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and carotenoid content than wild-type (WT) plants. Simi-
larly, almost no loss of water content was measured in BF3, 
SP1 and SPM lines. All transgenic plants exhibited lower 
H2O2 content and higher antioxidant enzyme expression 
than WT. A higher proline content was also measured in 
these plants after Cd treatment in comparison to WT. All 
these data suggest that overexpression of the StDREB genes 
improves tolerance of potato plants to Cd by improving 
plant growth, proline and antioxidant production leading to 
low oxidative stress damage.

Keywords Transgenic potato · DREB · Cadmium · 
Transporter · Antioxidant

Abbreviations
DREB  Drought-responsive element binding
ROS  Reactive oxygen species
SOD  Superoxide dismutase
ABA  Abscissic acid
ERF  Ethylene responsive factor
AP2  Apetala2
DRE  Dehydration responsive element
CAT  Catalase
CRT  C-Repeat element
CBF  C-Repeat binding factor
GPX  Gluthation peroxidase
MDA  Malondialdehyde
NRAMP  Natural resistance-associated macrophage 

proteins
TCA  Trichloroacetic acid
TBA  Thiobarbituric acid
RWC  Relative water content
ANOVA  Analysis of variance
WT  Wild-type

Abstract Cadmium (Cd) is a toxic heavy metal naturally 
present in soils. It causes environmental pollution because 
of the increase of mining and industrial activities in the 
twentieth century. Although plants do not require Cd, they 
can accumulate high levels of this metal. The response of 
plants to Cd pollution involves several signaling pathways 
involving stress responsive transcription factors. Among 
these transcription factors, it has been reported that DREB 
(drought-responsive element binding) factors are involved 
in plant response to abiotic constraints. In this context, 
in previous studies, we isolated and characterized two 
DREB genes from potato that were designated StDREB1 
and StDREB2. Their overexpression in transgenic potato 
lines led to enhanced drought and salt stress tolerance in 
comparison to untransformed plants. These DREB tran-
scription factors play crucial regulatory roles in differ-
ent stress responsive pathways in potato. The goal of this 
report is to study the response of these transgenic potato 
plants overexpressing StDREB1 and StDREB2 to Cd stress. 
Therefore, transgenic plants and control plants were culti-
vated in vitro in MS (Murashige and Skoog) medium sup-
plemented with 50–150 µM CdCl2. After 7 and 14 days of 
treatment, plant tissues were used to evaluate a number of 
physiological parameters. Transgenic plants submitted to 
Cd stress, showed lower decrease in growth, chlorpophyll 

Mariam Charfeddine and Safa Charfeddine have contributed 
equally in this work.

 * Safa Charfeddine 
 charfeddine_safa@yahoo.fr

1 Laboratoire d’Amélioration des Plantes et Valorisation des 
Agroressources, Ecole Nationale d’Ingénieurs de Sfax, Route 
Soukra Km 4, B.P 1173, 3038 Sfax, Tunisia

2 Faculté des sciences de Gafsa Tunisia, Gafsa, Tunisia

http://crossmark.crossref.org/dialog/?doi=10.1007/s11240-016-1130-2&domain=pdf


522 Plant Cell Tiss Organ Cult (2017) 128:521–541

1 3

Introduction

Potato (Solanum tuberosum) belongs to the fourth largest 
food crop in the world that is a staple in many diets. It 
is a source of highly digestible carbohydrates, nutritional 
proteins, vitamins and minerals (potassium, phosphorus, 
calcium and magnesium; Suttle 2008). Despite its impor-
tant economic value, potato is sensitive to environmen-
tal constraints such as dehydration, salinity and heavy 
metals.

Nowadays, many reports have been focused on the 
impact of heavy metals in plants such as cadmium (Cd), 
lead (Pb), copper (Cu) and mercury (Hg). These metals 
cause environmental damage (Ellen et  al. 1990). Heavy 
metal inputs derive from commercial fertilizers, agrochem-
icals, sewage sludge, liming materials and other wastes 
used as soil amendments, irrigation water and atmospheric 
deposition (Senesi et al. 1999). Kabata-Pendias and Pendias 
(2001) reported that the concentrations of heavy metals in 
plants are associated with their concentrations in soils and 
depend on plant species and genotypes. Cd is considered 
the highest toxic metal that causes hazards to human health 
and plant development (Gonçalves et  al. 2012). Sanità di 
Toppi and Gabrielli (1999) reported that soil can be con-
sidered as polluted when the Cd concentration ranges from 
0.32 to 1 mM, while the non-polluted soil solutions contain 
Cd levels varying from 0.04 to 0.32mM (Benavides et  al. 
2005).

Cd threats the environment especially through zinc min-
ing and smelting, industrial activities and the use of phos-
phate as fertilizer (Waisberg et al. 2003; Senesi et al. 1999). 
A number of studies showed that Cd can interact with dif-
ferent metabolic processes. It reduces nutrient uptake and 
water disponibility (Li et al. 2008) resulting in necrosis and 
chlorosis of plant leaves, growth inhibition and browning of 
roots, and deficiencies in some essential elements leading 
in some cases to plant death (Tkalec et al. 2014). Kabata-
Pendias and Pendias (2001) reported that the concentrations 
of heavy metals in plants are associated with their concen-
trations in soils and depend on plant species and genotypes. 
Cd has also been found to cause oxidative damage in plants 
by increasing the accumulation of ROS (reactive oxygen 
species), leading to an increase in lipid peroxidation and 
inactivation of macromolecules and cell structures of plant 
tissues (Smeets et  al. 2005). Furthermore, Cd competes 
with essential nutrients such as calcium for uptake and dis-
turbs the essential intracellular metal homeostasis (Clark-
son and Luttge 1989). It accumulates in plant tissues and 
cell compartments and hampers the general metabolism of 
the plant when the Cd concentration is about 1.5–10 mg/l 
(Turner 1997). In 1997, the Australia New Zealand Food 
Authority (ANZFA) revised limits for Cd in potatoes and 
other vegetables. The maximum permitted concentration 

is 0.1  mg Cd/kg fresh weight, for roots, tubers and leafy 
vegetables.

A wide range of metal transporters have been identified 
in plants including the heavy metal ATPases (CPx-type 
ATPases), the natural resistance-associated macrophage 
proteins (NRAMPs) and the cation diffusion facilitators 
(CDFs; Williams et  al. 2000), the ZIP family (ZRT, IRT- 
related proteins; Guerinot 2000) and the cation antiporters 
(Gaxiola et al. 2002). The NRAMP family of metal trans-
porters has been identified in several plant species (Wei 
et  al. 2009) and they seem to be involved in Fe and Cd 
uptake and homeostasis (Lanquar et al. 2005).

