN1.21 genotypes (Fig. 1b).
TN1.11, F83005.5, and DZA315.16 lines showed an in-
duction of these enzyme activities, estimated to a factor of
about 1.5.

3. Cu–Zn SOD activity changed in A17, F83005.5, and
DZA315.16 Cd-treated plants compared to the water-
treated controls, showing induction factors estimated at
3.9 in A17 and 1.2 in F83005.5 and DZA315.16
(Fig. 1c). Cu–Zn SOD activity was unchanged in
TN1.21 and depressed in TN1.11 to a factor of 0.5.

Catalase CAT activity was induced in all Cd-treated plants
compared to the controls (Fig. 2a) and was not significantly
modified in line A17. Line F83005.5 presented only a weak
stress response, with an increase in CAT levels (2.98 times the
control), whereas lines TN1.11, DZA315.16, and TN1.21
showed strong enhanced activity levels ranging from 4.6 to
7.73 times the control. The enzyme levels in the control plants
differed among genotypes, with higher levels in TN1.21 and
F83005.5.

Peroxidase PRX activity levels were also increased in
four genotypes by cadmium exposure (Fig. 2b). PRX
activity increased in lines TN1.11, TN1.21, F83005.5,
and DZA315.16, with induction factors of 2.61, 3.93,
3.16, and 18-fold, respectively, and was not significantly
modified in line A17. The enzyme levels in the control
plants differed among genotypes, with the highest levels
in F83005.5.

Ascorbate–glutathione-related antioxidant system activities

Monodehydroascorbate reductase MDAR activity was
found to be enhanced in Cd-treated plants compared to the
controls (Fig. 3a) and was not significantly modified in line
A17. Lines DZA315.16, F83005.5, and TN1.11 showed en-
hanced activity levels ranging from 2.59, 3.92 to 6.91 times

the control. Line TN1.21 showed a very strong response, with
an increase of MDAR activity of 21.6 times the control.

Ascorbate peroxidaseAPX activity was altered in Cd-treated
plants of four genotypes compared to their respective water-
treated controls (Fig. 3b) and was not significantly modified in
line TN1.11. Line A17 presented a slight decrease in enzyme
activity. In contrast, lines DZA315.16, F83005.5, and TN1.21
exhibited enhanced APX activity levels, with induction fac-
tors ranging from 3.17 to 5.69.

Secondary metabolism and developmental changes

Phenolics

The levels of phenolic compounds significantly varied as a
function of genotype and treatment (Table 2). Lines
F83005.5, TN1.21, and DZA315.16 exhibited an induction
of the phenolic compound levels ranging from 1.54, 2.65 to
3.60 times the control. Lines A17 and TN1.11 responded
more strongly to metal treatment, with induction factors of
6.90 and 7.89 times the control, respectively.

UV fluorescence revealed a significantly increased
presence of phenolic compounds in sections of Cd-
treated roots, visible as a blue fluorescence, which seemed
to be evenly distributed in the cell lumen (Fig. 4). This
was observed in the different section levels (500, 1000,
and 1500 μm from the apex). Blue fluorescence was
abundant in the cortex of Cd-treated roots, but almost
absent in the control roots. It was observed that line
TN1.11 exhibited the strongest response, with intense
fluorescence in many cells.

Lignification

Lignin deposition was first assessed by auramine O stain-
ing in the different root sections (500, 1000, and 1500 μm
from the apex), in Cd-treated roots, and in water-treated
controls. An intense yellow staining was observed in the
epidermal cells of Cd-treated roots, but not in the con-
trols, for all five genotypes (Fig. 5). Similarly, this color-
ation showed that lignin deposits were also increased in
the xylem of treated roots. This staining highlighted a
developed xylogenesis in treated roots in comparison with
the controls (Fig. 5b, e, d).

Phloroglucinol coloration exemplified lignin in the cell
walls of both control and treated roots. However, through this
coloration, it was possible to observe the presence of intercel-
lular meatus, appearing as black spots on sections of Cd-
treated roots only (Fig. 6).
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Cell death

The induction of cell death by cadmium was studied using
two approaches. Staining with Evans Blue dye was used as a
marker of CD. The results obtained after extracting this dye

from the roots are shown in Fig. 6a. Roots treated with
cadmium showed a higher penetration by the dye in com-
parison with the control plantlets, except in line DZA315.16.

