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Abstract Seeds, young plants and adult plants of the
perennial Mediterranean leguminous shrub Dorycnium
pentaphyllum Scop. were exposed to Cd (1-100 uM) or Zn
(10-10,000 pM) on nutrient solution. This species is
resistant to Cd and Zn at different phenological stages. The
lowest doses of Zn and Cd improved seed germination and
young seedling growth, while only the highest doses of
both heavy metals inhibited germination and decreased
growth. High doses of Cd reduced seed imbibition and
young seedling water content, while Zn did not. Osmotic
adjustment was more efficient in Zn-treated young plants
than in Cd-treated ones, while chlorophyll concentrations
decreased in the former but not in the latter. Those dif-
ferences were not observed anymore in adult plants.
Exclusion processes were more efficient at the adult stage
than at the young seedling stage and were more marked in
response to Zn than to Cd. It is concluded that D. penta-
phyllum could be used for phytostabilization of heavy
metal-contaminated areas. The physiological strategies of
tolerance, however, differ according to the age of the plants
and the nature of the metal.
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Abbreviations

BL Basal level

Chl Chlorophyll

EDDHA Ethylenediamine-di(o-hydroxy)-phenylacetic
acid

Exp Experiment

L Level of imbibition

NFT Nutrient film technique

PAR Photosynthetically active radiation

PFD Photon flux density

Y Osmotic potential

Y Water potential

UL Upper level

Introduction

The accumulation of toxic metals such as cadmium (Cd)
and zinc (Zn) as a result of anthropogenic activities poses
an important risk to many environments. The incidence of
heavy metal pollution associated with mining activities has
been widely studied (Del Rio et al. 2002; Wong 2003;
Vogel-Mikus et al. 2005). The dispersion of those con-
taminants, their accumulation in the soil and their inclusion
in the trophic cycle represent a fundamental risk for human
health. Technologies currently available for the remedia-
tion of metal-contaminated soils are expensive, time-con-
suming and may produce secondary waste (Fitz and
Wenzel 2002). Phytoremediation consists in the use of
green plants to clean up contaminated sites (Pilon-Smits
2005). The exploitation of so-called hyperaccumulating
plants that are capable to accumulate more than 1% Zn or
0.1% Cd on a dry matter basis may somewhat contribute to
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the removal of contaminants from the soil (Robinson et al.
1998). Several higher plant species developed strategies for
heavy metal resistance enabling them to survive in highly
metal- contaminated sites, but only a few of them are real
metal hyperaccumulators. Moreover, hyperaccumulators
usually exhibit a low biomass production and accumulate
one single toxic element, while several pollutants are most
of the time simultaneously present in the contaminated area
(Wong 2003; Pilon-Smits 2005).

Considering the huge number of contaminated sites
throughout the world, there is an urgent need to stabilize
polluted lands in order to prevent bulk erosion, reduce air-
borne transport and leaching of pollutants. Perennial plants
able to grow on ultramafic soils (Léon et al. 2005) or to
spontaneously colonize degraded lands (Del Rio et al. 2002;
Lutts et al. 2004) may then be used for phytostabilization
purposes, even if they do not accumulate heavy metals in
the shoots. Plants suitable for phytostabilization should
express constitutive resistance at all developmental stages,
from the germination to the adult phase. This is particularly
important in the year of establishment when young plants
are still vulnerable. It is, therefore, surprising that studies
dealing with the physiological basis of heavy metal resis-
tance most usually consider plant material at a single
developmental stage, although it has been demonstrated for
other environmental constraints that the physiology of stress
resistance varies according to the phenological evolution of
the plant (Lutts et al. 1995; Munns 2005).

Dorycnium pentaphyllum Scop. is a perennial legumi-
nous shrub well-adapted to xeric habitats in the Mediter-
ranean regions (Caravaca et al. 2003). The presence of this
species was recently reported on a former mining area
(Lefevre 2007). At the adult stage, the plant produces high
amounts of biomass, a highly ramified shoot and a deep
root system. It is, therefore, tempting to speculate that this
species may be of special interest for phytostabilization.
Major problems, however, may occur as a result of slow
emergence and low relative growth rate at the seedling
stage, which appear to be characteristics of several species
of the genus Dorycnium (Douglas and Foote 1994; Dear
et al. 2003; Bell 2005). Hence, it is of crucial importance to
determine the impact of heavy metals on germination and
seedling development and to compare the physiological
behavior of young plants, with the ability of adult plants to
cope with high external doses of heavy metals. The tested
hypothesis was that the response of D. pentaphyllum to
heavy metal stress varies during vegetative growth and that
such evolution could be different for different heavy met-
als. Experiments were performed using seeds collected on a
contaminated area from the Southeast of Spain with an
objective to answer the following questions: (1) is D.
pentaphyllum able to resist high doses of Cd and Zn at
three distinct growth stages (germination, young plants and
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adult plants)? and (2) is the resistance of D. pentaphyllum
associated with tolerance mechanisms allowing the plant to
cope with high amounts of accumulated toxic ions or with
exclusion mechanisms enabling the plant to avoid the
accumulation of pollutants in the shoot tissues?

