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Abstract

Cadmium (Cd), one of the most toxic heavy metals added to soil after phosphate fertilizer treat-
ment, was investigated. The effects of this metal on morphological and physiological changes of
Lactuca sativa were studied in addition to its partitioning in different parts of the crop. In parallel,
Lactuca sativa was allowed to grow under hydroponic conditions with modifications of the Hoag-
land nutrient solution. This solution was submitted to five Cd concentrations, 0, 0.093, 0.186,
0.279 and 0.372 mg Cd/L and three P concentrations, 0, 299 and 1420 mg P/L. The study showed a
positive effect of phosphorus on root elongation, surface area while cadmium inhibited plant
growth and sometimes the death of the plants. Cadmium was found to be accumulated in roots
while zinc was preferably accumulated in the leaves and stems. The increase of performance of
Lactuca sativa under hydroponic condition and Hoagland contaminated solution with cadmium
was found to be better than the ones grown in Cd amended soil with or without phosphorus.
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1. Introduction

Cadmium (Cd) naturally occurs at trace levels in the environment but tends to accumulate abundantly in soils.
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Accumulation is due to agricultural practices such as the application of phosphate fertilizers, use of wastewater
for irrigation, and application of biosolids and composts from urban wastes [1]-[3]. It is considered as a poten-
tially phytotoxic element due to its high toxicity and solubility in water [4]. Most general symptoms of Cd toxic-
ity in plants are stunted growth, chlorosis, necrotic lesions, wilting and disturbances in mineral nutrition and
carbohydrate metabolism. It strongly reduces biomass production and even conducts to integral plant death
[4]-[6]. Cadmium has been shown to interfere with uptake, transport, and use of several nutrient elements and
water by plants. It can suppress iron uptake by plants, induces P deficiency and reduces manganese transport to
the plant [6]-[8]. It is readily absorbed by plant roots which are at the base of the food chain where it becomes
very toxic to both plants and animals [9] [10].

Among cultivated plant species, Lactuca sativa (lettuce) is a worldwide important crop and one of the most
consumed leafy vegetables in the human dietary [6] [11]. It is rich mainly in vitamins A and C and minerals
such as iron and phosphorus [12]. In 2010, the world production of lettuce was approximately 24 million metric
tons, with a cultivation area of 1 million hectares [13] [14]. This crop is known for its comparatively high accu-
mulation of cadmium in leaves [9]. In this perspective, Lactuca sativa species has been designated for studying
the impact of diets based on food crops cultivated on cadmium contaminated soils on human health [9]. It is
chosen as a monitoring tool for the evaluation of the environmental contamination of Ni and Cd especially that
EPA and the Organization for Economic Cooperation and Development have recommended this crop a key spe-
cie [14].

Nevertheless, since most of this crop is usually grown in greenhouses, with the application of special sub-
strates and fertilization practices including water reuse, it is associated with the risk of increasing heavy metals
concentration [6] [8]. Studies aiming to improve and understand cadmium toxicity in plant metabolism have
been done on hydroponic cultures due to their easiness and suitability [15]. Hydroponic culture was used also to
evaluate phytoextraction of cadmium and lead by sunflower, ricinus, alfalfa and mustard [16].

Hydroponics have several advantages including the possibility of using areas unsuitable for conventional
farming, such as arid and degraded soils, independence of the crop to weather conditions leading to its cultiva-
tion all over the year [17], and reduction in the use of labor-intensive activities such as weeding and soil prepa-
ration. This technique allowed a reduction in the plant cycle (45 - 60 days), leading to an anticipated harvest;
moreover, it enabled an active crop rotation, improved financial returns, and an efficient use of cultivation re-
sources specially water and nutrients, while maintaining great environmental benefit.

Hydroponic systems weren’t only associated to an increase in production yields, but also to a reduction in the
overall production costs by enabling better control and standardization of the production process [13] [17]. In
hydroponic crops, absorption is usually proportional to the concentration of nutrients in the solution near the
roots influenced by the salinity, oxygenation, temperature and pH of the nutrient solution [13]. In soil, cadmium
uptake is conditioned by its concentration in the soil and its bioavailability influenced by the presence of organic
matter and clay, pH, redox potential, temperature and concentrations of other elements [6].

