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Resumo 
 

O crómio (Cr) é um dos metais pesados com maior perigo ambiental associado, 

sobretudo devido às altas quantidades que são lançadas para o ambiente por diversas 

fontes antrópicas. O Cr existe maioritariamente sob duas formas, a trivalente [Cr (III)] e 

a hexavalente [Cr (VI)]. Apesar da primeira ser considerada um micronutriente para os 

animais, nenhuma das formas possui um papel no metabolismo vegetal. A forma 

hexavalente é altamente tóxica para todos os seres vivos, mesmo em baixas doses. A 

sua acumulação nos solos é preocupante porque, para além de estar a aumentar um 

pouco por todo o mundo, o Cr, à semelhança de outros metais, não sofre nenhum 

processo de biodegradação. Assim, a sua acumulação nos tecidos de diversas culturas 

agrícolas pode, por um lado, induzir danos e quebras na produção agrícola, mas 

também representar um grande risco para todos os envolvidos nas cadeias alimentares, 

incluindo os seres humanos. Deste modo, é essencial perceber quais os efeitos nefastos 

causados pela exposição das plantas ao Cr (VI), bem como caracterizar as defesas 

ativadas pela planta contra a fitotoxicidade do Cr (VI). Neste estudo, numa abordagem 

preliminar, a exposição de plântulas de tomateiro (Solanum lycopersicum L. cv. Micro-

Tom) a elevadas concentrações de Cr (VI) resultou em danos severos no crescimento 

vegetal. Com base nestes resultados, decidiu-se estudar o efeito da exposição de 

plantas de tomateiro a baixas concentrações de Cr (VI) durante cinco semanas ou 

maiores concentrações de Cr (VI) apenas na quinta semana. A avaliação biométrica 

destas plantas mostrou a existência de danos não deletérios provocados pelo Cr (VI). A 

quantificação de Cr mostrou uma maior acumulação na raiz, e níveis muito mais 

reduzidos na parte aérea e frutos. A presença de Cr (VI) na solução nutritiva induziu 

diferentes níveis de stresse oxidativo dependentes do tipo de exposição, da 

concentração de Cr (VI) e do órgão da planta, com uma resposta diferencial dos níveis 

de espécies reativas de oxigénio e aumento generalizado da peroxidação lipídica. Pela 

avaliação da eficiência do sistema antioxidante, foi possível verificar que a componente 

não-enzimática teve um papel mais relevante na proteção das plantas contra o Cr (VI). 

Particularizando a glutationa, este antioxidante pode estar a desempenhar importantes 

funções na defesa contra o Cr (VI). As metalotioninas, proteínas com afinidade para os 

metais, mostraram uma indução diferencial perante os níveis de Cr (VI), sugerindo um 

papel importante destas na defesa contra o Cr (VI), diretamente pela sua quelação ou 

indiretamente, pela potenciação da defesa antioxidante.  
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Abstract 
 

Chromium (Cr) is one of the heavy metals (HM) with more associated 

environmental danger, mainly due to the high amounts released to the environment by 

several anthropogenic sources. Cr mainly exists in two forms, the trivalent [Cr (III)] and 

the hexavalent [Cr (VI)]. Although the first is considered a micronutrient for animals, 

neither form plays a role in plant metabolism. The hexavalent form is highly toxic to all 

living things, even at low doses. Its accumulation in soils is alarming, because in addition 

to being increasing a little around the world, Cr, like other HM, does not undergo any 

process of biodegradation. Thus, its accumulation in tissues of various agricultural crops 

can, on one hand, induce damage and breakages in agricultural production, but also 

pose a great risk to all those involved in food chains, including human beings. In this 

way, it is essential to understand the nefarious effects caused by Cr (VI) exposure on 

plants, as well as to characterize plant-activated defences against Cr (VI) phytotoxicity. 

In this study, on a preliminary approach, the exposure of tomato seedlings (Solanum 

lycopersicum L. cv. Micro-Tom) to high concentrations of Cr (VI) resulted in severe 

damages to plant growth. Based on these results, it was decided to study the exposure 

of tomato plants at low Cr (VI) concentrations during five weeks of growth or at higher Cr 

(VI) concentrations only in the fifth week. Biometric evaluation of these plants showed 

the existence of non-deleterious damages caused by Cr (VI). Quantification of Cr showed 

a higher accumulation in roots, revealing much lower levels in shoots and fruits. The 

presence of Cr (VI) in the nutrient solution induced different levels of oxidative stress 

depending on the type of exposure, Cr (VI) concentration and plant organ, with 

differential responses of reactive oxygen species levels and generalized increase of lipid 

peroxidation. By evaluating the efficiency of the antioxidant system, it was possible to 

verify that the non-enzymatic component had a more relevant role in the protection of 

plants against Cr (VI). Particularly to glutathione, this antioxidant may be performing 

important functions in the defence against Cr (VI). Metallothioneins, proteins with metal 

affinity, showed a differential induction with Cr (VI) levels, suggesting an important role 

of these proteins in the defence against Cr (VI), directly by its chelation or indirectly, by 

the potentiation of the antioxidant defence. 
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Introduction 
 

1. Heavy metals (HMs) - occurrence, environmental 

contamination and hazards 

Current increasing industrialization, intensive agriculture, urbanization, and world 

population are causing unprecedented pressure on ecosystems, leading to loss of 

several natural resources, as well as to the widespread accumulation of pollutants, this 

way causing the destruction of the biosphere (Emamverdian et al., 2015). Among the 

most harmful environmental contaminants, HMs can be considered extremely dangerous 

due to their biogeochemical characteristics that allow them to accumulate in 

contaminated sites and to cause several toxic effects on living beings (Nagajyoti et al., 

2010).   

The definition of HM is not well established, however, the most recurrent one 

defines HMs as a group of metallic elements with a relatively high density (above 4 or 5 

g cm-3) that are able to induce toxicity even at low concentrations (Duffus, 2002; 

Nagajyoti et al., 2010; DalCorso et al., 2013). HM-contaminated sites have been largely 

reported around the world, with approximately more than 5 million sites contaminated 

(He et al., 2015), while in Europe there are at least 137,000 km2 of farmland with slightly 

high levels of HMs (Tóth et al., 2016). In Portugal, some studies detected Zn, Pb, Ni, Cu 

and Cr as the most common HMs in problematic areas such as Ave river basin (Soares 

et al., 1999), São Domingos mine (Freitas et al., 2004), Estarreja region (Oliveira and 

Pampulha, 2006) and Braçal abandoned lead mine (Anjos et al., 2012). The presence of 

such HMs in the environment is widely and more correlated to anthropogenic sources 

when compared with natural ones, such as rock erosion, volcanic eruptions and other 

natural events. Anthropogenic sources include agricultural (e.g. use of fertilizers and 

pesticides) and industrial activities (e.g. mining, chemistry, refinement, metallurgy and 

electroplating), household effluents, coal burning, among others (Nagajyoti et al., 2010). 

HMs presence in the soil can be boosted by the fact that these contaminants do not 

undergo degradation in the environment and, thus, can be accumulated in soils 

indefinitely (Nagajyoti et al., 2010).  

Since plants are dependent of nutrients absorbed from the soil’s solution, they are 

directly subjected to the uptake of HMs present in soils. HMs can be grouped into 

essential or non-essential to plant metabolism, some of them without known biological 

function. Essential HMs (e.g. Fe, Mn, Zn, Cu, Mo and Ni) are important in redox reactions 
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and are used as cofactors of several enzymes, however, their presence is only 

necessary at reduced levels, being toxic to plants at higher values. On the other hand, 

non-essential HMs (e.g. Cd, Sb, Cr, Pb, As, Co, Ag and Hg) are toxic to plants even at 

low levels in soils (DalCorso et al., 2013; Emamverdian et al., 2015). HM-induced 

phytotoxicity is characterized by significant visual changes in plants, with the appearance 

of chlorosis, necrosis, senescence, wilted leaves, decrease in biomass and growth, 

among other symptoms. All of these symptoms are due to HM’s ability to affect several 

metabolic processes and ion homeostasis, essential to plant growth and development, 

such as photosynthesis, water balance, and nutrient absorption, thus affecting the 

primary and secondary metabolisms of plants, seed germination and other processes 

(DalCorso et al., 2013). Since HMs cannot be metabolized by plants, these organisms 

tend to accumulate metals in their organs. This accumulation can be dangerous if it 

occurs in edible tissues, as these HMs can, thus, reach other organisms present in plant-

based food chains. This accumulation along the food chain is very risky, since several 

toxic effects associated with HMs are also recognized in animals, including humans. In 

addition, ingestion of contaminated vegetables and fruits is a major cause of human 

exposure to HMs (Peralta-Videa et al., 2009; Edelstein and Ben-Hur, 2018). That may 

result in damage to various organs, causing disorders in the reproductive, endocrine, 

neurological, cardiovascular, gastrointestinal or hepatic systems, being also associated 

with numerous types of cancer (Jaishankar et al., 2014). 

