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Abstract Heavy metals such as Cd are considered to be
the most important pollutants in soil contamination. Cd is
a non-essential element adversely affecting plant growth
and development, and it has caused some physiological and
molecular changes. Metallothioneins (MTs) are low molec-
ular weight, cysteine-rich, and metal binding proteins. In
this study, we aimed to evaluate the MT gene expression
levels and minerals uptake in the tissues of Solanum lyco-
persicum exposed to Cd. The transcriptional expression
of the MT genes was determined by real-time quantita-
tive PCR. The MT genes were regulated by the Cd and the
mineral elements uptake changed tissue type and applied
doses. The MTI and MT2 transcript levels increased in
the roots, the leaves and the fruits of the tomato. The MT3
and MT4 transcript pattern changed according to the tissue
types. The Cd treatment on the growth medium increased
the Mg, Ca, and Fe content in both the leaves and fruits of
the tomato. However, the Cd affected the mineral levels in
the roots depending on the mineral types and doses. Also,
the Cd content increased in the roots, the leaves, and the
fruits of the tomato, respectively. The results presented in
this study show that Cd has synergistic and/or antagonis-
tic effects on minerals depending on the tissue types. These
results indicate that the MTI and MT2 expression pattern
increased together with the Mg, Ca, and Fe content in both
the leaves and the fruits of the tomato.
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Introduction

Heavy metals are the main abiotic stress factors for liv-
ing organisms that cause environmental pollution, and
their distribution into the environment is increasing (Mak-
symiec 2007; Rascio and Navari-Izzo 2011). Plants are
in continuous interaction with their natural habitats. They
are exposed to stress depending on the adaptability of the
environment in which the plants can survive in unsuitable
conditions. Stress occurs in plants when environmental
conditions change, and it adversely affects their normal
growth and development (Biiyiik et al. 2012). Heavy met-
als are considered to be the most important pollutants in
soil contamination. They give rise to many problems such
as changes in microbial activity, soil productivity, biodi-
versity, and product yield. Soil contamination from heavy
metals can be the result of both industrial and agricultural
activities (Kavamura and Esposito 2010). Soil acts as a nat-
ural buffer which controls the transfer of chemical elements
and substances into the hydrosphere and biota, as well as
being one of the most important components of the bio-
sphere (Kabata-Pendias and Pendias 2001). Heavy metals
are the main abiotic stress agents for organisms because of
accumulation, toxicity, and a longer half-life (Bertoli et al.
2012). They adversely affect the natural environment, soil
fertility remaining in the soil for a long time, and human
health via the food chain (Gratao et al. 2008). Plants have
developed advanced molecular and biochemical mecha-
nisms for the uptake, the mobilization, and the regulation
of the intracellular concentration of heavy metals. Also,
they synthesize low molecular weight proteins, chelating
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compounds to remove the heavy metals, and membrane
transporters for accumulating them in the vacuole. One of
the plant strategies for the detoxifying of heavy metals is
to synthesize the chelators to minimize the metal ions, and
MTs play crucial roles as a tolerance mechanism (Hossain
and Komatsu 2012).

Cadmium is a non-essential element adversely affect-
ing plant growth and development. It is considered to be a
very important contaminant because of its high toxicity and
water solubility. Cd changes the uptake of useful minerals
in the soil and reduces the population of soil microorgan-
isms (Benavides et al. 2005). It affects the absorption of
Ca, Mg, P, K, and water intake and usage (Balestrasse et al.
2003). Elements accumulate more in plant roots because
they are initially absorbed in the root. Cd enters the roots
and reaches the xylem in apoplastic or symplastic ways,
and finally reaches the aerial parts of the plants. Cadmium
is in competition with nutrients such as K, Ca, Mg, Fe, Mn,
Cu, Zn, and Ni, passing through the cell membrane because
they have used the same carriers (Benavides et al. 2005).
Cd inhibits carriers associated with the translocation of the
minerals in the plant tissues (Nazar et al. 2012).

