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ABSTRACT

The effect of cadmium (Cd) toxicity was studied in four Solanaceae plants (tomato, Solanum lycopersicum L.; pepper,
Capsicum annuum L.; eggplant, Solanum melongena L., and goldenberry, Physalis peruviana L.) grown in greenhouse
under natural light conditions. The soil was treated with five levels of Cd (0, 2.5, 5, 10 and 20 mg kg™'). Except for the tomato,
the shoot and root dry biomass decreased with increasing Cd. Plant growth, bioaccumulation and translocation of Cd and
accumulation of metal nutrient ions [potassium (K), calcium (Ca), magnesium (Mg), sodium (Na), iron (Fe), manganese
(Mn), copper (Cu) and zinc (Zn)] were investigated. On the basis of the percent reductions in the shoot dry biomass, the
tomato was determined to be Cd-tolerant, and the other plants Cd-sensitive. The shoot and root Cd contents, uptakes, and
total accumulation rate (TAR) were increased with increasing rate of Cd applied, except for the shoot Cd content and root
uptake of the goldenberry. The bioconcentration factor (BCF) and the translocation factor (TF) of Cd diminished at all
plants, with the exception of the TF for tomato. With respect to Cd translocation, plant species showed a ranking as follows:
goldenberry<pepper<eggplant<tomato. The accumulation of all metal nutrient ions increased with Cd applications in the
goldenberry shoots. While the accumulation of divalent metal nutrient ions, except for Zn and Cu, increased for the pepper
and eggplant, the accumulation of K as monovalent metal nutrient ion decreased for only the pepper.

Keywords: Cadmium; Solanaceae; Accumulation; Bioconcentration; Translocation; Metal nutrient ions
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OZET

Serada ve dogal 151k kosullar1 altinda yetistirilen dort farkli Solanaceae tfamilyas: bitkisinde (domates, Solanum
lycopersicum L.; biber, Capsicum annuum L.; patlican, Solanum melongena L. ve altingilek, Physalis peruviana L.)
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kadmiyum (Cd) toksisitesinin etkisi ve bitki gelisimi, Cd’un biyoakiimiilayonu, Cd’un translokasyonu ile metal besin
iyonlarmin [potasyum (K), kalsiyum (Ca), magnezyum (Mg), sodyum (Na), demir (Fe), mangan (Mn), bakir (Cu) ve
¢inko (Zn)] akiimiilasyonu arastirilmistir. Bunun igin, deneme topragina bes farkli diizeyde Cd (0, 2.5, 5, 10 ve 20 mg
kg!) uygulanmigtir. Domates harig, diger bitkilerin govde ve kok kuru biyokiitleleri artan Cd diizeylerine bagh olarak
azalmistir. Gévde kuru biyokiitlesindeki yiizde azalma temel alindiginda; domatesin Cd’a toleransh ve diger bitkilerin
ise Cd’a duyarli oldugu tespit edilmistir. Altingilek bitkisinde govde Cd icerigi ve kok Cd alimi harig, bitkilerde govde
ve kokiin Cd igerikleri, Cd alimlar1 ve toplam akiimiilasyon oranlar1 artan Cd diizeylerine bagli olarak artmistir. Domates
icin translokasyon faktorii hari¢ tiim bitkilerde, Cd’un biyokonsantrasyon faktorii ve translokasyon faktorii azalmistir.
Kadmiyumun translokasyonuna gére bitkiler; altingilek<biber<patlican<domates olarak siralanmistir. Altingilegin
govdesinde, tiim metal besin iyonlariin akiimiilasyonu Cd uygulamalartyla artmistir. Biber ve patlicanda, Zn ve Cu harig
iki degerlikli metal besin iyonlarinin akiimiilasyonu artarken, tek degerlikli metal besin iyonu olarak K akiimiilasyonu
sadece biberde azalmistir.