Fig. 2 CAT (a) and PRX (b) activities in M. truncatula 48-h-old
seedlings (genotypes A17, DZA315.16, F83005.5, TN1.11, and
TN1.21) after imbibing with H2O (white) or 100 μM CdCl2 (black).
Data are the mean values of three independent experiments ± SE.
Values are the means of three measures. Each measure was carried out
with 12 seeds. Data with asterisk are not significantly different from
respective controls at the 0.05 level of probability

�Fig. 1 ROS-scavenging enzymes. Total SOD (a), Fe/MnSOD (b),
and Cu–ZnSOD (c) activities in M. truncatula 48-h-old seedlings
(genotypes A17, DZA315.16, F83005.5, TN1.11, and TN1.21) after
imbibing with H2O (white) or 100 μM CdCl2 (black). Data are the
mean values of three independent experiments ± SE. Values are the
means of three measures. Each measure was carried out with 12
seeds. Data with asterisk are not significantly different from
respective controls at the 0.05 level of probability
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The measurement of Evans Blue extracted from the roots
showed that lines A17, TN1.11, F83005.5, and TN1.11
responded, with increases of 1.25, 1.84, 2.08, and 3.21 times
the control. Considering ion leakage as a CD marker, it
could be observed that cadmium increased conductivity in
the treated samples (Fig. 7b) of four genotypes. Line
F83005.5 did not show significant variation of conductivity
after exposure to Cd. It should be noted that the levels of
cell death in the controls differed strongly depending on the
genotype and the marker.

These results demonstrated that cadmium-induced damage
in root cells could produce CD.

Secondary cell wall

Cellulose Calcofluor staining of root sections showed a thick-
ening of the phloem and xylem in Cd-treated roots (Fig. 8).
Cellulose fluorescence in Cd-treated roots was more intense
than in the controls, particularly in the xylem and phloem,
suggesting a modification of these tissues which are devel-
oped close to the apex under cadmium stress in detriment of
the elongation zone in the treated roots (Fig. 8). These obser-
vations were made in the different sections (500, 1000, and
1500μm from the apex). Similarly, cellulose staining revealed
cells with irregular shapes and well-developed intercellular
meatus.

Pectin As with cellulose, pectin staining by Ruthenium
red showed an increase of stain intensity in Cd-treated
roots, particularly in the xylem and phloem cells which
were developed close to the apex in the detriment of the
elongation area, as we have shown above (Fig. 9).
Moreover, we noticed that the treated roots were drasti-
cally larger than the controls at the same observation
level. These results clearly showed that cell wall
development was modified due to cadmium stress. In
addition, pectin coloration highlighted the particular
form of hairs, numerous, condensed, enlarged, and
inflated in the treated samples. Finally, as revealed
with cellulose staining, we noticed intercellular meatus.

Discussion

It is well known that Cd inhibits growth (Rahoui et al.
2008, 2010a, b; Sfaxi-Bousbih et al. 2010) and affects
antioxidative metabolism (Rauser 1995; Zenk 1996;
Xiang and Oliver 1998; Arisi et al. 2000; Rahoui et al.
2014). In previous works on Cd stress in M. truncatula
(Rahoui et al. 2014, 2015), reduction of seed germination
and early seedling growth were reported and focused on
the mechanisms of heavy metal toxicity (capacity of
moisture, reserve mobilization, nutrient availability, and
oxidative status) in 6-day-old seedling of the same geno-
types as used in the present work. Root growth inhibition
(percent of the control) values under treatment with
100 μM of CdCl2 in the genotypes were as follows:
A17, 69 %; TN1.11, 76 %; TN1.21, 68 %; F83005.5,
61 %; and DZA315.16, 55 % (Rahoui et al. 2014).

