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ABSTRACT

Two different Pb concentrations (5 and 10 mg/kg of PbAc,) were used to study the response of Solanum lycopersicum
L. cv. Micro-Tom (MT) plants in two vegetative growth phases. Two genes that have been previously reported to be
heavy metal inducible genes (superoxide dismutase, SOD, EC 1.15.1.1; and isoflavone reductase, IFR; EC 1.6.4.2)
and another one putatively interesting in this field (transcriptionally controlled tumor protein, TCTP) were selected for
an expression study using a real time PCR technique. In the first growth phase (germination to flowering) TCTP was
repressed at 10 mg/kg and in the control, SOD expression was low at both concentrations (5 and 10 mg/kg of PbAc,)
and IFR was higher at 10 mg/kg PbAc,. In the second phase (flowering to fructification) three genes were expressed
in both concentrations but in the case of TCTP and SOD the expression was higher at 5 mg/kg of PbAc,. SOD and
Glutathione reductase (GR; EC 1.6.4.2) were selected for a biochemical study together with the determination of
protein concentration using spectrophotometer. SOD was higher at 10 mg/kg PbAc, showing significant difference
with control, and GR had the same behavior but had significant differences with the other two treatments while total
proteins were higher for the control showing significant differences at 10 mg/kg of PbAc,. This research suggests
that Pb toxicity leads to the induction of key enzymes of antioxidant defense system in tomato plants.
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RESUMEN

Caracterizacion molecular y bioquimica de plantas de tomate (Solanum lycopersicum L.) cv. Micro-Tom
sometidas a estrés inducido por plomo (Pb). Se estudié la respuesta de plantas de tomate Solanum lycopersicum
L. cv. Micro-Tom (MT) sometidas a estrés inducido por plomo (5 y 10 mg/kg de PbAc,) y en las fases de desarrollo ve-
getativo germinacién-floracién y floracién-fructificacion. Se determinaron los niveles de expresién en estas condiciones
de los genes inducidos por metales pesados superéxido dismutasa (SOD; EC 1.15.1.1) e isoflavona reductasa (IFR;
EC 1.6.4.2), y otro de potencial interés en este campo (proteina tumoral controlada durante la transcripcién-TCTP).
En la primera fase, la TCTP fue reprimida en el grupo control y a la méxima concentracion empleada de PbAc,, la
expresion de la SOD fue baja en las dos concentraciones y la IFR fue mayor a 10 mg/kg. En la segunda fase, los
tres genes se expresaron en las dos concentraciones, la TCTP y la SOD a mayores niveles en 5 mg/kg de PbAc2. Se
determiné por densidad éptica la actividad especifica de SOD y de la glutation reductasa (GR; EC 1.6.4.2), junto
con la concentracién de proteinas totales. Ambas enzimas antioxidantes mostraron mayor actividad especifica a
10 mg/kg de PbAc,, con diferencias estadisticamente significativas con respecto al tratamiento control, y la GR tam-
bién mostré diferencias estadisticamente significativas con respecto al tratamiento con 5 mg/kg. La concentracion
de proteinas totales fue mayor en el grupo control, y estadisticamente significativa con respecto a la del tratamiento
con 10 mg/kg. Esta investigacién sugiere que la toxicidad por plomo provoca la induccién de enzimas antioxidantes
claves del sistema de defensa en las plantas de tomate.
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Introduction

The Solanaceae family includes several species of
agronomic importance, such as tomato (Solanum ly-
copersicum L.), potato (Solanum tuberosum L.), and
tobacco (Nicotiana tabacum L.). Tomato is one of the
most important vegetable crops worldwide, with a
total production of around 141 million tons on a cul-
tivated area of around 5 million hectares. This crop
represents also one of the major products of the food
industry worldwide [1]. Additionally, tomato is an im-
portant plant model to numerous studies of genetics
[2], biochemistry [3], morphology and anatomy [4],
mutagenesis [5], and others.