Anahtar Kelimeler: Kadmiyum; Solanaceae; Akiimiilasyon; Biyokonsantrasyon; Translokasyon; Metal besin iyonlar1

1. Introduction

Cadmium which is a non-essential element for plants,
animals and humans has been a major pollutant in
both terrestrial and aquatic environments for decades.
Recent advances in industry and agriculture have
led to an increased level of Cd in agricultural soils.
Cadmium enters agricultural soil primarily through
various anthropogenic sources, such as phosphate
fertilizers, waste water, sewage sludge, and manure
(Alloway & Steinnes 1999), and in emissions
from metal-working industries, cement industries,
power stations and urban traffic (Sanita di Toppi &
Gabbrielli 1999; Wu et al 2004). The accumulation
of Cd in soil is dangerous for most living organisms.
Despite being a non-essential element for plants,
Cd is easily absorbed and accumulates in different
plant parts. The accumulation/mobility of Cd
seems to depend on the plant species and growth
stage, the concentration of added nutrients, plant
growth conditions, and/or metal combinations used
(Murillo et al 2002). In plants, the accumulation of
Cd can cause many morphological, physiological,
biochemical and structural changes including plant
growth retardation, chlorosis, necrosis (Benavides
et al 2005), reduction of root growth, biomass
production (Sanitd di Toppi & Gabbrielli 1999;
Moussa 2004), chlorophyll content (Fatoba & Udoh
2008), inhibition of photosynthesis and transpiration
(Mobin & Khan 2007; Shi et al 2010), imbalance of
water and mineral nutrition (Gouia et al 2000; Sengar
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et al 2008), induction of oxidative stress (Shamsi et al
2007; Sandalio et al 2009), and affects on membrane
structure and permeability (Sengar et al 2008).

Cadmium is easily taken up both active and
passive pathways by plants and affects several
metabolic activities in different cell compartments,
especially in the chloroplasts. These deleterious
effects include the inhibition of photosynthesis,
such as biosynthesis of chlorophyll (Stobart et al
1985; Padmaja et al 1990; Ekmekgi et al 2008) and
functioning of photochemical reactions (Krupa &
Moniak 1998). Cadmium reduces plant growth by
interrupting the plant photosynthetic activity and
nutrient balance (Zhang et al 2002; Shamsi et al 2010)
and also interferes with the uptake, translocation, and
plant use of water and mineral nutrients (Shamsi et al
2007). Cadmium ions compete with most nutrients
such as K, Ca, Mg, Fe, Mn, Cu, Zn, and nickel (Ni)
across the same trans-membrane carriers (Clarkson
& Luttge 1989; Rivetta et al 1997; Sanita di Toppi &
Gabbrielli 1999).

The accumulation of and tolerance to Cd differs
considerably amongplantspecies and their genotypes
(Romer et al 2002; Metwally et al 2005). Variations
in Cd accumulation have been observed among
wheat cultivars (Stolt et al 2002), soybean (Shamsi
et al 2008), pea (Belimov et al 2003), and maize
cultivars (Ekmekgi et al 2008). According to the Cd
accumulation level, Kuboi et al (1986) identified
three general classes of plants: low accumulators
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(Leguminosae), moderate accumulators (Graminae,
Liliaceae, Cucurbitaceae and Umbelliferae) and
high accumulators (Solanaceae, Chenopodiaceae,
Cruciferae and Compositae). Many Solanaceae
plants with a high accumulation of Cd are demanding
plants grown in areas of sensitive agriculture with a
high input of organic and mineral fertilizer.

In this study, the accumulation of Cd was
examined in four plants belonging to different
genera of the Solanaceae family. The plants include
three widely-grown vegetables, tomato, pepper, and
eggplant, and goldenberry, a lesser-known plant
that is being introduced in several regions as an
alternative crop. The main objective of the current
study was to determine the effects of Cd toxicity on
plant growth, the bioaccumulation and translocation
of Cd and the accumulation of metal nutrient ions in
these plants.

2. Material and Methods

Tomato (Solanum lycopersicum L., cv. H-2274),
pepper  (Capsicum annuum L., cv. Yalova
Corbaci-12), eggplant (Solanum melongena L., cv.
Kemer), and goldenberry (Physalis peruviana L.)
were used for the experiment, which was carried
out in a greenhouse under natural light conditions.
Seeds of each plant were germinated in seedling
vials filled with peat. Three-week-old seedlings were
transplanted at a rate of one plant per pot filled with
2 kg of air-dried soil. Some physical and chemical
characteristics of the soil used in the experiment are
presented in Table 1. The soil characteristics were
determined according to methods detailed in Page
et al (1982).

