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Abstract – One of the major difficulties in studies on the selection of heavy metal tolerant plants is the proper methodology that must 
ensure an efficient evaluation of a large number of plants, but reducing environmental contamination. For this reason, we propose 
a simple and effective method that can be applied to metals or other chemicals by means of a case study, in which we selected two 
cadmium-tolerant mutants of tomato (cv Micro-Tom) obtained by mutagenesis with methyl ethanesulfonate (MES). Aside from these two 
new mutants, we selected 21 others with possible alterations in the response to this metal. Finally, it was concluded that the proposed 
system is ideal for selection studies on plants tolerant to heavy metals and possibly to other elements, due to the ease of assembly of 
the structure, low installation cost, minimal waste generation and the possibility of using different species and heavy metals.
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INTRODUCTION 
Mutagenesis has been widely used to generate new 

alleles, with different goals. Research on mutagenesis 
is focused largely on the establishment of mutants with 
alterations for a potential use in plant breeding or which 
are important for the study of a gene function, causing 
mutations that can lead to the gain or loss of the function 
of certain genes (Azevedo et al. 1990, Brennecke et al. 
1996, Gaziola et al. 1999, Azevedo et al. 2003, Azevedo 
et al. 2004a, 2004b). There are several classical methods 
of mutagenesis using physical agents such as γ -rays, x 
-rays and fast neutrons, or chemical agents, e.g., methyl 
ethanesulfonate (MES), methyl methanesulfonate (MMS), 
diethyl sulfate (DES), and nitrosoguanidine (NTG, NG, 
MNNG), among others, which have been successfully 
used to obtain mutant plants tolerant to biotic (Pathirana 
1992, Adu-Ampomah et al. 1996, Bhagwat 1998, Jansen 
and Schaffrath 2009) and to abiotic stresses (Nawrot et 
al. 2001, Zhu 2003, Saleem  2005, Tsyganov et al. 2007, 
Lang and Buu 2008, Koch et al. 2010, Kumar et al. 2010). 
Thus, mutagenesis is a very important tool to generate 
plants with genetic alterations that allow a more detailed 
understanding of the tolerance and sensitivity mechanisms 
to various stress types.

Addressing the stresses that can affect plants, such as 
drought and salinity, among others, a constantly increasing 
number of studies is focused on the abiotic stresses caused by 
heavy metals, e.g., aluminum (Al), lead (Pb), and cadmium 
(Cd), which are associated with the growing problems of 
soil contamination on a global scale (Gratão et al. 2008, 
Azevedo et al. 2012). 

One of the main approaches to understand the responses 
of plants to heavy metals is the use of mutants with alterations 
in sensitivity or tolerance to the metals. Some mutagenesis 
studies successfully obtained mutants of Cd-hypersensitive 
Arabidopsis thaliana, through which the role of phyto-
chelatin synthase (Howden et al. 1995, Ha et al. 1999) and 
γ-glutamylcysteine synthetase (Cobbett et al. 1998) in the 
detoxification of this metal could be better understood. 
However, few mutagenesis studies have addressed the de-
velopment of heavy metal tolerant plants, and most of them 
deal with aluminum tolerance in model plants such as A. 
thaliana (Gabrielson et al. 2006) or in cultivated plants of 
great economic importance such as wheat (Tulmann-Neto 
et al. 2001) and barley (Nawrot et al. 2001), or in specific 
cases, for example, with the breeding of Cd-tolerant pea 
plants (Tsyganov et al. 2007).