It was proposed that seedlings may survive in Cd-
contaminated medium through the efficiency of some
components of the antioxidative system to avoid an ox-
idative burst, through reduced metal uptake by cadmium
chelating within roots and the induction of antioxidant
defenses during germination. Differential responses
among accessions suggested that either there are

Fig. 3 Ascorbate–glutathione-involved activities. MDAR (a) and APX
(b) in M. truncatula 48-h-old seedlings (genotypes A17, DZA315.16,
F83005.5, TN1.11, and TN1.21) after imbibing with H2O (white) or
100 μM CdCl2 (black). Data are the mean values of three independent
experiments ± SE. Values are the means of five measures. Each measure
was carried out with 12 seeds. Data with asterisk are not significantly
different from respective controls at the 0.05 level of probability

Phytotoxic effects of heavy metals 479



different tolerance mechanisms that are not shared by all
accessions or that tolerance mechanisms are common to
all accessions, but differ in their levels or intensities. In
the present study, biochemical measurements of

antioxidative system and developmental changes were
performed, thus enabling in-depth investigation on the
control of Cd tolerance in the model legume
M. truncatula.

Fig. 4 Phenolic compounds
observed in 48-h-old M.
truncatula roots. a F83005.5,
control root (section level,
1500 μm). Scale bar, 200 μm. b
F83005.5, treated root (section
level, 500 μm). Scale bar,
200 μm. c TN1.21, control root
(section level, 1000 μm). Scale
bar, 100 μm. d TN1.21, treated
root (section level, 1000 μm).
Scale bar, 100 μm. e TN1.21,
treated root (section level,
1500 μm). Scale bar, 200 μm. f
TN1.11, treated root (section
level, 1500 μm). Scale bar,
200 μm. g TN1.21, control root
(section level, 1500 μm). Scale
bar, 100 μm. h A17, treated root
(section level, 1500 μm). Scale
bar, 100 μm. i DZA315.16,
control root (section level,
500 μm). Scale bar, 200 μm. j
DZA315.16, treated root (section
level, 500 μm). Scale bar,
200 μm. Phen phenolics, R.H.
root hairs, Xyl xylogenesis

480 S. Rahoui et al.



Fig. 5 Auramine O staining in
48-h-old M. truncatula roots. a
F83005.5, control root (section
level, 500 μm). Scale bar,
200 μm. b F83005.5, treated root
(section level, 500 μm). Scale
bar, 200 μm. c DZA315.16,
control root (section level,
500 μm). Scale bar, 100 μm. d
DZA315.16, treated root (section
level, 1500 μm). Scale bar,
100 μm. e A17, treated root
(section level, 1500 μm). Scale
bar, 100 μm. f TN1.21, treated
root (section level, 1500 μm).
Scale bar, 100 μm. g TN1.11,
treated root (section level,
500 μm). Scale bar, 100 μm. h
DZA315.16, treated root (section
level, 500 μm). Scale bar,
100 μm. Lig lignin, R.H. root
hairs, Xyl xylogenesis

Fig. 6 Phloroglucinol staining in
48-h-old M. truncatula roots. a
A17, control root (section level,
1500 μm). Scale bar, 200 μm. b
A17, treated root (section level,
1500μm). Scale bar, 200 μm. Lig
lignin, Mea meatus
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Cd induces oxidative stress

ROS accumulation, as reported in a previous work (Rahoui
et al. 2014), might be due to the activation of enzymes such as

SOD (Karlsson et al. 2005) and cell wall NADH oxidase,
which could lead, in part, to H2O2 accumulation at the
apoplasmic level (Bolwell et al. 2002; Ranieri et al. 2003;
Chaoui and El Ferjani 2005). Likewise, H2O2 accumulation
could result in the oxidative polymerization of some defense
polymers in the cell wall, forming a mechanical barrier to
counteract stresses (Velikova et al. 2000).

Antioxidant system alterations have been widely reported
in seedlings following metal exposure. The deleterious effects
resulting from ROS accumulation and altered cellular oxida-
tive state may be alleviated by detoxifying enzymes, such as
SOD, CAT, and enzymes of glutathione (GSH)–ascorbate
(Sandalio et al. 2001; Schutzendubel et al. 2002).