Metallothioneins (MT) with their low molecular weight
are characterized by being rich in cysteine amino acids,
and being devoid of aromatic amino acids. MTs bind eas-
ily to heavy metals with high affinity because of their high
cysteine content, so they are thought to play a protective
role in the cells and organelles exposed to heavy metal
(Brewer and Marcus 2007; Shi and Chance 2008). The MT
gene expressions in plants are stimulated when exposed to
heavy metals. Therefore, MTs are used as a biological indi-
cator in the assessment of the stress in organisms, and for
the monitoring of various metal pollutants such as cadmium
(Canpolat and Lynes 2001; Dabrio et al. 2002). The met-
allothionein gene expression in plants can be considered
as a tolerance for stress recovery. The syntheses of metal-
binding proteins such as metallothionein increase in plants
exposed to toxic levels. The toxic level of heavy metals can
induce visible injuries and physiological disorder such as
the reduced chlorophyll content in plants (Mudgal et al.
2010; Nagajyoti et al. 2010; Singh et al. 2011). MTs play
a role in biological and physiological reactions by binding
the metal ions in cells and organelles (Jia et al. 2012; Ryvo-
lova et al. 2012). Metallothioneins are stress response pro-
teins with a low molecular weight (10.7 kDa), cysteine-rich
(30 %), devoid of aromatic amino acids, and bind heavy
metals with a high affinity. These proteins have been subdi-
vided into four categories based on the arrangement of the
cysteine residues in their N-and C-terminal regions as MT1,
MT2, MT3, and MT4. These genes are induced by various
heavy metals and expressed at different levels in plant tis-
sues. An accumulation of heavy metals in plants can cause
structural changes such as physiological, biochemical,
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and mineral element intake (Cobbett and Goldsbrough
2002). MTs are expressed in different tissues such as the
roots, the stems, the leaves, the fruits and the seeds (Kohler
et al. 2004). Type 1 MT genes are predominantly expressed
in both the leaves and the roots, and type 2 MT genes are
expressed primarily in the leaves, the stems, and the devel-
oping seed. Type 3 MT genes are expressed in the leaves
or in the ripening fruits, and type 4 MT genes are not only
detected in the developing seed, but also in the reproduc-
tive organs and vegetative tissues (Yang et al. 2015). The
expression of the MT genes in plants is regulated by a vari-
ety of stimuli including heavy metals and oxidative stress
(Huang et al. 2012).

Solanum lycopersicum is appropriate for the tracking
of cadmium and mineral elements in the roots, the leaves
and the fruits of the plant, which are an important source of
nutrients. Although several studies on MT gene expression
in various plants have been conducted, the relationships of
MT gene expression and composition of the plant element
are still poorly known in the tomato. In the current study,
we investigated the expression of MT isoforms (MT 1, 2, 3
and 4) in tomato tissues and focused on tissue differences.
We studied Cd accumulation and the effect of Cd on some
mineral elements composition of the tomato roots, the
leaves and the fruits. This research combines the relation-
ship between the gene expressions and mineral elements
contents in the tomato understand the effect of Cd.

Materials and methods
Plant material and growth conditions

Tomato (S. lycopersicum cv. ¢iko F1) seedlings were grown
in pots containing a 10 kg mixture of peat and garden soil
(1:1) under greenhouse conditions with 16:8 photoperiods,
at 24-27 °C. 150 ppm N, 80 ppm P, 100 ppm K, and other
nutrients (Ca, Mg, Zn and B) were applied in 20 ppm for
plant growth. After 3 weeks of acclimatization, the seedlings
were exposed to 10, 20, and 50 ppm CdCl, as a heavy metal,
and the application was carried out 3 times with an interval
of 2 days. After the seedlings were approximately 40 cm in
size, they were allowed to grow vertically in order to support
the body of tomatoes on the ropes. The tomato leaves were
harvested 2 weeks after the heavy metal application. The
fruits were harvested after the beginning of ripening, and
then the roots were sampled. All the samples were stored at
—80 °C until the RNA isolation and element analysis.

RNA isolation and RT-qPCR analysis

The total RNA from the roots, the leaves, and the fruits,
was extracted by using the Plant RNA Mini-Preps Kit (Bio
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Basic) according to the manufacturer’s instructions. The
isolated RNA was dissolved in RNA-free water and stored
at —80 °C. The RNA integrity was confirmed on the aga-
rose gel, and the RNA concentration was calculated by
using a pDrop plate (Thermo Scientific).

