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Abstract—Cadmium (Cd?*") is a toxic heavy metal that is widespread throughout the environment. It is a sub-
ject of interest to environmental scientists because of its toxicity to plants, animals, and humans. The current
work aims to evaluate the effects of Cd?* on the production of phenolic compounds and morphological,
physiological and biochemical responses of Lupinus albus L. plants exposed to Cd?* at 0, 10, 20, 50, 100, and
150 uM CdCl, for 7 days. Cd?* induced negative effect on growth especially at the dose of 150 uM. Cd?" also
induced chlorosis and reduced photosynthetic activity. Besides, the metal increased the level of malondi-
aldehyde (MDA). Under Cd?" toxicity (50, 100, and 150 uM), the superoxide dismutase (SOD) and cata-
lase (CAT) activities were increased or not significantly affected, while at 150 uM Cd2* affected the activity
of these enzymes. At the highest Cd?" level (150 uM), proline and total polyphenol and flavonoid contents
were markedly increased in leaves and roots of L. albus. Our results suggest that L. albus plants produced phe-
nolic compounds with reducing capacity as a selective mechanism triggered by the highest activity of Cd*".
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INTRODUCTION

Environmental problems have always received
great attention from scientists since they threaten seri-
ously human health and agricultural production.
Heavy metals such as cadmium (Cd?"), lead (Pb),
copper (Cu), and zinc (Zn), which are at the top of the
list of environmental toxicants threatening nature.
These pollutants contamination problem is becoming
vital, and necessities essential and practical solutions to
decrease the dangers to the maximum extent [1]. More-
over, Cd?* is classified as one of the most toxic heavy
metals, representing a potential hazard through bioac-
cumulation along the food chain. This heavy metal is
taken up by plants in significant quantities from con-
taminated water and soil. Furthermore, accumulated
Cd?*" in crop tissues results in various structural, bio-
chemical and physiological transformations. Cd>* dis-
turbs photosynthesis by hindering photoactivation of
photosystem II. Besides, it alters respiration, converted
carbohydrate metabolism. In addition, Cd?* upsets the
nutrients and water uptake in plants, delay opening and
closing of stomata [2] and prevents the activity of Calvin
cycle enzymes. Cd?* also alters antioxidants activity and
decays the yield of crop plants.

Hence, an effective approach such phytoremedia-
tion for Cd*" remediation from contaminated environ-
ments is crucial to avoid harmful damage in plants and
to reduce or to prevent Cd?* accumulation in plant tis-
sues because conventional physiochemical approaches
are highly expensive and may affect the soil. Phytore-
mediation is important and efficient since it is econom-
ically feasible and eco-friendly technology [3].

Phytoremediation approach includes several types
of distinct strategies such as phytoextraction, phyto-
stabilization, phytovolatilization, phytodegradation
and phytofiltration. Thus, some plants may these strat-
egies and grow on soils contaminated by heavy metals
such as Brassica juncea [4], Lactuca sativa L. [5], Sesu-
vium portulacastrum [6]. In fact, plants develop spe-
cific mechanisms to detoxify the metal or to make it
unavailable.

Lupinus albus or white lupin is a very interesting spe-
cies. According to Sujak et al. [7] Lupin seeds are rich in
proteins and bioactive compounds and fibers [8]. So, it
would be very interesting to understand the adaptive
response of white lupin to Cd?*, and to evaluate the
metal tolerance in order to propose it as species of
interest to cleaning up soils contaminated by Cd?*.
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Indeed, phytoextraction of heavy metals on marginal
areas represents a very relevant and promising
approach to be part of the rehabilitation and enhance-
ment of abandoned marginal areas in order to increase
forage or food resources. In this context, the objective
of our research is to investigate the response of white
lupine under the effect of different concentrations of
Cd?*" by determining morphological, physiological
and biochemical parameters.