Materials and methods
Site description and plant material

Mature seeds were collected in October 2000 from Doryc-
nium pentaphyllum Scop. plants growing spontaneously on a
heavy metal-contaminated site at the Sierra Minera of
Cartagena (“La Pefia”; 37°37'20” N, 0°50'55"W) in the
Southeast of Spain. The soil texture was 22.1% sand, 55.4%
fine and coarse silt and 22.5% clay. Its organic matter content
was 1.7%; pH-H,0 and pH-KCI were 6.7 and 6.2, respec-
tively. The nutrient and heavy metals contents were as fol-
low: (inmg 100 g~ ' dry weight) 480 Ca, 12 K, 3 Na, 38 Mg
and 1 P, and (in mg kg~' dry weight) 3965 Zn, 12.5 Cr, 6.8
Ni, 65 Cu, 12.7 Cd and 5671 Pb. Seeds collected from 20
different plants were pooled.

Experiment 1: seed germination

Seeds were surface-disinfested for one min in 70% ethanol
and incubated in sterile half-strength Hoagland solution in
the absence (control) or presence of 10, 100 or 1,000 uM
Cd (supplied as CdCl,; Sigma Chemical, Belgium) or 100,
1,000 or 10,000 uM Zn (supplied as ZnSO, - TH,0; Sigma
Chemical). Seeds were maintained in Petri dishes (20 seeds
per Petri dish and 5 Petri dishes per treatment) on two
Whatman 41 filter papers moistened with 7 ml solution in a
growth chamber under a 12 h photoperiod (150 pmol
m~ s~ PFD) at a constant temperature of 25°C. Seeds
were incubated for 3 weeks; the number of germinated
seeds was recorded daily, considering radicle protrusion as
a germination criterion. Kinetics of imbibition was recor-
ded during the first 3 days of incubation; seeds were
weighed at the time of the onset of experiment and after 12,
24, 48, and 72 h. Each time before weighing, germinated
seeds were surface-dried with sterile filter paper. The rel-
ative increase in seed fresh weight was calculated using the
formula as follow: L; = [(W; — W;)/W;] x 100 where L; is
the level of imbibition (in %), W; is the initial weight of
seeds and W their weight at time f.

The number of intact seedlings was quantified at the end
of the stress treatment considering that an intact seedling
presents a morphologically normal radicle and unfolded
cotyledons. A seed was considered to show abnormal
germination if shoot growth occurred in the absence of
radicle extension.
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After 3 weeks, the obtained intact seedlings were
carefully removed from the filter paper, separated from
the remaining part of the seeds, rinsed for 30 s in dis-
tilled water and gently blotted dry. The length of the
young root system and young shoot was measured.
Those parts were then separated and weighed to deter-
mine their mean fresh weight. After incubation for 72 h
in an oven at 70°C, the dry weight was recorded and Cd
and Zn concentrations were determined in these tissues
as stated below.

Seeds which failed to germinate in the presence of Cd or
Zn were thoroughly rinsed three times (10 min each) in
sterile deionized water to remove all adhering heavy metals
and then incubated in new Petri dishes in the absence of
heavy metals under similar environmental conditions as
described above. The recovery percentages were deter-
mined by the following formula: a/(c — b) x 100 where a
is the total number of seeds germinated after transfer to the
control conditions, b is the total number of seeds germi-
nated in stress conditions, and c¢ is the total initial number
of seeds sown.

Experiment 2: young plant stage

Seeds were germinated in 10 plastic jars (3 1) filled with a
substrate of silt-clay-loam and sand (1:2:1:2); the jars were
incubated in a growth chamber under a 12 h photoperiod
(110 pmol m~2 s~' PFD provided by Sylvania fluorescent
tubes (F36 W/133-T8/CW) at a day/night temperature of
28/20°C. Substrate and young plants were sprayed daily for
few minutes with sterile deionized water. Each jar con-
tained 50 seeds. Young seedlings of uniform size (5 cm; 7—
9 leaves stage) were then individually transferred to tanks
containing 1.1 1 of the following nutrient solution: (in mM)
5.0 KNO;, 1.0 NH4H,PO,, 0.5 MgS0,, 5.5 Ca(NO3;), and
(in pM) 25 KCl, 10 H3BOs3, 1.0 MnSOy, 1.0 ZnSOy, 0.25
CuSO,, 10 NaMoO, and 160 Fe-EDDHA. The pH was
adjusted to 6.0 and was checked and readjusted daily
throughout the experiment. Solutions were permanently
aerated under a stream of air at the bottom of each tank and
kept at a constant O, concentration of 7.5 mg 1~ measured
with a dissolved oxygen probe (CellOx 325; WTW,
Weilheim, Germany) and a precision instrument (ProfiLine
Dissolved Oxygen Meter Oxi 197-S; WTW, Weilheim,
Germany). Young plants were fixed on polystyrene plates
floating on the solution. Tanks were randomly arranged in a
phytotron under a 12 h photoperiod at a temperature of
25°C during the day and 20°C during the night and a rel-
ative humidity of 70%. Light was provided by Phillips
HPLR 400 W lamps at a mean PAR of 320 pmol m 2 s~
After 1 week of acclimation in the absence of heavy met-
als, plants were exposed to O (control), 1, 10 or 100 uM Cd

or to 10, 100 or 1,000 uM Zn. Solutions were renewed at
an interval of 3 days, and tanks were randomly rearranged
in the phytotron.