 

2. Chromium (Cr) – A dual heavy metal in all aspects 

Nowadays, Cr can be considered one of the most used HMs. Thus, it poses a great 

threat to environment due to its increasing accumulation in various ecosystems, its 

biogeochemical properties and also its risks to living beings (Gomes et al., 2017). Cr was 

discovered at the end of 18th century and is included in the transition metals category, 

being present in group 6 of the periodic table, with an atomic number of 24, atomic weight 

of 51.1 g mol-1 and density of 7.19 g cm-3, being considered one of the most abundant 

elements on Earth (Shanker et al., 2005; Shahid et al., 2017). The toxicological 

properties and biogeochemical behaviour of Cr are directly dependent on its oxidation 

state, a very important and singular characteristic of this HM. This HM may be present 

in distinct oxidation states ranging between -2 to +6 (in rare cases may occur as -3 or -

4), with trivalent [Cr (III)] and hexavalent [Cr (VI)] forms being the most common and 

stable Cr species (Daulton and Little, 2006). 
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2.1. Uses and contamination sources 

Although Cr is present in the environment due to natural phenomena, mainly due 

to Cr-rich rocks erosion (such as chromite), the Cr levels observed in soil, water and air 

have been increasing worldwide due to constant Cr release by various industries and 

others anthropogenic activities, making Cr the second most common HM in soils and 

becoming a growing concern at various levels. This is due to the extensive use of Cr by 

the industry, such as leather tanning, metallurgical, alloying, electroplating, wood 

preservation, textile dyes, paints, pigments, paper production and organic fertilizers 

(Singh et al., 2013; Shahid et al., 2017). This Cr consumption has been accompanied by 

the increase of its mining, reaching 31,000 thousand tons worldwide in 2017 (Ober, 

2018). Widespread use of Cr leads to indirect production of many solid, liquid and 

gaseous wastes that often end up in the ecosystems without appropriate treatment, 

resulting in their contamination. Many sites contaminated with this HM have been 

reported around the world, which can reach concentrations levels above 100,000 mg kg-

1 in some soils (in natural soils varies from 5 to 3000 mg kg-1, according to their 

composition), with most of these soils being located in India, Eastern Africa, South 

America and China, regions considered less developed and consequently less 

committed to preventive actions and environmental remediation (Shanker et al., 2005; 

Shahid et al., 2017). 

 

2.2. Health effects and hazards 

Cr can be responsible for many health problems and the consequences are directly 

related to its oxidation state, but also to dose and time of exposure. The trivalent form is 

considered essential for human diet at low concentrations (50-200 μg per day). In the 

human body, Cr (III) has a role in insulin metabolism, therefore, a deficiency of this 

compound is related to the appearance of diseases such as diabetes, hyperglycemia 

and increased body fat (Jomova and Valko, 2011). On the other hand, exposure to high 

levels of Cr (III) can result in high levels of toxicity. The same occurs with the intake of 

Cr (VI), however, for this Cr species, even low doses of exposure can cause significant 

toxicities. In fact, Cr (VI) is considered highly toxic, being 10 to 100 times more toxic than 

the trivalent form, inducing mutagenic and teratogenic effects. It may be absorbed by 

inhalation, ingestion or skin contact, and at least 90% of this exposure may be attributed 

to the consumption of HM-contaminated vegetables. Some of the consequences of Cr 

(VI) exposure include damage to the respiratory, gastrointestinal, hepatic, renal and 

reproductive systems, oxidative stress induction and damage in DNA and blood cells 
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(Jaishankar et al., 2014; Kim et al., 2015; Gomes et al., 2017; Shahid et al., 2017). Cr 

(VI) may also be responsible for many forms of cancer and is considered a category 1 

carcinogen by the international agency for research on cancer (IARC, 2012). 

 

2.3. Behaviour in soils  

In soils there is a combination of distinct Cr species, being the trivalent and 

hexavalent the most common forms, due to their greater stability in relation to the others. 

The levels of these two forms are not stable, since both can suffer a set of simultaneous 

reactions of oxidation, reduction, hydrolysis, precipitation and dissolution. The presence 

of oxidizing agents (e.g. manganese dioxide or oxygen) may lead to the oxidation of Cr 

(III) to Cr (VI), while reducing agents (e.g. iron, vanadium or sulphydes) may lead to the 

reduction of Cr (VI) to Cr (III). However, if Cr (VI) levels are too high, soils may not have 

enough capacity for its reduction, leading to an indefinite accumulation of Cr (VI); this 

also occurs in soils with high O2 content, that promote Cr (III) oxidation. The soil pH also 

plays an important role, since it influences Cr species behaviour. For Cr (III), it 

precipitates at pH > 5.5, and at lower values is poorly soluble, making it very stable in 

soils. In contrast, Cr (VI) is highly unstable and soluble in soils regardless of soil pH 

values. Also, alkaline conditions may potentiate oxidation reactions. Furthermore, 

organic matter and microbial community can also play a very important role, since both 

promote the reduction of hexavalent to trivalent form (Oliveira, 2012; Gomes et al., 2017; 

Shahid et al., 2017). 

 

2.4. Uptake, accumulation and translocation in plants 

The factors pointed in the topic above, together with other soil conditions, may 

affect Cr bioavailability to plants, since Cr (VI) tends to be more soluble and therefore 

more available. However, the mechanism of Cr absorption by plants is not fully 

understood. Since Cr does not play any nutritional role in plants, they do not have a 

specific mechanism for its uptake. Once again, Cr species have different behaviours, 

with opposite uptake mechanisms. Cr (III) is passively absorbed by the plant, not 

involving energy cost. In turn, Cr (VI) uses an active absorption mechanism, using 

carriers for other nutrients, especially sulphate and phosphate, due to their structural 

similarities with Cr (VI) anionic forms (Oliveira, 2012). There is still some disagreement 

about the mechanism for Cr (VI) absorption, since some propose that a reduction of Cr 

(VI) to Cr (III) can occur on the root surface, and only then it is absorbed by plants in its 
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trivalent form. This reduction can occur due to root cells’ constituents, such as NADPH, 

glutathione, pentoses, FADH2, ascorbic acid or cytochrome P-450 (Sinha et al., 2018). 

Curiously, certain plants can produce organic acids (e.g. citric and malic acid) and other 

compounds, that when released into the soil will promote the conversion of inorganic to 

organic Cr, increasing its absorption (Ertani et al., 2017). 

After Cr uptake, its mobility to other plant organs is much reduced, being Cr 

considered one of the less mobile HMs in plants. This leads to a Cr accumulation in 

roots, which can reach values 100 times higher than those observed in shoots (Singh et 

al., 2013). This Cr accumulation in roots may be related to Cr sequestration in vacuoles, 

making it difficult to be further mobilized. Also, its binding to cell walls, especially the Cr 

(III) form, can potentiate its accumulation in root cells. Absorbed Cr (VI) is probably 

reduced to Cr (III) inside root cells by several plant mechanisms, otherwise Cr (VI) can 

be translocated to the aerial part and then reduced there (Ertani et al., 2017; Gomes et 

al., 2017). Relatively to the Cr that is transported to the plant shoot, it is still not 

completely clear how this translocation works. Unlike other HMs in which specific carrier 

families (e.g. cation diffusion facilitator, ATP binding cassette superfamily, among others) 

are described, the roles of these carriers in Cr translocation are not known. Nevertheless, 

it has already been reported that Cr can use carriers of other elements, such as sulphate, 

phosphate and iron. This transport occurs mainly along the plant xylem, and occurs 

slowly, which also potentiates Cr accumulation in roots (Gomes et al., 2017; Shahid et 

al., 2017). 

 

2.5. Effects of chromium exposure in plants 

Unlike other HMs, the role of Cr in plant metabolism is unknown, although its role 

in animals and human’s metabolism is recognized (Singh et al., 2013). Despite this, it 

has already been reported in some plant species that low doses of Cr (especially the 

trivalent form) may be responsible for an increase in plant growth and productivity (Paiva 

et al., 2009; Patnaik et al., 2013; UdDin et al., 2015). This apparent positive effect can 

be explained by the plant’s natural adaptability and plasticity in response to some 

environmental contaminants (Calabrese and Mattson, 2011). However, this positive 

effect of low Cr concentrations are still not clear and may depend on plant species and 

Cr oxidation state (Shahid et al., 2017). Nonetheless, Cr is mainly recognized for its 

negative effects in plants (Gomes et al., 2017). These negative effects were already 

reported for several plant species, including several agroeconomical crops, such as 

wheat (Arshad et al., 2017), rice (Sharma et al., 2016), oat (López-Luna et al., 2009), 
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tomato (Henriques, 2010; Li et al., 2016), maize (Mallick et al., 2010; Anjum et al., 2017), 

sunflower (Fozia et al., 2008), eggplant (Singh et al., 2017) and pea (Pandey et al., 2009; 

Rodriguez et al., 2012). 

