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Abstract Accumulation of metals in cultivated crops is
considered one of the primary constraints to irrigated
agriculture. A greenhouse pot experiment was carried
out to study the effects of irrigation with elevated cad-
mium (Cd) and a combination of cadmium and zinc
(Zn) levels on Cd uptake, translocation, and productivity
of tomato (Solanum lycopersicum) plants. Tomato seed-
lings were grown in 3-kg pots irrigated for three months
until maturity. Treatments were as follows: pots irrigated
with fresh water containing Cd concentrations (0, 0.01,
0.04,0.16, 0.64, 2.54 mg L"), and pots irrigated with a
combination of Cd+Zn concentrations (0+0, 0.01+2,
0.04+8,0.16+32,0.64+128, and 2.56+256 mg L™ ).
Cadmium and Zn concentration in soil and plant parts
(root, shoot, and fruit) increased with increasing metal
dose in irrigation water. Results also showed that Cd
accumulation in the fruit was much lower than in the
shoot indicating lower Cd transfer from soil to the fruit.
Tomato biomass was not affected by treatments even at
the highest metal dose. The uptake of Cd in tomato fruit
ranged from 0.5 to 2.0 and from 0.3 to 1 mg kg ', in
single and combination treatments, respectively. Cadmi-
um in fruit exceeded the permissible limit at 0.04 and
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0.16+32 mg L ™" in Cd and Cd+Zn treatments, respec-
tively. Therefore these levels could be considered as a
threshold for tomato cultivation in clayey soil.
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1 Introduction

Agricultural crops face biotic and abiotic stresses which
limit crop production. Heavy metals induce abiotic stress
to crops and adversely affect their production through
interfering with a number of metabolic processes. More-
over, these metals can contaminate both soil and water
mainly through industrial processes and application of
fertilizers (Waisberg et al. 2003). If these metals present
in irrigation water, even at low levels, they gradually
accumulate in soil and in plants to levels that could pose
health risks to humans and to animals (Devi et al. 1996;
Waisberg et al. 2003; Sinha et al. 2006).

Cadmium (Cd) and zinc (Zn) are among the most
risky elements that could contaminate soils and irriga-
tion waters (Baker 1981). Cadmium is very toxic heavy
metal, non-essential for plant growth, and it interferes
with a number of metabolic processes (Adriano 1986).
On the other hand, Zn is an essential micronutrient for
plant growth and enzymatic functioning (Cherif et al.
2011). Cd is often associated with Zn in the environ-
ment; and this may result in various synergistic and/or
antagonistic interactions in plants (Wu and Zhang 2002;
Balen et al. 2011).
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Accumulation of Cd and Zn in soil and plant is
influenced by plant species and cultivar, Cd/Zn ratio,
soil Cd and Zn phytoavailability, soil pH, soil sorption
surfaces including organic matter, chloride concentra-
tion, nitrogen and phosphorus levels, and crop rotation
(Yang et al. 2001; Peralta-Videa et al. 2002; Shang and
Leung 2003; Liu et al. 2007). Cadmium to Zn ratio plays
a major role in Cd toxicity in plants since both metals
may compete for the binding sites in proteins (Cakmak
et al. 2000). Chaney et al. (1999) reported that Cd/Zn
ratio has a strong effect on Cd uptake in lettuce shoots.

Moreover, Zn supplement is reported to reduce Cd
uptake (Hart et al. 2002), Hassan et al. 2005 attributed
this decrease to possible competition between Cd and
Zn for uptake, which suggests that higher Zn
concentrations were synergistic to Cd uptake. On the
other hand, Nan et al. (2002) observed no antagonistic
Cd+Zn interaction at uptake level.

The efficiency of different plants in absorbing metals
is generally evaluated by either plant uptake or by soil—
plant transfer factors (TF). The TF is defined as the ratio
of metal concentration in the edible parts to the total
metal concentration in soil (Alloway et al. 1990). The
transfer of Cd and Zn is different, since Zn is essential
for plant growth, mobile and highly bioavailable
whereas Cd is toxic to plants. Cadmium has lower TF
compared to Zn and varies according to plant species.
Streit and Stumm (1993) explained the higher transfer
ratio of Zn compared to Cd to its higher bioavailability.