MATERIAL AND METHODS

Plant material and growth conditions. White lupin
(Lupinus albus subsp albus. L.) from Egypt was inves-
tigated. The seeds were sterilized and then germinated
on moistened filter paper in Petri dishes at 25°C in the
dark. After 4 days, seedlings were transferred to a
growth chamber: 25°C (150 umol mPAR) with 60%
relative humidity during the day and 20°C at night;
photoperiod 14 h daily with an intensity of 110 umol
photon/(m? s) at the canopy level. Seedlings were
grown on stainless net floating on the continuously aer-
ated nutrient solution in pots, each of them being com-
posed of 2 L nutrient solution and 8 seedlings. After ger-
mination, plants were grown hydroponically for eleven
days in pots filled with 4.5 L of continuously aerated
Hoagland’s nutrient solution (5 plants per pot). The
Hoagland’s solution consisted of 5 mM Ca(NOs),,
5mM KNO;, 1 mM KH,PO,, 50 uM H;BO;,
1 mM MgSO,, 4.5 uM MnCl,, 3.8 uM ZnSO,,
0.3 uM CuSO,, 0.1 mM (NH,)¢Mo,0,, and 10 uM
Fe-EDTA, and was adjusted to a pH 5.8. The total vol-
ume of the solution was kept constant by adding deion-
ized water to compensate for water lost through plant
transpiration, sampling and evaporation. Solutions
were changed every 3 days and pH was adjusted daily.

The plants were then transplanted into a nutrient
medium supplemented with increasing doses of Cd**
(0, 10, 20, 50, 100, and 150 uM CdCl,). After 7 days of
CdCl, treatment, plants were harvested for analysis to
study the effect of CdCl, on growth parameters and

the physiological and biochemical behavior of white
lupin.

Growth analysis. The different parts of the white
lupin plants (leaves, stems and roots) were measured
using a graduated scale and the results are expressed
in mm.

Roots were immediately dipped in a cold 0.01 M
HCI solution to eliminate externally adsorbed Cd?*,
then washed 3 times with cold distilled water and blot-
ted with filter paper. Fresh weight (FW) was deter-
mined immediately, and dry weight (DW) was mea-
sured after 48 h of desiccation at 65°C.

Content of photosynthetic pigments. Chlorophyll
(Chl) content is determined by spectrophotometry
according to the method of McKinney [9]. The aerial
part of the fresh plant is immersed in acetone and
stored overnight at 4°C. The plant material is then
ground in a mortar with 80% acetone. After centrifu-
gation (5 min at 3000 g), the Chl content in the super-
natant is determined by measuring the absorbance at
645, 663, 652, and 460 nm, using a LambdalA spec-
trophotometer (Perkin-Elmer, United States). The
concentrations of chlorophyll a, b, total and carot-
enoids (Carot), expressed in ug/(g FW), are deter-
mined using the following formulas:

Chl a = 20445/36 X 1/FW,
Chl b = 204,/36 X 1/FW,
Total Chl = 2045,/36 X 1/FW,

Carot = 20A460/36 X I/FW.

Measurement of water content. The water content
(WC), expressed in mL/(g DW), was calculated
according to the following equation:

WC = (FW — DW)/DW,
where, FW is the weight measured at final harvest,

DW is the weight measured after drying at 80°C.

The sensitivity index (SI) corresponds to the differ-
ence in DW production between treated and control
plants. It was calculated using the ratio:

SI = ((DW control — DW treated)/DW control) x 100.

Determination of cadmium content. Dried samples
(about 25 mg) were grounded to a fine powder and
processed in 4: 1 (v/v) HNO;/HCIO, (20 mL) mix-
ture. After cooling, the residues were solubilized with
a 7% solution of HNO; and then filtered. The Cd**
concentrations were determined by atomic absorption
spectrometry Spectra AA 220 FS (Gemini BV, United
States).

Soluble sugars, proline and MDA content. 25 mg of
DW was extracted in the presence of 5 mL of 80% eth-
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anol. The samples were placed in a water bath at 70°C
for 30 min and, then, centrifuged at 6000 g for 15 min.
Subsequently, 25 uL of supernatant was removed, and
added to 5 mL of anthrone solution under fume hood.
The tubes were placed in a water bath at 100°C for
10 min, and then placed on ice. The absorbance was
measured at 640 nm [10].

The determination of proline is a colorimetric
assay based on the proline-ninhydrin complex. 100 mg
of dry material was mixed with 1.5 mL of sulfosalicylic
acid. The mixture was centrifuged at 12000 g for
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20 min at 4°C. Then, 500 uL of the extract was homog-
enized with 500 UL of sulfosalicylic acid, 1 mL of nin-
hydrin reagent and 1 mL of concentrated acetic acid.
The extracts are incubated in a water bath at 100°C for
1 h and then cooled at 4°C. The mixture catalyzes the
proline-ninhydrin reaction. To separate the phases,
2 mL of toluene is added. The absorbance was deter-
mined at 520 nm and the proline concentration was
expressed in pg/(mg DW) [11].