In a factorial (Cd levels and plant genera) pot
experiment, five levels of Cd (0, 2.5, 5, 10, and
20 mg kg') as cadmium chloride (CdCl,) were
added to the soil. The experiment was designed as
complete randomized design with three replications.
For basal fertilization; N, P and K, as ammonium
nitrate (NH,NO,), potassium dihydrogen phosphate
(KH,PO,), and potassium sulfate (K,SO,) was
applied at 150, 75 and 150 mg kg', respectively. All
the supplementary (CdCl,, NH,NO,, KH,PO, and

K,SO,) were incorporated into the soil by spraying
the solutions before the planting and thoroughly
mixed. During the experiment, pots were watered
daily to 70% of water holding capacity by weighing
the pots randomly.

Table 1- Some physical and chemical characteristics
of the soil used in experiment

Cizelge 1- Denemede kullanilan topragin bazi fiziksel
ve kimyasal ozellikleri

Soil properties  Method/ fraction Amount
pH 1:2.5 soil/water extraction 7.34
EC (uS cm™) Saturation extraction 508
CaCoO, (gkg')  Calcimeter 17.29
Sand (g 100 g') Hydrometer 35.8
Clay (g 100 g')  Hydrometer 21.7
Silt (g 100 g')  Hydrometer 42.5
Soil texture - loam
Org C (g kg™ Walkley-Black 6.25
N (g kg?) Kjeldahl 0.86
P (mg kg™) NaHCO,-available 12.43
K (mg kg™) NH,OAc-extractable 100
Ca (mg kg™) NH,OAc-extractable 2151
Mg (mg kg') NH,OAc-extractable 124
Na (mg kg™) NH,OAc-extractable 64
Fe (mg kg) DTPA-extractable 24.28
Mn (mg kg™) DTPA-extractable 65.27
Zn (mg kg) DTPA-extractable 2.09
Cu (mg kg™) DTPA-extractable 1.17
Cd (mg kg™) DTPA-extractable 0.04
B (mg kg™) Hot water-extractable 1.64

A fresh leaf sample was taken from the youngest
fully expanded leaf for photosynthetic pigment
analysis before harvest. After six weeks of Cd
treatment, the shoots were harvested, washed with
running tap water and three-times rinsed with de-
ionized water to remove any soil particles attached
to the plant surfaces. The roots were carefully
seperated from the soil and dipped into an aerated
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0.5 mM CaCl, solution for 15 minutes in order to
eliminate adsorbed nutrients from the root surface.
The roots were quikly washed with running tap
water and then rinsed with de-ionized water. All
shoot and root samples were dried at 65 °C to their
constant weight, and weighed for dry weight (DW)
determination and ground to powder for Cd and
metal ion nutrient analysis.

The dried tissues were digested by dry-ashing
method in a muffle furnace at 500 °C for 6 hours
(Miller 2004). The concentrations of Cd and metal
nutrient ions were determined by ICP-OES (Perkin-
Elmer Optima 2100 DV; Waltham, MA).

The Cd distribution, the Cd uptake,
bioconcentration factor (BCF), translocation
factor (TF) and total accumulation rate (TAR)
were calculated by the Equation 1, 2, 3, 4 and 5,
respectively (Ait Ali et al 2002; Shi et al 2010).

ootorrood (O30, F1CAL ) (1)

XC] ot orron @)
/[total Cd]_, 3)

Cd distribution (%)= 100x([Cd]

Cd uptake (pg plant')= DW

shoot or root’
BCF=[Cd L0100 oot

Where; [total Cd]_,, present Cd concentration in
experimental soil+added Cd concentration for each
Cd level

TF (%)= 100x[Cd],, /[Cd],, 4)
TAR of Cd (ug g' DW day")= ([Cd], xDW, )+([Cd] x
DW__)growth dayx(DW, +DW ) %)

Photosynthetic pigments were measured in
fresh leaf samples before harvest. The fresh leaf
samples (500 mg) were cut into small pieces and
were extracted with 10 mL of acetone (90% v v*)
in a homogenizer. After filtering with Whatman
No. 4 filter paper, the absorbance of the extract was
measured at 663, 645, and 470 nm using a UV-Vis
spectrophotometer (Shimadzu UV-1201; Tokyo).
The concentrations of chlorophyll a (Chl a),
chlorophyll b (Chl b), chlorophyll a+b (Chl a+b),
and carotenoids (Car) were calculated according to
the formula of Lichtenthaler (1987).