Tomato (Solanum lycopersicum), one of the healthi-
est vegetable crops due to high content of lycopene and
other health promoting natural compounds, is consid-
ered a major and traditional constituent of diet in the
Middle East. In Jordan for example, average production
of tomato is 50 metric tons ha ' and 25 % of the total
production is produced in greenhouses. Exposure of
tomatoes to Cd and Zn in irrigation water has been
prevalent in recent years, and effluents of multiple in-
dustrial sources were reported to contain these two
metals. The knowledge of the threshold concentration
of Cd in irrigation water that results in accumulation of
Cd in tomato fruits and shoots to unsafe concentrations
for human health and animal consumption (fodder) is a
concern that should be addressed.

The Zarqa River Basin, an important economical and
agricultural area, located in the central north part of
Jordan and covering an area of 3,567 krnz, is cultivated
with many crops. Some of these crops are being illegally
irrigated with river water where unreported incidents of

@ Springer

toxic waste from industrial sources being illegally
dumped into the river consequently metal levels in soils
and cultivated crops are expected to increase to levels
that might pose health hazards to humans and animals
feeding on fodder crops.

Therefore, the main objectives of this study were: (1)
to study the response/productivity of tomato to irrigation
water containing elevated concentrations of Cd only
(single treatments) and a combinations of Cd +Zn (com-
bination treatments), (2) to determine Cd uptake and
transfer in tomato parts, and (3) to study the threshold
level of Cd and Cd+ Zn in irrigation water which causes
accumulation of Cd in tomato fruits and shoots grown in
clayey soils to unsafe levels for human and animal
consumption.

2 Materials and Methods

2.1 Soil Sample Collection and Physicochemical
Characterization

Composite soil sample was collected from the surface
(020 cm) of an agricultural field (elevation 130 m)
along Zarqa River (about 25 km north of Amman).
The area is cultivated with vegetable crops, and some
parts are being irrigated infrequently from Zarqa River.

The soil sample was air dried, sieved through 2-mm
sieve and stored for further analysis. Soil electrical
conductivity (EC) and pH were determined in saturated
paste extract using Beckman Coulter 650 pH-salinity
meter following the methods by Rhoades (1996) and
Thomas (1996), respectively. Calcium carbonate
(CaCOj3) was determined by the method described by
Loeppert and Suarez (1996). Cation exchange capacity
(CEC) was determined by method described by Sumner
and Miller (1996). Organic carbon content (OC) was
determined by Walkley-Black method (dichromate oxi-
dation) as described by Nelson and Sommers (1996).
Soil texture was determined by the hydrometer method
(Gee and Or 2002), and total metal content (Cd, Zn, Cu,
Pb, and Cr) were measured after acid digestion with
HNO; using inductively coupled plasma (ICP-AES).
Soil physicochemical properties are shown in (Table 1).

2.2 Trrigation Water

Irrigation water was obtained from a groundwater well
located in Jordan University of Science and Technology
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Table 1 Physicochemical properties of original soil used in pot
experiment

Parameter Value
pH 8.1
EC (dSm ") 0.5
0C (%) 0.2
CaCOs (%) 31.6
CEC (cmolgy kg ") 30.0
Sand (%) 10.0
Silt (%) 24.0
Clay (%) 66.0

Heavy metals (mg kg™
Cd 2.40
Zn 99.0
Cu 0.27
Pb 0.08
Cr 0.58
Ni 0.54

(JUST) campus. Irrigation water characterized accord-
ing the standard methods of water analysis. The pH and
EC of water sample was analyzed using Beckman Coul-
ter 650 pH-salinity meter. Magnesium (Mg>") and cal-
cium (Ca*") were measured by the EDTA method,
sodium (Na") and potassium (K") were measured by
flame photometer (Jenway Clinical PFP7), chloride
(CI') and sulphate (SO4>") concentrations were mea-
sured by Dionex DX-120 ion chromatograph, and metal
concentrations (Cd, Zn, Cu, Pb, and Cr) were measured
using inductively coupled plasma (ICP-AES). All re-
sults are shown in (Table 2).