& Corresponding author

Particularly, tomato has been used in numerous
studies as a hyper accumulator plant to decontaminate
soils with high metal concentration [6, 7], as one of
the approximately 400 plant species from at least 45
plant families that have been reported to hyperaccu-
mulate metals [8]. The high concentration of metal in
soil is a severe detrimental factor among those causing
abiotic stresses which affect crop production [9, 10].
One of the most common heavy metal contaminants in
the environment is lead (Pb), widely spread by activ-
ities such as mining, smelting, and dumping of mu-
nicipal sewage wastes which have polluted extensive

1. FAOSTAT. The statistics division of
the FAO. Roma: FAO. ¢2012 [cited 2013
Jan 15]. Available from: http://faostat.
fao.org
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Matros A, Peterek S, et al. Enrichment
of tomato fruit with health-promoting
anthocyanins by expression of select tran-
scription factors. Nat Biotechnol. 2008;
26(11):1301-08.
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areas throughout the world [11]. Pb is not an essen-
tial element in the metabolic processes in plants or
animals, and it can accumulate to levels enough to
become toxic or lethal to living organisms [10].

Studies carried out in plants have shown that Pb
is mainly absorbed in soil, affecting mineral nutrient
absorption, growth and metabolic processes such as
photosynthesis, respiration, and cell division in germi-
nating seeds of various plant species [12]. Excessive
stress by heavy metals, including Pb, causes oxidative
damage, but some reactive oxygen species (ROS) can
participate in signal transduction pathways [13].

To get more knowledge of the effect of Pb in veg-
etable crops, as one of the first links in the food chain,
the expression profiles of three genes involved in Pb-
stress in tomato (using the model cultivar Micro-Tom
[14]) were analyzed: superoxide dismutase (SOD),
the transcriptionally-controlled tumor protein (TCTP)
and the isoflavone reductase (IFR).

Materials and methods

Plant material

The Micro-Tom cultivar of tomato (S. lycopersi-
cum) was kindly provided by Dr A Levy (Weizmann
Institute of Science, Rehovot, Israel). Seeds were
sown in boxes containing a mixture of commercial
pot mix (Basaplant®, Sdo Paulo, Brazil) and ver-
miculite (1:1 v/v), and supplemented with 1 g of NPK
(Nitrogen:Phosphorus:Potassium, 10:10:10 v/v) and
4 g of lime per liter of mixture. After the first true
leaves appeared, seedlings were transplanted to 1-L
pots filled with sand. One control and two different Pb
treatments (5 and 10 mg of PbAc,/kg of soil, respec-
tively) with three replicates each were established.
The Pb solutions were applied to tomato plants twice a
week. Leaves were collected in tomato flowering and
fructification, and stored at -80 °C for further analysis.

Molecular procedures

Total RNA isolation

Total RNA was extracted using the InviTrap® Plant
RNA Mini Kit. The RNA concentration was deter-
mined using a Nano-Drop Spectrophotometer prior a
complementary DNA (cDNA) experiment.

cDNA first strand synthesis

The first strand of cDNA was synthesized using a Su-
perScript™ first strand synthesis system (Invitrogen
Life Technologies, USA). A polymerase chain reac-
tion (PCR) of three sequential steps of one cycle each
was performed at 42 °C for 5 min, 50 °C for 50 min
and another at 70 °C for 15 min, respectively.

Analysis of the expression levels by real
time-PCR

The differential expression of genes coding for pro-
teins widely involved in stress response (SOD and
IFR) and a metal metabolism enzyme (TCTP) was
analyzed using real time-PCR (RT-PCR). The prim-
ers were designed using Primer Express 2.00 (Applied
Biosystems software), based on sequences retrieved
from the National Center of Biotechnology Informa-
tion (NCBI) database. In the case of TCTP gene, it
was selected from a ¢cDNA tobacco library [15], its
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role starting to be reported as relevant in metal me-
tabolism.

RT-PCR was performed using a Platinum® SYBR®
Green qPCR Super MIX-UDG (Invitrogen), with 48-
wells plates and the standard cycling program. Ampli-
fication comprised one cycle at 95 °C for 15 min, 40
cycles at 95 °C for 15 min, 60 °C for 60 min, followed
by one cycle at 95 °C for 15 min and 60 °C for 60 min.
Data was analyzed by comparative quantification C_,
(AAC)) with the StepOne software.