Malondialdehyde determination is based on the
reaction between MDA and two molecules of thiobar-
bituric acid (TBA). 250 mg of fresh leaves ground in
liquid nitrogen were suspended in 5 mL of 5% trichlo-
roacetic acid (TCA) (w/v) and centrifuged at 12000 g
for 10 min. 2 mL of the obtained extract was mixed
with 2 mL of TBA (0.67%) and the mixture was kept in
a water bath at 100°C for 30 min followed by ice bath.
Then the mixture was centrifuged for 1 min at 6000 g.
The absorbance of the supernatant was measured at
532 and 600 nm. The amount of MDA is calculated
according to Lambert Beer’s law [12]:

MDA (nmol/(g FW))
= ((As32 — Ago0) X IOOV)/SFW ,

where € is molar extinction coefficient of 155 mM~!cm™!.

Soluble total protein. This assay was carried out
according to the method of Bradford [13]. 10 uL of
protein extract was mixed with 200 uL of Bradford
reagent. After 5 min of incubation at room tempera-
ture in the dark, the absorbance was measured at
595 nm and compared with that of a standard range of
bovine serum albumin.

Ammonium (NH4+) assay. A mass of 0.5 to 1.0 g of
the plant material, previously frozen in liquid nitro-
gen, was ground at 4°C in the presence of 2 mL of
H,S0O, and 0.5% of polyclart AT. The ground material
was centrifuged at 30000 g for 15 min. The obtained
supernatant was placed at 37°C for 30 min and the
absorbance was measured at 620 nm [14].

Protease activity. 100 mg of fresh plant material
already stored in liquid nitrogen was mixed with 1 mL of
buffer containing 50 mM Tris-HCI, pH 7.5, 1% PVP
and 5% P-mercaptoethanol. Centrifugation was car-
ried out at 14000 g for 30 min at 5°C. An incubation of
3 h at 37°C was carried out and reaction was stopped
by the addition of 320 uL. TCA (5%). The mixture was
centrifuged at 15000 g for 10 min at 5°C and the absor-
bance was read at 330 nm.

Phytochemical Analysis

Determination of total phenolic contents (TPC).
Total phenolics content (TPC) of the methanolic
extracts of different parts of white lupin was deter-
mined by using the Folin-Ciocalteu method with
slight modifications [15]. Initially, 125 uL of diluted
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extract was dissolved in 60 pL of distilled water and
15 uL of Folin-Ciocalteu reagent. The mixture was
vortexed before adding 150 mL of 7% Na,CO;. After
incubation in the dark for 1 h, the absorbance at
760 nm was measured against the prepared blank.
Total phenolic content was expressed as mg of gallic acid
equivalents per gram of dry weight (mg GAE/g DW)
using a calibration curve with gallic acid as standard
(0.001-0.01 ug/mL).

Total flavonoid content (TFC). Total flavonoid con-
tent (TFC) of each methanolic extract, was estimated
using a colorimetric assay developed by Ben Mansour
et al. [15]. An aliquot (250 mL) of the samples was
mixed with 75 mL NaNO, solution (5%; w/v) for
6 min, followed by the addition of 150 mL AlICl;-6H,0
(10%; w/v). After 5 min at room temperature (RT),
500 mL of 1 M NaOH was added. The final volume
was adjusted to 2.5 mL with H,O and thoroughly mixed.
The absorbance of the mixture was determined at
510 nm and converted to flavonoid concentration from
a catechin standard curve and expressed as mg catechin
equivalents per gram of dry weight (mg CE/g DW).

Total condensed tannins (TCT). The condensed
tannins content was determined according to the
method of Ben Mansour et al. [15]. 50 mL of extract
was mixed with 3 mL of 4% vanillin (w/v). Then,
1.5 mL 2 M hydrochloric acid was added to the mix-
ture. After incubation for 15 min at RT, the absor-
bance was measured at 500 nm. The results were
expressed as mg catechin equivalents per gram of dry
weight (mg CE/g DW).

Antioxidant enzymes assay. For protein extraction,
100 mg of fresh plant material already preserved in lig-
uid nitrogen was mixed with 700 uL of extraction buf-
fer containing 50 mM phosphate buffer (pH 7.0),
I mM Na-EDTA, 20 mM MgCl,, 50 mM KCI, and
0.5 mM PMSEF. Centrifugation was carried out at
14000 g for 30 min at 4°C. The supernatant obtained
contains the soluble proteins and is used for protein
determination and for enzymatic activity assays.

Superoxide dismutase activity. SOD (EC 1.15.1.1)
was assayed according to the method of Boudali et al.
[16] and the absorbance was measured at 560 nm.