2.3 Pot Experiment

A greenhouse pot experiment was carried out by plant-
ing tomato seedlings (Solanum lycopersicum) var. GS12
in 3-kg plastic pots. Plants were grown in a clayey soil
for 90 days. Pots were arranged in a complete random-
ized design with three replicates. Treatments were di-
vided into (1) control; (2) pots irrigated with the follow-
ing single Cd levels: 0.01, 0.04, 0.16, 0.64, and
2.56 mg L', in the remainder of this paper, these
treatments are referred to as: SL1, SL2, SL3, SL4, and
SLS5; and (3) pots irrigated with a combination of Cd+
Zn levels: 0.01+2, 0.04+8, 0.16+32, 0.64+ 128, and
2.56+256 mg L, in the remainder of this paper, these

Table 2 Chemical

characteristics of Parameter Value
irrigation water without
metal additions pH 74
EC (dSm™") 0.6
SAR 0.7
Cations (mg L")
Na" 229
Ca** 25.1
Mg** 30.8
K" 3.5
Anions (mg L
Cl 51.3
TIC 10
S0 20.2
Metals (mg L")
Cd <0.0003
Zn 0.02
Cu 0.010
SAR sodium adsorption Pb <0.0003
ratio, 7/C total inorganic Cr <0.0024

carbon

treatments are referred to as: CL1, CL2, CL3, CL4, and
CLS5. Metal levels in irrigation water prior to spiking
were <0.0003 Cd and 0.02 Zn mg L™ (Table 2). Metal
levels in irrigation water were chosen to represent a
wide range of Cd and Zn that could be found in river
water as affected by increased pollution incidents from
the surrounding factories. The lowest Cd and Zn con-
centrations used in the experiment in CL1 correspond to
the recommended maximum concentrations of metals in
irrigation water suggested by Ayers and Westcot (1985).
Other levels were chosen to represent a wide range of
increased metal concentrations by a factor of 4, except
for the highest Zn level (256 mg L"), which represents
a worst case scenario for metal level in irrigation water.

Prior to irrigation, water was spiked with required
volume of Cd and Cd+Zn solutions; the volume re-
quired for each level was pipetted into a glass beaker
and made up by required volume of irrigation water to
provide the desired metal level. Each week, Cd and Zn
stock solutions were prepared using reagent grade cad-
mium nitrate tetrahydrate (Cd(NO3),.4H,0) and zinc
nitrate hexahydrate (Zn(NOs3),.6H,0) reagent grade
chemicals (Sigma-Aldrich). Irrigation was performed
twice a week and the applied water amount was deter-
mined from the weight loss of fiverepresentative pots.
The total amount of irrigation water varied according to
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growth stage ranging from 100 to 300 mm in each
irrigation event and totaling 7.5 L pot '. The tempera-
ture in the greenhouse was held at approximately 25 °C
and 65 % relative humidity.

The general design of the experiment closely
mimics the general irrigation practices of farmers
in that area, where increased levels of metals are
expected to contaminate both irrigated soil and
cultivated crops.

2.4 Chemical Analysis of Plant Tissue and Soil

Tomato plants were harvested after 3 months and sepa-
rated into roots, shoots, and fruits. Tomato fruits were
hand harvested at vine-ripened stage, cut into two
halves, placed face up in aluminum cans and oven dried
for four days at 70 ° C. Plant roots were carefully taken
out from pots and rinsed with distilled water. Tomato
roots and shoots were placed in paper bags, oven dried
for 2 days at 70 ° C, ground to <0.25 mm using a
rotating plant mill (ZM 100, Retsch, Titanium ring
sieve) and stored in paper bags for metal analysis. After
roots were taken out, soils were air dried, sieved through
a2-mm sieve, oven dried for 24 h at 105 ° C, and ground
with an agate ball mill (Fritsch pulverisette 7 premium)
to <0.25 mm.

To avoid cross contamination, soil and plant grinding
was done separately in ascending order of concentra-
tion. The ball mill was cleaned after each grinding step
with clean quartz sand, while the plant mill was brushed
and cleaned with pressurized air. The finely ground
materials (250 mg) were weighed into digestion tubes,
10 mL of concentrated nitric acid were added, covered,
and left to digest overnight. In the next day, the tubes
were digested at 180 °C using microwave pressure
method (Mars Xpress, CEM GmbH, Kamp-Lintfort,
Germany), filtered through acid washed filter paper no.
640, and transferred into 50-mL polyethylene bottle for
metal analysis (Chander et al. 2008). Total Cd and Zn
concentrations of soil and plant materials were analyzed
using ICP-AES (Ciros, Spectro Analytical Instruments
GmbH, Kleve, Germany).