In this context, lettuce has been selected due to several special features that aren’t restricted to its high accu-
mulation of cadmium in leaves, but also involving its capability of growing easily in hydroponic systems, which
permit the control of the tissue metal concentration [18]. Studies emphasized on the impact of cadmium on the
growth of lettuce plants, as well as on the absorption process of cadmium at the level of the roots, in addition to
the distribution of cadmium through different organs [9].

To grow, plants, in soil or in hydroponic culture, need micronutrients and macronutrients. In the hydroponic
culture, these nutrients were found in the Hoagland solution which was developed by D. R. Hoagland and D. I.
Arnon in 1933 and was appropriate for the growth of large variety of plant species.

In order to understand the fundamental processes happening during the experiments, morphological and phy-
siological characteristics, cadmium distribution in different parts of Lactuca sativa grown in hydroponic culture
were investigated under five Cd concentrations, 0, 0.093, 0.186, 0.279 and 0.372 mg Cd/L and three P concen-
trations, 0, 299 and 1420 mg P/L.

2. Experimental Section
2.1. Hydroponic Support Cylinders

Forty-five bins of 1150 mL volume each framed with black film were used for lettuces growth to prevent algal
growth. 90 identical disks from rigid Styrofoam sheets were cut and measured to fit into the opening of the bins;
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45 disks were made from 1 cm thick sheets and 45 from 2 cm. All disks were then perforated in two areas; one 2
cm hole in the middle of the disks and a 0.5 cm hole on a random area of the disk. Straws were pushed through
this second hole and reach the bottom of the bin to aerate the system. Every 1 cm thick disk was then glued to a
2 cm thick disk, with an inert 5 mm net in between them, using regular white adhesive. The inert film acted as
the support system for the lettuce plants, through which the roots of the plants pass to reach the nutrient solution
underneath. Finally, the bins were randomly placed in a greenhouse of controlled temperature between 20°C and
23°C as the ideal temperature for lettuce development is 23°C [12], exposed to sunlight and artificially lit with
numerous fluorescent lamps 24 hours a day, every day.

2.2. Lactuca sativa Plants and Growth Conditions

Forty five lettuce plants were grown on peat for 15 days; they were afterwards removed and rinsed by tap water
to remove all remaining peat particles off the roots. The fifteen-day-old plantlets were then transferred to hy-
droponic conditions, with 45 plantlets gown in 1150 mL of aerated nutrient solution. The nutrient solution or
Hoagland solution contained 6.0662 x 10° mg/L KNO3, 9.44 mg/L Ca(NOs),, 4.92 mg/L MgSO,, 2.86 x 10°
mg/L H3BOs, 1.18 x 10°° mg/L MnCl,-4H,0, 0.22 x 10 ® mg/L ZnSO47H,0, 0.08 x 10~* mg/L CuSO,-5H,0,
0.02 x 10> mg/L H,M00,-H,0, 2.61 x 10° mg/L EDTA, 1.9 x 10> mg/L KOH and 2.49 x 10° mg/L FeSO,7H,0.

To study the effect of cadmium and phosphorus on the plant morphology, accumulation and transfer of cad-
mium into the lettuces, different concentrations of cadmium prepared from CdCl,.H,0 (99.99 %; Sigma-Aldrich)
and phosphorus prepared from simple superphosphate fertilizer (18% P,Os) were added to the nutrient solution
to complete the volume of bins to 1.15 L as showed in Table 1. Each treatment was triplicated. Metals identified
in superphosphate fertilizer were very low; Pb, Cd, Zn and Cu were respectively 10 + 0.2; 5.1 £ 0.8; 92.26 + 12
and 6 + 0.5 mg/Kg of fertilizer which are very low contents considering the fertilizer added quantity.

The Hoagland solution without P and Cd were used as control samples. Nutrient solutions were changed twice a
week over the course of the entire experiment.

At the eighth week, the lettuces were harvested. Leafs numbers were counted, plants height, roots length, shoots
and roots fresh mass (FWs and FWg respectively) and fresh leaves surface areas were measured. After these
measurements, roots, stems and leaves were dried at 80°C for 48 hours in ventilated oven, and then dry mass of
each part was determined (DWg, DWs and DW__ for roots, stems and leaves dry weight respectively). Dry
weight of the areal part (DWAp) was also measured.

Table 1. Hydropomic treatments.