Catalase activity. CAT (EC 1.11.1.6) was assayed
according to the Boudali et al. [16]. The reaction
mixture contains a volume of 50 mM phosphate buf-
fer (pH 7.0), 20 uL H,0, and 20 pL of plant extract.
The assay was performed by measuring the absor-
bance at 240 nm and the activity was expressed in
mmol/min/mg FW.

Statistical analysis. Data shown are means of
20 replicates for each treatment. Analysis of variance
between treatments means was carried out with the
SPSS 10.0 program. Means were compared using the
Duncan’s test at P < 0.05.
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Fig. 1. Effect of different Cd*" concentrations on the dry
weight of roots, stems and leaves of white lupin seedlings,
where (/) leaves; (2) stems; (3) roots. Data are the means
of 20 replicates. Mean values followed by the same letter
are not significantly different at P <0.05.

RESULTS
Plant Morphology and Growth

Cd?" induced negative effect on growth especially
at the dose of 150 uM (Supplementary Fig. S1). We
noticed that this effect increased with increasing cad-
mium concentration in the culture medium. Cd?*
concentration had significant effect on growth param-
eters (Table 1). Growth reduction is observed from the
lowest applied dose (10 uM) and decreased consider-
ably under high Cd?* concentration (100 and 150 uM).
Furthermore, Cd?" significantly decreased the DW in
Lupin plants, especially in roots (Fig. 1). The effect of
cadmium is more pronounced with the higher Cd?*
concentration (100 and 150 uM). Leaf DW decreased
by about 39 and 60% at 100 and 150 uM Cd?*", respec-
tively, compared to the control. For the root, DW
decreased by about 70 and 78% compared to the con-
trol under 100 and 150 uM Cd?*, respectively. How-

Table 1. Effects of different Cd?>* concentrations on shoots
and roots length and leaf number of white lupin seedlings

CdCl,, | Shoot length, | Root length, Number

uM cm cm of leaves
0 10.74 £0.23¢ | 37.33£0.1¢ 8¢
10 10 +0.12¢ 20 +0.15° 8¢
20 10.37 £ 0.05¢ | 20.26 +0.21° 7be
50 10 +0.14¢ | 20.66 = 0.11° 7b¢
100 9.25+0.07° | 21.33£0.18° 6’
150 7.40 £ 0.057 | 18.66 +0.3¢ 44

Results were given as mean £ SD from 20 estimations. Mean val-
ues followed by the same letter are not significantly different at

P<0.05.
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Fig. 2. Effect of different Cd?* concentrations on the water
content of roots, stems and leaves of white lupin seedlings,
where (/) leaves; (2) stems; (3) roots. Data are the means
of 20 replicates. Mean values followed by the same letter
are not significantly different at P <0.05.

ever, Cd?* treatment showed no significant effect on
stem DW.

In addition, the data from Table 1 shows a reduc-
tion in the length of the aerial part of about 7, 14, and
31% at 50, 100, and 150 uM Cd?**, respectively, com-
pared to the control. This effect is more significant in
the roots (41, 42, and 49% at 50, 100, and 150 uM Cd**,
respectively, compared to the control). It is noticeable
that the root system remained more sensitive to Cd**
than leaves and stems.

The estimation of the water content of various plant
tissues (leaves, roots and stems) grown under Cd?*
exposure was shown in Fig. 2. In the shoot system
(leaves and stems), WC decreased proportionally to
the Cd?* dose. However, root WC was almost constant
for all doses applied.

Cadmium Accumulation

In treated plants, Cd?*" concentrations in leaves,
stems and roots increased with increasing concentra-
tion of CdCl, in the culture medium (Fig. 3). At all
concentrations of CdCl,, the Cd*" concentration in
root tissues were higher than in the leaves and stems.
Examination of the proportions of Cd?*" retained in
the roots and transported to the leaves and stems, in
relation to the total amount of Cd?* accumulated,
showed that the roots accumulated the major fraction
of the absorbed metal.

Photosynthetic Pigments Contents

CdCl, application induced a significant decrease in

leaf chlorophyll content (Table 2). Under 150 uM Cd**
treatment, the total chlorophyll content decreased by
about 32% compared to the control plant. Treatment
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with Cd?* caused a decrease in Chl a and Chl b con-
tents of 30 and 37%, respectively, under 100 and
150 uM Cd Cl, compared to the control plant.

Moreover, the stem chlorophyll content also
decreased significantly with the higher concentration
of Cd?*. Thus, under 150 uM of CdCl, treatment, total
chlorophyll decreased by about 62% referring to the
control. Chla and b contents also decreased, by 22
and 85%, respectively, under 150 uM CdCl, treat-
ment. These results allowed to conclude that Cd**
treatment, even at moderate concentration, decreased
the chlorophyll contents.