2.5 Estimation of Transfer Factors (TF) and Transfer
Ratios (TR)

The TF describes the amount of an element ex-
pected to enter a plant from soil (Sheppard and
Sheppard 1985). The TF values were determined
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for: soil-root, soil-shoot, and soil-fruit. The TF
from soil to tomato parts was calculated as follows:

Cp lant part
Csoil

TF =

Where Cpjant part 18 Cd concentration (in milligram per
kilogram) in plant tissue (e.g. root, shoot, and fruit), and
Csoit 18 Cd concentration (in milligram per kilogram) in soil.

The distribution of Cd between plant parts was also
represented by the transfer ratio (TR). The TR is defined
as the ratio of metal concentration (in milligram per
kilogram) in upper plant part (e.g., shoot and fruits) to
the metal concentration in lower plant part (e.g., root).

CU er plant part
TR = pper p p
CLower plant part

Where Cuypper plant part 1 the concentration of Cd (in
milligram per kilogram) in plant tissue (e.g. shoot, and
fruit), and Ciower plant part 1S the concentration of Cd (in
milligram per kilogram) in respective lower plant parts.
Three TRs were calculated, root—shoot, root—fruit, and
shoot—fruit.

2.6 Statistical Analysis

Significance was tested using two-way ANOVA be-
tween treatments with subsequent mean separation by
student’s LSD test using statistical package SigmaPlot
12.3. Probability was used to indicate significant treat-
ments and interaction effects, means were separated
according to the Fisher’s Least Significant Difference
(LSD) at 0.05 probability level.

3 Results and Discussion
3.1 Soil and Water Characterization

The used soil has medium alkaline (pH= 8.15) reaction
with low EC level of 0.5 dS m™'. The soil has clayey
texture (66 % clay), CEC of 30 cmol(ﬂkg*l, 0.2 %
organic carbon (OC), 31.6 % CaCOs;, Cu, Pb, Cr, and
Ni<1mgL™,Cdand Zn 2.4 and 99.0 mg kg ', respec-
tively (Table 1). Clayey soils are commonly found in
studied area and their utilization for pot trials can be
considered a case study due to their expected high metal
sorption capacity. Cd and Zn concentrations in the orig-
inal soil fall within the European maximum allowable
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limits for Cd (5 mg kg ') and Zn (300 mg kg ')
(Kabata-Pendias and Mukherjee 2007).

Irrigation water has low salinity level with an EC of
0.6 dSm " and low SAR of 0.7. Water chemical analysis
was determined as follows: 22.9 Na*, 25.1 Ca®", Mg**
25.1,3.5K",51.3CI", 10 HCO5 , and 20 SO,* mg L.
Metal concentrations in irrigation water (Table 2) prior to
metal additions (control) fall below the FAO recommend-
ed maximum concentrations limits for Cd (0.01 mg L ™)
and Zn (2 mg L") (Ayers and Westcot 1985).

3.2 Cadmium Concentrations in Soils After Harvest

Cadmium in soils increased with the increase in metal
levels in irrigation water. Treatments, metal levels, and
their interaction significantly affected soil Cd concen-
trations (P<0.05). Soil Cd in CL3-CL5 were signifi-
cantly increased compared to SL3—SL5 treatments. For
example, soil Cd in CL4 and CL5 was increased by 23
and 26 % compared to SL4 and SL5 treatments, respec-
tively (Table 3). Metal levels in all treated soils (Except
for CL4 and CL5) fall below the European maximum
allowable limits for Cd and Zn (Kabata-Pendias and
Mukherjee 2007).