Biochemical procedures

Enzyme extraction and assays

The following steps were carried out at 4 °C other-
wise stated. Tomato (S. lycopersicum) samples were
homogenized (2:1 buffer volume:fresh weight) in a
mortar with pestle with 100 mM potassium phosphate
buffer (pH 7.5) containing 1 mM ethylenediamine
tetraacetic acid (EDTA), 3 mM DL-dithiothreitol and
5 % (w/v) insoluble PVPP. The homogenate was cen-
trifuged at 10 000 x g for 30 min and the supernatant
was kept stored in separate aliquots at -80 °C, prior
to glutathion reductase (GR) and SOD analyses. Total
GR activity was determined in a spectrophotometer
as described by Azevedo [16]. The rate of reduction
oxidized glutathione (GSSG) was followed by moni-
toring the increase in absorbance at 412 nm for 2 min
[9]. GR activity is expressed as pmol/min per milli-
gram of protein. SOD activity was measured by opti-
cal density at 560 nm [17], based on the inhibition of
the photochemical reduction of nitroblue tetrazolium
(NBT). One unit of enzyme activity was defined as
the amount of SOD required for 50 % inhibition of
NBT reduction.

Determination of protein concentration

Protein concentration was determined by the Bradford’s
method [18] using bovine albumin serum (BSA).

Statistics

Data variability and validity of the results were con-
firmed by applying the Duncan’s test at a confidence
interval of 95 %.

Results and discussion

Growth reduction was observed in tomato plants of
cv Micro-Tom under Pb-stress (Figure 1). Chlorosis
and necrotic lesions appeared after 35 days of growth,
indicating altered mineral nutrient absorption and
photosynthesis.

Tomato plants under Pb-stress for 35 days at the
highest concentration of 10 mg/kg showed lost almost
all the leaves, with reduction in growth length. Simi-
lar results have been reported by studies in Brassica
juncea L. [19], Zea mays [20], S. lycopersicum [21],
Phaseolus vulgaris and Lens culinaris [22], also re-
porting delayed development, low quality harvests
and decreased yields [23].

The response to heavy metal stress involves a com-
plicated signal transduction network that is activated
by sensing the heavy metal, followed by the synthe-
sis of stress-related proteins and signaling molecules,
which ultimately activate transcription of specific
metal-responsive genes to counteract the stress [24].
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Figure 1. Plant growth at different lead soil content conditions. A) Control without lead (PbAc,), respectively, B) Growth at 5
and 10 mg/kg, left and right, respectively, ten days after transplantation. C and D) Growth at 5 and 10 mg/kg of lead, 35 days
after transplantation. See materials and methods for more details.

The relevant signal transduction pathways include
hormones, ROS signaling, and the activation of some
stress-related genes. Different signaling pathways may
be used to respond to different heavy metals [25].

Stress at cellular level results in excessive produc-
tion of ROS, causing lipid peroxidation and damage to
several enzymes. On the other hand, cells mechanism
can modulate stress responses by antioxidant enzymes
such as SOD, GR, Catalase (CAT) and Ascorbate per-
oxidase (Asc) [26].

SOD, TCTP and IFR genes were studied to know
their behavior at molecular and biochemical level in
tomato plants cv. Micro-Tom under Pb stress. The
three genes (SOD, TCTP and IFR) showed different
expression profiles under the tested concentrations
and depending on the collection phase (Figure 2).
Ubiquitin was used as control gene due to its basal
stable expression, as commonly used in different
crops, with the ubiquitin-conjugating enzyme and
elongation factor-1 regarded as the most stable based
on their transcriptional profiles in Oryza sativa and
Pennisetum ciliare [27, 28].

In the case of TCTP, it showed low expression at
5 mg/kg of PbAc,, which was repressed at 10 mg/kg
of PbAc, during the germination and flowering phase
(first phase), while showing low expression at both
concentrations during flowering-fructification (second
phase) (Figure 2). This could be related to a downreg-
ulation on TCTP expression by Pb [29-31]. It is also
in agreement with previous results [32] showing that
the developmental phase influences TCTP expression
levels, together with the cell/tissue type and the stress
conditions the plants are subjected to [33, 34]. This
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is irrespective of the ubiquitous distribution of TCTP
in all the eukaryotic organisms, in more than 500 tis-
sues and cell types, and the numerous experimental
settings and biological systems tested. It has been
established that TCTP levels are highly regulated in
response to a wide range of extracellular signals and
cellular conditions. Typically, growth signals [35]
have been reported to rapidly induce TCTP synthesis.
That’s why TCTP induction may be repressed at re-
duced plant growth (Figure 1C and D).

There are some contradictory reports as those
of Schmidt et al. [36] who found that some heavy
metals in plants up-regulate TCTP under various
cells stress conditions, and by Gnanasekar and Ra-
maswamy [37] showing that TCTP plays some anti-
oxidant functions.