Statistical analysis of the experimental data was
performed by using ANOVA with the MINITAB

package program (Minitab Corp., State College, PA).
Multiple comparisons of means among different Cd
treatments were performed using Duncan’s Multiple
Range Test at the significance level (a: 0.05).

3. Results and Discussion

3.1. Plant growth and biomass

Visual toxicity symptom of Cd occurred as reduction
of shoots and root growth and discernible browning
and decomposing in main roots in experimental
plants, except for tomato. It was observed that these
symptoms are intensified in pepper and goldenberry,
especially at the 20 mg Cd kg™! rate.

Both genera and Cd treatment significantly
affected the shoot and root dry biomass (Figure 1).
With the increasing applications of Cd, the changes in
plant growth differed in the various Solanaceae plants.
Except for tomato, the shoot and root dry biomass of
the Solanaceae family plants significantly decreased
with increasing of Cd in comparison with the control
(Figures la and Ic). At 2.5 mg kg' Cd rate, shoot
biomass decreased by 23.5% and 26.5% for pepper
and goldenberry, respectively, but increased by 7.4%
and 3.9% for tomato and eggplant, respectively.
Moreover, shoot biomass decreased by 8.2%, 86.4%,
90.1%, and 65.5% for tomato, pepper, eggplant and
goldenberry, respectively, at the highest amounts of
added Cd. Similarly, with increasing rate of Cd, the
root biomass diminished for pepper, eggplant, and
goldenberry, but increased for tomato (Figure 1b and
1d). The reduction of shoot and root dry biomass as a
result of the increasing Cd supply might be attributed
to prominent decreases in shoot height and root
length and changes in the rate of net photosynthesis
that reduces the supply of carbohydrates or proteins.

Major differences among Solanaceae plants in
biomass production under increasing supply of Cd
to the soil might be associated with the possible
presence of differing mechanisms among plants in
the accumulation and translocation process, and
might be strongly related to genetics. On the basis
of the reduction rate in the shoot dry biomass of
the Solanaceae plants, tomato was determined to
be Cd-tolerant and the other plants Cd-sensitive

Tarim Bilimleri Dergisi — Journal of Agricultural Sciences

22 (2016) 576-587 579



Kadmiyum Toksisitesi ve Kadmiyumun Solanaceae Bitkilerinde Gelisim ve Metal Besin iyonu Akimilasyonuna Etkisi, Gikili et al
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Figure 1- Effects of cadmium on shoot and root dry biomass of Solanaceae plants (mean+SE, n=3). The bars
followed by the same letter are not significantly different for genera x Cd interaction (Duncan’s Multiple
Range Test, a: 0.05); ANOVA shows significant difference at ***, P<0.001

Sekil 1- Kadmiyumun Solanaceae bitkilerinin gévde ve kék kuru biyokiitlelerine etkisi (ortalamaxstandart hata,
n=3). Cubuklari izleyen aym harfler, cins x Cd interaksiyonu igin farkin onemli olmadgini gésterir (Duncan
Coklu Karsilastirma Testi, a: 0.05). ANOVA ya gore; *** P<0.001

according to the scale suggedted by Shahbaz et
al (2011) as tolerant, moderately tolerant, and
sensitive for the reduction rate of <30%, 30-60%
and >60%, respectively. In support of these findings,
the reduction of shoot and root dry biomass caused
by Cd application has been demonstrated in many
plants, including tomato (Haouari et al 2012),
eggplant (Arao et al 2008), transgenic and wild
type tobacco (Daghan et al 2013), soybean (Shamsi
et al 2010), safflower (Shi et al 2010), and maize
(Ekmekgi et al 2008).