3.3 Metal Concentration in Tomato Shoots and Roots

Shoot Cd increased significantly with increasing metal
level in irrigation water (Table 3). Treatments, metal
level, and their interaction significantly affected shoot
Cd concentrations (P <0.05). Shoot Cd in CL3 and CL4
was decreased by 36 and 52 % compared to SL3 and
SL4 treatments, respectively. The decrease may be
attributed to the presence of Zn which reduced Cd
uptake in combination treatments. These results are in
agreement with Mohammad and Moheman (2010) who
reported that increased zinc application significantly
reduced Cd accumulations in all parts of tomato plants.

However, In L5 treatments (the extreme case), shoot
Cd in CLS was significantly higher than SLStreatment.
As shown in Table 3, shoot Zn in CL5 was
1845.8 mg kg ' compared to 33.9 mg kg™' in SL5.
Higher Cd in combination treatment could be attributed
to Zn toxicity which could result in breakdown of the
defense mechanism that allowed higher shoot Cd accu-
mulation. These results are in agreement with Takijima
and Katsumi (1973) and Simmons et al. (2003) who
showed that extremely high Zn levels increased Cd levels
in rice leaves, however rice grain Zn was not increased.

It is worthy to note that tomato shoots are commonly
cut and used for animal feed in Jordan. It was observed
that shoot Cd concentrations in SL1-SL3, and CL1-CL3
treatments were lower than the FAO/WHO (2001) per-
missible limits for fodder crops (Cd: <1.0 mg kg ' fresh
weight (FW), equivalent to <6.7-8.3 mg kg ' dry weight
(DW) at 85-88 % water content). For Zn, no regulatory
limits exist, however the observed Zn concentrations of
200-500 mg kg ' are of no concern in animal feed
(Begerow et al. 2008).

For roots, Cd concentration increased significantly
with increasing metal levels (P <0.05) in irrigation water,
however no significant differences were observed be-
tween metal levels in single and combination treatments.
A similar finding was reported by Mohammad and
Moheman (2010) where Cd uptake in roots was higher,
but not significant, in single treatments compared to
combination treatments. Apparently, the presence of Zn
in combination treatments reduced root Cd, however Cd
translocation to the shoots was higher than root uptake
itself. These results are contradictory to the results obtain-
ed by McKenna et al. (1993)) who reported that Zn
inhibits Cd uptake by roots and its transport to shoots.

Comparing shoot to root uptake, the following was
observed: Shoot contained higher Cd than root in L3-L5
in both treatments. However, the percentage of increase
(between shoot to root) was higher in single compared
to combination treatments. For example, shoot Cd was
130 and 42 % higher than root Cd in SL3 and CL3,
respectively. At the lower levels, the opposite was ob-
served only in single treatments, where shoot Cd was
37 % lower than root Cd in both SL1 and SL2 treat-
ments. This could be attributed to the following: at the
lower metal levels in both treatments, roots may have
effective protection mechanisms that reduce metal up-
take. This may be supported by the presence of certain
cations, such as iron (Fe) or magnesium (Mg). At high
metal concentrations, these protective mechanisms can
break down due to direct toxic effect of Zn or due to
insufficient concentrations of competing cations such as
Fe or Mg (Marschner 1995).

3.4 Metal Concentration in Tomato Fruits

Metal concentrations in tomato fruit increased signifi-
cantly (P<0.05) with metal level in irrigation water
(Table 3). Combination treatments significantly reduced
fruit Cd compared to single ones. Fruit accumulated
lower Cd than shoot and root. Both treatments showed
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Table 3 Effects of treatments in irrigation water on Cd and Zn concentration (in milligram per kilogram) of soils and tomato parts (root,

shoot, and fruit)