Element concentrations

Treatments
P,Os (mg/L) Cd (mg/L)

POCdO Cdo=0

POCd1 Cd1=0.093
P0Cd2 PO=0 Cd2 =0.186
POCd3 Cd3=0.279
POCd4 Cd4 =0.372
P1Cdo Cdo=0

P1Cd1 Cd1=0.093
P1Cd2 P1 =686 Cd2 =0.186
P1Cd3 Cd3=0.279
P1Cd4 Cd4 =0.372
p2Cdo Cdo=0

p2Cd1 Cd1=0.093
pP2Cd2 P2 = 3250 Cd2=0.186
P2Cd3 Cd3=0.279
P2Cd4 Cd4 =0.372
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The dried samples were homogenized by grinding using a stainless steel blender. A sample mass between 50
and 1000 mg of each plant parts were digested in 20 mL HNO; (14 M, Merck). Finally, cadmium in the leaves,
stems and roots of lettuces were analyzed using furnace atomic absorption spectrophotometer (AAS) (Rayleigh
WFX-210 AA spectrophometer).

All the data reported represent an average of three replicates with standard deviation. XLSTAT software
(Version 2014.5.03) was used to treat the data. One-way ANOVA was used to detect treatment effects, Dun-
can’s test was used to determine significant differences between treatment means and Principal Component
Analysis (PCA), Pearson (n — 1) type was used to detect the correlations between the parameters. All statistical
tests are used with an acceptable error margin of 5%.

3. Results and Discussion
3.1. Aerial Part of Lactuca sativa Grown under Cadmium Treatments

In order to analyze the effects of cadmium on lettuce growth, plants length and number of leaves were deter-
mined during the 8 weeks of culture in the hydroponic systems. Plants submitted to high cadmium concentration
or none P concentration were dead and some of its exhibited symptoms of necrosis (Figure 1).

Lettuces lengths increased by 45% between treatments with P and Cd (POCdO0) and treatments with P and
without Cd (P1Cd0, P2Cd0). This increase was only observed in treatments without Cd where the plants
lengths decreased with increasing Cd concentrations (Table 2). Cadmium displayed a negative effect on let-
tuces growth where cadmium inside plant tissues can inhibit the photosynthesis by inhibiting chlorophyll and
photosystem Il together responsible of the photochemical efficiency of the plants [9] [11].

Leaves number and surface area decreased in all the treatments in a non-significant way with cadmium in-
crease except in the treatments where P is at its highest concentration in the nutrient solution (P2) (Table 2).

Day 8 of culture

Day 42 Day 51 of culture: Necrosis

Figure 1. Evolution of the aerial part of Lactuca sativa.
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Table 2. Lettuces length, leaves numbers and surface area of lettuces under different treatments.

Parameters
Treatments
Length (cm) Leaves number Surface area (cm?)
Phosphate Cadmium
cdo 22 +38% 9 116 +42.2°
Cd1l 23+ 4.4* 9+0.9% 103 +1.9°
PO Cd2 22 +2.3® 10 +0.5® 109 + 14.3°
Cd3 24 +0.2°%° 9+05% 48 £ 5°
Cd4 20+15° 8 57 £8.1°
cdo 40£5.1° 13£2.2° 532 £ 99.4°
Cd1 36 + 3.4% 11+1® 412 +98.2"
P1 Cd2 30 + 5.5 1141 244 +113.7°
Cd3 33+0.1% 12+0.5% 204 £ 41®
Cd4 27 +1.2°%° 9£05® 145 £17.4°
cdo 40£0.1° 20£25° 986 + 131.7"
Cd1 30 £3.1% 20£35° 976 + 152.2"
P2 Cd2 28 + 0.2 13+£15% 303 + 2.5
Cd3 26 +1.2%° 12+£15% 227 +61.5®
Cd4 28 +1.1% 12+15% 230 £ 29.2®

Means within columns followed by the same letters do not differ significantly according to Duncan’s multiple range test (« = 0.05).