Plants develop different tolerance mechanisms to cope 
with Cd toxicity. These are mainly based on the exclu-
sion or sequestration of Cd (Katrin 2014). Such processes 
result in the suppression of this heavy ion from cellular 
compartments (Tangahu et al. 2011). Compartmentation of 
Cd in the roots and in the aerial parts of the plant was also 
observed in tolerant plants (Tangahu et al. 2011).

These plants can also develop antioxidant defense mech-
anisms by inducing several detoxification systems includ-
ing enzymatic antioxidants such as superoxide dismutase, 
catalase and peroxidase (Gallego et  al. 2012; Yan et  al. 
2015).

Exposure to heavy metal may also allow an increase in 
ABA (abscissic acid) and ethylene contents, two stress-
related hormones involved in several signaling pathways 
(Maksymiec 2011; Zengin 2006). All these data con-
firm the complexity of the mechanisms involved in plant 
response to toxic metals. Therefore, many studies have 
been undertaken to identify genes involved in response to 
Cd. They are mainly based on the study of gene transcrip-
tion after exposure to Cd. In this context, many transcrip-
tion factors implicated in these stress-response pathways 
have been characterized, among which the proteins ERF 
(ethylene-responsive factors) have been identified in Arabi-
dopsis thaliana and A. halleri after Cd stress (Weber et al. 
2006). DREB transcription factors can also be regulated by 
Cd exposure (Ban et al. 2011).

These transcription factors regulate many biological 
processes such as development, reproduction and hormone 
responses (Licausi et al. 2010; Rae et al. 2011). They also 
play vital roles in response to salinity, cold and drought 
stresses in plants (Sakuma et al. 2002). DREB factors har-
bor an AP2/ERF domain with 50–70 amino acids that is 
important for its binding to DRE/CRT sequences (dehydra-
tion responsive elements/C-repeat elements; Agarwal et al. 
2006) in promoters of stress-inducible genes.

DREB genes were identified in A. thaliana (Sakuma 
et al. 2002), barley (Choi et al. 2002), rice (Dubouzet et al. 
2003), wheat (Jaglo et al. 2001) and potato (Bouaziz et al. 
2015; Charfeddine et  al. 2015). The CBF/DREB group, 
that belongs to the A subfamily (Sakuma et al. 2002) of the 
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ERF family, was then divided into five subgroups (Nakano 
et al. 2006).

The DREB factors were shown to be involved in 
response to various abiotic stresses as documented in some 
cases. For example, GmDREBc was induced by dehydra-
tion, salinity and ABA treatment whereas GmDREBa/b 
was upregulated by salinity, cold and dehydration in 
soybean leaves (Li et  al. 2005). The expression of the 
SbDREB2A gene from Salicornia brachiata was activated 
by salt, dehydration and heat stresses (Gupta et al. 2010). 
The expression of StDREB1 and StDREB2 was activated by 
NaCl, dehydration and cold (Bouaziz et al. 2012, 2013).

Many DREB1-type genes were overexpressed in trans-
genic plants that improved tolerance to various abiotic 
stresses in plants (Chen et al. 2012; Sharoni et al. 2011).

In this context, we have previously shown that overex-
pression of StDREB1 and StDREB2 increased dehydration 
and salinity tolerance in transgenic potato plants (Bouaziz 
et al. 2012, 2013). Similarly, the overexpression in rice of 
AtDREB1A isolated from Arabidopsis improved tolerance 
to salinity (Datta et  al. 2012). Transgenic potato plants 
overexpressing the DREB1A or DREB1B gene from Arabi-
dopsis showed a significant increase in freezing tolerance 
(Behnam et al. 2007; Movahedi et al. 2012).

The present study investigated the response of trans-
genic potato plants overexpressing StDREB1 or StDREB2 
to Cd (50 and 150 µM) stress for 28 days. Plant growth and 
chlorophyll content were evaluated during the Cd treat-
ment. Certain oxidative stress indicators and antioxidant 
ROS scavenging enzymes were also followed. The results 
obtained showed an enhanced tolerance of transgenic 
potato plants expressing StDREB1 or StDREB2 compared 
to untransformed wild controls. This tolerance was related 
to enhanced antioxidant activities.

Materials and methods

Plant materials and stress treatments

Transgenic potato plants overexpressing StDREBs 
genes (Bouaziz et  al. 2012, 2013) were used here. The 
BF3 and BF5 lines overexpress the StDREB1 factor 
(PGSC0003DMG400026461), while the SP1and SPM lines 
possess the StDREB2 factor (PGSC0003DMG400007951). 
Plants from the BF and Spunta (SP) untransformed potato 
cultivars were also used as controls.

Potato plants cultivated in  vitro were propagated 
in tubes containing 15  ml solid MS basal medium 
(Murashige and Skoog 1962) using 8  g/l agar supple-
mented with vitamins (Morel and Wetmore 1951). Plants 
were cultivated in a growth chamber (16  h light/8 dark, 
25 °C and 250 µE m−2 s−1 light intensity). Metallic stress 

was applied by the transfer of 2-week-old single stem 
plants harboring 4–5 nodes, to 5 ml aqueous MS medium 
(pH 6) supplemented with 50 or 150 µM CdCl2 and the 
culture was pursued for 28 days. During this period, the 
changes of plant morphology and stem elongation were 
followed.

Determination of the level of chlorophyll and carotenoid

The chlorophyll and carotenoid levels were evaluated spec-
trophotometrically (Arnon 1949) on leaves from trans-
genic and WT plants. The leaf samples were ground in 0.5 
mL of 100% acetone, and 1 mL of 80% acetone was then 
added. The supernatant obtained after centrifugation at 
12,000 rpm for 15 min was adjusted to 2 mL with acetone 
80%. The content of chlorophyll a, chlorophyll b and carot-
enoid was calculated by measuring the absorbance at 663, 
645 and 450  nm respectively. The total chlorophyll level 
was determined as described by Arnon (1949).

Determination of relative water content (RWC)

The RWC of transgenic and WT potato plants was evalu-
ated according to Yamasaki and Dillenburg (1999). The 
fresh weight (FW) of leaves, roots and stems was measured 
and samples were then dried at 80 °C for 48 h in an oven to 
obtain the dry weight (DW). The RWC was determined as 
follow:

Lipid peroxidation evaluation

The oxidative damage was assessed by measuring the 
malonyldialdehyde (MDA) content in leaves, stems and 
roots. Samples (50 mg) were ground in trichloroacetic acid 
(TCA) 0.1% (w/v). After centrifugation at 15,000×g for 
10 min, an aliquot of 500 µL supernatant was added to a 
mixture of 0.5% thiobarbituric acid and 20% TCA solution. 
The homogenate was heated for 30 min at 90 °C in a water 
bath and then cooled on ice. The samples were centrifuged 
at 10,000×g for 5 min, and the absorbance of the superna-
tant was read at 532 and 600 nm (Hernandez and Almansa 
2002). The MDA concentration was calculated using the 
following formula:

where A, absorbance; extract volume, volume of reaction 
mixture (ml); slope, determined using a calibration curve; 
weight, mass of fresh tissue.