A total number of 420 plants were used. Plants were
randomly harvested prior to application of the stress
treatment (day 0) and after 10, 15, 18, and 21 days and
used for ion and chlorophyll quantification and water
status determination as described below. During the time-
course of the experiment, the height of the shoot, the
length of the main roots, the number of leaves on the
main stem, the number and the mean length of the ram-
ification stems and the mean number of leaves on these
ramifications were quantified on all living plants at an
interval of 3 days.

Experiment 3: adult stage

Seeds were allowed to germinate as described above for
Exp 2. One month after germination, plants were trans-
ferred to pots (one plant per pot) containing 3 1 of a soil
substrate (18.8% silt, 37.3% clay and 42.1% sand) under
natural light supplemented by Phillips lamps (G/93/2;
400 W) providing a minimal PFD of 175 pmol m™2s™', a
temperature of 25 £ 2°C and a relative humidity of 70%.
Each month, the plants were fertilized with 0.4% Algoflash
(NPK 4-6-8).

After 15 months, 45 adult plants were acclimated in a
hydroponic system using NFT (Nutrient Film Technique).
They were carefully removed from the soil, roots were
rinsed under gentle agitation in deionized water and placed
in perforated pots (5 1) containing Grodan rockwool as a
mechanical support. Nutrient solution was similar to the
solution used in Exp 2. The shoots were then cut back to
15 cm. Three groups of 15 plants were placed on hydro-
ponic tables (3 m x 2.5 m) with a slope of 1.5%. A 501
tank was used for supplying nutrient solution. Continuous
circulation was maintained at a flow of 10 1 min~'. The
solution was changed every week till the final harvest.

After transfer to the NFT system, all plants were
maintained for 4 weeks on control nutrient solution similar
to the solution used in Exp 2. At the end of this acclimation
period, the top of each stem (including ramification stems)
was indexed by white ink (Tippex). One group of 15 plants
was then exposed to 10 uM CdCl,, a second group to
100 uM ZnSO, - 7H,0O and a third group was kept as the
control. Plants were exposed to these treatments for a
period of 14 weeks under a 16 h photoperiod (mean PAR
of 300 pmol m~* s™'; Philips HPLN 400 W) and 70%
relative humidity. Temperature was 35°C during the day
and 20°C during the night. Elongation rate was recorded
separately on the main stem and ramification stem and
defined as the increase in the length of the corresponding
organs occurring during the total period of exposure to the
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stress. The height of the shoot, the number and the mean
length of the ramification stems were recorded on all plants
each week.

For each treatment, five plants were harvested after 8,
11, and 14 weeks and used for ion and chlorophyll quan-
tification and water status determination. Ion concentra-
tions were recorded for leaves and stems separately at the
basal level (BL) referring to organs already present at the
time of stress application and at the upper level (UL)
resulting from the elongation process occurring during the
time-course of stress exposure.

Ion and pigment quantifications

For each treatment and each type of organ, three samples
(50 mg DW) were digested in 35% HNO; and evaporated
to dryness on a sand bath at 80°C. Minerals were then
dissolved in 0.1 N HCI, and Cd or Zn concentrations were
determined by atomic absorption spectrophotometry (Var-
ian SpectrAA-300; Varian, Inc., CA, USA).

Chlorophyll and carotenoid concentrations were recor-
ded on five leaves per plant and five plants per treatment
considering leaves at similar positions for the different
plants. The mean sample corresponding to pooled leaves
was ground in 4 ml 80% cold acetone. After filtration and
centrifugation at 10,400xg for 10 min at 4°C, the absor-
bance of the extract was measured at 645 and 663 nm by a
Beckman DU640 (Beckman Coulter, Inc., Fullerton, USA)
spectrophotometer. Chlorophyll (Chl) a and b and carot-
enoid concentrations were estimated according to Lich-
tenthaler (1987).

Water status

Shoot water potential (¥,,) and osmotic potential were
determined between 12:00 and 14:00 h. Shoot water
potential (V) was evaluated immediately after sampling
by the pressure chamber method (PMS Instrument Co.,
Orlando, USA) using the main stem and three ramifications
on each plant. For determination of osmotic potential (),
tissues were quickly collected, cut into small segments,
placed in Eppendorf tubes perforated with four small holes
and immediately frozen in liquid nitrogen. After being
encased individually in a second intact Eppendorf tube,
they were allowed to thaw for 30 min and centrifuged at
15,000x g for 15 min at 4°C. The collected tissue sap was
analyzed for ¥, estimation. Osmolarity (c) was assessed
with a vapour pressure osmometer (Wescor 5500; Wescor,
Inc., UT, USA) and converted from mosmoles kg_l to
MPa using the formula as follows: ¥ (MPa) = —c
(mosmoles kg™') x 2.58 x 107 according to the Van’t
Hoff equation.
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Statistical analysis

Stat View 5.0 (SAS Institute Inc., NC, USA) was used for
statistical analysis of all parameters. Percent germination
data and water content were transformed into arc sine
square roots before statistical analysis to ensure homoge-
neity of error variance. The metal concentrations in plant
tissues were log-transformed to normalize the frequency
distribution. Discontinuous variables were transformed by
the square formula [y = (x + 3.8)>°], according to De
Munter (1958). If the F value indicated significant differ-
ences (P < 0.05), mean differences were compared
according to Scheffé F test for growth parameters and
according to Waller-Duncan k ratio ¢ test for metal
concentration.