Treatment Soil Root Shoot Fruit
Cd (mg kg™")
Control 251+026 ¢ 1.41+£0.37 ¢ 095+025 ¢ 0.31+£0.08 d
Single SL1 (Cd0.01) 2.72+0.14 g 1.60£0.19 ¢ 098+0.14 g 0.46+0.07d
SL2 (Cd0.04) 2.73+0.13 g 224+0.80 ¢ 143+£0.70 g 1.56+1.17 be
SL3 (Cdo0.16) 3.03+0.17 fg 329+042¢ 731+1.74¢ 1.69+0.29 be
SL4 (Cd0.64) 5.03+0.20d 7.69+0.34b 17.62+2.07 ¢ 1.97+0.47 ab
SL5 (Cd2.56) 13.28+1.22b 27.01+9.60 a 33.44+1.14b 238+029a
Combination CL1 (Cd+Zn0.01+2) 3.02+031 ¢g 1.44+0.19 ¢ 1.47+£0.26 g 0.32+0.05d
CL2 (Cd+Zn0.04+8) 3224022 g 1.93+£0.13 ¢ 2.74+0.97 fg 0.44+0.09 d
CL3 (Cd+Zn0.16+32) 4.07+0.30¢ 2.77+0.71 bc 4.65+0.28 f 0.79+0.11d
CL4 (Cd+Zn0.64+128) 6.18+0.31 ¢ 591+040b 838+240d 097+0.13d
CL5 (Cd+Zn2.56+256) 18.02+2.08 a 28.60+12.32a 36.44+724 a 2.03+032a
LSD 05 0. 844 3.70 2.76 0.462
Zn (mg kg )
Control 74.1+1.0d 46.6+33 ¢ 38.18+6.0 ¢ 20.0+£6.5¢
Single SL1 (Cdo.01) 76.7+£2.7d 456+72¢ 25.7+52¢ 23.6+0.6¢
SL2 (Cd0.04) 67.2+13d 50.0+9.8d 223+42¢ 21.5+33¢
SL3 (Cd0.16) 74.5+£3.7d 379+6.0¢ 442+33.1¢ 239+29¢
SL4 (Cd0.64) 69.7+£22d 553+18.5d 36.1+13.2¢ 139+19¢
SL5 (Cd2.56) 83.5+5.1d 513+5.1e 33.9+6.1¢ 16.7+5.7 ¢
Combination CL1 (Cd+Zn0.01+2) 82.9+4.5d 76.3+9.9 de 96.7+8.2 be 264+22¢
CL2 (Cd+Zn0.04+8) 1155+7.7 cd 113.5+8.5d 140.0+£9.5 be 23.1+19¢
CL3 (Cd+Zn0.16+32) 181.8+29.4 ¢ 186.0+49.2 ¢ 236.3+22.0b 37.5+89b
CL4 (Cd+Zn0.64+128) 586.8+32.0b 562.6+93.9b 529.0+198.9 a 48.0+10.1 a
CL5 (Cd+Zn2.56+256) 1539.0+108.7 a 19442+2158 a 1845.8+68.2 a 45.1+62a
LSD g5 69.5 64.5 142.6 7.5

Mean values =+ standard deviation were calculated for n=3

significantly higher fruit Cd in LS than all other treat-
ments (except for SL4). This could be attributed to metal
toxicity which resulted in breaking down of the transfer
mechanism at the highest metal levels as discussed
earlier in the previous section (Marschner 1995).

Except for the control and SL1 treatment, which
represents the maximum allowable Cd in irrigation wa-
ter, all fruit Cd in SL2-SL5 exceeded the safe limit for
human consumption (>0.1 mg kg ' FW or 0.7 mg kg '
DW) (Begerow et al. 2008). On the other hand, fruit Cd
in combination treatments exceeded the safe limit for
human consumption only in CL4 and CL5 treatments
(Cd concentrations>0.64 mg L ™).

It is interesting to note the following observations: (1)
in all combination treatments fruit Zn did not exceed
50 mg kg ' indicating that Zn translocation to fruits was
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at minimum. Since Zn is an essential micronutrient for
plants and Cd is not, for food products no maximum
permissible guidelines for Zn exist. (2) Cd uptake in
tomato roots and shoots was clearly inhibited when soil
Cd exceeded 8 mg kg . This trend was not observed in
tomato fruits, where Cd uptake was inhibited at a lower
soil Cd concentration. (3) Zn additions clearly resulted
in higher inhibition of Cd uptake in fruits compared to
the roots and shoots of tomato plants.