Among the barriers to the breeding of heavy metal tol-
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erant plants is the proper selection methodology of these 
individuals. The main problems are related to the difficulty of 
evaluating a large number of plants under uniform conditions 
while keeping the amount of environmental residues low. 
One of the classic ways to select tolerant plants would be 
to use heavy metal-contaminated land for plant cultivation 
and evaluation. However, in this case, a regular distribution 
and homogeneity cannot be ensured nor the metal concentra-
tion for which tolerant mutants are to be selected. Another 
possibility would be to contaminate soil or sand and grow 
plants in a greenhouse under controlled conditions. On the 
other hand, mutagenesis studies require the evaluation of 
a high number of plants, making this option impractical. 
Besides, there is the additional challenge of the large amount 
of waste, as these soils can generally not be decontaminated, 
requiring an adequate structure for an appropriate disposal 
of the material, although the alternative of bioremediation/
phytoremediation may be an option (Martins et al. 2011, 
Souza et al. 2013). 

As an alternative to soil, sand or substrate, plants can be 
grown in nutrient solution. In these so-called hydroponic 
systems, different crops are being successfully produced 
on a commercial scale, under highly homogeneous and 
controlled cultivation conditions. There are several stud-
ies with heavy metals, using hydroponic systems for the 
evaluation of responses to, for example, metal accumula-
tion in the plant tissues (Pereira et al. 2002, Fourcaud et 
al. 2008, Zhang et al. 2009), responses to enzymes linked 
to the antioxidant system (Ferreira et al. 2002, Gonçalves 
et al. 2009, López-Millán et al. 2009, Gratão et al. 2012), 
interactions with macronutrients (Gonçalves et al. 2009), 
and of toxic effects on plants (Benavides et al. 2005, 
López-Millán et al. 2009). Furthermore, cultivation in a 
hydroponic system has the advantage of generating less 
waste, since the contaminated nutrient solution can be 
evaporated, reducing the final metal residue to few mil-
ligrams. For these reasons, some authors have proposed 
different methods for selecting Al-tolerant barley (Ma 
et al. 1997, Hossain et al. 2005, Tamás et al. 2006) and 
maize plants (Giaveno and Miranda Filho 2000), grown 
in nutrient solution. These systems can serve as a model 
methodology for the selection of new mutants with altered 
responses to heavy metals in different crops. 

In this paper, we propose a methodology for the evalu-
ation and selection of heavy metal tolerant plants that has 
the advantage of combining the benefits of growing plants 
in nutrient solution with the possibility of evaluating high 
numbers of plants under metal-induced stress. For this pur-
pose, we present a case study of selection for tolerance to 
the heavy metal cadmium, in plants of the tomato cultivar 
Micro-Tom (Solanum lycopersicum L.), widely used as 
model plant (Meissner et al. 1997) in numerous studies on 

genetics (Lima et al. 2004, Butelli et al. 2008), physiology 
(Carvalho et al. 2011, Monteiro et al. 2011, Carvalho et al. 
2013), biochemistry of plants (Gratão et al. 2008, Gratão 
et al. 2012), and on ultrastructural changes (Vitória et al. 
2003, Gratão et al. 2009). This tomato cultivar has several 
advantages, such as a low plant height (about 15 cm) and a 
short life cycle (80-90 days from sowing to harvest), mak-
ing it a very suitable model plant for mutagenesis studies 
aimed at selecting new mutants (Matsukura et al. 2007, 
Watanabe et al. 2007, Pino-Nunes et al. 2009). We believe 
that the methodology proposed here is fast and effective due 
to the fact that selection occurs in the seedling stage, few 
days after germination, allowing the evaluation of a large 
number of plants per area unit. 

MATERIAL AND METHODS

Mutagenesis
Using the mutagen MES (methyl ethanesulfonate), ac-

cording to the protocol adapted by Pino-Nunes et al. (2009), 
11,500 seeds of cv Micro-Tom (MT) were mutagenized. 
The seeds were previously soaked in distilled water for 8 
h and then immersed in the solutions containing MES at 
a concentration of 0.5% (Sigma-Aldrich, St. Louis) and 
maintained under slight agitation for laminar flow 12 h 
at room temperature (26 ± 2 ºC). After this treatment, the 
material was sown immediately, resulting in 7,820 plants 
of generation M1, of which nearly 6,180 proved fertile. The 
seeds were harvested from individual plants and grouped 
in seed lots with 12 M2 progenies each, which were used 
for the selection of mutants.