RWC (g∕g FW) =
[

(FW − DW)∕FW
]

.

MDA (nmol/ml) =
(A532 − A600) × Extract volume

slope × weight
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Determination of H2O2 content

The H2O2 concentration in both leaves and stems of fresh 
matter was measured as described by Loreto and Velik-
ova (2001). Approximately 0.1  g of sample was ground 
at 4 °C in 2 mL TCA 0.1% (w/v). The mixture was cen-
trifuged for 15  min at 12,000×g at 4 °C. Then, 0.5 mL 
supernatant was taken and 1 mL of 1 M potassium iodide 
(KI) and 0.5 mL of 10 mM phosphate buffer (KP; pH 7) 
were added. The H2O2 level was calculated by compar-
ing its absorbance at 390 nm with a standard calibration 
curve. The H2O2 content is presented as μmol/g FW.

Determination of electrolyte leakage

Leaf samples were cut into discs of 5 mm diameter and 
placed in test tubes containing 10  ml double distilled 
water. The tubes were incubated at 32 °C for 2 h and the 
initial electrical conductivity (EC1) was measured. The 
tubes were heated at 100 °C in a water bath for 20 min, 
cooled to 25 °C and the final electrical conductivity of 
the medium was measured (EC2). The electrolyte leak-
age (EL) was calculated according to Sairam et al. (2002) 
using the following formula: EL = (EC1/EC2) × 100 and 
expressed in % of total electrolytes.

Protein extractions

Fresh leaf, stem and root samples were ground in a potas-
sium phosphate buffer 0.1 M, pH 7 to extract soluble pro-
teins. The homogenate was centrifuged at 13,000×g for 
15 min at 4 °C and the supernatants were collected. The 
protein concentrations were determined according to the 
method of Bradford (1976) using bovine serum albumin 
(BSA) as a standard.

Antioxidant enzyme activity assay

The total superoxide dismutase (SOD), catalase (CAT) 
and gluthatione peroxidase (GPX) activities were deter-
mined spectrophotometrically.

The superoxide dismutase activity was assayed accord-
ing to Dhindsa et  al. (1981). The reaction mixture, of 
3  ml final volume, contained 50  mM potassium phos-
phate (pH 7), 0.1 mM EDTA, 9.9 mM methionine, 57 μM 
NBT (nitroblue tetrazolium) and 2  µM riboflavine. The 
reaction was initiated by exposing the mixture to white 
light for 20 min. A blue color developed and was meas-
ured at 560 nm. A reaction mixture not exposed to light 
was used as negative control. The blank corresponds to 

the reaction mixture without enzyme, exposed to light 
which developed a maximum color.

One unit of SOD activity was defined as the quantity 
of enzyme causing 50% inhibition of the photochemical 
reduction of NBT. The specific activity is expressed as 
units per mg of protein.

Total catalase activity was determined according to 
Claiborne (1985). The reaction mixture contained 50 mM 
potassium phosphate buffer (pH 7), 10  mM H2O2, 1  mM 
dithiothreitol (DTT) and enzyme extract (25 µl). The CAT 
activity is expressed as µmol H2O2 decomposed per mg of 
protein.

Glutathione peroxidase activity was measured according 
to Floh and Gunzler  (1984) by allowing oxidation of glu-
tathione (GSH) by H2O2 in the presence of 5,5′-dithio-bis 
2-nitrobenzoic acid (DTNB).

The assay mixture containing 0.1 mM GSH solution in 
67 mM phosphate buffer (pH 7.8) was incubated at 25 °C 
for 5 min. Then, 1.3 mM H2O2 were added and the mixture 
was incubated for 10 min. The reaction mixture was sup-
plemented with 1 ml 1% TCA and centrifuged at 3000 rpm 
for 10  min. The supernatant was collected and 2.2  ml of 
0.32 M Na2HPO4 and 320 ml of 1 mM DTNB were added.

The GPX activity is expressed as µM GSH/min/mg 
protein.

Determination of proline content

Leaves and stems from potato plants were harvested every 
7 days to determine the proline content. The proline assay 
was performed according to Bates et  al. (1973). Samples 
were ground in sulphosalicylic acid (3%). After adding gla-
cial acetic acid and ninhydric acid, the mixtures were incu-
bated for 1 h at 100 °C in a water bath. The tubes were then 
transferred on ice to stop the reaction. A volume of 2 mL 
toluene was added and the absorbance of the toluene frac-
tion was measured at 520 nm. The concentration of proline 
was calculated using a calibration curve and is expressed as 
µmol proline/gFW.

Determination of Cd content

Plant material was collected and leaves, stems and roots 
were dried at 65 °C for 2 days until a constant mass was 
reached. Dried plant material was mineralized using nitric 
acid and the Cd content determined by atomic absorption 
spectrometry (Analytik Jena ZEEnit700).

RNA extraction and cDNA synthesis

Total RNA was extracted, from leaves of in vitro cultivated 
potato plants submitted to different concentrations of Cd 
for 7 days, according to Chomczynski and Sacchi (1987) 
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using the trizol reagent. The samples of 0.1 g were ground 
in liquid nitrogen and 1 ml of trizol reagent was then added. 
The homogenate was vigorously shaken and incubated at 
room temperature for 5  min. Chloroform (200  µl) was 
added and the mixture was shaken by hand for 15  s. The 
samples were then incubated for 5  min at room tempera-
ture and centrifuged for 15 min at 12,000 rpm at 4 °C. The 
aqueous phase was transferred to a fresh tube and 0.5 ml of 
isopropanol was added to precipitate the RNA. The mixture 
was incubated at room temperature for 10 min and centri-
fuged at 12,000  rpm for 10  min at 4 °C. The supernatant 
was discarded and the pellet was washed with 1  ml 75% 
ethanol and centrifuged at 12,000×g for 5 min at 4 °C. The 
pellet was dried for 5  min at room temperature and then 
dissolved in RNase-free water.

The RNA concentration and quality were determined by 
measuring the absorbance at 260 and 280 nm and the RNA 
was treated by DNase I. cDNA synthesis was carried out 
using reverse transcriptase M-MuLV (RT Bio Basic Inc).

Semi‑quantitative RT‑PCR analysis

RT-PCR analysis of the expression of genes encoding anti-
oxidant enzymes such as SOD, catalase, glutathione per-
oxidase and NRAMP transporter of Cd was performed. The 
elongation factor (ef1a) constitutive gene (GenBank ID: 
AB061263) was used to normalize the amount of template 
added. All primer sequences are presented in Table 1. PCR 
amplified products were visualized on ethidium bromide-
stained 1.5% agarose gels and quantified using the Gel 
DocXR Gel Documentation System (Bio-Rad).