Plant toxicity induced by exposure to Cr reveals an overall reduction in plant 

growth, such as root and shoot length and leaf area, lateral roots, leaves, flowers and 

fruits, accompanied by a decrease in germination rate and loss of plant biomass and 

productivity. Some of the characteristic Cr toxicity symptoms also include the 

appearance of chlorosis, necrosis and wilting of leaves, as well as root system 

deformations (Oliveira, 2012; Singh et al., 2013). These damages, among others, may 

be related to Cr ability to interfere with some plant physiological processes, such as 

nutrient absorption, water balance and photosynthesis, or with enzymatic activities, such 

as nitrogen and carbohydrate metabolisms’ related enzymes (Shanker et al., 2005; Singh 

et al., 2013; Gomes et al., 2017).  

Many of the observed metabolic alterations may result of reactive oxygen species 

(ROS) generation, consequence of the Cr (VI) reduction to Cr (III) inside the plant (Singh 

et al., 2013). This is one of the reasons why hexavalent form is notoriously more toxic 

than the trivalent form, even at similar concentrations. However, Cr may still induce ROS 

formation through interactions with electron transport activities or by participating in 

Fenton and Haber-Weiss reactions, although these mechanisms are not fully 

understood. In addition to ROS accumulation, Cr may also interfere with the activity of 

antioxidant enzymes, responsible for reducing ROS cellular levels, resulting in a state of 

oxidative stress, responsible for several oxidative damages in plants (Shahid et al., 2014; 

Gomes et al., 2017; Shahid et al., 2017). It is also known that Cr (VI) is able, unlike other 

HMs, to react directly with the DNA of animals, including humans, damaging it; however, 

this subject is relatively poorly exploited in plants (Shahid et al., 2017), although 

chromosomal abnormalities, cell cycle errors, enzyme repression and micronuclei 

formation have already been reported in some plant species (Rodriguez et al., 2011; 

Patnaik et al., 2013; Truta et al., 2014; Rai and Dayal, 2016).  

All of these effects make Cr a highly alarming contaminant due to the possible 

damage to important crops and, on the other hand, the risks it may pose to human health, 

through the consumption of contaminated food. 
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(Cheung and Gu, 2007) 

3. Heavy metal-induced oxidative stress 

One of the most recognized effects of HMs toxicity in plants is the induction of 

oxidative stress (Sytar et al., 2013). Moreover, oxidative stress is accepted as one of the 

most common characteristics found in several biotic and abiotic stresses and occurs 

whenever there is excessive ROS production and accumulation, exceeding the plant’s 

detoxification capacity (Sharma et al., 2012; Demidchik, 2015). 

 

3.1. Reactive oxygen species (ROS) 

One event that would become revolutionary for life on earth was the appearance 

of the molecular form of oxygen (O2) in the environment, about 2.7 billion years ago, 

allowing the establishment of the aerobic metabolism, which uses O2 as final acceptor of 

electrons in various cellular processes, making cellular respiration the most efficient 

process of energy production (Gill and Tuteja, 2010; Karuppanapandian et al., 2011). 

However, although O2 is not very reactive, when exposed to a large amount of 

energy or electron transfer reactions, it results in ROS formation, which are considered 

as highly reactive. In plants, most ROS are derived from organelles with high metabolic 

activities, such as chloroplasts, mitochondria and peroxisomes, or in sites with high redox 

Figure 1. Overview of the Cr (VI) behaviour inside cells, highlighting the toxic and mutagenic effects (Cheung and Gu, 2007). 
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potential molecules (Sharma et al., 2012; Mittler, 2017). From all the O2 used by the 

plant, it is estimated that between 1 to 2% are spent in ROS formation processes (Gill 

and Tuteja, 2010). This unwanted production of ROS by plant metabolic processes is 

accompanied by a detoxification mechanism, which allows controlling ROS levels. Any 

change in this production/removal balance may result in a dual effect for plants, 

depending on the ROS levels present (Mittler, 2017). In reduced or moderate 

concentrations, they can be used in signalling networks, which include environmental 

stress perception, growth regulation, polarity and cell death, and many other processes, 

taking advantage of high ROS versatility, manifestation of different reactivity, production 

sites and the ability to cross membranes. This can be explained by the increase of O2 in 

the atmosphere and consequent ROS increase, which plants have harnessed and 

integrated into many of their current biochemical processes (Demidchik, 2015; Mittler, 

2017). However, despite this important role, ROS can also be highly harmful when their 

overproduction occurs, exceeding the detoxification capacity, induced in response to 

various environmental stresses (e.g. drought, salinity, HM, pathogens, high 

temperatures, among others) (Karuppanapandian et al., 2011; Sharma et al., 2012). 

ROS at such high concentrations can seriously impair plant’s homeostasis, affecting 

cellular components, DNA, proteins, lipids, carbohydrates, enzymes, metabolic 

processes, and ultimately inducing cell death (Gill and Tuteja, 2010; Karuppanapandian 

et al., 2011).  

ROS include all oxygen derivatives which may be free radicals and/or reactive 

molecules. The most relevant ROS in plants are superoxide anion (O2•−), hydrogen 

peroxide (H2O2), hydroxyl radical (•OH) and singlet oxygen (1O2) (Sharma et al., 2012). 
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3.1.1. Superoxide anion (O2•−) 

Superoxide anion is the first ROS to be produced and responsible for triggering 

several reactions that normally lead to other ROS production, either directly or through 

enzymes and/or metals (Sharma et al., 2012). It is considered moderately reactive with 

a short half-life, in the order of 1 µs, allowing its action only at short distances from its 

origin sites. Most of the O2•− is originated from electron losses from the electron transport 

chains (ETC) of plants, located in chloroplasts (photosystems I and II), mitochondria 

(complexes I and III) and peroxisomes, or by the action of NADPH oxidase (Fluhr, 2009; 

Demidchik, 2015). In these cases, changes caused by various environmental stresses 

may increase O2•− production. It can react with H+, resulting in hydroperoxyl radical 

(HO2•−), which is more reactive, stable and permeable, acting mainly as an oxidizing 

agent. O2•− itself is not very harmful to the cell since it does not react directly with organic 

molecules, but the action of its reducing power on other ROS or radicals can lead to the 

creation of very dangerous oxidants such as •OH, reactive nitrogen species, among 

others (Demidchik, 2015). It can also, in negatively charged membranes, undergo a 

protonation phenomenon and give rise to HO2•, considered a highly oxidizing agent (Gill 

and Tuteja, 2010).   

Figure 2. Main ROS in plants and the processes that interconnect different ROS production (Sharma et al., 2012). 
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3.1.2. Hydrogen peroxide (H2O2) 

Hydrogen peroxide is often co-located with O2•−, because it originates from the 

same ETCs, or by the local reduction of O2•−. H2O2 is also considered moderately 

reactive but has a half-life time higher than the remaining ROS. Unlike O2•−, H2O2 can 

easily pass through cellular membranes and operate far from its production site (Sharma 

et al., 2012). In addition, H2O2 is able to utilize aquaporins to reach greater distances 

(Bienert et al., 2007). Its accumulation is higher in the apoplast, since there is a lower 

antioxidant power compared to the interior of the cell (Demidchik, 2015) and is produced 

in the apoplast itself by O2•− or HO2•− dismutation or by NADPH oxidases and class III 

peroxidases (Apel and Hirt, 2004; Cosio and Dunand, 2008). These characteristics make 

this type of ROS excellent for signalling processes, being associated to response 

mechanisms to various biotic and abiotic stresses and being a regulator of senescence, 

photorespiration, photosynthesis and cell cycle processes, among others (Gill and 

Tuteja, 2010). However, these same characteristics make H2O2 dangerous at high levels, 

which can inactivate enzymes (e.g. Calvin cycle enzymes and superoxide dismutase) by 

oxidizing their thiol groups and other components and ultimately causing programmed 

cell death (Gill and Tuteja, 2010; Sharma et al., 2012). 

 

3.1.3. Hydroxyl radical (•OH) 

O2•− and H2O2 are considered to be oxidative stress inducers, however, they are 

not very reactive, so it is their reduction to •OH that causes the greatest damage to plant 

cells (Sharma et al., 2012). The main mechanism leading to •OH appearance is the 

Haber-Weiss reaction, in which O2•− and H2O2 can interact with each other to create •OH. 