Results
Experiment 1: seed germination

Germination started after 3 days in seeds maintained in
control conditions and a mean maximal germination per-
centage of 79.3% was recorded after 10 days (Fig. 1). The
lowest concentrations of Zn (100 and 1,000 uM) had no
impact on the kinetics of germination, while the highest
one (10,000 uM) slightly delayed germination and signif-
icantly reduced the final germination percentage recorded
after 17 days (P < 0.01; Fig. la). A similar trend was
recorded for Cd treatment except that the lowest concen-
tration (10 pM) slightly stimulated germination as shown
by an unexpected increase in the final germination per-
centage (P < 0.05; Fig. 1b). In contrast, 100 pM CdCl,
delayed seed germination, but did not affect the final ger-
mination percentage; however, Cd at the highest dose
(1,000 uM) drastically inhibited seed germination that
hardly exceeded 40% after 17 days (Fig. 1b).

Imbibition of seeds during the first 72 h was not affected
by Zn treatment, even at the highest dose, while both 100
and 1,000 pM Cd reduced it (Table 1). Fresh weights of
young roots and shoots obtained from germinated seeds
were reduced only in response to 10,000 pM Zn and
1,000 pM Cd, as it was the case for root and shoot length
(Table 1). Dry weights were also reduced in response to
those treatments, but to a lesser extent than fresh weight as
a consequence of a decrease in water content (data not
shown). The abnormal germination percentage increased in
response to 1,000 and 10,000 uM Zn as well as in response
to 1,000 uM Cd, but remained always lower than 10%. Zn
accumulation (Fig. 2a) in young roots and shoots obtained
from seeds germinated in the presence of Zn was propor-
tional to the external Zn dose and was always higher in
roots than in shoots (P < 0.01). Cd was undetectable in
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Fig. 1 Time-course changes in seed germination of Dorycnium
pentaphyllum exposed to increasing doses of Zn (a) or Cd (b). Seeds
were exposed for 17 days to half-strength Hoagland solution (control)
supplemented with 100, 1,000 or 10,000 uM Zn or 10, 100, 1,000 uM
Cd. * = significantly different from the control at P < 0.05

Table 1 Effects of Cd and Zn stresses on the level of imbibition (L;),
abnormal germination percentage (G,), fresh weight of radicle (FW,),
fresh weight of shoots (FWj), length of the radicle (L) and length of
the shoot (L;) for seeds and young seedlings of Dorycnium
pentaphyllum

Treatment L; G, FW, FWq L, L

(%) (%)  (mg) (mg) (cm)  (cm)
Control 398a 23a 73a 284 a 19a 1l.la
Cd 10 uM 36.7a 27a 7.7a 303 a 20a 1.0a
Cd 100 uM  232b 15a 6.7a 294 a 1.8a 1.0a
Cd 1,000 pM 195b 7.0b 3.1Db 145b 04b 03b
Zn 100 pM 369a 34a 78a 299 a 20a 12a
Zn 1,000 pM 41.0a 85b 6.6a 28.8 a 19a 1.la
Zn 364a 97c¢ 320D 164b 05b 040D

10,000 pM

% L; was recorded after 72 h, while G,, FW,, FW, L., and L, after
3 weeks of treatments. Means with common letters are not signifi-
cantly different at P < 0.05, according to Scheffé F test

control seedlings and remained low in shoots in response to
10 puM Cd. In contrast, Cd accumulated to similar extent in
both types of organs in response to 100 and 1,000 uM Cd
(Fig. 2b).
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Fig. 2 Zn and Cd accumulation in roots and shoots of young
seedlings of Dorycnium pentaphyllum obtained from seeds germinat-
ing in the presence of increasing doses of Zn (a) or Cd (b). Seeds were
exposed to half-strength Hoagland solution (control) supplemented
with 100, 1,000 or 10,000 pM Zn or 10, 100, 1,000 uM Cd for
3 weeks. Means with common letters are not significantly different at
P < 0.05, according to Waller—Duncan & ratio ¢ test. ND not detected

Seeds that failed to germinate in Zn-enriched solution
were still unable to germinate in control conditions; after
rinsing in deionized water, less than 5% of the seeds pre-
viously exposed to the highest dose of Zn recovered (data
not shown). In contrast, Cd-induced inhibition of germi-
nation was clearly reversible since ungerminated rinsed
seeds were able to germinate after Cd removal.