Statistical analysis

Data are presented as mean ± standard errors of three paral-
lel measurements. All data were subjected to the ANOVA 
test (analysis of variance) using the GraphPad Prism 

Version 5 software and the Newman/Keuls test was used to 
compare the means. p values <0.05 were considered sig-
nificantly different.

Results

Overexpression of StDREB genes enhances tolerance 
to Cd in transgenic potato plants

WT and transgenic potato plants were cultivated in MS 
medium supplemented with 50 and 150  µM Cd. After 7, 
21 and 28 days of treatment, morphological differences 
between transgenic and WT plants were followed (Fig. 1). 
Indeed non transgenic SP and BF lines exhibited an impor-
tant reduction of leaf greenness, while leaves of transgenic 
plants remained green and were more vigorous than the 
controls at 150 µM Cd. These data suggest that overexpres-
sion of StDREB1 and StDREB2 in transgenic potato plants 
may improve their tolerance to Cd.

To better understand the response of these transgenic 
lines to Cd treatment, we measured their above-ground 
length. Slight but significant growth inhibition was 
observed for SP and BF WT plants as well as SPM in the 
presence of Cd (Fig.  2a, c, d). However, similar above-
ground lengths were observed for the transgenic linesSP1 
in the absence or presence of 50 and 150 µM Cd (Fig. 2b). 
No significant reduction of aboveground length was 
observed in BF3 and BF5 transgenic lines (Fig. 2e, f).

The most important process for plant development and 
biomass production is photosynthesis, in which the chlo-
rophyll pigment plays a crucial role. Therefore, evalua-
tion of the chlorophyll content was performed in potato 
lines cultivated in Cd supplemented media. A significant 
loss in chlorophyll content was observed in WT control 
lines (BF and SP) upon Cd treatment conditions. However, 
most of the transgenic plants showed a lower decrease of 

Table 1  Sequences of primers 
used for semi-quantitative 
RT-PCR analyses

Oligo name Forward primers 5′-3′ Reverse primers 5′-3′ Tm (°C)

Ef1α ATTGGAAACGGATATGCTCCA TCCTTACCTGAACGCCTGTCA 60
CAT1 AAAAGCAGGCTTCATGGATCC 

CTCTAAGTATCG
CAAGAAAGCTGGGTCTCACATT 

GTAGGCTTCACAG
60

CAT2 AAAAAGCAGGCTTCATGGATC 
CTTACAAGTACCG

CAAGAAAGCTGGGTCTCATAT 
GCTTGGTCTCACAT

60

CAT3 AAAAAGCAGGCTTCATGGATC 
CTTACAAGTATCG

CAAGAAAGCTGGGTCTCACATT 
GTAGGCCTTATAT

60

FeSOD2 AAAAAGCAGGCTTCATGGCCGC 
CACTGCCTCTGCTAA

CAAGAAAGCTGGGTCTCAA 
GGCGCTGTTGCTG

60

Cu/ZnSOD AAAAAGCAGGCTTCAATC 
CAACGGTGGTACCCAT

CAAGAAAGCTGGGTCCCT 
GCGTTTCCAGTTGTCTT

60

GPX ATGGGTTTAACTCTTCTGCT TTAATTGTTGAAAGCATCAC 60
NRAMP ATGCCTCTACACGATGAAGA TCAATTATCTATGCTTGAGCT 60
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chlorophyll content upon Cd application than WT (Fig. 3a, 
b). Interestingly the SP1 and SPM lines, overexpressing 
StDREB2 showed little or no reduction of chlorophyll con-
tent when they were submitted to Cd stress (Fig. 3a). Since 
the decrease in the chlorophyll level is one of the common 
symptoms of the Cd hazardous effect in plants (Liu et  al. 
2011), these data revealed that transgenic plants overex-
pressing StDREB1 or StDREB2 are more tolerant to Cd 
than non transformed plants. These data are in agreement 
with the morphological observation since leaf roll and 
chlorosis, the most visible symptoms of Cd damage (Bena-
vides et al. 2005), were not observed in these lines.

Total carotenoid content behaved similarly to chloro-
phyll (Fig.  3c, d), suggesting that Cd treatment allows a 
generalized decrease in the concentration of these pigments 
in WT plants, probably accompanied by diminished pho-
tosynthetic capacity. The carotenoid content in the BF3, 

BF5 and SP1 lines was not affected by the increase of the 
Cd content. In contrast, the untransformed plants (BF and 
SP) and the SPM lines overexpressing theStDREB2 gene, 
revealed a reduction of carotenoid content at both Cd con-
centrations. These data suggest that heavy metals may 
affect the biosynthesis of carotenoids.

Estimation of relative water content

The physiological changes in transgenic potato plants sub-
mitted to metallic stress were evaluated by comparing the 
RWC in WT and transgenic lines. The RWC measures the 
water status of the plant as a physiological consequence 
of cell water deficiency due to accumulation of Cd. Under 
control conditions, the relative water content of the WT was 
more important than that of the different transgenic lines 
especially in leaves of the SP cultivar (Fig. 4a, b). However, 

Fig. 1  Morphology of WT (BF, SP) and transgenic plants overexpressing StDREB1 (BF3 and BF5) or StDREB2 (SP1 and SPM) after 21 days 
of culture in the absence or presence of 50 or 150 µM CdCl2
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the Cd treatment led to a decrease of RWC in leaves, roots 
and stems of these lines. In contrast, transgenic plants 
expressing StDREB2, exhibited a constant RWC in roots 

when they were submitted to Cd treatment for 21 days. A 
lower RWC decrease was obtained in StDREB1 transgenic 
lines compared to WT lines.

Fig. 2  Aboveground length of WT (BF, SP) and transgenic plants overexpressing StDREB2 (SP1 and SPM) or StDREB1 (BF3 and BF5) plants 
taken at different times of culture in the absence or presence of 50 or 150 µM CdCl2. Each data point represents the mean of six samples



528 Plant Cell Tiss Organ Cult (2017) 128:521–541

1 3

Effect of salinity on malondialdehyde (MDA) content

Cd toxicity can involve oxidative damage of lipid mem-
branes (Benavides et  al. 2005) which was assessed here 
by measuring MDA formation. Indeed, evaluating the 
MDA content and hence, the degree of membrane fatty 
acid peroxidation, has been used frequently as a tool to 
evaluate the extent of plant sensitivity and the sever-
ity of the oxidative damage (Hernandez et  al. 2001). 
The level of MDA accumulation was determined herein 
roots, stems and leaves. The results revealed low MDA 
content in roots of both control and transgenic plants 
(Fig. 5a, b) submitted to Cd treatment. However, a signif-
icant increase in the MDA content was noticed in leaves 
for both SP and BF WT plants submitted to Cd treat-
ment, indicating an important lipid peroxidation degree. 
In stems, the highest level of MDA was detected in BF 
plants after 21 days of treatment. Transgenic lines over-
expressing StDREB genes exhibited lower increase in 
MDA content in leaves and stems than WT plants. These 
data revealed that StDREB1 and StDREB2 overexpression 

in potato may enhance plant tolerance to Cd by control-
ling the oxidative stress response.