Since this is a thermodynamically unfavourable reaction, it is usually catalysed by the 

action of a transition metal, which undergoes a reduction and oxidation in the process. 

The metal ion most used by the cells to catalyse this reaction is iron (Fe), through the 

Fenton’s reaction, where Fe, after being reduced by the action of O2•− (Fe3+ + O2•− → 

Fe2+ + O2), reacts with H2O2, originating •OH (Fe2+ + H2O2 → •OH + Fe3+ + OH-) (Kehrer, 

2000). There may also exist other processes of •OH formation but are less exploited. 

This ROS is considered the most reactive of the four mentioned, however, has a short 

half-life time. Due to its characteristics, it can react with all molecules, thereby, it has a 

great capacity to severely damage proteins, membranes, lipids and nucleic acids 

(Demidchik, 2015). Moreover, plants have not developed any enzymatic mechanism to 
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detoxify the produced •OH, so its accumulation is continuous, and usually results in cell 

death (Gill and Tuteja, 2010). 

 

3.1.4. Singlet oxygen (1O2) 

Singlet oxygen, the first excited state of O2, is one of the less common ROS, mainly 

due to its distinct formation (Gill and Tuteja, 2010). When the light absorbed by plants is 

not completely used by the photosynthetic apparatus, the formation of a chlorophyll triplet 

state occurs. This can return to its normal state by reacting with O2, arising the production 

of 1O2. This 1O2 formation can be induced by changes in CO2 levels, which are directly 

related to the mechanism of stomata closure in response to several environmental 

conditions (Krieger-Liszkay, 2005). This ROS is considered the second most reactive 

ROS among the four presented, having a short half-time, but with capacity to travel 

considerable distances (Hatz et al., 2007; Foyer and Noctor, 2009). This is one of the 

most harmful ROS for photosynthesis, damaging mainly the photosynthetic apparatus. 

Its oxidizing power is also responsible to damage virtually every molecule in the cell, 

such as proteins, fatty acids, DNA, among others (Sharma et al., 2012). 

 

4. Antioxidant (AOX) system 

4.1. Enzymatic antioxidants 

As mentioned, plant exposure to HM results in an increase in ROS levels, causing 

oxidative stress. Thus, as a result of adaptation and evolution processes, plant have 

developed an efficient antioxidant system that allow the tightly control of ROS 

homeostasis in cells (Shahid et al., 2014). This AOX defence mechanism uses several 

enzymes, including superoxide dismutase (SOD; EC 1.15.1.1), catalase (CAT; EC 

1.11.1.6), ascorbate peroxidase (APX; EC 1.1.11.1), monodehydroascorbate reductase 

(MDHAR; EC 1.6.5.4), dehydroascorbate reductase (DHAR; EC 1.8.5.1), glutathione 

reductase (GR; EC 1.6.4.2), glutathione peroxidase (GPX; EC 1.11.1.7) and glutathione 

S-transferase (GST; EC 2.5.1.18) (Gill and Tuteja, 2010).  
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4.1.1. Superoxide dismutase (SOD) 

SOD is a metalloenzyme responsible for the dismutation of O2•− into H2O2 and O2, 

being considered the first enzyme of the AOX system to participate, and the most crucial 

one to its success (Gill and Tuteja, 2010). Although O2•− dismutation also occurs non-

enzymatically, SOD is capable of disrupting it much faster, preventing the oxidative 

damage (Abreu and Cabelli, 2010). Since O2•− can be produced in several sites and has 

a low diffusion capacity, SOD is located in different cellular and subcellular structures to 

give a more efficient local response (Wang et al., 2018). The reduction of O2•− by SOD 

is essential to avoid the appearance of more dangerous ROS, such as •OH by the Haber-

Weiss reaction (Gill and Tuteja, 2010). In plants, SOD can be divided into 3 types, 

differentiated by its metallic cofactor, copper/zinc (Cu/Zn-SOD), manganese (Mn-SOD) 

or iron (Fe-SOD). Recently, a fourth type was identified, dependent on nickel, however, 

at the present time there is no characterization of its role in plants (Sheng et al., 2014). 

The three types can be found in different cell compartments, but all are encoded in the 

nucleus, with differentiated terminal amino acid sequences for each specific location 

(Sharma et al., 2012). Cu/Zn-SOD may be localized at various sites, such as 

chloroplasts, mitochondria, peroxisomes, cytosol and extracellular space, while the 

remaining are more specific, with Mn-SOD being localized in the mitochondria and 

peroxisomes and Fe-SOD in chloroplasts (Abreu and Cabelli, 2010; Sheng et al., 2014). 

 

Figure 3. Main antioxidant enzymes involved in the ROS detoxification in plants. Adapted from Shahid et al. (2014). 
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4.1.2. Catalase (CAT) 

CAT was one of the first AOX enzymes to be characterized, being a tetrameric 

heme-containing enzyme, responsible for the direct dismutation of H2O2 in H2O and O2. 

This enzyme can be found in most living beings, similarly to SOD. CAT can be divided 

into two different types, monofunctional, with dismutation activity, and bifunctional, with 

dismutation and peroxidase activity. However, the bifunctional type is only found in 

prokaryotes, fungi and protists. In plants, monofunctional CAT predominates, as in other 

eukaryotes (Mhamdi et al., 2012; Sharma et al., 2012). Unlike other enzymes that 

detoxify H2O2, CAT presents the unique and differentiating characteristic of not requiring 

a reducing power to act. Another interesting feature is its high turnover rate, which can 

reach the dismutation of 6 million H2O2 molecules in just one minute (Gill and Tuteja, 

2010; Sharma et al., 2012). However, unlike other enzymes with similar function, the 

affinity of CAT for its substrate (H2O2) is relatively low, so CAT activity requires higher 

levels of H2O2 for a more productive performance (Mhamdi et al., 2012). Its location is 

associated, as expected, with the sites of higher H2O2 production, especially 

peroxisomes, but can also be found in cytosol, chloroplasts and mitochondria (Sharma 

et al., 2012).  

So far, it has been known that, in animals, there is only one gene coding for CAT, 

while in plants there is a variable number of coding genes, with all angiosperms studied 

having three coding genes. The most accepted classification is based on tobacco CAT 

genes and proposes the division into three classes. Class I CAT is more expressed in 

photosynthetic tissues, while class II CAT is more expressed in vascular tissues, and 

finally class III CAT in reproductive tissues and seeds (Mhamdi et al., 2010). Among the 

different plant species studied there seems to exist a preservation of functional 

specialization of the different classes, but also a differential expression conserved at the 

cell and tissue level. However, there may be some confusion in the nomenclature of CAT 

genes, which can be designated with a number other than the one of their class (Mhamdi 

et al., 2010). Exposure to different stresses may induce or repress the activity and/or 

expression of CAT, being dependent on duration, intensity and, above all, the type of 

stress caused (Gill and Tuteja, 2010). 
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4.1.3. Ascorbate (AsA) – glutathione (GSH) cycle 

AsA-GSH cycle is one of the most important cycles in plants, due to its main role 

in H2O2 detoxification through the activity of ascorbate peroxidase. This cycle is based 

on two metabolites, AsA and GSH, which are interconnected in a single cycle through a 

set of enzymes that control their reversible reduction and oxidation. This cycle is present 

in different cell compartments, such as chloroplasts, mitochondria and peroxisomes, and 

also in the cytosol (Sharma et al., 2012). 

4.1.3.1. Ascorbate peroxidase (APX) 

APX is the enzyme responsible for eliminating H2O2 in the AsA-GSH cycle. For 

this, APX reduces H2O2 into H2O, using the reducing power of AsA, which is consequently 

oxidized in monodehydroascorbate (MDHA) (Sharma et al., 2012). The activity of this 

enzyme depends directly on the AsA levels, so enough levels are necessary for an 

effective functioning of this enzyme and consequently an efficient AOX system 

(Caverzan et al., 2012). This enzyme belongs to class I of heme peroxidases and 

responds to redox signals and H2O2 levels (Sharma et al., 2012). Compared to CAT and 

other enzymes with similar function, APX has a higher affinity to H2O2 and is therefore 

more efficient, even at lower levels of this ROS (in the order of μM) (Gill and Tuteja, 

2010). This higher affinity coupled with its wide distribution in cells makes the APX more 

Figure 4. Ascorbate – glutathione cycle (Gest et al., 2012). 
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relevant in the control of H2O2 levels, but also in the control of H2O2-dependent signalling 

networks, since they occur at lower values (Ahmad et al., 2010).  