3.2. Cadmium accumulation

The shoot and root Cd contents of the four
Solanaceae  plants  significantly  (P<0.001)
increased with elevated rates of Cd application
as compared to the control, except for the shoot
Cd content of goldenberry (Table 2). The shoot

Cd contents of goldenberry, pepper, tomato and
eggplant increased in response to the increased
additions of Cd and reached to 5.0, 32.1, 69.4
and 109.3 mg kg, respectively at the highest Cd
application rate. Obviously, the root Cd contents
were much higher than those of the shoots.
Considering the Cd distribution in shoots and
roots, the goldenberry accumulated much lower
Cd in the shoots than the other experimental
plants with the increasing Cd supply (Table 2).
Differences in Cd distribution among different
plants could be explained by the presence of
different mechanisms of tolerance, physiology of
transport, and accumulation. Many researchers
have reported that Cd is accumulated more in the
roots than in the shoots of plants such as sunflower
(De Maria et al 2013), tomato (Haouari et al
2012), safflower (Shi et al 2010), soybean (Shamsi
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et al 2010), eggplant (Arao et al 2008), and
some Solanaceae plants (Thiebeauld et al 2005).
Furthermore, the shoot Cd uptake of tomato and
eggplant significantly increased with increments
of Cd supply (Table 2). The maximum shoot
Cd uptake was observed in tomato, followed by
eggplant, pepper, and goldenberry, respectively.
At all Cd levels, the root Cd uptake significantly
increased in tomato and goldenberry.

The shoot and root BCF significantly
diminished at all Cd levels as compared to the
control (Figure 2a). The present results showed
that the BCF was greater in the roots than in the
shoots (Figure 2b). Furthermore, except for the
shoot BCF of goldenberry, both the shoot and
the root BCF exceeded the critical level for a Cd-
hyperaccumulator, currently accepted as BCF> 1
(Baker 1981; Ma et al 2001).

Table 2- Effects of cadmium on Cd content and Cd uptake in shoots and roots of Solanaceae plants

Cizelge 2- Kadmiyumun Solanaceae bitkilerinde gévde ve kékiin Cd icerikleri ve Cd alimlarina etkisi

Added Cd Cd content Cd distribution Cd uptake
to soils (mg kg' DW) (%) (ug plant”)
(mg kg Shoot Root Shoot Root Shoot Root
Tomato
0 1.1j* 73] 13.1 86.9 11.51 11.7
2.5 1531 166.5 hi 8.4 91.6 168.3 d 280.4 de
5 243 gh 319.2 ef 7.1 92.9 2644 c 611.8b
10 43.8d 215.1 gh 16.9 83.1 4499 b 372.8 cd
20 69.4 c 247.6 fg 21.9 78.1 6473 a 394.1¢
Pepper
0 22j 3.0j 423 57.7 7.11 291
2.5 18.7 hi 86.2 ij 17.8 82.2 462 g 65.9 hij
5 28.7 fg 257.8 fg 10.0 90.0 43.4 gh 141.8 ghi
10 36.1e 3422e 9.5 90.5 30.1 ghi 102.8 g-i
20 32.1ef 873.0a 3.5 96.5 14.3 hi 189.8 efg
Eggplant
0 1.3 23] 36.1 63.9 6.11 34j
2.5 26.8 fg 40.9] 39.6 60.4 135.1e 48.41j
5 375¢e 139.4 hi 21.2 78.8 182.6d 163.6 fgh
10 78.4b 596.5 ¢ 11.6 88.4 96.0 f 157.3 fgh
20 1093 a 753.1b 12.7 87.3 52.7¢g 73.4 hij
Goldenberry
0 0.5] 3.4j 12.8 87.2 4.11 79]
2.5 2.1j 132.7 hi 1.6 98.4 1241 256.2 ef
5 3.1j 274.5 efg 1.1 98.9 14.1 hi 388.4c¢
10 43] 483.2d 0.9 99.1 14.3 hi 638.6b
20 5.0j 873.0a 0.6 99.4 13.9 hi 843.6 a
ANOVA: F values
Genera 493.82"" 34.37 1049.90" 132.04™
Cd 436.69™" 409.06™" 200.75™" 85.08"
Genera x Cd 87.27" 35.79"" 181.78™ 21.84™

*, values are mean of three replicates and means followed by the same letter are not significantly different for genera x Cd interaction
(Duncan’s Multiple Range Test, a: 0.05); ANOVA shows significant difference at ***, P<0.001
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The TF can be described as the translocation of
heavy metals in plants. Significant variations were
found in the TF of the Solanaceae plants. The TF
decreased from 74.5% to 3.6% for pepper, from
14.8% to 0.6% for goldenberry, and from 65.5% to
14.6% for eggplant with increasing Cd levels, but
the TF of tomato increased at the higher Cd levels
(Figure 2c). The TF of all plants was much lower than
the critical level (TF> 100%). Similar results were
found for safflower (Shi et al 2010) and sunflower
(De Maria et al 2013). When the Solanaceae plants
classified with respect to Cd translocation at the
highest Cd level, plant species showed a ranking as
follows: goldenberry<pepper<eggplant<tomato.