Determination of hydrogen peroxide (H2O2) content

To determine the impact of Cd stess on subsequent oxida-
tive stress generation in plants, we determined the H2O2 
production after 7 and 21 days of Cd treatment (Fig. 6a, b). 
Low H2O2 level was detected in stems and leaves of trans-
genic lines (SP1 and SPM) submitted to Cd treatment for 
21 days. However, H2O2 levels increased at 50 and 150 µM 
Cd in the WT SP cultivar (Fig. 6a). Only WT plants exhib-
ited differences in H2O2 in response to Cd treatment and 
these differences were only apparent in leaves of BF plants 
after 7 days, SP plants after 21 days and stems of SP plants 
after 21 days. None of the transgenic plants exhibited H2O2 
changes in response to Cd (Fig. 6). In leaves, this content 
did not increase significantly in Cd-treated plants. These 
results further demonstrate that StDREB1 and StDREB2 
overexpression in transgenic potato lines improved their 
response to oxidative stress generated by Cd contamination.

Fig. 3  Chlorophyll and carotenoid contents cultivated in the absence 
or presence of 50 µM or 150 µM CdCl2 for 7 or 21 days. a, c Trans-
genic plants overexpressing StDREB1 (BF3 and BF5) or WT plants 
(BF). b, d Transgenic plants overexpressing StDREB2 (SP1 and 

SPM) or WT (SP) plants. Each value is represented by the mean of 
three samples ± SD. Means followed by the same letter indicate no 
significant difference between stressed and control plants (p < 0.05)
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Measurement of electrolyte leakage

Leaf electrolyte leakage was measured in the transgenic 
potato plants and the WT plants under Cd treatment 
(Fig.  7a, b) and showed that the overexpression of the 
DREB genes increased the tolerance of transgenic plants to 
Cd exposure.

The addition of Cd caused a significant increase in elec-
trolyte leakage in leaves of the WT lines, but not of the 
transgenic lines. Indeed, a reduction of this parameter was 
observed in the SPM, BF3 and BF5 lines after 7 and 21 
days of treatment, whereas, the SP1 line showed a decrease 
after overexpression reduced membrane damage caused by 
Cd stress.

Overexpression of StDREB1 and StDREB2 enhances 
the expression and the activity of antioxidant enzymes

Superoxide dismutase (SOD)

Higher SOD activity was measured in roots than in leaves 
and stems fall plant lines (Fig.  8a, b). Moreover, this 

activity was higher in roots of transgenic plants compared 
to WT plants. The Cd treatment led to a significant increase 
of SOD in SPM and BF5. An increase of SOD activity was 
also observed in roots of stressed the SP1 line submitted to 
150 µM Cd for 7 days; beyond this period, this activity was 
stable (Fig. 8a). The BF3 transgenic line showed a signifi-
cant increase only at 50 µM Cd for 21 days (Fig. 8b).

These results may explain the low MDA level in roots.
All SP-derived lines revealed constant and low SOD 

activity in stems; however, BF plants overexpressing the 
StDREB1 gene showed an increase of this activity.

In leaves, a very low increase of SOD activity was 
observed in the SP1, BF3 and BF5 lines after Cd treatment. 
SPM showed constant SOD activity in all culture condi-
tions (Fig. 8a).

These results confirm that transgenic lines are more tol-
erant to Cd compared to SP and BF WT lines.

To further understand the effect of StDREB1 overex-
pression on the expression of the SOD encoding gene, the 
transcription of a number of SOD genes was investigated. 
The expression of the Cu/Zn SOD and FeSOD2 genes was 
assessed (Fig.  8c, d) by semi-quantitative RT-PCR. As 

Fig. 4  The percentage of RWC loss in leaves, stems and roots of 
potato plants cultivated in the absence or presence of 50 or 150 µM 
CdCl2 for 7 or21 days. a Transgenic plants overexpressing StDREB2 
(SP1 and SPM) or WT (SP) plants. b Transgenic plants overexpress-

ing StDREB1 (BF3 and BF5) or WT (BF) plants. Each value is rep-
resented by the mean of three samples ± SD. Means followed by the 
same letter indicate no significant difference between stressed and 
control plants (p < 0.05)
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observed, the expression level of these genes increased in 
SP1, SPM, BF3and BF5 transgenic plants submitted to Cd 
treatment, while it decreased in leaves of SP and BF WT 
lines.

The mRNA accumulation of the FeSOD2 gene remained 
stable in BF plants submitted to Cd treatment while plants 
of the BF3 line showed a stable expression of CuZnSOD in 
all treatment conditions.

In contrast, SP and BF control plants, showed a decrease 
in the expression level of the CuZnSOD and FeSOD2 genes 
when they were submitted to Cd treatment (Fig. 8c).

These data are in agreement with the SOD activities 
measured in leaves of these plants which showed a decrease 
in SOD activity in SP and BF and a global increase in the 
transgenic lines.

Catalase (CAT) and glutathione peroxidase (GPX)

Since, the H2O2 generated by SOD is removed by CAT 
and GPX, the activity of these two enzymes was evalu-
ated in leaves, stems and roots of all plants submitted to 
Cd treatment. The results (Fig.  9a, b) showed a signifi-
cant increase of CAT activity in all tissues of transgenic 
plants. However, this activity remained constant and low 

in the untransformed BF line (Fig. 9b). The untransformed 
SP plants showed a low increase in CAT activity in leaves 
and stems after 7 and 21 days of treatment respectively 
(Fig. 9a). In roots, the highest level was obtained in theSP1 
line after 7 days and150 µM Cd, and in SP1 and SPM 
plants after 21 days and 50 µM Cd (Fig. 9a). The SP con-
trol plants also showed an increase of CAT activity in roots 
after 50 µM Cd treatment.

To better understand the molecular mechanisms of 
enhanced CAT activity, the expression of three genes 
encoding catalase 1, 2 and 3 was evaluated by semi-quanti-
tative RT-PCR analysis in leaves of transgenic and untrans-
formed lines after 7 days of Cd treatment (Fig.  9c). The 
increase of CAT1 gene expression was visible in theBF3 
and BF5 transgenic lines and in the SP untransformed line 
cultivated in the absence of Cd. At 50 µM, CAT1 transcript 
accumulation increased in theSP1 transgenic line over-
expressing StDREB2 and in BF3 and BF5 overexpress-
ing StDREB1. At 150  µM, high expression levels were 
observed in all transgenic lines. This increase was much 
lower in the WT SP and BF lines. The highest level was 
observed in theBF3 transgenic line at 50 and 150 µM Cd.