In most of the cases up-regulation of cell growth-
related genes is presumed to be involved in metal
stress signaling response [38], but in our study TCTP
in relation with heavy metal induced stress is not as
highly expressed as it would be expected, and it is
down-regulated, showing a relationship with plant
growth. There is limited information about plant
TCTPs so this study is one of the first studies involv-
ing TCTPs in plants related to Pb induced stress.

Adaptation of plants to several types of stresses
depends upon a complex cellular sign system where
ROS, salicylates, cellulose, chitin oligomers can in-
tervene [39, 40]. These species (ROS) can react with
cellular components (lipids, proteins, nucleic acids)
and cause lipid peroxidation, membrane damage and
inactivation of enzymes. Plants have evolved a com-
plex array of mechanisms to maintain low ROS level

Biotecnologia Aplicada 2013; Vol.30, No.3

19. John R, Ahmad P, Gadgil K, Sharma
S. Heavy metal toxicity: Effect on plant
growth, biochemical parameters and metal
accumulation by Brassica juncea L. Int J
Plant Prod. 2009;3(3):65-76.

20. Cimrin KM, Turan M, Kapur B. Effect
of elemental sulphur on heavy metals
solubility and remediation by plants in
calcareous soils. Fresenius Environ Bull.
2007;16(9a):1113-20.

21. Akinci IE, Akinci S, Yilmaz K. Response
of tomato (Solanum lycopersicum L.) to
lead toxicity: Growth, element uptake,
chlorophyll and water content. Afr J Agri
Res. 2010;5(6):416-23.

22. Haider S, Kanwal S, Uddin F, Azmat
R. Phytotoxicity of Pb Il. Changes in
chlorophyll absorption spectrum due to
toxic metal Pb stress on Phaseolus mungo
and Lens culinaris. Pakistan J Biol Sci.
2006;9(11):2062-8.

23. Begum A. Cultivation of tomato plants
(Lycopersicum esculentum) using Municipal
Solid Waste Compost. Int Soc Environ Bot.
2010;16(2):850-63.

24. Maksymiec W. Signaling responses in
plants to heavy metal stress. Acta Physiol
Plant. 2007,;29(3):177-87.

25. DalCorso G, Farinati S, Furini A. Regu-
latory networks of cadmium stress in plants.
Plant Signal Behavior. 2010;5(6)663-7.

26. Gratdo PL, Monteiro CC, Peres LEP,
Azevedo RA. The Isolation of Antioxidant
Enzymes from Mature Tomato (cv. Micro-
Tom). Plant Hort Sci. 2008;43:1608-10.



Sandra Pérez et al.

Tomato response to lead-induced stress

3.5 7

3.0

Relative expression

TCTP SOD IFR

Genes

Ubiquitin

B
I 0 mg/kg 12 4
M 5 mg/kg
M 10 mg/kg c 10 1
.0
8 81
[
S
g e
o
2
5 4
)
14
2A
0

TCTP SOD

M 0 mg/kg
M 5 mg/kg
I 10 mg/kg

IFR Ubiquitin

Genes

Figure 2. Relative expression of the transcriptionally-controlled tumor protein (TCTP), superoxide dismutase (SOD) and isoflavone reductase (IFR) in tomato plants grown
on different lead (PbAc,) concentrations (0, 5 or 10 mg/kg). A) Phase germination-flowering. B) Phase flowering-fructification. Ubiquitin was used as lead unrelated

protein expression control.

and avoid the detrimental effects of excessively high
ROS concentrations. Thisantioxidantnetworkincludes
numerous soluble (ascorbate, glutathione) and mem-
brane compounds (tocopherol) as well as enzymes
involved in ROS scavenging (SOD, CAT, Asc) [41].

SOD expression was lower in the first phase for both
Pb treatments and higher in the second phase, specifi-
cally at 5 mg/kg of PbAc,. A possible explanation for
this is the increased production of superoxide radicals
due to the rise in ROS production by Pb toxicity. The
higher expression of SOD at 5 mg/kg of PbAc, in the
second phase, as for other induced enzymes, may be
caused by the possible temporal expression of SOD,
mainly transitional. However, this response also may
be a consequence of SOD-related transcriptional ac-
tivity genes. So, in our study, SOD expression was
higher at the lower heavy metal concentration, which
is in agree with results of Jomova and Morovi¢ [42]
who found that lower concentrations of Pb (100,
200 mg/L) in Lupinus luteus L. induced a strong in-
crease of SOD activity, but further elevation on its
concentration (300, 400, 500 mg/kg) had the inverse
effect. A lower expression at 10 mg/kg of PbAc, may
suggest that higher concentrations could damage
plants, which is suggested by the fact that the growth
of plants at this concentration was affected. Similar
results were obtained in Arabidopsis [43], where
the expression of four genes encoding superoxidase
enzymes were induced in response to Pb treatment,
suggesting that Pb, like other heavy metals ions,
activate specific responses to the plant antioxidant
defense system. The expression of SOD at both Pb
concentrations used in this research indicates that it
may be involved in the antioxidative process under
Pb induced stresses, since SOD is considered to be a
crucial component in biological defense against oxi-
dative stress [44].