Regarding carotenoids, the results presented in
Table 2 showed a significant increase in carotenoid
levels under 10 uM CdCl,. Moreover, in leaves, under
100 uM CdCl, treatment, the carotenoids level
increased about 10 times compared to control plants;
while in stems it was about 2 times compared to the
control.

Total Soluble Sugar, Proline and MDA Contents

Exposure to CdCl, increased the soluble sugar con-
tent in roots, stems, and leaves of white lupin plant
(Fig. 4a). The results showed that under 150 uM
CdCl,, the sugar content level in leaves, stems and
roots increased by 456, 151, and 259%, respectively,
compared to control plants.

A significant accumulation of proline was observed
(Fig. 4b). This accumulation depended on the con-
centration of CdCl, in the culture medium and in the
plant organ. Thereby, the proline accumulation was
higher in aerial parts (especially leaves) than in roots
and this effect increased with increasing the concen-
tration of CdCl, in the medium. Consequently, the
increase in proline level reached 263% in the leaves
compared to the control. While this increase reached
174 and 145%, respectively, in the stems and roots
compared to the control.

Addition of Cd?* significantly increased the pro-
duction of MDA, an indicator of the membrane lipid
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Fig. 3. Accumulation of Cd*" in the leaves, stems, and

roots of white lupin according to the cadmium concentra-
tion in the medium, where (/) leaves; (2) stems; (3) roots.

peroxidation. The results showed that the increase in
MDA level was proportional to the concentration of
CdCl,in the medium. The more important increase as
compared to control plants was obtained mainly in
roots. Under 150 uM CdCl, treatment the MDA con-
tent was about 1456% in roots, 351% in leaves, and
253% in stems compared to control plants (Fig. 4¢).

Secondary Metabolites Production

Figure 5a illustrated the effect of different cad-
mium concentrations on total polyphenol contents in
white lupin seedling. Results obtained confirmed that
the methanolic extract of the roots was richer in poly-
phenols compared to leaves and stems. Accordingly,
Cd?* treatment induced a strong increase in TPC in all
plant organs compared to the control plants. TPC in
leaves increased only at 150 uM CdCl, (192%). How-
ever, for roots the increase of TPC was observed from
the lowest dose applied (182% at 10 uM CdCl,). For
stem, TPC increase was about 429% under 150 uM
CdCl, treatments. In control plants, TFC were quite
close in different plant organs. However, a significant
increase of TFC was observed with increasing Cd?*

Table 2. Effects of different Cd2* concentrations on the photosynthetic pigment content in the leaves and in the steams of

white lupin seedlings

Leaves, ug/g FW Stems, 1g/g FW
CdCl,, uM| total Chl Chla Chl b carotenoid | total Chl Chla Chl b carotenoid
0 1.09 £ 0.09” |0.78 £ 0.07¢ |0.31 £0.03¢ [0.21 £ 0.02¢ 0.07¢ 0.029% 0.045¢ | 0.21 £0.019¢
10 1.01 £0.09° [0.75 +£0.07% |0.26 +0.022° | 1.42 £ 0.011° 0.035> | 0.027° | 0.01° 0.5 +0.043¢
20 1.01 £0.085% [0.71 £ 0.06° [0.25+0.021%| 2.5+ 0.015¢ 0.033% 0.025% | 0.008° 0.5 £0.041°¢
50 1.01 £0.08% [0.71 £ 0.056? [0.25 £ 0.02° | 2.5+ 0.012¢ 0.033% 0.025% | 0.006% | 0.57 £ 0.04¢
100 0.96 + 0.07° [0.70 £ 0.055? [0.24 + 0.019% | 2.57 £ 0.016¢ 0.029%°| 0.022¢ 0.004% | 0.51 £0.034¢
150 0.75+0.067 [0.56 +0.0457|0.18 £ 0.011¢ {2.28 £ 0.014¢ 0.027¢ 0.02¢ 0.006%° | 0.56 £+ 0.035¢

Results were given as mean = SD from 20 estimations. Mean values followed by the same letter are not significantly different at P <0.05.
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Fig. 4. Effect of different Cd*" concentrations on metabolites production in white lupin seedlings. (a) Total sugar content,
(b) proline content, and (¢c) MDA content, where (/) leaves; (2) stems; (3) roots. Data are the means of 20 replicates. Mean values
followed by the same letter are not significantly different at P <0.05.

concentration in the culture medium (Fig. 5b). TFC
was more significant in roots than in stems and leaves.
In fact, under 100 uM CdCl, treatment, TFC
increased by 190% in leaves and stems. In contrast, the
TFC in the roots reached 346% of the value measured
in the control plants. In addition, Cd?* induced a sig-
nificant increase of the TCT in the different organs of
the plant (Fig. 5c). Results showed a significant
increase in leaves, stems and roots by about 174, 171,
and 167%, respectively, under 150 uM CdCl, treat-
ment compared to control plants.