Experiment
For this evaluation and selection method, trays (length 

55, width 35, height 8 cm or similar size) were filled with 
nutrient solution for plant growth and covered with black 
plastic to avoid light entry. Each tray was covered with a 
4mm-thick styrofoam sheet, with one aluminized side to 
help prevent light entry. This material is very light, flexible 
and can be cut to any size. The advantage of styrofoam is 
that it floats on water and, for being a soft material, small 
cuts can be made on its edges, which hold the stems of the 
seedlings (diameter < 5 mm) (Figure 1). To optimize the 
use of space, the styrofoam sheet was cut into pieces (length 
350, width 50 mm), and small cuts (15 mm) were made on 
both sides, spaced 25 mm apart, to support the seedlings. 
Thus, per tray, each piece of this material had a capacity of 
24 seedlings, totaling 264 plants, of which 24 spaces were 
occupied by non-mutant controls and 240 were used for 
the plants from mutagenesis M2. Initially, the seeds were 
germinated in vermiculite and irrigated with nutrient solu-
tion proposed by Hoagland and Arnon (1950), adapted for 
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tomato, until the expansion of the first true leaf (15 days 
after germination). 

For transplanting, the roots were carefully washed and 
each seedling was inserted in one of the cuts in the styrofoam 
sheet. Since this cultivation system is static, the nutrient 
solution had to be oxygenated with plastic hoses coupled 
to an air compressor. To make oxygenation more efficient, 
small porous stones, as commonly used in aquariums, were 
inserted in the air outlet of the oxygenation hoses, greatly 
increasing the contact surface of air with the solution, by 
reducing the size of the bubbles. Furthermore, this kind of 
oxygenation resulted in a constant agitation of the solution, 
ensuring the regular distribution of salts in the tray and later 
of the metal itself that was added to it. 

Selection procedure
Initially, the seedlings were placed in a hydroponic 

system containing 25% of the total amount of Hoagland and 
Arnon (1950) salt solution adapted to tomato (pH adjusted 
to 6.0), to avoid plant stress due to high salt concentrations. 
The adaptation period was 7 days, after which the solution 
was exchanged and the salt concentration doubled. The 
new solution contained 25 µM CdCl2 which is the rate that 
reduces seedling growth at this stage by 50%, as found in 
preliminary experiments. After 4 to 5 days, symptoms of Cd 
toxicity appear on the seedlings at this stage, from which 
plantlets without the typical symptoms of metal toxicity can 
be initially selected. These selected plants were removed 
from the system and placed in another tray containing nutri-
ent solution without heavy metal, to let the plants complete 
the reproductive cycle and produce M3 seeds for progeny 
tests that would confirm the tolerance of the new mutants. 

RESULTS AND DISCUSSION
In this case study with cultivar MT, 11,500 mutagenized 

seeds were initially selected in search of Cd-tolerant mutants 

(Table 1). Around 10,000 seedlings of the M2 generation 
were obtained from a total of 12,000 seeds sown initially, 
of which approximately 2,000 were lost, due to the occur-
rence of deleterious mutations. Thus, we reached a total 
of approximately 10,000 seedlings evaluated on 16 m². Of 
this total, 28 potentially Cd-tolerant plants were selected. 
Usually, most mutant plants have some degree of infertility 
and for this reason, five potentially tolerant plants produced 
no seeds, leaving 23 M3 progenies for further evaluation of 
tolerance. One of these progenies had a satisfactory degree 
of Cd tolerance and was provisionally named progeny Cd23 
(23rd selected mutant), with no apparent Cd toxicity symptoms 
until 10 days after exposure to the metal (Figure 2), when 
compared to the wild type control (cv Micro-Tom). Fifteen 
days after Cd exposure, some mild symptoms appeared on 
these progeny plants, which were then removed from the 
nutrient solution and transplanted to the commercial sub-
strate, to produce M4 generation seeds for further testing. 