The total accumulation rate (TAR) of Cd
differed among all the plants. While the TAR value

70

of tomato and goldenberry significantly increased
with all Cd levels in comparison with the control,
the TAR of pepper and eggplant increased up to the
5 mg kg' Cd treatment (Figure 2d). On the other
hand, the TAR for tomato was higher than for the
other plants. Similar results were obtained by,
Sharma & Agrawal (2006), who stated that the TAR
and Cd uptake are significantly increased in carrot at
the excess Cd level.

3.3. Photosynthetic pigments

Between 2.5 and 10 mg kg' Cd treatments, non-
significant changes in the photosynthetic pigment
were observed for pepper and eggplant compared
to the control (Figure 3). But the highest level of
Cd significantly decreased the Chl a, Chl a+b

Genera F= 37.85% a Genera F = 82.62%** ¢
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Figure 2- Effects of cadmium on a, shoot BCF; b, root BCF; ¢, TF and d, TAR of Cd in Solanaceae plants
(mean=SE, n= 3); the bars followed by the same letter are not significantly different for genera x Cd
interaction (Duncan’s Multiple Range Test, a: 0.05); ANOVA shows significant difference at ***, P<(0.001

Sekil 2- Kadmiyumun Solanaceae bitkilerinde a, gévde biyokonsantrasyon faktorii; b, kok biyokonsantrasyon
faktorii; ¢, translokasyon faktorii ve d, toplam akiimiilasyon oramina etkisi; (ortalamaxstandart hata, n= 3);
cubuklart izleyen aym harfler, cins x Cd interaksiyonu igin farkin énemli olmadgint gosterir (Duncan Coklu
Karsilagtirma Testi, a.: 0.05); ANOVA’ya gore ***, P<(0.001
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and Car content by 19.8%, 18.3%, 20.4% for
tomato, and 21.2%, 21.4%, 22.8% for goldenberry,
respectively. Additionally, any interaction of genera
and Cd affecting the Chl b content was statistically
non-significant in all plants. The reduction of
chlorophyll content in Cd-treated plants is related
to chlorophyll degradation of and/or disorders in
its biosynthesis and with the reduction of thylakoid
membrane integrity (Sandalio et al 2001). The
present findings support other research which has
revealed that reduction of photosynthetic pigments
with an increasing Cd content occurs in some plants,
including tomato (Haouari et al 2012), eggplant
(Arao et al 2008) and some Solanaceae plants
(Thiebeauld et al 2005).

=N

3.4. Metal nutrient ion accumulation

Interaction of the genera and Cd resulted in
significant variations in shoot K and Na contents for
all plants (P<0.001) (Table 3). The shoot K content
significantly increased for tomato, eggplant, and
goldenberry, reaching to levels as high as 40.65,
59.24, and 66.92 g kg, respectively. A reduction
was observed in the shoot K content of pepper;
however, this reduction was only significant for
soil treated at the level of 10 mg Cd kg™'. The effect
of the interaction of the genera and Cd addition on
the shoot Ca and Mg contents was not significant,
whereas the effect of increasing Cd supply on shoot
Ca content (P<0.05) and the effect of the genera
on shoot Mg content (P<0.001) were found to be
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Figure 3- Effects of cadmium on the photosynthetic pigments in leaves of Solanaceae plants (mean+SE, n=
3). The bars followed by the same letter are not significantly different for genera x Cd interaction (Duncan’s
Multiple Range Test, a: 0.05); ANOVA shows significant difference at ***, P<0.001; **, P<0.01; *, P<0.05;
ns, not significant

Sekil 3- Kadmiyumun Solanaceae bitkilerinin yapraklarinda fotosentetik pigmentlere etkisi; (ortalamaxstandart
hata, n=3). Cubuklar1 izleyen ayni harfler, cins x Cd interaksiyonu i¢in farkin onemli olmadgini gésterir (Duncan
Coklu Karsilastirma Testi, a: 0.05); ANOVA ya gore *** P<0.001; ** P<0.01; * P<0.05; ns, 6nemli degil
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significant (Table 3). Except for tomato, all plants
exhibited significant changes in shoot Na content.
For instance, compared to the control, while there
was no significant increase in shoot Na content of
tomato at the highest level of Cd, this parameter
in pepper, eggplant, and goldenberry significantly
increased, by 2.2-, 1.9-, and 2.4-fold, respectively.
In contrast, a significant reduction was observed in
the shoot Na content of pepper at 5 and 10 mg Cd
kg treatments as compared to control.