No CAT2 gene expression (Fig.  9d) was measured in 
leaves of SP, SP1 and BF plants in all culture conditions. 

Fig. 5  MDA contents in leaves, stems and roots of potato plants cul-
tivated in the absence or presence of 50 or 150 µM CdCl2for 7 or 21 
days. a Transgenic plants overexpressing StDREB2 (SP1 and SPM) or 
WT (SP) plants. b Transgenic plants overexpressing StDREB1 (BF3 

and BF5) or WT (BF) plants. Each value is represented by the mean 
of three samples ± SD. Means followed by the same letter indicate no 
significant difference between stressed and control plants (p < 0.05)
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However, the expression of this gene seemed to be 
enhanced by Cd stress in the other transgenic lines. The 
SPM line overexpressing StDREB2 seems to be the only 
one to express the CAT2 gene in standard conditions.

The expression of the CAT3 gene (Fig. 9e) was observed 
in leaves of all plant lines cultivated in standard condi-
tions. However, a high increase of the expression levels 
in transgenic potato plants overexpressing the StDREB1 

or StDREB2 transcription factor and submitted to 50 or 
150 µM Cd treatment, while, this gene was not expressed in 
the BF5 transgenic line at 150 µM Cd and in SP.

On the contrary, no expression of CAT3 was observed in 
WT SP plants at 50 µMCd.

Semi-quantitative RT-PCR showed that CAT2 and 
CAT3 were not expressed in leaves of potato plants under 
normal growth conditions.

Fig. 6  H2O2 contents in leaves and stems of potato plants cultivated 
in the absence or presence of 50 or 150 µM CdCl2for 7 or 21 days. 
a Transgenic plants overexpressing StDREB2 (SP1 and SPM) or WT 
(SP) plants. b Transgenic plants overexpressing StDREB1 (BF3 and 

BF5) or WT (BF) plants. Each value is represented by the mean of 
three samples ± SD. Means followed by the same letter indicate no 
significant difference between stressed and control plants (p < 0.05)

Fig. 7  Relative electrolyte leakage contents in potato leaf tissues cul-
tivated in the absence or presence of 50 or 150 µM CdCl2 for 7 or 21 
days. a Transgenic plants overexpressing StDREB2 (SP1 and SPM) or 
WT (SP) plants. b Transgenic plants overexpressing StDREB1 (BF3 

and BF5) or WT (BF) plants. Each value is represented by the mean 
of three samples ± SD. Means followed by the same letter indicate no 
significant difference between stressed and control plants (p < 0.05)
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These RT-PCR analyses corroborated the measured cat-
alase activity and confirmed that the transgenic plants are 
better adapted to cope with oxidant damage caused by Cd 
treatment.

The measurement of the GPX activity in leaves, stems 
and roots of plants cultivated in the absence or presence 
of Cd was used to evaluate the effectiveness of H2O2 and 
toxic lipid peroxide removal in the different lines. Very low 
GPX activity was measured in leaves of BF, BF3, BF5 and 
SP plants (Fig.  10a, b). The most important GPX activity 
was observed in the stems of all tested lines. This activity 
decreased in stems of SP control plants submitted to Cd 
treatment.

Cd treatment caused no significant changes of GPX 
activity in stems of transgenic plants overexpressing the 
StDREB2 gene (Fig. 10a).

Similarly, the GPX activity of transgenic lines (BF3 and 
BF5) overexpressing StDREB1 increased significantly in 
stems at day 7 of Cd stress (Fig. 10b).

In roots, the GPX activity increased significantly in 
Cd treated SP1 and SPM on day 15. An increase of GPX 
activity was also observed in the roots of the BF3 line after 
15 days of treatment. However, the BF plants showed an 
important decrease of GPX activity after 7 and 15 days of 
Cd exposure.

To further understand the efficiency of GPX to cope 
with oxidative stress generated by Cd treatment, the analy-
ses of the expression of the gene encoding this enzyme was 
performed. As shown in Fig. 10c, under Cd treatment, the 
expression of GPX increased at 50 and at 150  µM Cd in 
SPM, SP1 and BF5 transgenic plants.

However, no transcription of this gene was noticed in 
any culture conditions in SP and BF. Similarly, in the BF3 
transgenic line, the GPX gene seems not to be activated by 
Cd stress.

The highest accumulation of the amplicon was observed 
in SPM lines after 150 µM Cd treatment.

Proline content

Despite its osmoprotectant function, proline also serves 
as a ROS scavenger, protecting enzymes and membranes 

against oxidative stress (Szabados et  al. 2009). It could 
be involved in metal chelation (Aghababaei et al. 2014). 
Bouaziz et  al. (2012, 2013) showed that under salinity 
or dehydration conditions, StDREB1 and StDREB2 over-
expression in potato plants enhanced proline osmopro-
tectant accumulation via increased transcription of the 
δ1-pyrroline-5-carboxylate synthase (P5CS) target gene. 
Similarly, the overexpression of Arabidopsis DREB1B in 
potato increased proline accumulation after drought and 
freezing conditions (Movahedi et al. 2012).

Proline synthesis has also been widely studied in 
response to Cd treatment (Aghababaei and Raiesi 2015). 
Cd was a stronger inducer of proline than Ni, Zn and Cu 
in rice, the callus of Brassica napus, Armeria moritima, 
sunflower, Brassica juncea (Hasan et al. 2009) and maize 
plants (Aghababaei and Raiesi 2015).

Similarly, in the present study, the increase in proline 
content was much more important in leaves of trans-
genic plants submitted to Cd treatment than in WT plants 
(Fig.  11a, b). The proline levels increased also in stems 
but remained lower than in leaves.

Indeed, the proline content in the BF5 and SPM 
transgenic plants carrying the StDREB1 and StDREB2 
genes respectively, increased 4 and 5 times at 150  µM 
Cd after 21 days of Cd treatment in comparison to the 
standard conditions. In contrast, under Cd treatment, the 
content of proline in WT plants increased only twofold 
compared to control conditions mainly in leaves. These 
data suggest that such accumulation of proline seems to 
be involved in Cd response, probably via its antioxidant 
capacity.

Cd accumulation in plant tissues

The accumulation of Cd was determined in roots, stems 
and leaves of transgenic and WT lines submitted to Cd 
treatment (Table  2). The accumulation of Cd in plant 
organs was detected only after treatment with 150  µM 
Cd. The untransformed WT line (BF) showed the great-
est increase in Cd content in all plant tissues mainly in 
the stems (Table 2). A low level of Cd was translocated 
to the leaves. The Cd uptake was lower in transgenic 
plants overexpressing StDREB1compared to non-trans-
genic plants. These findings suggest that overexpression 
of the StDREB1 gene activates transcription of target 
genes involved in the control of absorption and transloca-
tion of Cd in the plant. No detectable Cd accumulation 
was measured in SP and SPM derived transgenic lines 
(Table  2), suggesting that the Spunta cultivar possesses 
a different mechanism of Cd translocation in comparison 
to BF.