Experiment 2: young plant stage

Mortality of young plants exposed to the highest dose of
Cd (100 pM) and Zn (1,000 uM) did not exceed 10%. The
lowest dose of Cd slightly increased both stem and root
length (P < 0.05), but had no impact on the mean number
of nodes, the mean number of ramifications and the mean
length of the ramification stems (Table 2). Cd at high doses
(10 and 100 uM) inhibited stem elongation, mainly
through a decrease in the internode length. Cd at 10 and
100 uM also decreased the elongation of ramification
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Table 2 Morphological parameters of young plants of Dorycnium pentaphyllum exposed to varying levels of Cd and Zn stresses for 2 weeks

Morphological parameter Control Cd (uM) Zn (uM)
1 10 100 10 100 1,000
Stem length (cm) 1524+ 03a 171 +£02b 93+10c 87+£08c 183 +12b 147+1.0a 129 +34ac
Root length (cm) 218 +13a 254+02b 204+ 1.1a 107+09c 204+07a 199+09a 178+t 14a
Number of nodes on the main stem 164 £22a 170+ 1.5a 158 +£05a 160+ 08a 156+07a 149+t 1.1a 153+0.6a
Number of ramifications 63+£09a 58+04a 61+08a 54+17a 87+03b 92+£08b 6.1 +12a
Mean length of ramifications (cm) 357 £28a 332 +04a 293+ 1.1b 254 +23bc 338+ 14a 23.8+07c 225+05¢c
Means with common letters are not significantly different at P < 0.05, according to Scheffé F test
Table 3 Dry Welght of and Treatment Dry weight (mg) Water content (%)
water content in roots and
shoots of Dorycnium Roots Shoots Roots Shoots
pentaphyllum young plants
exposed to varying levels of Cd Control 565 £33 a 1,112 £ 89 a 923+ 04a 85609 a
and Zn stresses for 3 weeks Cd 1 uM 588+ 12 a 1,305 + 102 b 91.8 £ 0.5a 849 £ 0.7 a
Cd 10 yM 523+ 34a 1,079 £ 75 a 92.0 £ 0.6 a 83.8 £09a
Cd 100 uM 456 £ 15 b 704 £ 32 ¢ 875+ 03D 794 +05b
Means with common letters are Zn 10 pM 612 £ 24 ¢ 1,088 £ 123 a 925+ 02a 867+ 1.0a
not significantly different at Zn 100 pM 546 £ 25 a 954 £ 78 a 909 £ 0.8a 853+ 0.7 a
P < 0.05, according to Scheffé Zn 1,000 pM 488 £ 27 b 813 + 62 ¢ 903+ 02a 844 +09a

F test

stems (P < 0.05), but this effect was relatively lower than
the deleterious impact of Cd on the main stem elongation
(P < 0.001). Stem elongation also increased in response to
the lowest dose of Zn, but root elongation remained mostly
unaffected. The mean number of ramification increased in
response to 10 and 100 pM Zn and was unaffected by the
highest dose of Zn. The mean length of ramification stem
was similar to the control at 10 pM Zn, but was signifi-
cantly reduced at higher doses.

The lowest dose of Cd (1 uM) slightly increased the
shoot dry weight (Table 3; P < 0.05). Dry weights of both
roots and shoots remained unaffected after 3 weeks of
exposure to 10 uM Cd (Table 3). Cd at 100 uM induced a
decrease in the shoot and root dry weight (Table 3). After
3 weeks of exposure to 100 uM Cd, the shoot/root ratio
estimated on a dry weight basis decreased by more than
20% as compared to controls. Mean water content
remained unaffected in plants exposed to 1 or 10 uM Cd,
while it decreased in plants exposed to 100 uM Cd.

The lowest dose of Zn (10 uM) significantly increased
the root dry weight, but had no impact on the shoot dry
weight. Both root and shoot dry weights decreased in
response to the highest dose of Zn (Table 3). Zn had no
impact on the root and shoot water content, irrespective of
the dose or the duration of exposure.

Zn concentration increased with time at the root level
(Fig. 3a), whereas it increased until day 10 and then
remained constant until the end of the experiment at the
shoot level. A similar trend was recorded for Cd. Plants
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exposed to 1 and 10 pM Cd exhibited a decrease in the
shoot water potential occurring concomitantly with a
decrease in the leaf osmotic potential (Table 4). Although
Y, still decreased in 100 uM Cd-treated plants, the shoot
water potential remained similar to controls after 3 weeks
of treatment. The decrease in both ¥, and ¥, values was
more pronounced in Zn- than in Cd-treated plants. In
contrast to Cd, Zn clearly reduced the concentration in all
quantified photosynthetic pigments and Chl a/Chl b ratio
increased in response to the highest dose of Zn.

Experiment 3: adult plants

All the tested plants remained alive during the time-course
of the experiment, and the presence of heavy metals had no
impact on the mean shoot weight (fresh weight: 51.6 £
43 g per plant; dry weight: 14.7 & 2.1 g per plant).
Elongation of the main stem (Table 5) was not affected by
the presence of heavy metals; however, the mean elonga-
tion of ramification stems decreased in response to Zn
treatment. In contrast, Zn significantly increased the num-
ber of ramification after 14 weeks’ treatment.