Of all plants in soil untreated with Cd, the shoot
Fe content was the highest in goldenberry, followed
by tomato, pepper, and eggplant, respectively

(Table 3). The shoot Fe contents of tomato tended to
decrease with increasing rate of Cd being significant
only at 2.5 mg Cd kg level. Significant increases
in the shoot Fe content were found for goldenberry
and pepper at 2.5 and 20 mg Cd kg™, respectively.
The shoot Mn content of pepper showed significant
linear increases at all Cd levels and rose up to
232.5 mg kg!, while those of tomato, eggplant, and
goldenberry significantly increased at the highest
Cd treatment, and reached to 159.0, 192.1, and 89.3
mg kg, respectively (Table 3). On the other hand,
the shoot Mn content exhibited a slight decline in
tomato and eggplant at 2.5-5 mg Cd kg™' range.

Table 3- Effects of cadmium on shoot metal nutrient ion contents of Solanaceae plants

Cizelge 3- Kadmiyumun Solanaceae bitkilerinin gévdesinde metal besin iyonu igeriklerine etkisi

Added Cd K Ca Mg Na Fe Mn Zn Cu
t((r)nzollc,lq") --------- gkg! DW --mmmmmme mg kg DW
Tomato
0 33155 13.25 3.69 673 c-f 97.8 de 129.7 def  33.1 hjj 17.1a
2.5 32.85] 11.81 3.28 680 c-f 82.1efg 1163e-h 354gh 15.8 abc
5 35.53ij 11.81 3.54 653 def 86.3 ef 101.7 gh 40.9 ef 14.5 bed
10 39.86 hi 13.33 3.06 780 cd 87.1 ef 117.1e-h  41.6ef 14.5 bed
20 40.65 ghi 14.24 4.35 840 ¢ 85.1efg 159.0¢c 41.6 ef 15.2 ad
Pepper

0 50.68 def 10.74 3.53 573 fg 86.7 ef 1199efg 592a 13.1 de
2.5 51.76 cde 11.96 3.53 473 ghi 75.1 fgh  143.0cde 36.3 gh 75¢g

5 44.64 fgh 12.48 3.66 400 hi 84.7efg  151.6cd 34.7 ghi 52h

10 41.96 gh 14.00 3.86 367 hi 783 fgh  154.0 cd 279k 39h
20 44.65 fgh 14.15 4.02 1282 a 107.5 c¢d 232.5a 16.81 4.6 h

Eggplant
0 49.60 def 12.85 2.20 573 fg 773 fgh 1133 fgh 51.4bc 14.7 bed
2.5 57.92 be 14.15 2.56 593 efg 81.3efg 101.1gh 52.5b 14.9 a-d
5 52.76 cde 13.56 2.61 560 fg 67.4 gh 91.4 hi 47.0 cd 13.0 de
10 59.32b 14.09 2.62 760 cde 81.7efg 1553 cd 47.6 cd 15.5 abe
20 59.24b 12.31 2.01 1084 b 61.8h 192.1b 45.5de 104 f
Goldenberry

0 46.60 efg 9.02 3.93 3131 118.1 be 455k 30.2 ijk 11.3ef
2.5 50.44 def 10.16 4.08 3671 143.1a 64.4 jk 389 fg 14.5 bed
5 49.52 def 11.77 4.57 687 c-f 130.0 ab 53.6k 35.6 gh 13.9 cd
10 53.80 bed 13.77 4.49 527 fgh 126.9 ab 67.61k 294 jk 16.4 ab
20 66.92 a 14.96 4.67 747 cde 122.9 be 89.3 hij 29.1 jk 16.1 abc
ANOVA: F values
Genera 88.75™" 1.28™  47.10™ 16.16™ 90.09™" 108.117 109.32" 153.76™"
Cd 9.16™ 3.30" 1.73" 56.83™ 0.22% 4347 26.61™ 8.81™
Generax Cd  5.89™ 1.18  1.66™ 10.80™" 3.86™" 4.72" 32.11™ 13.01™