Antioxidant Enzymes Activities

In leaves, CAT activity increased under Cd?* treat-
ment (Fig. 6a). Nevertheless, CAT activity increase
remained constant independently of different CdCl,
concentration in the culture medium. CAT activity
increased about 26% from 10 uM to 150 uM CdCl,.
While in stems and roots, CAT activity enhancement
was more significant under the high cadmium concen-
tration. Hence, at 150 uM CdCl,, CAT activity
increase about 77 and 61.9%, respectively, in stems
and roots compared to control plants.

SOD increased under 150 uM CdCl, in leaves
compared to control plants. Whereas, no significant

RUSSIAN JOURNAL OF PLANT PHYSIOLOGY  Vol. 71:111

enhancement in SOD activity was observed in roots
(Fig. 6b).

Soluble Protein, Ammonium Contents
and Protease Activity in Plant

In control seedlings, the total soluble protein (SP)
content varied between the 3 studied organs. Thus, SP
content decreased by about 18.4, 46.2, and 83.8% in
leaves, stems, and roots, respectively, at 150 uM CdCl,
compared to control plants (Table 3). The decrease in
SP content could be related to the stimulation of the
proteolytic pathway.

Ammonium (NH;) content was higher in the
stems (0.875 umol/g FW), than in the roots
(0.562 umol/g FW) and leaves (0.312 umol/g FW) for

control plants (Table 3). In stressed condition, NHj
content increased by about 481, 30, and 289% in
leaves, stems and roots, respectively, at 150 uM of
CdCl, of that measured in control plants.

The increase of NH, content could be explained by
the activation of protease pathways and the disruption

of NH4+ incorporation. In control plants, the protease
activity in aerial parts appeared to be greater than in
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Fig. 5. Effect of different Cd*" concentrations on secondary metabolites production in white lupin seedlings. (a) Total polyphenol
contents, (b) total flavonoid content, and (c) total condensed tannins content, where (/) leaves; (2) stems; (3) roots. Data are the
means of 20 replicates. Mean values followed by the same letter are not significantly different at P < 0.05.

roots. Under 150 uM CdCl, the protease activity
increased by about 122.7, 30.1, and 85.8% in leaves,
roots and stems, respectively, as compared with con-
trol plants (Table 3).

DISCUSSION

The investigation described in this study examines
the response of white lupin to Cd*". Cadmium treat-
ments reduced the growth of lupin plants as has been
reported by other works [17, 18]. In addition, it was

demonstrated roots from white lupin were the preferen-
tial organs for Cd?* accumulation [19] since the roots
are probably the first to suffer Cd?* injury. Cd** uptake
is related to endodermal apoplasmic barriers which may
restrict or derestrict the Cd?* loading into xylem. Addi-
tionally, Cd?>* concentration in the roots tissues was
higher than in the leaves and stems. Similar results have
been observed in Ageratum conyzoides L. [20]. In addi-
tion, it has been proven that roots appear as trap
organs, ensuring the accumulation of high part of the
metal, thus limiting its export to stem and leaf [21].

Table 3. Effects of different cadmium concentration on soluble protein and ammonium contents and protease activity in

the leaves stems and the roots of white lupin seedlings

Protein content, mg/g FW Ammonium content, umol/g FW Protease activity, U/mg protein
CdCl,,
M leaves stems roots leaves stems roots leaves stems roots
n
0 49+40.02¢ | 5240159 | 573+0.02%| 0.312+0.11 | 0.875+0.05° | 0.562+0.02% | 374.14 + 12.3%¢| 304.48 +21° | 130.89 + 7.6
10 4840129 | 3.86+0.11° | 4.66+0.14% | 0.375+0.057 | 0.906 +0.02° | 0.937+£0.03° | 468.75+25.17 | 410.18+28.3¢| 196.7 £ 11.3
20 5.06+0.03¢ | 3.33+0.08" | 50+0.117 | 0406 +0.13% | 1.001 £0.01° | 1.125+0.02° | 559.94 +31.2¢ | 525.52+ 17.5¢ | 202.83 + 12.5°
50 4.6610.03%¢ | 3.34+0.11% | 4.93+0.129 | 0.562+0.03% | 1.026+0.04° | 2.187£0.11° | 609.79 + 33.4" | 548.9+21.6° | 219.74 + 17.9°
100 413+0.1° 3240320 | 426+0.04° | 0.875+0.04° | 1.125+0.02° | 2.437+0.1¢ | 706.21 +42.15 | 575.51 + 15.4¢| 332.54 + 11.7¢
150 4.0+0.11¢ 28+0.22° | 093+£0.067 | 1.812+0.11° | 1.137+0.01% | 2.187 £0.13¢ | 833.33 +32.6" | 565.47 £ 24.5¢| 170.25 + 8.6%