The analysis of enzyme activity in the present study
showed that Cd induced an enhancement of total SOD in four
out of five genotypes and a decrease in line TN1.11. The
changes observed for enzyme activity are in agreement with
a previous study on gene expression (Rahoui et al. 2014).
Downregulation in line TN1.11 result might be related to the
fact that this line is the least vital in stress conditions.
Nevertheless, Cd caused alterations of the activity of Fe/
MnSOD and Cu–ZnSOD isoforms in various response pat-
terns depending on the genotypes. In fact, Fe/MnSODs were
enhanced only in tolerant lines, namely, F83005.5 and
DZA315.16 (Fig. 1b), while Cu–ZnSOD was significantly
enhanced only in A17 after Cd treatment (Fig. 1c). This sug-
gests a differential sensitivity of the SOD isoforms to Cd stress
in M. truncatula seedlings. In concert with our results, Cd
stress induced upregulated expression of Fe/MnSOD genes
in Cd-treated perennial ryegrass plants (Luo et al. 2011).
Overexpression of the MnSOD isoform in N. tabacum
led to a higher tolerance to abiotic stresses such as the
herbicide parquet (Bowler et al. 1992) and ozone damage
(Van Camp et al. 1994). Nevertheless, solely higher total
SOD activity was detected in Cd-tolerant transgenic
N. tabacum, while MnSOD activity and the gene expres-
sion levels did not differ in both the control and Cd-
treated plants (Ortega-Villasante et al. 2011).

Inhibition of Cu–ZnSOD activity was observed in leaves
and roots after heavy metal stress and was attributed to a
metabolic disorder caused by the accumulation of hydrogen
peroxide, which acts as an inhibitor of this isoform (Asada
et al. 1974; Sandalio et al. 2001; Dixit et al. 2001). The inhi-
bition of Cu–ZnSOD activity can also be attributed to its sen-
sitivity to zinc deficiency and its possible substitution by Cd
(Van Assche and Clijsters 1990; Aravind and Prasad 2003).
Indeed, Bauer et al. (1980) reported that Cd can interfere with
Cu–ZnSOD taking the place of Zn in the molecule and, thus,
forming eventually an inactive enzyme Cu111Cd SOD.
Thereby, ROS accumulation and zinc substitution seem to
be the causes of the decrease in the activity of Cu–ZnSOD.
Moreover, Romero-Puertas et al. (2002a, b) suggested that the
decreased activity of the isoform Cu–ZnSOD under Cd

Fig. 7 a Estimated cell death as Evans Blue penetration in
M. truncatula 48-h-old seedlings (genotypes A17, DZA315.16,
F83005.5, TN1.11, and TN1.21) after imbibing with H2O or
100 μM CdCl2. Data are the mean values of three independent
experiments ± SE. Values are the means of three measures. Each
measure was carried out with 12 seeds. b Electrical conductivity of
germination media (genotypes A17, DZA315.16, F83005.5,
TN1.11, and TN1.21) after imbibing with H2O (0 μM) or Cd
(100 μM). Values are the means of four measures ± SE. Each
measure was carried out with an imbibed medium of 60 seeds.
Data with asterisk are not significantly different from respective
controls at the 0.05 level of probability

482 S. Rahoui et al.



exposure should be related to the change of its biosynthesis at
the transcriptional and translational levels.

H2O2 produced by SODs has to be rapidly metabolized to
guarantee the effective protection afforded by these activities;
otherwise, its accumulation can be harmful (Michiels et al.
1994). Under cadmium exposure, PRX and CAT activities
were enhanced in four out of five lines. A17 did not respond

with a significant increase. In contrast to its SOD response,
line TN1.11 showed induction of these two enzymes. These
results are in agreement with the reported induction of PRX
gene expression by Cd treatment in all genotypes (Rahoui
et al. 2014).