Increased leaves number and surface area were observed when P concentration was increased. For example,
leaves number reached an augmentation of 45% between P1Cd1 and P2Cd1, the surface area increased by 78%
and 88% between P0O-Pland PO-P2 respectively and the lowest leaves number and surface area occurred in PO
due to the stress effect of the lettuces resulted from the absence of an important macro element (Table 2). At
high cadmium level (Cd2 to Cd4), this metal had decreased lettuces productivity but at lower level (POCdO and
POCd1) where cadmium had stimulated productivity. For the leaves surface area, the phosphorus level played an
important role. At low P concentration and in increasing Cd levels in the nutrient solution, leaf area decreased
by 54%, 61% and 73% when comparing P1Cd2, P1Cd3 and P1Cd4 to P1CdO respectively. At higher P treat-
ment (P2), a significant decrease by 73% of surface area was observed between P2Cd0 or P2Cd1 and P2Cd2,
P2Cd3 and P2Cd4. Therefore, the positive effect of phosphorus and the negative effect of Cd were both ob-
served on the leaves number and the surface area in the treatments. The same negative effect of cadmium on the
leaves surface area was shown on peas cultivated for 15 days with a 2.7-fold reduction in dry weight and surface
area in comparison with peas cultivated without cadmium [5].

Fresh weights of stem (FWs) and leaves (FW,) were related to the number of leaves and the surface area
(Table 3). Moreover, fresh weights of these aerial parts had a similar trend as leaves number and surface area in
absence of phosphorus. They decreased in a non-significant way when increasing the cadmium level from 0 to
0.372 mg/L (CdO to Cd4) due to the stress in absence of phosphorus. Phosphorus enhanced FWs and FW, but
these weights decreased in two ways when cadmium increased. FWs increased by 72% and 82% between P0-P1
and P0-P2 respectively and FW/ increased by 82% and 92% in the same treatments without cadmium. A de-
crease by 30% and 18% was observed in FWs and FW__ respectively when Cd level was 0.093 mg/L and reached
its highest level (82%) at Cd content equal to 0.372 mg/L (Figure 2).

Cadmium has been shown to interfere with the uptake and the transport of several elements since Cd?*
absorption occurs via the same transmembrane carriers used to uptake Ca*", Fe?*, Cu®* et Mg?* leading to a
disturbing of the growth of lettuces and decreasing in fresh weights [6] [7]. The weak decreases in FWs and
FW__can be explained by the stimulatory effects of small amount of Cd. The Cd stimulation on plant growth was
observed in hydroponic experiments with rice, soybean and sorghum and is related to the disruption in the ho-

meostasis of the plants [10].
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Table 3. Matrix of Pearson correlation (n — 1) for physiological and morphological parameters of the lettuces aerial part.

Variables Leaves number Surface area FW. FWs DWs DW, DW ap
Leaves number 1
Surface area 0.9502 1
FW, 0.8773 0.9561 1
FWs 0.9063 0.9607 0.9490 1
DWs 0.9150 0.9268 0.8863 0.9252 1
DW, 0.9147 0.9530 0.8822 0.9094 0.8840 1
DWap 0.9184 0.9634 0.9334 0.9332 0.9046 0.9757 1

35 - (b)

Treatments Treatments

Figure 2. Fresh weight in (g) of (a) stems and (b) leaves of lettuces as function of P and Cd.

In addition to the cadmium inhibition effects on the FWg and FW,, stems dry weight (DWs) and leaves dry
weight (DW,) exposed to medium concentrations of Cd had a similar behavior as FWs and FW__ due to the in-
terference of Cd with the nutrients. In fact, when phosphorus was increased from PO to P1 to P2, DWs and DW,
increased together but they decreased in a non-significant way when Cd was added. The increase of dry weights
was less than the fresh weight for the stems and leaves. It reached 50% and 67% for DWSs, 73% and 81% for
DW, in P1CdO and P2Cd0 compared to POCdO respectively (Table 4). However, in a previous study, DW, de-
crease with cadmium concentration was also observed in Brassica juncea in hydroponic culture when cadmium
was applied between 9 and 30 mg/L [10].

The dry weight of the aerial part of lettuces DW 4 p was positively correlated to fresh and dry weight of stems
and leaves (Table 3). DW,p increased by 58% and 52% when P level was 686 and 3250 mg/L compared to the
treatment in absence of phosphorus and cadmium. A decrease by 48% and 65% occurs between the two couples
P1Cd0/P1Cd2 and P2Cd0/P2Cd2 respectively. However, for cadmium concentrations beyond 0.186 mg/L and in
presence of phosphorus, DWp values were stable while no effect of P or Cd was identified, revealing the for-
mation of Cd-P complex that inhibited cadmium effect.