Results were given as mean = SD from 20 estimations. Mean values followed by the same letter are not significantly different at P <0.05.
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Fig. 6. Effect of different Cd*" concentrations on the
activities of antioxidant enzymes in white lupin seedlings.
(a) Catalase activity and (b) superoxide dismutase activity,
where (/) leaves; (2) stems; (3) roots. Data are the means
of 20 replicates. Mean values followed by the same letter
are not significantly different at P <0.05.

Root Cd?* accumulation could be explained by the
parietal retention of Cd?*and the strong precipitation
of the metal in apoplasmic spaces or in xylem. Another
work showed that endocellular sequestration of the
pollutant could be carried out by sulfur peptides [22].
The present results showed that the high concentra-
tion of Cd*" develop significant physiological and
metabolic disorders in white lupin seedling. In fact,
many visual symptoms of toxicity were detected in
white lupin plants. These symptoms were manifested
by necrosis and chlorosis spots in leaves and by brown-
ing in roots. These effects were also associated with
leaf drop especially for the doses 100 and 150 uM
CdCl,. Therefore, these symptoms might be attributed
to a mineral deficiency including manganese, magne-
sium and iron [23]. The plant growth was significantly
reduced in the presence of high Cd?* concentration;
this effect was linked to ionic Cd?* toxicity in shoots
and roots [24]. Another work explained the reduction
of biomass by the loss of cell turgescence and by a
nutritional deficiency caused by the heavy metal [25].

These negative effects could also be in related to
balance disturbances of some growth hormones nota-
bly auxin and the deterioration on the cell walls com-
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position [26]. This study showed that the growth
reduction of white lupin was accompanied by dehy-
dration especially in shoots. In fact, the reduction of
the root absorption surface following the fall of root
growth caused an imbalance between the shoot water
demand and the root absorption capacity [27]. This
effect may be due also to the inhibition of the xylem
cell division and elongation by cadmium.

Cd?** treatment induced content of total Chl, Chl a
and Chl b by reduction. The reduction of chlorophyll
is one of the primary events in plants exposed to metal
stress and results from the inhibition of the enzymes
responsible for chlorophyll biosynthesis. A research
focused on Brassica napus showed chlorosis is due to
decrease in the density of chloroplasts and an increase
in the size of mesophylls cells [28]. Photosynthesis
decrease could be related to a block in photosystem I1
(PSII) acceptor and donor side electron transport
under Cd?* treatment and/or a decrease in quantum
yield of PSII [29]. On the other hand, the MDA con-
tent in white lupin seedlings increased proportionally
to CdCl, concentration in the nutrient solution. This
effect is an indicator of lipids membrane peroxidation.
MDA levels increased simultaneously with membrane
instability and decrease in membrane integrity fol-
lowed by a stimulation of the lipoxygenase activity.
Indeed, another study showed that lipid peroxidation
was accompanied by hydroxyl and peroxide accumu-
lation, hence the destruction of the membrane and
cellular components [30]. Furthermore it has been
shown also that MDA production is followed by a
change in the activity of antioxidant enzymes such as
CAT and/or SOD [31].