Fig. 8  Analysis of SOD activity in leaves, stems and roots of potato 
plants cultivated in the absence or presence of 50 or 150 µM CdCl2for 
7 or 21 days. a Transgenic plants overexpressing StDREB2 (SP1 
and SPM) and WT (SP) plants. b Transgenic plants overexpress-
ing StDREB1(BF3 and BF5) and WT (BF) plants. Semi-quantitative 
RT-PCR analysis of the expression of the Cu/ZnSOD (c) and FeSOD 
(d) genes in leaves of WT and transgenic plants. Error bars indicate 
standard deviation across two biological replicates. Band densities in 
the gels are expressed in arbitrary units calculated by the analysis Gel 
DocXR software. Mean values ± SD are presented. The Ef1α consti-
tutive gene was used as a control in RT-PCR amplification

◂
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RT‑PCR analyses of the NRAMP transporter

The uptake and translocation of Cd are performed by a 
number of transporters such as NRAMP which have been 
identified in many plant species (Ishimaru et al. 2012).

The NRAMP gene harbors the CRT/DRE element in its 
promoter sequence. The analysis of the expression of this 
gene in potato plants overexpressing StDREB genes and 
WT ones submitted to different concentrations of Cd was 
assessed. Results (Fig.  12a, b) revealed that the NRAMP 
gene was upregulated by Cd treatment in transgenic plants. 
The SPM and BF5 transgenic plants expressed this gene 
only at 150 µM Cd. The accumulation of the NRAMP tran-
script was observed in theSP1 line in the presence or the 
absence of Cd. The highest level was detected at 150 µM 
Cd (Fig. 12a).

Moreover, an increase in NRAMP transcription was 
detected in BF3 at 50 and 150 µM Cd (Fig. 12b). However, 
no induction of expression of this gene was detected in BF 
and SP plants cultivated under the same conditions.

Discussion

DREB transcription factors play crucial roles in abiotic 
stress tolerance of plants. Several reports have demon-
strated that DREB transcription factors are involved indif-
ferent abiotic constraints, including salinity, dehydration, 
cold and oxydative stress (Ma et al. 2014; Rae et al. 2011; 
Reis et al. 2014; Sharoni et al. 2011). However, there have 
been few reports on the impact of heavy metal stress on 
DREB gene expression and on the physiological processes 
regulated by DREB factors under heavy metal stress condi-
tions. Cong et al. (2008) identified a BjDREB1B gene that 
is induced by Cd, zinc and nickel, while the AmCBF2 gene 
of Avicennia marina exhibited a low induction after Cd 
stress (Peng et al. 2013).

In this report, we investigated the effect of the overex-
pression of StDREB1 and StDREB2 transcription factors 
in potato and their response to Cd. Our results show that 
exposure of plants to 50 and 150  µM Cd results in rapid 
chlorosis in WT plants, even though, growth reduction was 

low in these plants. In contrast, the StDREB transgenic 
plants showed neither growth reduction nor leaf chlorosis 
in the presence of Cd.

The capacity of plants to cope with heavy metals is 
related to enhancement of their osmotic pressure (Yan and 
Tam 2013).

Chlorophyll and carotenoid pigments were used as reli-
able indicators of heavy metal damage in plants (Gratão 
et al. 2005). The reduction of chlorophyll content observed 
in WT plants confirmed the deleterious effect of Cd on 
plants. These data corroborated those of others showing 
that Cd is an important inhibitor of photosynthesis (Hasan 
et al. 2007). The transgenic lines exhibited a lower reduc-
tion in chlorophyll content than WT lines. Moreover, the 
chlorophyll content of the SPM transgenic line remained 
constant during the Cd treatment. It therefore seems that 
overexpression of StDREB1 and StDREB2 may activate the 
transcription of downstream genes that prevent chlorophyll 
degradation, hence, maintaining normal photosynthesis and 
enhancing tolerance to Cd (Zhang et  al. 2004). The WT 
SP and BF plants also showed a significant decrease in the 
RWC, upon application of Cd treatment, while transgenic 
plants exhibited much lower reduction of RWC. It remained 
constant in SP1 and SPM plants treated by both concentra-
tions of Cd. The increase in electrolyte leakage in the BF 
and SP lines compared to transgenic plants suggests that 
the latter is better protected against oxidative damage under 
Cd stress.

Cd toxicity was related in part to the oxidative stress 
that may be due to induced accumulation of ROS such 
as O2

·−, H2O2 and OH· (Andresen and Küpper 2013; Yan 
et  al. 2015). It enhances permeability of membranes and 
modulates the patterns of ion leakage (Kukreja et al. 2005). 
MDA, a secondary toxic product of fatty acid peroxidation, 
was usually used as an indicator of membrane oxidative 
damage. H2O2 and electrolyte leakage are also considered 
as reliable indicators of oxidative stress (Baby and Jini 
2011).

On the other hand, carotenoids which play an essential 
role in photosynthesis (Sekmen et al. 2012) are also known 
for their antioxidant capacity.

Our results showed a decrease in carotenoid level in WT 
plants submitted to Cd treatment, whereas SP1, BF3 and 
BF5 showed stable amounts of carotenoids during the Cd 
treatment.

Our report revealed that Cd treatment did not affect the 
MDA content in roots of any of the transgenic lines. A 
significant increase in MDA concentration was observed 
mainly in leaves and stems of WT plants submitted to Cd 
treatment. In contrast, almost no MDA accumulation was 
noticed in leaves of Cd-treated transgenic plants. Simi-
larly, a significant increase in H2O2 content was observed 
in leaves and stems of WT plants while almost no increase 

Fig. 9  Analysis of CAT activity in leaves, stems and roots of potato 
cultivated in the absence or presence of 50 or150 µM CdCl2for 7 or21 
days. a Transgenic plants overexpressing StDREB2 (SP1 and SPM) or 
WT (SP) plants. b Transgenic plants overexpressing StDREB1 (BF3 
and BF5) or WT (BF) plants. Semi-quantitative RT-PCR analysis of 
the expression of CAT1 (c), CAT2 (d) and CAT3 (e) genes in leaves 
of WT and transgenic plants. Error bars indicate standard devia-
tion across two biological replicates. Band densities in the gels are 
expressed in arbitrary units calculated by the analysis the Gel DocXR 
software. Mean values ± SD are presented. The Ef1α constitutive gene 
was used as a control in RT-PCR amplification
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was measured in transgenic plant tissues. It seems there-
fore that StDREB transcription factors activate antioxi-
dant mechanisms that scavenge or prevent the formation of 
aggressive ROS, thereby protecting cells against oxidative 
damage. These data can be related to the stable carotenoid 
content in transgenic plants. Moreover, the evaluation of 
the activity of some antioxidant enzymes in Cd-treated 
plants further confirms this hypothesis. Indeed, the increase 
in activity and the expression of the SOD, CAT and GPX 
genes can be related to the reduced accumulation of MDA 
and H2O2 in leaves of all the transgenic lines tested.