The different APX types have already been found in several plant species and are 

encoded by a small gene family. In plants, there are five identified isoenzymes, which 

differ in their amino acid sequences, including domains at the N- and C-terminal regions 

that allow correct addressing of the different isoenzymes to their definite subcellular 

localization. Furthermore, its denomination is based on their subcellular localization, 

being soluble in cytosol, mitochondria and stroma of chloroplasts, or bound to 

membranes of organelles (such as peroxisomes and glyoxysomes) and thylakoids 

(Caverzan et al., 2012). Organelle-located APX are associated to the elimination of H2O2 

produced in organelles, whereas cytosolic APX is responsible for the elimination of H2O2 

from the cytosol, apoplast and H2O2 produced in organelles and that escapes into the 

cytosol (Sharma et al., 2012). The expression of APX genes is differentially affected by 

several environmental stresses, revealing the role of this enzyme in stress response 

mechanisms (Gill and Tuteja, 2010; Caverzan et al., 2012). 

 

4.1.3.2. Monodehydroascorbate reductase (MDHAR), 

Dehydroascorbate reductase (DHAR) and Glutathione reductase (GR) 

APX activity is directly dependent on the AsA reduced form, thus the cell contains 

a set of enzymes that together guarantee the maintenance of high reduced AsA levels. 

APX, by reducing H2O2 leads to oxidation of AsA to MDHA, however this radical has a 

short half-life time and can rapidly and spontaneously react with another molecule of 

MDHA resulting in dehydroascorbate (DHA) and AsA. DHA, in turn, is also poorly stable 

and rapidly decomposes, forming tartarate and oxalate. Thus, there is a relatively rapid 

and significant loss of AsA levels when it is oxidized by APX. To counteract this effect, 

the cells have enzymes that reduce both oxidized forms of AsA. MDHAR, a flavin 

dinucleotide enzyme, reduces MDHA to AsA with NADH consumption. And, in turn, 

DHAR, which uses the reducing power of GSH, reduces DHA to AsA. Because of this 

DHAR activity the oxidation of GSH in GSSG occurs. To guarantee maintenance of 

reduced GSH that allows the action of DHAR, and consequently maintenance of AsA 

levels, the cell uses GR, a flavo-protein oxidoreductase, to perform the reduction of 

GSSG to its reduced GSH state with NADPH consumption. If there is no GSSG, GR 

becomes inactivated, returning to the active state when GSSG is present (Ahmad et al., 

2010; Gill and Tuteja, 2010; Gest et al., 2012; Sharma et al., 2012; Gill et al., 2013). 
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4.1.4. GSH-dependent peroxidases  

In addition to the enzymes discussed above, there are others that are also included 

in the AOX system. Among them, GSH-dependent enzymes may play an important role. 

Glutathione peroxidase (GPX) consists of a set of isoenzymes that are involved in H2O2 

detoxification, although they are more efficient in the reduction of other peroxides (e.g. 

organic hydroperoxides and lipid peroxides). Although mechanisms of GPX action in 

plants have not yet been fully elucidated, it is known that it can resort to GSH or 

thioredoxin as a reducing agent to catalyse peroxides’ reduction (like APX, by using 

AsA), resulting in the formation of alcohol and/or water and GSSG. Their isoenzymes 

are in different tissues and subcellular locations, and there may be a specific function for 

each isoenzyme, since they have different expressions and localizations. They may also 

be involved in cellular redox balance, controlling the levels of thiol/disulphide and 

NADPH/NADP+, ROS-dependent signalling networks, or associated with functions other 

than AOX defence, such as plant growth and development (Bela et al., 2015; Passaia 

and Margis-Pinheiro, 2015).  

The activities of these peroxidases may still be related to some Glutathione-S-

transferase (GST) isoenzymes, which are usually associated with the conjugation of 

GSH with various compounds, such as xenobiotics. However, some GST classes, as 

reported for the theta class, may also be involved in this detoxification of hydroperoxides. 

However, its activity is lower than that of GPX or other enzymes with similar action. Like 

the enzymes discussed above, there are a few GSH-dependent enzymes capable of 

reducing peroxides, however they are still poorly exploited (Cummins et al., 2011; 

Deponte, 2013). 

 

4.2. Non-enzymatic antioxidants  

The plant AOX system is extremely complex, and in addition to the use of AOX 

enzymes, it also uses AOX metabolites, including AsA and GSH, which together are the 

main responsible for the maintenance of the cellular redox state, as well as other 

components such as proline, phenolic compounds, carotenoids, flavonoids, among 

others (Gill and Tuteja, 2010; Sharma et al., 2012). 

 

4.2.1. Ascorbate (AsA) 

AsA is considered the most abundant water-soluble antioxidant with a relevant role 

in AOX defence. Its presence is ubiquitous to all plant tissues and usually at high 
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concentrations, due to its low cost of production. AsA is considered to be an excellent 

AOX because its oxidized form is non-toxic and can be rapidly reduced. In addition to its 

important role in AsA-GSH cycle, it can also participate in enzymatic or non-enzymatic 

reactions as an electron donor, to reduce ROS levels, directly eliminating O2•− and •OH, 

repairing oxidized molecules or even participating in the regeneration of tocopherol, a 

hydrophobic antioxidant. It is also capable of minimizing excess energy in chloroplasts, 

which is responsible for the 1O2 formation (Ishikawa and Shigeoka, 2008; Gest et al., 

2012; Sharma et al., 2012). 

 

4.2.2. Glutathione (GSH) 

GSH is also one of the most important metabolites in AOX system. It is a 

hydrosoluble low molecular weight non-protein thiol tripeptide which can be found in all 

cell compartments and in the apoplast in almost plant tissues, in the order of mM. Its 

synthesis occurs mainly in chloroplasts, although it also may occur in the cytosol and 

mitochondria. This synthesis occurs in two ATP-dependent steps, using γ-glutamyl-

cysteinyl synthetase (γ-ECS; EC 6.3.2.2) and glutathione synthetase (GSHS; EC 

6.3.2.3) for each step, respectively. GSHS occurs in plastids and the cytosol, unlike γ-

ECS which occurs only in plastids, whereby GSH synthesis either occurs completely in 

plastids or only the first step occurs in there and then the intermediate product is 

transported to cytosol and undergoes the second step. GSH production rate can be 

affected by several factors, being the negative feedback regulation mechanism of γ-ECS 

the most relevant. Like AsA, its reduced form predominates in cells, and the ratio 

between GSG and GSSG is essential in the cell redox balance. Maintaining reduced 

GSH levels is essential for effective AOX combat and is achieved by GR action, which, 

at the expense of NADPH, reduces GSSG. However, when stress levels are high, a 

decrease in GSH concentrations occurs with a predominance of oxidized form (Ahmad 

et al., 2010; Gill and Tuteja, 2010; Zagorchev et al., 2013; Hasanuzzaman et al., 2017). 

Its role in AOX system relies on its involvement in the regeneration of AsA through 

the AsA-GSH cycle, on being substrate for several GSH-dependent peroxidase enzymes 

(e.g. GPX) and the on its ability to react directly with certain ROS, such as 1O2, H2O2 and 

•OH. In addition, GSH can also protect certain molecules through the glutathiolation 

phenomenon that prevents irreversible oxidation of proteins through their binding to 

these proteins, which can later be reduced, or by electron donation, avoiding the 

oxidation of these molecules. Its involvement in methylglyoxal detoxification, as cofactor 

of enzymes that degrade it, is also indirectly considered an AOX role of GSH, since this 
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compound is cytotoxic, and may adversely interfere with the functioning of AOX 

enzymes. Its reducing power can also be used by plants in several processes related to 

cell growth, signalling networks, sulphur transport, enzyme regulation, and protein 

synthesis, among others. Although there is already a great amount of information about 

GSH and its associated mechanisms in plants, much remains to be clarified (Noctor et 

al., 2012; Sharma et al., 2012; Hasanuzzaman et al., 2017). 

 

4.2.3. Proline (Pro)  

Plants exposed to stress tend to accumulate compatible solutes, often amino 

acids, which allow them to mitigate the inherent negative effects. These include Pro, 

which appears to accumulate in plant tissues exposed to different types of stress. 

However, for many years Pro was only regarded as an efficient osmolyte, its involvement 

in AOX pathways is currently widely accepted and recognized. In plants, its synthesis 

can occur in the cytosol, chloroplasts and mitochondria through two production 

pathways, glutamate and ornithine. There are also pathways for Pro catabolism, and in 

mitochondria this catabolism is associated with cellular respiration and may provide 

some energy for growth during stress. Pro can perform osmoprotection, protein 

stabilization, maintenance of membrane integrity, metal chelation, being also involved in 

signalling events. In addition to these more recognized functions, it is known that Pro can 

act as a scavenger for 1O2 and •OH. It also plays a role in maintaining NADPH/NADP+ 

values, which is essential for the functioning of various AOX enzymes. Pro's ability to 

mitigate ROS and its negative effects makes it an important metabolite in AOX response, 

as shown in plants with Pro overproduction or Pro exogenous application, which 

demonstrated a better response to applied stresses. However, little has been elucidated 

on referred aspects of this amino acid (Gill and Tuteja, 2010; Szabados and Savouré, 

2010; Hayat et al., 2012a). 