Zinc accumulation (Fig. 4) occurred to a similar extent
in stems and leaves at both basal (BL) and upper (UL)
levels. Its accumulation, however, remained significantly
lower in adult plants than in young plants (Expt 2). In
contrast to Zn, Cd concentration (Fig. 4) was clearly higher
in stems than in leaves and was also higher in organs at BL
than at UL, thus suggesting that this toxic heavy metal may
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Fig. 3 Time-course changes in Zn treatments Cd treatments
Zn (a, b) and Cd (c, d) 100 A 20 C g
concentrations in roots (a, ¢) . gsq‘{)"LM . —e— Cd1pM

—o— —0— Cd10pM A
and shoots (b, d). of young 80 v— Zn 100 uM 5 Ga 100 pM f
plants of Dorycnium —4— Zn 1000 uM f

pentaphyllum exposed to Zn
(10, 100 and 1,000 pM) or Cd
(1, 10 and 100 uM) for 3 weeks.
Since Cd concentration
remained below the detection
limit in control plants, it is not
indicated. Means with common
letters are not significantly
different at P < 0.05, according
to Waller-Duncan k ratio ¢ test

Zn concentration (pmol g™ DW)
Cd concentration (umol g™ DW)

Zn concentrations (umol g~ DW)
Cd concentration (umol g~ DW)

Days of treatment Days of treatment

Table 4 Shoot water potential (¥,,), leaf osmotic potential (¥;), leaf chlorophyll a (Chl a) and b (Chl b) and leaf carotenoid (Car) levels in
young plants of Dorycnium pentaphyllum exposed to varying levels of Cd and Zn stresses for 3 weeks

Treatment v, (MPa) ¥, (MPa) Chl a (mg g~' FW) Chl b (mg g~' FW) Car (mg g~' FW)
Control —0.398 + 0.015 a —0.523 £ 0011 a 1.02 + 0.04 a 0.317 + 0.034 a 0.255 & 0.035 a
Cd 1 uM —0.493 £ 0.021 b —0.597 £ 0.023 a 123 £0.08 a 0.312 4+ 0.017 a 0.243 & 0.007 a
Cd 10 pM —0.485 + 0.007 b —0.713 £ 0.021 b 0.95 + 0.05 a 0.342 4+ 0.019 a 0.302 & 0.029 b
Cd 100 uM —0.424 £ 0.012 a —0.802 + 0.042 ¢ 0.98 + 0.09 a 0.298 4 0.009 a 0.215 4+ 0.021 a
Zn 10 M —0.512 £ 0.013 b —0.724 £ 0.072 b 0.83 + 0.07 ab 0.239 4+ 0.013 b 0.209 + 0.011 a
Zn 100 pM —0.507 &+ 0.061 b —0.923 + 0.053 d 0.77 £ 0.02 b 0.254 £ 0.022 b 0.187 + 0.004 ac
Zn 1,000 pM —0.543 + 0.033 b —1.213 £ 0.045 ¢ 0.75 £ 0.03 b 0.143 £ 0.017 ¢ 0.162 + 0.020 ¢

Means with common letters are not significantly different at P < 0.05, according to Scheffé F test

Table 5 Effects of Cd and Zn stresses on elongation, shoot height and number of ramifications in adult plants of Dorycnium pentaphyllum

Parameter® Control Cd 10 uM Zn 100 pM

Elongation of the main stem (cm) 224+ 37a 19.6 £ 22 a 185 +48a
Mean elongation of of ramifications (cm) 109+ 1.1 a 8.7 £ 0.8 ab 62+07b
Shoot height (cm) 528 £58a 475+ 34 a 402 £28b
Number of ramifications 2477 +21a 203+ 1.7a 326 46D

? Parameters were recorded after 14 weeks’ treatment. Means with common letters are not significantly different at P < 0.05, according to
Scheffé F test

be excluded from the elongating plant parts. Cd accumu- Mean shoot ¥, (Fig. 4) was the lowest in Zn-treated
lation slightly increased in the UL part and decreased in the ~ plants and intermediate in Cd-treated ones; in both cases
BL part during the time of stress exposure. Y, still decreased until the end of the experiment. As far as
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Fig. 4 Time-course changes in Zn (a, b) and Cd (c¢) concentrations
and water potential of shoots (d) of Dorycnium pentaphyllum exposed
to 100 uM Zn (a, b), 10 pM Cd (¢) and 10 uM Cd or 100 pM Zn (d),
respectively. Heavy metal concentrations were recorded separately at
the basal (BL represents organs already present at the time of stress
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application) and upper (UL represents organs resulting from the
elongation process occurring during the time-course of stress
exposure) levels. Means with common letters are not significantly
different (P < 0.05), according to Waller—Duncan £ ratio ¢ test (heavy
metal concentration) or Scheffé F test (water potential)

Table 6 Leaf osmotic potential (), leaf chlorophyll (Chl) and leaf carotenoid (Car) levels (in mg gfl FW) in adult plants of Dorycnium

pentaphyllum exposed to 10 uM Cd or 100 pM Zn for 14 weeks

Treatment  Basal level® Upper level®

¥, MPa) Chl a Chl b Car ¥, MPa) Chl a Chl b Car
Control —1.02 £0.04a 1.13+£0.10a 0.35+0.01a 021 £00la —1.12+008a 139 £0.05a 042 £0.02a 024 +0.01 a
Cd10uM —-299 +0.12b 081 £0.09b 026 +0.01b 022 £ 0.0l a —3.06 £0.14b 1.24 £ 0.07a 027 £0.02b 0.23 £0.03 a