Table 1. Number of plants obtained at each stage of selection of Cd-
tolerant mutants

Stages of the selection process Total
Mutagenized seeds 11.500
M1 plants 7.820
Fertile M2 plants 6.180
Seed lots of 12 M2 progenies 503
Evaluated M2 progenies 1.200
Approximate total of evaluated M2 plants 10.000
M2 plants selected as potentially tolerant 28
Selected infertile plants 5
M3 progenies evaluated to confirm tolerance 23
Tolerant M4 progenies selected for assessment 1
Other selected mutants 4

Figure 1. System of a floating styrofoam support for seedling cultivation in 
nutrient solution. This material can be cut into any shape according to the 
tray. In general, a styrofoam board (thickness 4 mm) is sufficient to support 
the seedlings and keep the system fluctuating. A) surface with a light and 
opaque color (reflecting materials could induce stress by light excess), B) 
Al-covered underside preventing light entry, and C) small lateral cuts to 
hold seedlings, separating the roots in the dark in contact with the solu-
tion underneath from the freely developing shoots above the styrofoam.

Figure 2. Plants of Cd23 M3 (lower row) with few or no toxicity symptoms 
to 25 µM CdCl2, compared with the wild type control plants (upper row), 
with chlorosis symptoms on young leaves. Bar = 50 mm.
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Aside from the Cd-tolerant mutants, other plants with 
changes in leaf architecture, chlorophyll content, reduction 
in the number of flowers and reduced size were selected 
(Table 1), similar to what was observed by Matsukura et al. 
(2007), Watanabe et al. (2007) and Pìno-Nunes et al. (2009) 
in mutagenesis studies with cv. MT. The appearance of these 
other mutations confirmed the efficiency of the applied 
mutagenesis procedure. However, other mutations were not 
eliminated by the selection system, which is still a common 
fact in all mutagenesis and selection procedures, despite the 
maximized efficiency and restrictiveness of the selection 
process (Azevedo and Arruda 1995). Therefore, the vigor 
of development of the Cd23 mutant plants was not the same 
as of the non-mutant plants, and a genetic cleaning process 
by means of backcrosses was required to eliminate the prob-
able genetic load acquired by the mutagenesis process. If 
on the one hand other mutations were found in addition to 
the expected mutation (Cd tolerant), it is evident that this 
system also allows the identification of other mutations that 
may possibly be of some interest. The selected genotypes 
(Cd-tolerant and others) can also be tested for tolerance to 
other toxic elements and stress types, since the observed 
Cd-tolerance response may reflect an overall greater toler-
ance level, not specifically restricted to this metal. These 
aspects are being analyzed by our group, because once a 
mutant tolerant to Cd or to another other metal is identified, 
follow-up studies are needed to understand the tolerance 
mechanisms of the selected mutants. 

The mutation (or set of mutations) that determines Cd 
tolerance may be linked to several different mechanisms of 
action, altering single or combined physiological, genetic 
and biochemical processes. In general, the main factors 
that increase the tolerance of a plant are associated with its 
ability to exclude toxic ions and limit their distribution to 
the more sensitive tissues, reducing their translocation to 
the shoot (Verbruggen et al. 2009), metal deposition on cell 
walls (Vazquez et al. 2006), chelate formation with organic 
molecules (phytochelatins, metallothionein, glutathione, 
etc.), and the subsequent compartmentalization of these 
complexes in the vacuoles (Benavides et al. 2005, Gratão et 
al. 2005, Gallego et al. 2012). Other tolerance mechanisms 
can also result from the process of mutagenesis, such as an 
increase in the efficiency of nutrient uptake and assimila-
tion, for example of sulfur (S), making these plants more 
Cd-tolerant (Gill and Tuteja 2010). It is also possible that 
mutations can lead to changes in the enzymatic antioxidant 
system by increasing the activity of enzymes involved in the 
control of reactive oxygen species (ROS) in cells, which can 
cause the so-called oxidative stress when in excess (Azevedo 
et al. 1998, Gratão et al. 2005, Dourado et al. 2013). For 
instance, it has been shown that more Cd-tolerant potato 
cultivars have increased activity of catalase (CAT), which 