Our results show that Cd stress induces an upregulation
of PRX, CAT, and total SOD activities to counteract ROS

Fig. 8 Calcofluor staining in 48-
h-old M. truncatula roots. a
F83005.5, control root (section
level, 500 μm). Scale bar,
200 μm. b F83005.5, treated root
(section level, 500 μm). Scale
bar, 200 μm. c A17, control root
(section level, 1500 μm). Scale
bar, 200 μm. d A17, treated root
(section level, 1500 μm). Scale
bar, 200 μm. e A17, control root
(section level, 1500 μm). Scale
bar, 100 μm. f A17, treated root
(section level, 1500 μm). Scale
bar, 100 μm. g A17, treated root
(section level, 1500 μm). Scale
bar, 100 μm. h A17, treated root
(section level, 1000 μm). Scale
bar, 100 μm. R.H. root hairs, Xyl
xylogenesis, Mea meatus
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and oxidative burst (Rahoui et al. 2014). It has been re-
ported that SOD activity increased during wheat germina-
tion as a response to arsenic (Li et al. 2007). Likewise,
SOD gene expression was upregulated in maize seedlings
by chrome treatment (Labra et al. 2006), and SOD and
PRX activities increased in response to lead stress in rice
seedlings (Verma and Dubey 2003).

In contrast, rice seedlings showed PRX activity induction
after Cd treatment, while SOD activity was not affected (Guo-
ying et al. 2000). Moreover, PRX upregulation seems to be
correlated to root growth alterations and cell wall strengthen-
ing (Passardi et al. 2006). Furthermore, it has been suggested
that peroxide overproduction could directly injure SOD and
CAT macromolecules and, thus, triggering oxidative injury
and illustrating heavy metal toxicity (Sandalio et al. 2001;
Romero-Puertas et al. 2007).

Peroxide accumulation has been observed after Cd expo-
sure in the roots of Pisum sativum and M. sativa (Ortega-

Villasante et al. 2005; Rodriguez-Serrano et al. 2006). After
cadmium exposure, ROS overproductionwas also observed in
Alyssum plants, radish roots, and Coffea arabica cells
(Schickler and Caspi 1999; Vitoria et al. 2001; Gomes-
Junior et al. 2006). These divergences are dependent on the
metal type, concentration, and treatment period, in addition to
the plant tissue and species. For instance, SOD increased un-
der short Cd treatment, but decreased after long-term exposure
in Allium sativum plants (Zhang et al. 2005).

Antioxidative enzymes (SOD and CAT), together with
ascorbate APX and glutathione, control the cellular concen-
trations of H2O2 and O2 (Noctor and Foyer 1998). Recycling
of ascorbate and GSH is achieved by monodehydroascorbate
reductase (MDAR), DAR, and GR.

In the present study, Cd treatment affected APX and
MDAR; contrasting results were obtained in different geno-
types. APX was slightly inhibited in A17, not significantly
affected in TN.11 under cadmium exposure, but enhanced in

Fig. 9 Ruthenium red staining in
48-h-old M. truncatula roots. a
A17, control root (section level,
1000 μm). Scale bar, 200 μm. b
A17, treated root (section level,
500 μm). Scale bar, 200 μm. c
TN1.11, control root (section
level, 1000 μm). Scale bar,
200 μm. d TN1.11, treated root
(section level, 1000 μm). Scale
bar, 200 μm. e F83005.5, control
root (section level, 1500 μm).
Scale bar, 200 μm. f F83005.5,
treated root (section level,
500μm). Scale bar, 100 μm. R.H.
root hairs, Xyl xylogenesis, Mea
meatus
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the other genotypes. In contrast, Cd enhanced MDAR activity
in all the tested genotypes. Similar results were reported for
various other plants. For example, ascorbate–glutathione-as-
sociated defense enzymes were reduced in the leaves of Cd-
exposedH. annuus plants (Gallego et al. 1996). Elevated APX
activities were reported in the roots and leaves of P. vulgaris,
as well as in suspension cultures of N. tabacum cells after Cd
treatment (Chaoui et al. 1997; Piqueras et al. 1999). MDAR
was upregulated in plants with reduced CAT and APX levels
(Chamnongpol et al. 1998). Nevertheless, Cd repressed H2O2

detoxication systems such as GR, CAT, and APX activities
and improved SOD activities in Scots pine roots
(Schutzendubel et al. 2001).