*, values are mean of three replicates and means followed by the same letter are not significantly different for genera x Cd interaction
(Duncan’s Multiple Range Test, a:: 0.05); ANOVA shows significant difference at ***, P<0.001; *, P<0.05; ns, not significant

584 Tarim Bilimleri Dergisi — Journal of Agricultural Sciences 22(2016) 576-587



Cadmium Toxicity and its Effects on Growth and Metal Nutrient lon Accumulation in Solanaceae Plants, Cikili et al

While a significant reduction in shoot Zn and
Cu content with increasing additions of Cd was
observed in pepper, this reduction was significant
only at 20 mg Cd kg' level for eggplant (Table
3). Compared to control, goldenberry shoot Cu
content increased by all Cd treatments, but for Zn
such increases were detected only at 2.5 and 5 mg
Cd kg' levels. Although the shoot Cu content of
tomato showed a significant reduction at 5 and 10
mg Cd kg'! levels, the shoot Zn content of tomato
significantly increased parallel with the Cd levels,
except for 2.5 mg Cd kg level.

Cadmium may interfere with nutrient uptake due
toitseffect onthe permeability of plasma membranes.
Toxic heavy metals, like Cd, are regarded as
competitive ion with the transport systems operating
for divalent cations such as Ca, Fe, Mg, Cu and
Zn, as they use the same trans-membrane carriers
(Llamas et al 2000; Roth et al 2006). Therefore,
the sensitivity of some dicotyledonous plants to Cd
toxicity might be associated with Cd effects on the
influx and transport of Fe, Mn, Ca, and Mg (Yang et
al 1996). Yang et al (1996) indicated that the influx
and transport of Ca, Mg, Fe, Mn, Zn, and Cu in
plants including ryegrass, maize, white clover, and
cabbage were decreased by additional Cd. Lopez-
Millan et al (2009) stated that, with Cd treatment,
Fe, Mn and Zn accumulation increased in tomato
stems, while in the leaves only Mn accumulation
increased. The same researchers determined a
reduction of K, Fe and Cu accumulation in the
leaves, and Cu accumulation in the stems of tomato.
Moreover, Sandalio et al (2001) reported that K,
Ca, Mg, Fe, Mn, Zn, and Cu contents of pea shoots
decreased with increases of Cd in an aerated full-
nutrient media. However, Zhang et al (2002) found
that, while K, Fe, Mn, Zn, and Cu concentrations
increased in wheat genotypes at the seedling stage,
there was a reduction of Ca and Mg concentrations.
As reported by Jiang et al (2004), the nutrients
mainly affected by Cd in Indian mustard were K,
Ca, Fe, and Zn in the roots, and K, Ca and Cu in
the shoots. Obata & Umebayashi (1997) revealed
that K concentrations decreased in Cd-sensitive
kidney bean and pea with increasing of Cd, while

Mn concentrations decreased in semi-resistant rice
and maize.

4. Conclusions

The response of plants to excess Cd varied. The
phenomena of reduction of root and shoot biomass,
uptake of Cd, and bioaccumulation and translocation
of Cd were all dependant on Cd concentration and
species. On the basis of the percent reductions in
the shoot dry biomass of the four Solanaceae
plants, tomato was determined to be Cd-tolerant,
and the other plants Cd-sensitive. Moreover, when
classified by translocation of Cd at the highest level,
the order was observed as goldenberry<pepper<eg
gplant<tomato. Goldenberry and pepper exhibited
poor accumulation of Cd in their shoots. Thus, these
plants might be appropriate for cultivation in Cd-
contaminated soils. Moreover, the accumulation of
all metal nutrient ions increased in the goldenberry
shoots. The results showed that, except for Zn and
Cu, there was an increment in accumulation of
divalent metal nutrient ions for pepper and eggplant;
however, the accumulation of K as monovalent
metal nutrient ion decreased for only the pepper.
Further investigation is needed to identify the
mechanism depending on concentration and species
which is responsible for the low Cd translocation.
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