is one of the key enzymes in the elimination of hydrogen 
peroxide, a ROS that can cause severe cell damage (Gratão 
et al. 2005). 

On the one hand, heavy metal tolerance has been the main 
target of several studies, while there is also an increasing 
interest in research to breed plants that are not only tolerant, 
but can also hyperaccumulate heavy metals in their tissues, 
making them potentially useful for the phytoremediation of 
contaminated soils (Pilon-Smits 2005, Souza et al. 2013). 
On the other hand, the development of hyperaccumulating 
plants through mutagenesis or by exploiting the genetic 
resources available, is important not only for phytoextrac-
tion of metals from the soil but they could also be applied 
as a strategy for food biofortification (Palmgren et al. 2008), 
where the hyperaccumulated metal would be an essential 
nutrient for human consumption. 

Finally, the breeding of more tolerant and/or metal-
accumulating plants would be the first stage of many 
theoretical and applied studies on abiotic stress tolerance 
caused by heavy metals in the soil, phytoremediation, or on 
biofortification, among others. In this context, the cultiva-
tion and selection system of Cd tolerant plants proposed in 
this paper allows the cultivation of a large number of plants 
per area unit, if selection is performed in the early growth 
stages of each species. It can also be used efficiently for the 
cultivation and selection of heavy metal tolerant seedlings of 
other species such as rice, wheat, barley, rye, and peppers, 
which can be inserted in the styrofoam sheet. For this, it 
would only be necessary to adjust: 1) the nutrient solution 
and pH adequately for the growth of each species, 2) the 
spacing in which the seedlings will be grown, 3) the heavy 
metal concentrations that cause symptoms in seedlings at a 
certain stage of evaluation, and 4) the characteristic toxicity 
symptoms of each metal on the study species as well as the 
exposure time until they appear. This system minimizes the 
amount of waste generated by simply letting the nutrient 
solution dry to collect the residual metals and precipitated 
salts. Finally, we conclude that the system of cultivation 
and selection used in this work was satisfactory to identify 
and select Cd tolerant tomato plants. Thus, we propose the 
use of this methodology for the evaluation and selection of 
plants of various species, tolerant to different heavy metals 
and other chemicals. 
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Rápida avaliação para seleção de plantas tolerantes a metais pesados
Resumo - Uma das principais dificuldades nos trabalhos visando a seleção de plantas tolerantes a metais pesados é a própria me-
todologia para avaliação eficiente de grande número de plantas, gerando poucos resíduos para o meio ambiente. Por esse motivo, 
propomos uma metodologia simples e eficaz que pode ser aplicada a metais ou outros elementos químicos, partindo de um estudo de 
caso, no qual selecionamos dois mutantes de tomateiro (cv Micro-Tom) tolerantes ao Cádmio, obtidos por mutagênese com etano-
sulfonato de metila (EMS). Além destes dois novos mutantes, selecionamos outros 21 com alterações potenciais quanto a respostas a 
este metal. Por fim, chegamos à conclusão de que o sistema proposto é ideal para trabalhos de seleção de plantas tolerantes a metais 
pesados e possivelmente a outros elementos, devido à facilidade de montagem da estrutura, baixo custo de implantação, minimização 
de geração de resíduos e possibilidade de uso em várias espécies e diferentes metais pesados.
Palavras-chave: Mutagênese, cádmio, tolerância, hidropônico, estresse oxidativo.
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