3.5 Biomass Yields

Biomass shoot yields slightly decreased with increasing
metal levels in irrigation water. Tomato yields decreased
from 6.5 g in the control to 4.3 and 5 g in SLS and CLS,
respectively (Table 4). It is worthy to note that no
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Table 4 Effects of treatments on biomass yields (in gram) of tomato plants

Treatment Shoot dry weights (g) Fruit dry weights (g)
Control 6.51£095a 5.72+0.54 abc

Single SL1 (0.01 Cd) 5.80+0.29 abed 6.39+1.30 ab
SL2 (0.04 Cd) 5.16+0.63 cde 5.90+3.35ab
SL3 (0.16 Cd) 5.30+1.7 bede 2.85+1.80d
SL4 (0.64 Cd) 5.41+0.59 bed 6.49+1.68 a
SLS5 (2.56 Cd) 434+035¢ 6.10+4.70 ab

Combination CL1 (0.01 Cd/2 Zn) 5.49+0.76 bed 6.23+0.40 ab
CL2 (0.04 Cd/8 Zn) 6.00+0.33 abc 4.33+1.41 bed
CL3 (0.16 Cd/32 Zn) 6.14+0.99 ab 3.02+0.25d
CL4 (0.64 Cd/128 Zn) 6.21+1.67 ab 3.54+2.20d
CL5 (2.56 Cd/256 Zn) 5.00+£0.46 de 3.58+0.55 cd
LSD ¢.05 0.97 2.11

Mean values + standard deviation were calculated for n=3

apparent chlorosis or physical injury was observed in all
plants regardless of metal level and treatment. All plants
produced tomato fruits; however the size and the
amount of produced fruit were inconsistent. Statistical
analysis showed no significant differences between SL5
and CLS5; however, the biomass was significantly re-
duced in these treatments compared to the control.

3.6 Transfer Factors of Cd from Soil to Different
Tomato Parts

The TF reflects the relative concentration of transferred
metal in plant parts to its concentration in soil. The TF
values from soil to tomato root, shoot, and fruit are
shown in Fig. 1. The TF can be evaluated only when a
linear relationship between soil and metal plant content
is observed (Chojnacka et al. 2005). The linearity of the
relationship is rarely observed between total metal in
soil and plants since metals come from a very complex
and heterogeneous matrix (soil solution). In this study,
the availability of metals is hypothetically high since
they were freshly added and directly applied to tomato
plants prior to irrigation. In this study, a linear relation-
ship between soil metal and plant tissues was observed.
Correlation coefficients (+*) between Cd in soil and in
fruit, shoot, and root are shown in Fig. 3.

The lowest TF values were observed in soil—fruit and
the highest were in soil-shoot indicating lower Cd
transfer to the fruit compared to the other parts
(Gallego et al. 2012).

The addition of Zn in irrigation water (combination
treatments) reduced the TF values compared to single
ones. The TF of soil-fruit, soil-shoot, and soil-root in
CL4 was reduced by 37, 18, and 22 % compared to SL4,
respectively. Moreover, soil-root, soil-shoot, and soil—
fruit TF values were reduced by 37, 60, and 50 % in
CL3 compared to SL3, respectively.

The reduction may be due to the inhibition of Cd
uptake as a result of high Zn levels in irrigation water
(antagonistic effect of Zn). Our results are in agreement
with Adriano (1986), who reported that Zn application
reduced Cd uptake in roots and aerial parts of spring
wheat (Triticum aestivum L.) and Corn (Zea mays L.).

Moreover, possible reduction in TF value could be
attributed to the presence of an exclusion mechanism at
the higher metal levels (Marschner 1995). Exclusion
mechanisms may include pH modification in the rhizo-
sphere, excretion of organic acids capable of binding
metals (Marschner 1995), and thickening of root tips
(Pallavi and Shanker 2005). Other suggested mecha-
nisms may involve metal immobilization in the cell wall
and the soluble cell fraction in roots (Lozano Rodriguez
et al. 1997). However, Rauser (1986) and Hall (2002)
suggested that Cd remains in the roots and minimum Cd
transport to the shoots occurs.

At higher concentrations, roots could be
overloaded with Cd and a significant mobilization
to the shoot may occur (Nan et al. 2002). This
was in agreement with the findings of (Lopez-
Millan et al. 2009) who reported that Cd transfer
at low Cd concentrations relies on accumulating
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Fig. 1 Effect of Cd and Cd+Zn
treatments on transfer factor (TF)
between soil and root, soil and
shoot, and soil and fruit
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Cd at the root level. However, Dong et al. (2006)
observed no such changes in tomato roots with
low Cd supply.