The cDNA synthesis and RT-qPCR was performed by
using the one-step QuantiTect SYBR Green RT-PCR Kit
(Qiagen) according to the suggestions of the manufac-
turer’s procedures. The QuantiTect SYBR Green RT-PCR
master mix 10 pl, primers 2 x 2 pl, RT mix 0,3 pl, tem-
plate RNA 3 pl were added in the capillary tubes, and the
final volume was brought up to 20 pl with RNase-free
water. The sequences for the tomato were obtained from
the NCBI (http://www.ncbi.nlm.nih.gov/nucleotide) data-
bank. The primer sequences used for the amplifications
were designed by using a primer3 (version 4.0) except the
MT?2 and actin’s primers which were obtained from Goupil
et al. (2009). The GC % and Tm values of the primers
were confirmed with an oligonucleotide properties calcu-
lator, which is an OligoCalc web-based program (http://
www.basic.northwestern.edu/biotools/oligocalc.html). The
following oligonucleotides were used as a primers: MT1
5'-CTAGCTGCAAGTGCGACAAC-3/(forward), 5'-ACCC
CAAGCACCAAAGTCTC-3/(reverse), MT2 5-GCTGTG
GATCTA GCTGCAAGTGCG-3'(forward), 5'-AAGGGTT
GCACTTGCAGTCAGATCC-3’ (reverse), MT3 5'-ATGTC
TTGCTGTGGTGGAAG-3/(forward), 5-TAGCAATTGCA
AGGGTCACA-3'(reverse), MT4 5'-TGTGGGATGTACCC
CGACTT-3' 3/(forward), 5-TCTGTTGCTTTCTCAGCCA
CT-3/(reverse), Actin 5-GGGATGGAGAAG TTTGGTG
GTGG-3' (forward), 5'-CTTCGACCAAGGGATGGTG
TAGC-3' (reverse). The MTs nucleotide sequences have
been deposited in the EMBL nucleotide sequence database
under accession number Z68138, Z68185, Z68309 and
768310 for MT1, MT2, MT3 and MT4, respectively (Gir-
itch et al. 1998).

The real-time qPCR was performed under the following
conditions of the Qiagen protocols with minor modifica-
tions: the reverse transcription step 20 min 50 °C, the PCR
initial activation step 15 min 95 °C, followed by 50 cycles,
denaturation 15 s 94 °C, annealing 30 s 56 °C, extension
30 s 72 °C, cooling 20 s 40 °C by using the Roche Light-
Cycler 1.5 PCR machine.

Analysis of Cd and mineral elements

The plant tissues were dried at 65 °C in the oven until they
reached a constant weight. The dried samples were ground,
and burned in the oven. The temperature was increased
gradually 550 &£ 50 °C for 6 h. After the cooling, the sam-
ples were treated with concentrated HCI, and 2 N nitric
acid. The sample temperature was brought to room tem-
perature and pure water was added to the filter. Ca, Mg, Zn,

Fe, Mn, Cu, and Cd were determined by a 7700-X model
Inductively Coupled Plasma-Mass Spectrometry (ICP-MS)
(Tokyo, Japan) using an external calibration method (Doker
et al. 2014).

Statistical analysis

The relative expression of the MT gene expression lev-
els was determined using the 2722¢T method (Livak and
Schmittgen 2001). The data were submitted to analysis
of the variance ANOVA by using the SPSS 20.0 program
package. Significant difference between the treated group
and the control group was accepted if P < 0.05 and the data
were expressed as mean & SD.

Results
The expression pattern of metallothionein genes

The application of cadmium to the tomato affected the
metallothionein transcript expressions depending on the
tissue types. After the RT-qPCR amplification, the MT2
gene in the leaves was separated and checked on 2.5 %
agarose gel (Fig. 1). The effect of the Cd on MTI gene
expression in the roots, the leaves, and the fruits of the
tomato subjected to concentrations of Cd are shown in
Fig. 2a. The MT1 gene expression significantly increased
in all parts of the S. lycopersicum whose growth medium
contained Cd. The greatest expression pattern of MTI
was seen in the leaves of the plant which were exposed to
50 ppm CdCI, compared to the control groups. The MT2
gene expression levels are shown in Fig. 2b. The applica-
tion of cadmium significantly induced the MT2 transcript
in the roots, the leaves, and the fruits. When the tomato
plants were exposed to cadmium, the transcript level of the
MT3 gene had no significant change in the roots ant the