 

5. Plant defence strategies against heavy metals  

Since plants are sessile organisms, they are constantly and permanently exposed 

to soil contamination. HMs and other dangerous compounds are a major source of soil 

contamination. As already mentioned, the presence of HMs, including Cr, is associated 

with plant damage, causing loss of productivity and quality in many crops. To counteract 

this HM toxicity, plants developed a set of strategies that allow them to minimize the 

negative effects and tolerate excess metal ions in their tissues. These defences may be 
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directed to avoid or eliminate metal ions, or otherwise, to combat the damage they 

induce, such as increased ROS levels and consequent oxidative stress. This response 

is highly complex and encompasses the entire plant, from organ to tissue and cell level, 

using various molecular, biochemical and physiological mechanisms. (Singh et al., 2016; 

Shahid et al., 2017). 

 

5.1. Avoidance mechanisms 

The first line of defence is the decrease in HMs uptake at the root level. For this, 

plants use many structural alterations that hinder HMs entry in root tissues, being 

possible to observe increases in cuticle and cell walls thicknesses. Root trichrome can 

also accumulate HMs, preventing their entry, and secrete secondary metabolites to slow 

down their entry. Along with these, roots can release many exudates to the soil, such as 

histidine and citrate, which can chelate metals and prevent their bioavailability. However, 

this mechanism may work in reverse, with the release of root exudates, such as oxalic 

acid, which chelates HMs and allows their absorption in less toxic conjugate forms. They 

may also resort to root-associated microorganisms that may help prevent the entry of 

HMs, and in the specific case of Cr, it may reduce their most toxic form, Cr (VI), to its 

less toxic form, Cr (III) (DalCorso et al., 2013; Emamverdian et al., 2015). 

 

5.2. Tolerance and detoxification mechanisms 

If HMs can overcome the avoidance barriers, the plant starts its second line of 

defence. HMs entry can be minimized by their accumulation in the apoplast, protecting 

the interior of the cell. Cell wall also contributes to this accumulation, first with 

carbohydrate secretions, such as callose and mucilage, that prevent the passage into 

the cytosol, and then with abundant pectin sites that allow the binding and immobilization 

of HMs in the cell wall (Sinha et al., 2018). When HMs can overcome all barriers and 

reach the cytosol, the plant initiates a set of intracellular defences, mainly by HMs 

chelation and subcellular compartmentation, avoiding the induced toxic damage, and 

initiates signalling networks necessary to coordinate this defence. HMs chelation is 

achieved through the synthesis of various metal affinity low molecular weight 

compounds, which may be thiol-compounds, including GSH, phytochelatins and 

metallothionines, or non-thiol compounds, such as organic acids (e.g. citrate, malate , 

oxalate, among others), amino acids and derivatives (e.g. proline, histidine, cysteine, 

glutamate, among others), and also hormones (e.g. salicylic acid, jasmonic acid and 
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ethylene, among others). These compounds can act together to enhance the plant 

chelating capacity and thus better tolerate this type of stress (Viehweger, 2014; Anjum 

et al., 2015; Emamverdian et al., 2015). 

 

5.2.1. Glutathione role on HM detoxification 

As discussed earlier, GSH plays an essential role in the AOX mechanisms, 

including those induced by HMs stress. However, GSH may have other roles that help 

the plant to minimize the negative effects of the presence of excessive metal ions. 

Among these, is the ability of GSH to react with metal ions, due to its thiol group, which 

gives it a high affinity for metal ions. This conjugation between GSH and HMs is catalysed 

by GST, and subsequently the GSH-HM conjugate is transported to the cell vacuole, 

protecting the plant from HMs toxic effects (Yadav, 2010; Jozefczak et al., 2012). 

 

5.2.1.1. Phytochelatins (PC) 

GSH functions as a precursor of phytochelatins’ synthesis, being this its most 

important role in the defence against HMs. PCs are the best metallic chelators in plants. 

PCs are GSH oligomers [(γ-Glu-Cys)n-Gly, n = 2-11], being synthesized enzymatically 

by phytochelatin synthase (PCS; EC 2.3.2.15). This enzyme’s activity is directly induced 

by the presence of HMs, with specific rates of variation for each HM. Moreover, the 

expression of PCS-encoding genes seems to be related to the metal levels within the 

plant. The function of these chelators depends on their ability to bind to HMs and 

subsequently the PC-HM complexes are transported to vacuoles, safeguarding the rest 

of the cell from the HM toxic effects. Since PCs are a chain of various GSH, it is expected 

that the chain size may influence its function, since a larger chain is associated with a 

greater number of bonds for metal ions. Although PCs are only a set of bound GSHs, 

when compared to isolated GSH, they appear to have a more stable and superior metal 

ion bond, especially since it does not appear to be altered by the oxidative stress, unlike 

GSH (Yadav, 2010; Zagorchev et al., 2013; Anjum et al., 2015). 

 

5.2.2. Metallothioneins (MT) 

Unlike PCs, metallothioneins are a superfamily of low molecular weight cysteine-

rich proteins that are mRNA translation products, being present in most living beings 

(Anjum et al., 2015). MTs present a high affinity for metal ions, through the connection 
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with thiols groups of their cysteine (Cys) residues. With the subsequent sequestration in 

the vacuole, the cell remains protected from HM toxicity and in control of essential metals 

levels, such as Zn and Cu (Hasan et al., 2017). Although mammalian MTs have already 

been discovered more than 50 years ago, plant MTs have only recently been explored 

by the scientific community (Freisinger, 2011). 

Plant MTs, unlike those present in other living organisms, have a higher level of 

heterogeneity in size, amino acidic composition and number and pattern of Cys residues. 

Furthermore, this last characteristic allows to classify plant MTs into four groups, named 

MT1 to MT4 (Leszczyszyn et al., 2013). MT1, MT2 and MT3 have a similar organization, 

with two Cys-rich regions, the conserved C-terminal and the N-terminal, the latter specific 

for each class, separated by a spacer region without Cys of 40 amino acids and with the 

presence of aromatic amino acids. MT4 differ from these, since they have three Cys-rich 

regions separated by spacer regions without Cys of 10 to 15 amino acids and no aromatic 

amino acids. The long spacer sequence and the presence of aromatic amino acids 

distinguish MT1, MT2 and MT3 from animals MTs, and therefore MT4 is the closest to 

these in terms of amino acid sequence. This spacer sequence may vary between 

different plant species (Cobbett and Goldsbrough, 2002; Leszczyszyn et al., 2013).  

Generally, MT1 is more expressed in roots, but it can also be expressed in shoots, 

MT2 are more expressed in roots and shoots, MT3 are more expressed in late ripening 

fruits and in leaves, and there may be some expression in stems and roots, and finally 

MT4 are mainly expressed in embryo tissues, seeds and reproductive tissues, but its 

expression has already been found in other plant locations. This MT differential 

expression at different tissue level indicates that these proteins may perform specific 

functions (Leszczyszyn et al., 2013). The differential MTs gene expression profiles may 

be caused by the regulation at the promoter level by several internal or external signals. 

Although MT promoters are poorly studied, metal responsive elements have been found, 

as well as for wounding, light, stress, AOX and abscisic acid (ABA), accompanied by the 

existence of promoter regions for the organ-specific expression. A better perception of 

these regions could clarify the genetic mechanism responsible for MT spatial and 

temporal differential expression (Hassinen et al., 2011; Leszczyszyn et al., 2013).  
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The mechanism by which MTs can bind to metal ions is related to their Cys 

residues, but this mechanism may be much more complex, and there may be certain 

ligands (His, Asp and Glu) that are able to potentiate this binding. The complexity of 

these proteins makes it difficult to characterize their 3D structure, which could help 

solving this problem. Another raised issue is the long spacer region role, and amino acids 

present within, in the plant MT structure, suggesting a role in the correct localization, 

stabilization and domain folding (Freisinger, 2011). The presence of only small amino 

acids gives these proteins of great flexibility and dynamism. Although slightly stable, a 

higher stability is usually achieved with the connection to metallic ions (Leszczyszyn et 

al., 2013).  