The induction of IFR was higher at 10 mg/kg of
PbAc, in the first phase, and, in the second phase
(flowering and fructification), its expression was simi-
lar for both concentrations tested. A higher expression
of IFR at 10 mg/kg of PbAc, at germination-flowering
phase is probably due to the adaptation of plants to
a new environment (sand) with an application of a
toxic metal on this phase. At this point tomato plant
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may produce lignin which functions and distribu-
tion suggest that lignins are a group of the earliest
forms of defense mechanism and they are an im-
portant aromatic secondary metabolites produced
in the phenylpropanoid pathway [45]. With respect
to IFR expression it was higher at 10 mg/kg of PbAc,
in the first phase and in the second was similar at
both tested concentrations. Similar results with cad-
mium in Linum usitatissimum L. showed that higher
concentration (50 and 100 mM) of this heavy metal
induced IFR expression [46].

The biochemical analysis showed differences be-
tween SOD pumol/min per milligram of protein FW),
GR (umol/min per milligram of protein FW) and total
proteins (Figure 3).

During the experimental period, the content of
SOD was higher at 10 mg/kg of PbAc, with sig-
nificant differences with respect to the control and
5 mg/kg of PbAc,. This is also corroborated by the
fact that plant growth at this concentration was re-
ally affected. Plants exposed to Pb stress also show
rapid and temporary drops in growth rate and acti-
vate antioxidant defense system by producing ROS,
which alters gene expression and enzyme activity
patterns of SOD.

Similar results were found in tomato plants under
cadmium induced stress [47] and, as the results ob-
tained in this research, suggested that SOD activity
might play a crucial role in the response of tomato
plants to metallic stress [48]. Accumulation of SOD,
indicating the oxidative stress, is related to the main-
tenance of the overall defense system. The activa-
tion of SOD could be useful to reduce O, accumu-
lation, decrease of hydrogen peroxide and alleviate
Pb stress [49].

GR content was higher also at 10 mg/kg of PbAc,,
with significant differences with respect to the other
two treatments. This enzyme is part of the defenses
system against oxidative stress. GRs are indispens-
able components of ascorbate-glutathione pathway,
required to scavenge H,O, produced mainly in chlo-
roplasts and other cell organelles and to maintain the
redox state of the cell [50]. Glutathione reductase
catalyzes the NADPH-dependent GSSG to reduced
GSH that is involved in the redox regulation of the
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cell cycle and has often been considered to play an
important role in defense of plants and other organ-
isms against oxidative stress [51].

This results show increased GR activity in Pb treat-
ed tomato plants, which suggests possible involve-
ment of GR in regenerating GSH under Pb toxicity
conditions to increase GSH/GSSG ratio and the total
glutathione pool. Similar to our results, induction in
GR activity has been reported in leaves of tomato
plants under cadmium induced stress [47] and in rice
seedling under Pb induced stress [52]. Total proteins
were higher in the absence of PbAc, (control), which
means there could be degraded with the other two
concentrations used.

Production of ROS takes place in cell under normal
conditions, however adverse environmental conditions
that interrupt cellular homeostasis could produce oxi-
dative damage to proteins, DNA and to the lipids [53].

This could explain why total proteins decreased at
higher concentrations of Pb.

An important role in plants adaptation and surviv-
ing under stress conditions is played by antioxidants
enzymes in oxidative stress tolerance [50].

In summary, the present research suggests that Pb
toxicity in situ leads to production of lipid peroxides
and induces some of the key enzymes of antioxidant
defense system in tomato plants. Induction in the ac-
tivities of antioxidative enzymes is a general strategy
adopted by plants to overcome oxidative stress due to
the imposition of environmental stresses.
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