The high expression levels of genes encoding antioxi-
dant enzymes such as catalase, SOD and GPX corroborate 
the increased activity of these enzymes.

Similarly, the overexpression of StDREB1 in transgenic 
potato lines enhanced their antioxidant capacity by increas-
ing the SOD and catalase activities under salt stress condi-
tions (Bouaziz et al. 2015). These data described here pro-
vide further evidence of the involvement of the StDREB1 
and StDREB2 transcription factors in the activation of a 
number of antioxidant enzymes encoding genes such as 
CuZnSOD, FeSOD, GPX and CAT.

Fig. 10  Analysis of GPX activity in leaves, stems and roots of potato 
plants cultivated in the absence or presence of 50  µM or150 µM 
CdCl2 for 7 or 21 days. a Transgenic plants overexpressing StDREB2 
(SP1 and SPM) or WT (SP) plants. b Transgenic plants overexpress-
ing StDREB1 (BF3 and BF5) or WT (BF) plants. Semi-quantitative 
RT-PCR analysis of the expression of the GPX gene (c) in leaves 

of WT and transgenic plants. Error bars indicate standard devia-
tion across two biological replicates. Band densities in the gels are 
expressed in arbitrary units calculated by the analysis the Gel DocXR 
software. Mean values ± SD are presented. The Ef1α constitutive gene 
was used as a control in RT-PCR amplification
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Previous studies showed that overexpression of 
StDREB1 and StDREB2 in potato increased the tran-
scription level of the P5CS target gene leading to an 
increase in free proline accumulation (Bouaziz et  al. 
2012, 2013). Proline serves as osmoprotectant protecting 
macromolecules from denaturation (Surekha et al. 2014; 
Imrul; Mosaddek et  al. 2013). It was also examined for 
its antioxidant effect under stress conditions (Yan et  al. 
2015). Other studies reported that this osmoprotectant 

could be involved in metal chelation (Sharma and Dietz 
2006). Higher proline accumulation has also been widely 
reported in response to Cd stress (Aghababaei and Raiesi 
2015; Dinakar et  al. 2008). Similarly, this report clearly 
showed that proline content was significantly increased 
in transgenic lines after Cd treatment; this increase was 
much higher than that measured in WT lines confirming 
the involvement of these StDREB transcription factors 
in the activation of proline synthesis under abiotic stress 
conditions.

The measurement of Cd accumulation in plant tissues 
showed that higher contents of Cd were detected in WT 
BF plants in comparison to transgenic plants. The roots 
of StDREB1 transgenic lines accumulated more Cd than 
stems and leaves. This may be associated with the fact that 
roots are the first tissue to be in contact with Cd (Tiryaki-
oglu et al. 2006). However, BF WT plants showed similar 
Cd content in leaves and roots and the highest level was 
measured in stems. This report suggests that overexpres-
sion of StDREB1 and StDREB2 in transgenic potato lines, 
improved their tolerance to high concentrations of Cd in the 
medium. StDREB1 transgenic plants seem to prevent trans-
location of Cd to the aerial parts.

Fig. 11  Proline contents in leaves, stems and roots of potato plants 
cultivated in the absence or presence of 50 or 150  µM CdCl2for 
7 or 21 days. a Transgenic plants overexpressing StDREB2 (SP1 
and SPM) or WT (SP) plants. b Transgenic plants overexpressing 

StDREB1 (BF3 and BF5) or WT (BF) plants. Each value is repre-
sented by the mean of three samples ± SD. Means followed by the 
same letter indicate no significant difference between stressed and 
control plants (p < 0.05)

Table 2  Content of Cd (ppm) in leaves, stems and roots of potato 
plants overexpressing StDREB1 (SP1 and SPM), StDREB2 (BF3 and 
BF5) and WT (SP and BF) plants subjected to 150 µM Cd concentra-
tions for 21 days

ND not detected

Leaves Stems Roots

BF 0.1083 0.61 0.105
BF3 0.0195 0.024 0.033
BF5 ND 0.0201 0.0958
SP ND ND ND
SP1 0.028 0.0375 ND
SPM ND ND ND



538 Plant Cell Tiss Organ Cult (2017) 128:521–541

1 3

Since the NRAMP metal transporter represents an 
important group of transmembrane proteins involved in 
metal transport and homeostasis and since these proteins 
are considered as “general metal ion transporters” due to 
their ability to transport Mn2+, Zn2+, Cu2+, Fe2+, Cd2+, 
Ni2+ and Co2+ (Nevo and Nelson 2006), we investigated 
here, the expression of an NRAMP transporter in Cd-
treated plants. An increase in the expression of this gene 
was observed suggesting that this transporter is involved in 
modulation of Cd toxicity (Nevo and Nelson 2006).

The higher concentration of Cd measured in roots than 
in stems in BF3 and BF5 plants corroborated the increase 
of NRAMP gene expression. These data are in agree-
ment with those reported by Ishimaru et  al. (2012) who 
showed that OsNRAMP5 prevents the Cd translocation of 
the shoots in rice plants. These findings suggest that the 
NRAMP transporter may control the Cd concentration in 
potato plants. Indeed, functional studies have shown that 
the AtNRAMP transporters modulate Cd and Fe toxicity 
in plants (Curie et al. 2000). Similarly, Sano et al. (2012) 
showed that overexpression of the plasma membrane trans-
porter Nicotiana tabacum NRAMP1 gene (NtNRAMP1) in 
tobacco BY-2 cells increased its resistance to both Fe and 
Cd. These authors proposed that  NtNRAMP1  moderates 
Fe-uptake and prevents toxicity resulting from excess Fe or 
Cd application. Similarly, the overexpression of OsNRAPM 
and EtNRAMP3 in Arabidopsis improved plant tolerance to 
Cd with their enhanced accumulation in roots and shoots 
(Tiwari et al. 2014; Thomine et al. 2000).

In conclusion, this report shows that overexpression of 
the StDREB1 or StDREB2 transcription factors in trans-
genic potato plants improves their tolerance to Cd treatment 

by increasing the expression of antioxidant enzymes such 
as SOD, GPX and CAT. It also resulted on a better control 
of Cd transport in aerial parts in comparison to WT, espe-
cially for StDREB1 transgenic plants.
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