Zn 100 pM —2.86 £ 0.08 b 0.78 £0.06 b 0.21 £0.03b 0.21 £0.02a —2.21 £0.13 ¢ 130+ 0.03a 029 £0.04 b 0.22 £ 0.00 a

* Basal level (BL) represents organs already present at the time of stress application, while upper level (UL) represents those resulting from the
elongation process occurring during the time-course of stress exposure. Means with common letters are not significantly different at P < 0.05,

according to Scheffé F test

osmotic potential is concerned, ¥ values remained con-
stant for both BL and UL of control plants (Table 6). The
leaf ¥, remained similar for BL and UL in Cd-treated
plants, while the leaf ¥ was lower at BL than at UL of
Zn-treated plants (P < 0.05). For all the considered treat-
ments, leaf ¥, was lower in adult plants than in young
plants exposed to similar doses (Exp 2). Photosynthetic
pigment concentrations (Table 6) were lower at BL than at
UL, including control plants. The presence of heavy metals
decreased Chl b at both BL and UL, but decreased Chl a at

@ Springer

BL only. Carotenoid concentrations were not affected at all
in Cd- and Zn-treated plants.

Discussion

Species belonging to the genus Dorycnium are perennial
legumes that have the ability to adapt to low fertility soils
and low rainfall conditions. In cold semiarid Mediterranean
conditions, those plants are suitable for revegetation
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purposes and soil reclamation (Walker et al. 2003; Alegre
et al. 2004; Bell 2005; Bell et al. 2007). The presence of
high concentrations of heavy metals in former mining areas
often constitutes a serious threat for ecosystem stability
(Del Rio et al. 2002; Wong 2003; Walker et al. 2003;
Vogel-Mikus et al. 2005). The present study demonstrates
that D. pentaphyllum, a shrub species well-adapted to dry
environments, could be a promising species for revegeta-
tion and phytostabilization of Cd- and Zn-contaminated
areas because this plant species appears to be highly
resistant to both heavy metals at different phenological
stages from germination to adult stage. According to Dixit
et al. (2001), a concentration of 4 uM of Cd in the soil
solution may be considered as relevant of highly contam-
inated substrates. While growth inhibition and extensive
senescing symptoms occur in the model plant species
Arabidopsis thaliana exposed for a few days to 10 uM Cd
(Larsson et al. 2002), we demonstrated that D. pentaphyl-
lum was able to germinate in the presence of 100 uM Cd
and that young and adult plants exposed to 10 uM Cd were
still able to survive and to grow without exhibiting any
senescing symptoms. Similarly, more than 90% of the
young plants exposed to 1,000 uM Zn were still surviving
after 3 weeks of treatment.

The ability of seeds to germinate in the presence of
heavy metals is of primary concern for rehabilitation of
degraded lands. Seeds produced by adult plants growing on
contaminated areas may accumulate high concentrations of
heavy metals, which may hamper further germination
steps, even if germination occurs in the absence of the
pollutant (Léon et al. 2005; Regvar et al. 2006; Vogel-
Mikus et al. 2007). Although the endogenous concentra-
tions of Cd and Zn were not checked in seeds used for the
present work, it should be noted that seeds were collected
from a heavy metal-contaminated area and they exhibited a
normal behavior in control conditions, with a final germi-
nation percentage of nearly 80%. It is noteworthy that the
lowest Cd dose accelerated and even slightly increased
germination. Cheng and Zhou (2002) reported a similar
observation in wheat, but the underlying physiological
reason for such an improvement still remains unknown.
Kopyra and Gwozdz (2003) recently demonstrated that
nitric oxide, which may be overproduced in response to
heavy metals, could be involved in the hastening of ger-
mination through the stimulation of enzyme activities
involved in the management of oxidative stress. At the
highest doses, both Cd and Zn inhibited germination. Such
an inhibition may be the consequence of Cd interaction
with calmodulin (Rivetta et al. 1997), inhibition of reserve
mobilization through a decrease in o-amylase activities
(Atici et al. 2003; Li et al. 2005) or interference with the
hormonal status of the germinating seeds (Atici et al. 2003,
2005; Sharma and Kumar 2002). The present work also

shows that Cd and Zn have contrasting effects on seed
imbibition. Zn did not compromise imbibition, and it may
thus be inferred that Zn-induced inhibition of germination
may occur later, as compared to that of Cd, at a time when
germination is no longer reversible, thus explaining the
basis for irreversible inhibition of the germination process
in Zn-treated seeds. In contrast, imbibition was strongly
reduced in response to 100 and 1,000 uM Cd, which may
lead to a reversible inhibition of the germination process.