Fig.1 The MT2 transcript on 2.5 % agarose gel image (M marker, A
actin, C control, 10, 20, 50 ppm Cd concentration)
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Mineral elements such as Ca, Mg, Zn, Fe, Mn and Cu, and
cadmium content were determined in the roots, the leaves,
and the fruits of the tomato. According to the Cd analysis,
it was absorbed by the plant roots, and reached the leaves
and the fruits (Fig. 3). The Cd changed the mineral content
showing synergistic and/or antagonistic effects depending
to the tissue types and minerals.

Mineral element contents in the roots

The effect of the Cd on minerals is shown in Fig. 4. The Cd
caused a slight increase in the Ca content in all doses of Cd.

@ Springer
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Doses of Cd (ppm)

Fig. 4 The effect of Cd on the content of some mineral elements in
roots of tomato. Values are the mean £+ SD. Bars marked with the
asterisk are significantly (P < 0.05) different from control group

The Zn level was significantly increased when 10, 20 ppm
Cd was added to the growth medium while it decreased at
50 ppm. Moreover, the Cu content increased at 20, 50 ppm
application, but the Mn level decreased in the same appli-
cations. There was no significant correlation between the
amount of Mg and Fe in the roots of the tomato with the
increasing treatment of Cd in any of the doses.
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Fig. 5 The effect of Cd on the content of some mineral elements in
leaves of tomato. Values are the mean & SD. Bars marked with the
asterisk are significantly (P < 0.05) different from control group

Mineral element contents in the leaves

When the tomato plant was exposed to Cd, the content of
the mineral elements is shown in Fig. 5. The content of the
Mg, Ca, Fe, and Zn were increased depending on the min-
eral types. However, the Cu and Mn levels decreased with
the increasing doses of Cd.

Mineral element content in the fruits

The content of the Mg, Ca, Fe, and Cu, increased with
treatment of the Cd on the growth medium. The Zn and
Mn levels were decreased by using Cd. These changes
depended on the elements and applications. All the results
are shown in Fig. 6.

Discussion

Plant growth and developing have been decelerated as
results of biochemical changes and physiology processes
in contaminated soils. Heavy metals have changed min-
eral distribution in plants and biological properties of soil
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Fig. 6 The effect of Cd on the content of some mineral elements in
fruits of tomato. Values are the mean + SD. Bars marked with the
asterisk are significantly (P < 0.05) different from control group

(Chibuike and Obiora 2014). The Cd is one of the most
toxic elements, because it displaces some essential ele-
ments such as zinc, manganese, and calcium, and reacts
with sulfur in amino acid side chains (Clemens et al. 2002).
Plants have developed a series of complex mechanism to
control the element uptake, transportation, and detoxifica-
tion. One of the mechanisms of heavy metal detoxification
is their chelation in the cytosol. Metallothioneins have rich
cysteine residues so it plays a role as metal chelators (Shan-
ker and Venkateswarlu 2011). MTs family of genes is regu-
lated in different ways and it is essential for cellular metal
detoxification. The expression levels of MT have varied
according to plant tissue and its environmental agents.