3.2. Root Part of Lactuca sativa Grown under Cadmium Treatments

Root length of lettuces in treatments PO didn’t show any changes when cadmium was added. The presence of
100 uM Cd didn’t affect root length of lettuces after 7 days of culture in Hoagland’s medium enriched with
Cd(NOs), [11]. When phosphorus was added at 686 mg/L level, root length was inhibited only when cadmium
was at its highest level (0.372 mg/L) and this behavior was not observed when P2 was applied enhancing the
hypothesis of Cd-P complex formation in roots that inhibits cadmium absorption [4] (Table 5). Although in
non-significant way, root length was increased when P was added as it is a limiting factor for plant and root
growth. The reduction in root growth is due to low P-induced that inhibits cell division in the root meristem and

changes of the root system architecture [19].
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Table 4. Dry weights of the stems and leaves and fresh weight of the aerial parts of the lettuces in the different treatments.

Treatments

Phosphate Cadmium
Cdo
Cd1
PO Cd2
Cd3
Cd4
Cdo
Cd1
P1 Cd2
Cd3
Cd4
Cdo
Cd1
P2 Cd2
Cd3
Cd4

DWs (9)

0.142 +0.08°
0.164 + 0.05®
0.075+ 0.003°
0.063 +0.01°
0.027 +0.01°
0.286 + 0.01°
0.137 £ 0.05°
0.096 + 0.03°
0.092 +0.01°
0.078 £ 0.03°
0.426 +0.12°
0.469 + 0.08°
0.172 £ 0.01®
0.104 £ 0.03°
0.096 + 0.02°

Parameters

DW. (9)

0.51+0.07°
0.46 + 0.07°
0.53+0.1°
0.43 £0.03°
0.42 +0.03°
1.39+0.13
1+0.04®
0.68 +0.03°
0.64 + 0.04°
0.55 +0.08°
277+02°
2.67£0.73°
0.81+0.14®
0.73 +0.09®
0.7+0.2°

DWar (9)

0.647 £ 0.16™
0.509 +0.1*
0.695 + 0.15®
0.374+0.14°
0.419 +£0.1°
1.528 +0.24°
1.135 + 0.09"
0.789 + 0.05%
0.743 £ 0.03®
0.648 +0.12%
3.192 + 0.08°
3.161 + 0.66°
1.112 £ 0.07™
0.764 + 0.05®
0.793 £0.21®

Means within columns followed by the same letters do not differ significantly according to Duncan’s multiple range test (a = 0.05).

Table 5. Root length, fresh and dry weights of roots of the lettuces.

Parameters
Treatments
Root length (cm) FWk () DWk (9)
Phosphate Cadmium
cdo 16 + 4,1 1.34 £ 0.5 0.156 + 0.0045"
Cd1l 17 + 0.4% 1.3+0.3*" 0.157 + 0.0029"
PO Cd2 14 + 1,2% 1.2 £0.4% 0.159 + 0.0087"
Cd3 14 + 2.5%° 0.38 £ 0.08" 0.048 +0.0079*
Cd4 13+0.6® 0.63+0.2° 0.052 +0.0136°
cdo 18 +£0.9% 2.72+0.3¢ 0.136 + 0.0165®
Cd1l 18+0.8* 2.56 + 0.5 0.134 +£0.0187*
P1 Cd2 16 + 1.4% 1.54 + 0.1 0.088 + 0.0048*
Cd3 15 + 0.4% 1.23 £0.1* 0.081 +0.0014*
Cd4 13+2.5° 1.04 £0.3%® 0.063 + 0.0188*
cdo 18 +0.6™ 514 +1° 0.246 + 0.0656™
Cd1l 19+ 0.6 53£0.7° 0.303 + 0.0784"
P2 Cd2 17 £ 0.7% 2.25 % 0.6™ 0.1 +0.0055%
Cd3 17 + 1% 1.71 £ 0.2% 0.107 + 0.009®
Cd4 17 + 0.2 1.29 + 0.26™" 0.097 £ 0.0297*

Means within columns followed by the same letters do not differ significantly according to Duncan’s multiple range test (« = 0.05).
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Unlike the root length, the fresh weight of roots (FWg) decreased when phosphorus was absent and when
cadmium was increased in the nutrient solution. FWg increased when phosphorus increased. It increased by 67%
and 80% in P1 and P2 respectively compared to PO. Under the same phosphorus concentration, FWg decreased
by an average of 64% in P1Cd4 and P2Cd2 compared to P1Cd0 and P2CdO respectively. At high P level (P2),
FWg wasn’t affected by Cd when its concentration was above 0.186 mg/L (Table 5).