In addition to their role in the defence against HM, MTs may play other roles in 

plants, such as remobilization of metallic ions from senescent leaves. However, it is their 

role as a possible AOX that attracts more attention. It is assumed that the same Cys 

residues responsible for binding to metals are capable of binding to ROS, however this 

binding is not yet very clear (Hassinen et al., 2011). Nevertheless, the specific functions 

of each plant MT type remain unclear, which may indicate that they are multifaceted 

proteins and are associated with several functions that may vary with environmental 

conditions (Leszczyszyn et al., 2013).  

Several studies seek to better understand MT functioning and their role in specific 

response to HMs. A study with Solanum nigrum L. exposed to Cr showed a differential 

accumulation of the transcripts of the different types of MTs, indicating that these MTs 

may be playing a role in defence against Cr stress (Teixeira et al., 2013). Another study 

in tomato plants showed that, in the presence of Cu and Pb, an increased gene 

Figure 5. Preferential expression site of different MT classes. 
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expression of different MTs-encoding genes was observed, with this expression being 

dependent on the MT type and tissue analysed, thus showing a regulation of the 

expression of these proteins by HMs (Kısa et al., 2017). 

 

5.3. Accumulation mechanisms 

Although most plants do their best to avoid HM accumulation, there are others that 

accumulate large amounts of these elements in their tissues. Those type of plants are 

known as accumulators. This seems to be an evolutionary adaptation that has allowed 

them to survive in heavily HM-contaminated environments. Within this category, 

hyperaccumulator plants can accumulate 50 to 500 times more HMs than normal plants, 

especially in shoots (Mahar et al., 2016). Although the processes that lead to this 

exaggerated accumulation have not yet been fully understood, these plants can have an 

important usage, since they can be utilized to HM removal from contaminated 

ecosystems (Mahar et al., 2016).  

 

6. Tomato – an important crop and model species 

The study of HM impact, including Cr, on agricultural crops is essential to know its 

effects on productivity, quality and safety of food being produced, and to seek new ways 

to alleviate these negative effects. Tomato (Solanum lycopersicum L.) is among the 

crops with the greatest consumption and cultivation worldwide. It is included in the 

Solanaceae family, which contains more than 3000 species, including many with 

economic interest (e.g. potato and eggplant), and is recognized for its great nutritional 

value, with anticancer and AOX properties. It is originated from South America and has 

subsequently been adapted by humans to many places. Besides this agroeconomic 

importance, the tomato plant is nowadays seen as a good model species for the most 

diverse studies, due to several characteristics, such as: growth in several conditions, 

relatively short life cycle, not dependent on photoperiod (producing flower even when 

with photoperiod changes), self-fertility and homozygosity, easily manipulated pollination 

and asexual propagation capacity (Bergougnoux, 2014; Gerszberg et al., 2015). Along 

with this, in 2012, its small diploid genome was fully sequenced, containing a total of 24 

chromosomes (Consortium, 2012). Unlike other model species, such as Arabidopsis, 

tomato has an agricultural application, nutritional value, different morphological 

characteristics and presents already a wide set of available mutants (Emmanuel and 

Levy, 2002; Bergougnoux, 2014). 



FCUP 
Tomato plants exposed to hexavalent chromium - oxidative stress, antioxidant responses and the 

role of metallothioneins 

24 

 
Among the existing varieties, the cultivar Micro-Tom is one of the best for usage 

and maintenance under laboratory conditions, despite its initial usage in gardening. Its 

phenotype may be the result of at least three recessive mutations: dwarf (it interferes 

with brassinosteroids’ synthesis, resulting in small, dark green, rough-looking leaves and 

reduced internode size), miniature (not characterized, may be involved in gibberellin 

signalling) and self-pruning (interferes with the apical meristem growth, resulting in 

shorter and determinate growth) (Martí et al., 2006; Matsukura et al., 2008). S. 

lycopersicum cv. Micro-Tom has been used in genomic, development, maturation and 

metabolism of fruits studies. This tomato cultivar is quite fit for laboratory work due to its 

small size (10 to 20 cm), fast life cycle (70 to 90 days), high density (up to 1357 plants 

m-2) and high fertility and fruit growing even with artificial light. In addition, this cultivar is 

relatively easily transformed, facilitating its manipulation for research purposes. Beyond 

all this, the results obtained with studies using this cultivar can be extrapolated to the 

cultivated tomato varieties and put into practice (Emmanuel and Levy, 2002; Matsukura 

et al., 2008). 

 

 

Figure 6. Comparison between a mutant line Micro-Tom (d) and a wild-type (D) line of 

Solanum lycopersicum plants (Source: http://www.esalq.usp.br/tomato). 
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Objectives 
 

With the already mentioned increase in soil contamination by HMs, including Cr, it 

is important to decipher how plants deal with this increasingly frequent presence. This 

work aims to study the effect of Cr (VI) on tomato plants, considered one of the plant 

species with great commercial interest. The purposes of this work seek to uncover the 

damage caused by Cr (VI) and to characterize which defences are activated by Cr (VI) 

exposure. To achieve these goals, the evaluation of the effects caused by Cr (VI) on 

germination, growth and development of tomato plants will be performed. The induction 

of oxidative stress and the main activated AOX defences will also be evaluated. Another 

objective is to clarify the role of each MTs class in the response to Cr (VI). All these 

results may be important to define the tomato defence strategy against Cr (VI) presence 

and might be useful for the creation of more tolerant plants. 
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Materials and Methods 
 

1. Hexavalent chromium 

Cr (VI) was supplied to plants as potassium dichromate (K2Cr2O7) (Merck, USA). 

Considering that in this constitution Cr (VI) is represented by two atoms, the molarity 

concentrations of Cr (VI) tested correspond to the double of K2Cr2O7 concentrations 

supplied to the plants [e.g. 250 mg L-1 of K2Cr2O7
 is equal to 850 μM K2Cr2O7 and 

corresponds to 1700 μM Cr (VI)]. 

 

2. Plant species 

Throughout this study, the plant species used was Solanum lycopersicum L. cv. 

Micro-Tom (Tomato Genetics Resource Center, germplast LA3911). Before all the 

assays were performed, certified seeds were visually evaluated, and the damaged ones 

were rejected. Thereafter, they were surface desinfected with 70% (v/v) ethanol for 10 

minutes, followed by 20% (v/v) commercial bleach supplemented with 0.02% tween-20 

(w/v) for 5 minutes with constant agitation. Finally, the seeds were washed with sterile 

distilled water and air-dried before being put to germinate. 

 

3. Experimental conditions 

3.1. Germination assay 

Prior to the growth trials, it was necessary to perform a germination assay to 

determine which Cr (VI) concentrations would be supplied to plants in subsequent trials. 

For such purpose, S. lycopersicum seeds, after disinfection, were distributed in Petri 

dishes (10 cm diameter) with 1x Hoagland solution (Taiz and Zeiger, 2010) solidified with 

0.625% (w/v) agar and supplemented with increasing concentrations of Cr (VI): 0 μM 

(control), 1700 μM, 3400 μM, 5100 μM and 6800 μM, corresponding to 250, 500, 750 

and 1000 mg L-1 of K2Cr2O7, respectively. Petri dishes were then placed at 4 °C for 48 h 

in the dark to break seed dormancy and synchronize germination (stratification). After 

this time, Petri dishes were transferred to a growth chamber, with a controlled 

photoperiod of 16 h light / 8 h dark, at 25 ºC and active photosynthetic radiation of 60 

μmol m-2 s-1, which allowed seedling development for 10 days. After seed growth, 

germination rate, radicle and shoot size and total fresh weight (fw) were measured. 
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3.2. Preliminary growth assays 

To test the effects of prolonged exposure on S. lycopersicum plants to Cr (VI), 

some increasing concentrations were tested. As in germination assay, seeds were 

placed in petri dishes growing for 10 days under the conditions referred in 3.1. After this 

time, seedlings with a similar degree of development were selected and transferred to 

individual opaque plastic pots (7 cm diameter), with expanded vermiculite and perlite 

(2:1) for root support, and kept in a growth chamber, under the above-mentioned 

conditions. During the first week of growth, plants were irrigated with only 1x Hoagland 

solution, to acclimatise plants to the new conditions. Plants were then exposed to 

different concentrations of Cr (VI): 0 μM (control), 225 μM, 450 μM and 1700 μM, 

provided with the 1x Hoagland solution for 5 weeks, occurring a nutrient solution renewal, 

on average, every 3 days. At the end of the assay, plants were harvested, and roots 

washed thoroughly with tap water and then deionized water. After roots and shoots 

separation, measurements of length and fresh weight of both roots and shoots was 

carried out. To measure dry weight and water content of roots and shoots, these were 

dried at 70 ºC until the weight was stabilized. 