A possible prevention mechanism in roots and shoots
could be the reason to which enabled physiologically
tomato plants to tolerate excessive Cd and Zn accumula-
tion in the edible parts. This mechanism might be respon-
sible for reduced Cd which could be complexed as Cd-
binding peptides in tomato roots (Mckenna et al. 1993).
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3.7 Transfer Ratios of Cd Between Plant Parts

The distribution of Cd between plant parts (Fig. 2)
was also represented by the transfer ratio (TR).
Three TRs were calculated, root—shoot, root—fruit,
and shoot—fruit (Fig. 2). The lowest TR values
were observed in shoot—fruit CL3—CL5, and the
highest were in root-shoot SL4-SLS5 treatments,
indicating lower Cd transfer to the fruits.
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Moreover, with increasing metal levels, shoot—
fruit, and root—fruit TF value was decreased in
all combination treatments (CL1-CL5), and only
in SL3-SL5. For root-shoot, inconsistent trends
were observed. Significant differences between
treatments are shown in (Fig. 2).

A couple of mechanisms might be responsible for the
decrease in TF values; the first is the antagonistic effect
of Zn (on Cd uptake), and the second the toxicity effect
of increased levels of Cd or both metals on root metal
uptake (Marschner 1995).

Fig. 2 Effect of Cd and Cd+Zn

treatments on transfer ratio (TR)

between root and shoot, root and
fruit, and shoot and fruit
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3.8 Accumulation of Cd in Tomato Parts in Relation
to Cd Concentration in Soil

The relationships between Cd concentration in soil and
in tomato parts (root, shoot, and fruit) are shown in
(Fig. 3). The relation was linear and shows that plant
metal uptake relative to soil concentration was lower in
combination treatments compared to single ones. More-
over, Cd concentration in plant parts relative to soil
concentration was generally higher in shoot and root
compared to tomato fruit.
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Fig. 3 Relationship between soil Cd concentration (in milligram
per kilogram) and tomato root, shoot, and fruit Cd concentration (in
milligram per kilogram) in single and combination treatments.
Dashed line shows trend line for single and combination treatments

Many scientists reported that tomato plants vary
greatly in their ability to accumulate Cd from the soil
(Cui et al. 2004; Wang et al. 2009). The interaction
between Cd and Zn has been reported to be antagonistic
(Li et al. 1990; Long et al. 2003) and synergistic by
others (Adriano 1986; Piotrowska et al. 1994; Nan et al.
2002). Great differences occur among species and even
between different varieties of the same species (Grant

@ Springer

and Bailey 1997). Results of this study are in agreement
with previous findings reported by Lund et al. (1981)
and Jinadasa et al. (1997) where vegetable leafs and
crop root generally accumulated higher Cd concentra-
tions than fruits or seeds.

It is reported that most plant species tend to
sequester metals in their roots, with small amounts
of metals being translocated to the aerial plant
parts (Kim et al. 1988; Moreno-Caselles et al.
2000). The ability to absorb Cd in different spe-
cies depends on differences in root capacity to
secrete citric acid (Duarte et al. 2007). It has been
also indicated that increased concentrations of di-
valent metals in root could be partially explained
by Cd interference in nutrient uptake by affecting
the permeability of plasma membranes (Dong
et al. 2006). Other studies showed synergistic ef-
fects between high Cd concentrations and Zn (Liu
et al. 2003; Larbi et al. 2002).

This study showed that reduced Cd uptake in
combination treatments may be attributed to the
interaction between the two metals (Cd and Zn)
revealing mostly antagonistic interactions in up-
take, therefore reducing Cd uptake in tomato parts
(shoot, fruit, and root).

4 Conclusions

This work showed that Cd concentration in tomato
parts was largely dependent on Zn level supplied
in irrigation water. Although tomato plants accu-
mulated considerable Cd concentrations in shoots
and roots, fruit metal concentrations were still
below the safe limits for human consumption. No
growth depression was detected even at the highest
supplied metal levels. Cadmium uptake was re-
duced as a result of Zn addition indicating higher
tolerance, competitive absorption, and transport in-
teraction between the two metals. For clay soils;
0.16-32 mg L' of Cd+Zn in irrigation water
could be considered as a threshold level for tomato
cultivation in clay soil.
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