The same behavior was observed for the dry weight of the roots (DWg) with an exception of a 70 % reduction
in DWR when lettuces were grown in treatment without phosphorus and under high concentration levels of cad-
mium (Cd3 and Cd4). Root length, FWg and DWg were found positively correlated but in moderate way (0.4 -
0.6). Thus it can be due to an increase of the density of the lateral roots and reduction of the primary root length
in response to low P availability and cadmium presence. Previous studies reported that low P level induce the
increase of lateral root number and density over primary root growth [19] [20].

3.3. Cadmium Transfer to Lactuca sativa

Most of the cadmium was accumulated in lettuces roots when the concentration of this heavy metal was greater
than 0.186 mg/L and in absence of phosphorus. When phosphorus level and cadmium was increased together in
the nutrient solution till 299 mg P/L (P1) and 0.093 mg Cd/L, cadmium level found in the roots was increased
and the one in the aerial part was diminished (Figure 3). Cadmium in aerial part and roots was increased in the
treatment P2Cd0 compared to POCdO.

In fact, phosphorus had a role in developing the root system. Hence it is not surprising to find that cadmium
absorption is more important in presence of phosphorus than in its absence, but the absorption varies with the
cadmium availability to plants. The quantity transferred to the stems and leaves was almost the same in all the
treatments. Accordingly, the partition of the cadmium in different lettuces parts could be a useful strategy to
avoid toxicity in aerial parts.

Iron found in lettuces roots was more abundant than in aerial parts. Its absorption decreased when phosphorus
was added no matter the cadmium concentration present in the nutrient solution. However, Zinc had a different
behavior. Zn was accumulated in the leaves then in roots and the smallest amount of zinc was found in the stems
(Table 6).

It is known in the literature than cadmium absorption is influenced by the presence of zinc since they belong
to the same group in the periodic table and have a similar nuclear structure and ionic radius [21] [22]. In this
study, Zn was found inversely proportional to Cd and in the tissues where cadmium was present in large quantities,
Zn was very low and vice-versa, thus a competition between those elements [21] [23] [24]. In fact, an antagonis-
tic interaction for Cd and Zn uptake and translocations by plants was demonstrated by several authors [25] [26].
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50 4
o ab ab
M a be
0
g 40 4 cd
a
B b
g 304 b bed | be of b dde b
= c
§ fg od f ef de
20 - fg
g de de
54 e
=) g
Y10
f f
h h
0
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Figure 3. Cadmium levels in aerial and root parts of lettuces in all treatments.
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Table 6. Iron and zinc concentrations in the different parts of the lettuces.

Elements
Phosphate levels Fe (mg/g) Zn (mg/qg)
Aerial parts Roots Leaves Stems Roots
PO 299.8 £52 3364 + 231 592 + 39 23%9 38+15
P1 7047 1606 + 185 478 £ 42 162 53+5.6
P2 49575 950 + 147 435 £ 56 19+1.1 66 +4

4. Conclusions

Phosphate fertilizer was found to increase leaves number, surface area, root elongation and fresh and dry weight
of stems and leaves. Phosphorus had an important role in developing the root system. However, cadmium in-
duced opposite effects on the plants when present in the nutrient solution; it conducted the death and the necro-
sis of some lettuces plants. On the other hand, cadmium had decreased fresh and dry weights of stems and leaves,
root length and fresh and dry weight of roots. In highly cadmium contaminated nutrient solution, roots of Lac-
tuca sativa absorbed the cadmium that was transferred to the aerial lettuces parts. Absorption of Cd was influ-
enced by the presence of Zn in the nutrient solution that was accumulated in the stems and leaves of the plants
while Fe and Cd were accumulated in the roots. With increasing Cd concentration in the Hoagland solution and
at high P level, the absorption and transfer of cadmium increased for both in the roots and the aerial parts.

Despite the easiness and rapidity of crop growth in hydroponic culture, this system may become a potential
source of bioavailable cadmium that is absorbed by lettuces and transferred to roots and aerial parts conducting
at least to deep morphological changes. The sufficient presence of phosphorus in nutrient media may inhibit
cadmium or iron absorption by the plants. Therefore, a particular attention must be done when Cd enriched
phosphate fertilizers are used in hydroponic culture cycles.
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