Cd initiates secondary metabolism and differentiation

The amount of total phenolic compounds and their induc-
tion by Cd treatment varied in the different accessions and
were particularly enhanced in the more sensitive lines
(A17 and TN1.11; Table 2). We noticed that Cd triggered
cytosolic soluble phenolic accumulation, a response
which was much earlier than lignification and extended
over the entire root cross-section (Fig. 4).

Phenolics may protect from oxidative injury. In fact, in
concert with ascorbate and APX, phenolics participate in
H2O2 annihilation (Polle et al. 1997). Phenolic compounds
are electron donors for NADH oxidase and coniferyl–alco-
hol–peroxidase enzymes. They are known for their protective
role in plants and participate in several compound biosynthe-
sis such as lignin, suberin, or flavonoids (Van Tunen and Mol
1990; Santiago et al. 2000).

After heavy metal exposure, cell wall lignification was re-
vealed as strictly related to ROS levels and their oxidative
injury (Chaoui and El Ferjani 2005; Ali et al. 2006; Bouazizi
et al. 2010), exemplifying that ROS could be a switch signal
that induces lignin metabolism activation as a defense mech-
anism under stress exposure to restore unbalanced cellular
oxidative system (Schutzendubel et al. 2001).

During exposure of plantlets to Cd, metal toxic effects on
cell viability were evidenced by Evans Blue staining and by
measuring electrolyte leakage in root tips. These two param-
eters have been considered as indicators of CD in plantlets,
although they only give information about plasma membrane
integrity. Compared to the control roots, Cd-treated roots
showed an increase of relative conductivity. This might be
due to one or more of several factors, namely, Cd-mediated
oxidative injury altering membrane integrity, lipid peroxida-
tion, and loss of essential nutrients (Rahoui et al. 2010a, b).
Taken together, the higher penetration of Evans Blue and the
increase of ion leakage in cadmium-exposed plants could be
an indicator of oxidative deterioration and accelerated senes-
cence induced by cadmium (Schutzendubel et al. 2001;
Romero-Puertas et al. 2002a, b). Although line TN1.21

responded to Cd stress by induction of cell death, as assessed
by Evans Blue penetration, the absolute values were lowest in
the controls and Cd-treated roots compared to the other geno-
types. It should be noted that line TN1.21 was considered as
tolerant based on root growth inhibition (Rahoui et al. 2014).
While our data only show the toxic effects of Cd on cell
viability, but are no proof of CD, other studies have demon-
strated that heavy metals induced CD. Schutzendubel et al.
(2001) reported that high Cd concentrations led to transient
increase in CD. Fojtova and Kovarik (2000) reported that Cd
activated apoptotic alterations in tobacco cell suspension cul-
tures that were illustrated by DNA fragments observed 48 h
after Cd treatment.

CD occurs as part of plants’ normal developmental pro-
gram and is tightly controlled in committed cells all through
xylogenesis (Teichmann 2001). H2O2 is an intermediate signal
molecule in CD (Alvarez et al. 1998), and a rapid H2O2-me-
diated strengthening of the cell walls would explain the fast
abolishment of growth due to Cd treatment, which was no-
ticeable after less than 48 h (Rahoui et al. 2014).

Unlike necrosis, CD is severely controlled, and once cells
are dedicated to CD, the process cannot be upturned
(Schutzendubel et al. 2001). In our study (Fig. 7), we did not
observe arbitrary injury in the cross-sections of roots (Figs. 4,
5, 6, 8, and 9) as an expectation for necrotic reactions, sug-
gesting that Cd-induced loss of viability might correspond to
CD rather than to necrosis. In contrast to its effect on cell
viability, Cd induced xylogenesis since Bnormal^ protoxylem
elements were observed. Nevertheless, in contrast to normal
growth suggesting that lignification is the final step in this
process (Polle et al. 1997), lignified xylem elements were
established here already at a very short distance from the root
tip, usually corresponding to the elongation area.

Cell wall composition varied under cadmium exposure, as
shown by observations of cellulose and pectin staining
(Figs. 8 and 9). In addition to lignification, the deposition of
proteins, glycoproteins, and polysaccharides can lead to cell
wall reinforcement (Vorwerk et al. 2004; Passardi et al. 2004).