In the present study, Cd has increased MT1 gene levels in
the roots, leaves and ripening fruits of tomato depending on
applied doses. It was reported that cadmium induced MT]
gene expression in the Ziziphus jujuba applied 100 mM
CdCI, (Yang et al. 2015). The expression of MT! increased
in the roots, shoots and leaves of poplar cultivated in
growth medium contained zinc (Castiglione et al. 2007). In
our results, MT2 gene expression level induced in all tissue
of tomato. The most expression pattern was seen at 50 ppm
Cd application comparing to controls. Similar results were
declared in different plants. M72 transcript level increased
in Avicennia germinans (Gonzalez-Mendoza et al. 2007),
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Arachis hypogaea (Quan et al. 2007) planted in contami-
nated with cadmium. While MT2 gene level induced by
arsenic, chromium did not cause a significant change in
the roots and shoots of tomato (Goupil et al. 2009). Tom-
buloglu et al. (2012) stated that MT2 gene expression
increased at doses of 160-320 uM, but it decreased in high
and lower doses comparing to control in tomato nourished
with boron. MT3 gene expression slightly increased in
roots and fruits of tomato; however 50 ppm Cd applica-
tion caused important to increase the MT3 gene levels in
leaves. Kohler et al. (2004) reported that Cd did not change
MT3 gene level while Zn slightly increased in roots of
Populous alba. Also, they declared Fe and Cu slightly sup-
pressed MT3 gene, while Mn and Zn slightly increased in
root tips of tomato. MT4 gene expression levels changed
according to tissue types, that is, Cd slightly induced in
roots, significantly increased in leaves, and did not change
in fruits. Giritch et al. (1998) noticed that Fe, Mn, and Cu
did not induce MT4 gene expression, while Zn induced in
tomato. Our results show that MT gene expression pattern
has changed tissue type and cadmium concentration. These
transcript changes may be associated with physiologi-
cal functions occurred by plants (Huang and Wang 2009).
These responses depend on the development stage, tissue
type, heavy metal concentration and uptake, and hormonal
status of the tissues (Castiglione et al. 2007).

Mineral elements have essential roles in plant growth
and development. Mineral composition of plants shows
changes depending on the genetic structure of the plant,
the chemical composition of soil, climatic factors, plant
age and other abiotic factors. Heavy metals such as Cd
have changed mineral element composition of plants (Rao
et al. 2006). The Cd has changed the plant nutrition lev-
els displacing with essential elements such as Zn, Fe, and
Mn which cofactor for some enzymes (Lopez-Milldn et al.
2009). In this study, Cd reached to the aerial tissues such as
leaves and fruits by uptake from roots of tomato. Cd limited
Mn content at 20 and 50 ppm doses. Moreover, Zn amount
increased at 10 and 20 ppm, while it decreased at 50 ppm
in roots. Cadmium treatment showed synergistic effect
increasing on Mg, Ca, Fe and Zn levels in leaves. Also, it
showed the similar effect on Mg, Ca, Fe and Cu content at
fruits, but it decreased Mn and Zn content with antagonis-
tic effect. Bertoli et al. (2012) indicated in tomato that Cd
decreased Ca, Mn and Zn content at aerial parts. Also, they
showed that Cd increased Cu and Fe content, and decreased
Mn content at roots of tomatoes. However, Mg level did
not show significant change at all parts of tomato. While
CdCI, (10 uM) increased Mg content in roots and did not
cause a significant change on Ca content at all part of toma-
toes cultivated in hydroponics culture (Lépez-Millan et al.
2009). At the same study, Mn content decreased at root,
but it did not change at shoots and leaves. Cd application
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decreased Fe, Zn Cu, Ca and Mg contents in wheat geno-
types (Eker et al. 2013). It was reported that Cd decreased
Fe, Zn, Cu and Mg contents in the first sampling of roots
and leaves in rice. However, Cd increased Fe and Mn con-
tent, decreased Zn, Cu and Mg content in roots of ripening
plants. Moreover, while it decreased Fe, Zn, Mn, and Mg
content, increased Cu content in leaves of ripened rice (Liu
et al. 2003).

These results showed that heavy metals affect the content
of Ca, Mg, Mn, Fe, and Zn, depending on the tissue type,
and application doses in the tomato. This interaction may
be associated with the synergistic or antagonistic effects of
the Cd and mineral elements used in the same transporters.
Some factors such as the plant types, the cultivation method
and season, and the sampling method and climatic factors
could influence the mineral contents (Suarez et al. 2007).
It can be seen in our results that Cd reached the fruits. This
situation can endanger human health from the food chain.
When farming in soils containing heavy metals such as Cd,
it should be taken into account that these metals may be
transported into the edible parts of the plants.

In conclusion, we have demonstrated that Cd affected
the MT gene expression and mineral elements in tomato tis-
sues. These findings could help improve our understanding
of the interaction mechanism. The elements found in the
plant growth medium can affect various genes. Mineral ele-
ments can interact with each other through nutrient trans-
porters in the cell membrane. Thus, the effect of nutrients
and heavy metals can be revealed on gene expressions that
are responsible for the transportation of elements and cases
between each other.
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