To tolerate and reduce oxidative damage, plants set
up enzymatic (CAT, SOD) and non-enzymatic anti-
oxidant defense systems (carotenoids and polyphe-
nols). These systems play an important role in regulat-
ing ROS concentrations in plant. CAT and SOD
enzymes allowed the destruction of free radical species

by catalyzing the transformation of the O; radical into
H,0,. Our results revealed a stimulation of SOD and
CAT activities in leaves, stems and roots of white lupin
under Cd?* treatment. These results were confirmed
by Bashir et al. [32] who showed a significant increase
in SOD activity in Cd*"-treated plants. Furthermore,
several studies showed that ascorbate peroxidase
(APX) act as H,0O, scavenging enzyme. Also, it is
indispensable for the protection of chloroplasts and
other cell constituents. Heavy metals stimulated the
expression of APX in plants. In fact, Cd*" stress
enhanced leaf APX activity in Brassica juncea [33] and
T. aestivum [34]. On the other hand, high Cd** con-
centrations induced the increase of the levels of non-
enzymatic antioxidant molecules such as carotenoids
and phenolic compounds in different parts of the
plant. This effect in carotenoid levels provided protec-
tion against oxidative stress due to its ability to trap and
neutralize peroxyl radicals. In addition, the presence
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of phenolic compounds prevents Reactive Oxygen
Species (ROS) production, either by inactivating of
chlorophylls or by dissipating excess energy through
the xanthophyll cycle. In Cd*"-treated seedlings, the
polyphenol content was explained by the presence of
defense enzymes involved in phenolic metabolism.
Indeed, phenolic compounds could chelate transition
metal ions, eliminate ROS and thus inhibit lipid per-
oxidation. Similar results, including an increase in
TPC were reported in olive tree (Olea europaea) and in
Cakile maritimum subjected to water deficit and salt
stress [35]. In addition, the present study showed an
increase in proline concentration in different organs of
plant. In fact, proline played a major role in plant
osmoregulation and osmotolerance to various abiotic
constraints. Recent studies showed proline improve
growth and yield in Cd?*-treated common bean plants
and improve enzymatic and non-enzymatic antioxi-
dant activities [36]. Another work showed that proline
could protect enzymes from inactivation and also
induced mechanism of Cd?* chelation and detoxifica-
tion in tomato plants, by forming a non-toxic Cd?*-
proline complex [37]. Proline accumulation could
lead to direct impact manifested by the improvement
of photosynthetic activity and mineral nutrition, while
the indirect impact of this metabolite resulted from
improved tolerance. Cd?* stress induced a significant
increase in soluble sugar levels in shoots and roots of
treated lupin seedlings. Various metals caused an
increase in soluble sugar content of Lemna polyrrhiza
plants [38]. In the same tendancy, soluble sugars accu-
mulation is positively correlated with metal tolerance
in Synara scolymus plants [39]. The accumulation of
soluble sugars leads to the improved permeability of the
membrane, the homeostasis of the maintained water
and the reinforced antioxidant defense mechanisms.
Another work on pea (P, sativum) showed that soluble
sugars act as an osmoprotectants, which maintained
turgor and induced tolerance in stressed plants [40].

Results obtained in the present work showed that
plant subjected to Cd?* accumulated high levels of
ammonium in their organs. This result confirmed that
Cd?** affect nitrogen metabolism in white lupin seed-

ling. The accumulation of NHj correlated with a
decrease of protein content and an increase of proteo-
Iytic activity in different organs of plant. Other works
showed a correlation between protein degradation and
proteolytic activity with respect to oxidative stress has
also been proposed, suggesting an increase in protein
degradation as an index of oxidative stress. Cadmium
treatment induced ammonium accumulation in sev-
eral plant species such as Medicago sativa [22]. In addi-
tion, toxic accumulation of ammonium in plant is

linked to the disruption of the incorporation of NHI
in the carbon skeletons by the decrease of enzymatic
activities of glutamine synthetase (GS) and glutamate
synthase (GOGAT) in white lupin plant subjected to
cadmium.
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CONCLUSIONS

The present results indicate that Lupinus albus L.
was affected by high doses of Cd?* (100 and 150 uM
CdCl,). Cd*" exposure mainly reduced plant growth
parameters and photosynthetic activity. In addition,
cadmium generated nutritional deficiencies, toxic
accumulation of ammonium, and increased the activ-
ities of antioxidant enzymes such CAT and SOD in
L. albus plants. Nevertheless, white lupin could sur-
vive at high Cd?* doses and could tolerate moderate
Cd?* doses by the increase of cellular metabolites like
soluble sugar and proline to overcome the ionic and
osmotic effect of Cd?*. In addition, to defend oxida-
tive stress, Cd?* induced the production of secondary
metabolites such as phenolic compounds.

ABBREVIATIONS AND NOTATION

APX ascorbate peroxidase
CAT catalase

Cd?t cadmium

Chl chlorophyll

DW dry weight

Fw fresh weight

MDA malondialdehyde
NH; ammonium

ROS reactive oxygen species
SpP soluble protein

SOD superoxide dismutase
TPC total phenolic contents
TFC total flavonoid content
TCT total condensed tannins
wC water content
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