It should be kept in mind that the main mechanism of
metal uptake relies on a simple diffusion through the root
cortex apoplast and the endoderm, and, namely, through
pores in the network of cellulose, hemicelluloses, and
glycoproteins. Yet, some ions can be absorbed by nega-
tive charges at the cell wall surface, which acts as ion
exchangers (Briat and Lebrun 1999). In response to heavy
metal stress, cell wall modifications could increase its
potential for entrapping metals by increasing, for exam-
ple, the capacity of cationic exchange. Heavy metal bind-
ing to cell wall depends hugely on the negative charge
density, which itself depends on pectin methylation.
These charge densities and their distribution within the
parietal compartment then determine the cell wall cationic
exchange capacity (CEC; Haynes 1980).
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Muschitz et al. (2009) have shown induced changes in cell
wall CEC in response to Zn stress. In our study, slight in-
creases in pectin content were observed. Increases in pectin
levels were correlated with important aluminum levels in Zea
mays cells (Schmohl and Horst 2000). In the same way, pectin
increase in the walls of a tobacco cell suspension (Chang et al.
1999) or for As-treated wheat seedlings has been noted
(Hossain et al. 2006). Studies relating the effect of abiotic
stress on the organization and distribution of polymers in the
cell wall are rather scarce. However, it seems plausible that the
changes in the wall composition following stress brought
about by heavy metals could be involved in optimizing the
cellular response. The role of cell walls in the subcellular
compartmentalization of Zn, Cd, and Cu was highlighted in
many works (Giguère et al. 2006; Nyquist and Greger 2007),
but the molecular bases of detoxification at the level of the
wall are not well understood yet (Song et al. 2013a, b).

Cell wall lignification leads to growth inhibition. The in-
crease of peroxidase activity and the decrease of root elonga-
tion were reported to be correlated (Jackson and Ricardo
1998). Heavy metals stimulate lignin polymerization, leading
to an increase of cell wall mechanical resistance (Degenhardt
and Gimmler 2000; Ghanati et al. 2005). The thickening of the
Casparian band under metallic stress is a form of defense
adopted by plants (Degenhardt and Gimmler 2000).

In addition to early development of the endoderm and ec-
toderm, many changes in root anatomy are recorded when it is
exposed to high Cd concentrat ions (Seregin and
Kozhevnikova 2008). These changes depend on the metal
concentration, plant species, and tissue.

In agreement with our observations in this work (Figs. 4, 5,
6, 8, and 9), Cd has been described to reduce root growth and
increase root hair production near the apex in maize, radish,
barley, sorghum, and Rhodes grass, suggesting that Cd accel-
erates cell senescence (Durcekova et al. 2007; Kuriakose and
Prasad 2008; Kopittke et al. 2010). Cd treatment also
disintegrated the rhizodermis and external cortical cell layers
(Kuriakose and Prasad 2008; Kopittke et al. 2010; Gratao
et al. 2009), which was accompanied by loss of cell turgor
and formation of intercellular air-carrying meatus and cortical
cells whose epidermis was irregularly shaped (Lunackova
et al. 2003; Vitoria et al. 2003).

In line with our results, several studies have shown that the
root becomes shorter and thicker without setting off necrotic
reactions under cadmium stress (Lunackova et al. 2003;
Maksimovic et al. 2007). Maksimovic et al. (2007) explained
this by an increase of the size of the parenchyma cells and
suggest that the expansion of the cortical tissue has a function-
al role in increasing the resistance to radial flow of water and
solutes.

Vitoria et al. (2003) observed the proliferation of cambium
cells followed by loss of the organization of the cambial re-
gion in radish roots exposed to 0.5 mM Cd. These authors

suggested that Cd accelerates the maturation of the root with
the development of the xylem element in the central cylinder.
Consistent with this interpretation, Schutzendubel et al.
(2001) found that exposure to 50 μM Cd causes accelerated
protoxylemic lignification elements near the radical apex in
Scots pine (Pinus sylvestris L.), and Durcekova et al. (2007)
observed a premature xylogenesis in barley roots exposed to
Cd. The role of these developmental changes in heavy metal
tolerance remains to be further investigated.
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