Low Cd doses not only improved germination but also
growth of young plants. Similar observations have been
reported for various plant species (Kiipper et al. 2001;
Sandalio et al. 2001). Sobkowiak and Deckert (2003)
reported that such stimulation could not be attributed to an
impact of Cd on genes involved in the control of the cell
cycle. We also showed that Zn might also stimulate stem,
but not root elongation. Some authors consider that plant
species, which preferentially occupy Zn-polluted areas,
possess numerous physiological strategies leading to the
restriction of Zn absorption and/or its vacuolar or apo-
plasmic sequestration. In control conditions, those mecha-
nisms may reduce Zn availability in tissues, and as a result
Zn requirement for normal metabolism could be high in
those species (Shen et al. 1997), thus explaining a positive
impact of low-Zn external doses.

Ontogeny may influence the response of the plant in
terms of not only growth but also accumulation and dis-
tribution of toxic ions. Germination has been reported to be
rather resistant to heavy metal stress when compared to
latter developmental stages (Li et al. 2005; An et al. 2004).
So far as D. pentaphyllum is concerned, this could be
related to the low levels of heavy metals accumulated in
germinating seeds as compared to what was recorded in
young plants. It might be expected that a seed germinating
in a closed Petri dish under saturating atmospheric
humidity accumulates lower amounts of heavy metals than
young plants presenting a transpiration stream. As far as
adult plants were concerned, Cd concentration in the shoot
was of the same order of magnitude than in young plants,
while Zn concentration in the shoots drastically decreased
by more than 70%, suggesting that an exclusion process
may operate in adult plants and that it is more efficient for
Zn than Cd. The distribution of heavy metals between the
root and the shoot systems also varies according to the
developmental stage. In young seedlings, Zn was mainly
restricted to the radicle, while Cd exhibited an even dis-
tribution between radicle and shoots. Young plants dis-
played a different pattern; Cd concentration in the roots
being more than five times higher than in shoots. Differ-
ences in heavy metal partitioning between roots and shoots
may be due to the timing of endoderm differentiation as
well as the mean distance between root tip and endoderm
appearance (Lux et al. 2004). Phloem retranslocation may
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also occur at different rates for Zn and Cd (Cakmak et al.
2000). Zn redistribution among organs of different ages
varies with the age of the plant (Herren and Feller 1996). It
is clearly more efficient and occur faster than for Cd (Page
and Feller 2005), thus explaining the uneven distribution of
Cd within the shoots of adult plants.

The physiological consequences of accumulated heavy
metals may also vary according to the developmental stage.
Although Zn and Cd share numerous physical and chemi-
cal properties and are also very often simultaneously
present in heavy metal-contaminated mining areas, their
impact on stressed-plant properties were quite different,
especially at the juvenile stage. Cd stress had a strong
deleterious impact on the tissue water content, while Zn
had no such detrimental effects. Water stress is a well-
known secondary constraint resulting from Cd toxicity that
interferes with Ca channels at the guard cell level impair-
ing stomatal regulation (Perfus-Barbeoch et al. 2002).
Moreover, Hollenbach et al. (1997) reported a Cd-induced
increase in abscisic acid concentration, which may con-
tribute to reducing the stomatal conductance. The stress-
induced decrease in water potential could be considered as
an attempt to cope with secondary-induced water stress.
The accumulation of osmo-compatible solutes in response
to heavy metals has been frequently reported (Schat et al.
1997). Our data suggest that this osmotic adjustment was
more efficient in response to Zn than in response to Cd in
young plants. Abilities of plants to reduce ¥ were higher
in adult than in young plants, but a higher impact of Zn on
osmotic adjustment was not valid anymore at this devel-
opmental stage. The presence of heavy metals in tissues
should not be regarded as the only factor inducing osmotic
adjustment because a difference was recorded for ¥ val-
ues between BL and UL of Zn-treated plants when Zn was
uniformly distributed. In contrast, ¥ values were similar
for both levels of Cd-treated plants, although this pollutant
accumulated to a higher extent in the basal part of the
shoots.

Differences between Cd and Zn impact on young plants
were also recorded for photosynthetic pigment concentra-
tions. It has been reported that Cd induces modifications in
the chloroplast ultrastructure and chlorophyll biosynthesis
(Di Cagno et al. 2001). We show that, at least at the young
plant stage, Zn is even more detrimental to chlorophyll
concentration than Cd, but this could be explained, at least
partly, by higher accumulations of Zn in tissues rather than
by a specific resistance of the photosynthetic pigments to
Cd. In contrast, no significant differences were recorded
between Zn and Cd for pigment concentrations in adult
plants; both heavy metals reduced chlorophyll concentra-
tions to a similar extent. Carotenoids play a key role in the
protection of photosystem II against oxidative damages.
Although their concentrations were reduced in young

@ Springer

stressed plants, especially in response to Zn, they remain
unaffected in response to heavy metals in adult plants.

D. pentaphyllum is a valuable plant species for the
rehabilitation of semi-arid degraded lands (Alegre et al.
2004). The present work shows that this plant could also be
used as an attractive tool for the revegetation of heavy
metal-contaminated areas since it appears to be resistant at
different developmental stages of plant growth. The
physiological strategies employed by the plant to cope with
external toxic ions somewhat vary according to the specific
developmental stage. Further works are necessary to
identify the mechanisms of tolerance at the young plant
stage as well as the strategies of stress avoidance in adult
plants.
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