 

3.3. Final growth assay 

After Cr (VI) concentrations final selection, an assay was performed to determine 

their effects on S. lycopersicum plants. This assay was performed in a manner similar to 

the preliminary growth assay, differing only in the treatments given to the plants. In this 

case, plants were divided into two experimental conditions: continuous exposure to low 

concentrations of Cr (VI), 5 μM and 10 μM, for 5 weeks or shock exposure to high 

concentrations of Cr (VI), 100 μM and 200 μM, only in the fifth week of growth. A control 

situation, with no Cr (VI) supplemented, was also maintained for 5 weeks. As in the 

previous assay, at the end of the growth period the biometric parameters (length and 

fresh weight) of roots and shoots were determined. A set of plants was dried at 70 ºC 

until the weight was stabilized, for the determination of dry weight and water content, as 

well as the posterior Cr quantification in plant tissues. Another set was used for O2•− 

quantification (see 5). The remaining plants were ground and aliquoted using liquid 

nitrogen and maintained at -80 ºC until use. At the same time, some plants were kept in 

the same growth conditions (in the case of plants with shock exposure, they were kept 

for a longer period in a 1x Hoagland solution, and only in the last week they were exposed 
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to Cr concentrations) until fructification. The fruits having a similar stage of development 

were selected and lyophilized for further Cr quantification. 

 

4. Chromium quantification 

Total Cr levels measurements were performed in 3 different situations. In the first, 

the different nutritive solutions were subjected to the same conditions as the 

experimental design, with the only difference being the absence of plants. This assay 

was extended over 5 days with daily liquid samples being collected to evaluate Cr (VI) 

quantity in the solution and the influence of the substrate used. The second situation, 

was the sampling of the nutrient solution provided in different treatments to plants, being 

this collection carried out approximately half an hour before and after the renewal of the 

nutrient medium. The third quantification was carried out on tissues of plants treated with 

Cr (VI), and on the fruits thereof. 

Collected solid samples were solubilized in a microwave oven, with 0.25 g of the 

ground sample, 7 mL of concentrated nitric acid (HNO3) and 1 mL of 30% H2O2. The 

program used in the oven was 10 minutes at 300 W, followed by 10 minutes at 500 W, 

and finally a cooling for 15 minutes. The resulting solution was transferred to a 100 mL 

volumetric flask and completed with ultrapure water. The liquid samples collected from 

nutrient solutions were kept at 4 ºC and were not previously treated. Total Cr 

determination was performed by electrostatic atomic absorption spectroscopy. The 

pyrolysis and atomization temperatures used were 1500 ºC and 2300 ºC. Total Cr values 

were expressed as μg g-1 dry weight in tissues, and as mg L-1 in the nutrient solutions. 

 

5. Quantification of superoxide anion (O2•−) 

This spectrophotometric quantification method uses nitroblue tetrazolium (NBT), 

which is supplied to the plant samples and reduced in the presence of O2•−, according to 

Gajewska and Skłodowska (2007). Fresh samples of roots and shoots of each situation 

with approximately 200 mg were selected and cut into small pieces (1 mm). These were 

incubated in a solution containing 0.05% (w/v) NBT and 10 mM azide (NaN3) in 0.01 M 

sodium phosphate buffer (pH 7.8) (2 mL - roots and 3 mL - shoots) for 1 hour in the dark 

with constant agitation. After this incubation, 1.5 mL of each sample was withdrawn to 

new tubes, which were incubated for 15 minutes at 85 ºC. Along with the samples, a 

blank was incubated containing the previous mixture but without plant tissue. Afterwards, 
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the tubes were cooled on ice for approximately 10 minutes, and then subjected to a brief 

centrifugation (15 seconds at maximum speed), depositing the particles in suspension. 

Finally, absorbances at 580 nm of the supernatants were read, and the concentration of 

O2•− were calculated from the reduction of NBT and expressed as the increase of Abs h-

1 g-1 fw. 

 

6. Quantification of hydrogen peroxide (H2O2) 

H2O2 quantification was carried out as described by de Sousa et al. (2013). Frozen 

samples of roots and shoots with approximately 200 mg were homogenized in 1.2 mL of 

50 mM potassium phosphate buffer (pH 6.5) and quartz sand, at 4 ºC. Samples were 

then centrifuged at 6,000 g for 25 minutes at 4 ºC. The supernatant (SN) was collected, 

and 500 μL were added to 500 μL of 0.1% (w/v) TiSO4 in 20% (w/v) H2SO4. A blank was 

prepared with 50 mM phosphate buffer (pH 6.5) replacing the SN. The tubes were then 

vigorously mixed by vortex for approximately 15 seconds and centrifuged once more at 

6,000 g for 15 minutes at 4 ºC. Finally, the absorbances at 410 nm were read and the 

values of H2O2 concentration expressed in nmol g-1 fw were calculated, using the 

extinction coefficient (ε) of 0.28 μM-1 cm-1. 

 

 

7. Quantification of soluble proteins 

To determine soluble proteins content, frozen samples of roots and shoots with 

approximately 300 mg were homogenized, at 4 ºC, in 2 mL of extraction buffer, 

containing 5 mM L-Ascorbic acid, 1 mM ethylenediaminetetraacetic acid (EDTA), 1 mM 

phenylmethylsulfonyl fluoride (PMSF) and 8% glycerol in 100 mM potassium phosphate 

buffer (pH 7.3), with 2% (w/v) polyvinylpolypyrrolidone (PVPP) and quartz sand. Samples 

were then centrifuged at 16,000 g for 25 minutes at 4 ºC, and the SN collected. The 

quantification of soluble proteins was based on the Bradford method (Bradford, 1976). 

To perform such quantification, 75 μL of diluted SN (1:100) was incubated with 750 μL 

of Bradford's solution for 10 minutes at room temperature in the dark. Simultaneously, a 

blank was incubated with extraction buffer replacing the SN. Absorbances at 595 nm of 

the samples were read and compared with a standard curve, previously performed using 

solutions with known concentrations of bovine serum albumin. The levels of soluble 

proteins were expressed in mg g-1 fw. 
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8. Quantification of lipid peroxidation (LP) 

To determine lipid peroxidation levels, the method described by Heath and Packer 

(1968) was used, in which malondialdehyde (MDA), a product of polyunsaturated fatty 

acid decomposition by hydroperoxides, is quantified. Frozen root and shoot samples with 

approximately 200 mg were homogenized in 0.1% (w/v) trichloroacetic acid (TCA) (0.8 

mL - roots and 1 mL - shoots) with quartz sand, followed by centrifugation at 10,000 g 

for 5 minutes. After SN was recovered, 250 μL of SN were taken and incubated together 

with 1 mL of 0.5% (w/v) thiobarbituric acid (TBA) in 20% (w/v) TCA for 30 minutes at 95 

ºC. A blank was made in parallel, replacing SN with the 0.1% (w/v) TCA used for 

homogenization. After incubation, tubes were cooled on ice for 10 minutes, and then 

further centrifuged at 10,000 g for 8 minutes. Finally, absorbances were read at 532 nm 

and 600 nm of the SN collected from the different samples. The Abs600 value was 

subtracted from the Abs532 value, thereby minimizing the effects of non-specific turbidity. 

The final MDA concentration value was calculated from ε = 155 mM-1 cm-1 and expressed 

as MDA g-1 fw.  

 

9. Antioxidant enzymes 

9.1. Extraction of AOX enzymes 

To determine SOD, CAT and APX activity, a common extraction procedure was 

performed, resulting in a homogenate that allowed to quantify the activity of these three 

enzymes. Frozen samples of roots and shoots with approximately 300 mg were 

homogenized, at 4 ºC, in 2 mL of extraction buffer, containing 5 mM L-Ascorbic acid, 1 

mM EDTA, 1 mM PMSF and 8% glycerol in 100 mM potassium phosphate buffer (pH 

7.3), with 2% (w/v) PVPP and quartz sand. Samples were then centrifuged at 16,000 g 

for 25 minutes at 4 ºC, collecting the SN afterwards. These SN were used to quantify 

protein content by the Bradford method (see 7), and later for AOX enzyme activity 

quantification. 

 

9.2. Quantification of SOD activity 

SOD activity of roots and shoots samples was determined by a spectrophotometric 

technique, as described by Donahue et al. (1997), which is based on the inhibition of 

NBT reduction by SOD activity. For this, a volume of the SN obtained in 9.1 was 
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withdrawn, to which was added sodium azide to the final concentration of 10 μM. A 

volume of this mixture corresponding to 35 μg protein (quantified in 7) was added to 2800 

μL of reaction mixture, consisting of 0.1 mM EDTA, 13 mM L-methionine and 75 μM NBT 

in 50 mM potassium phosphate buffer (pH 7.8), 30 μL of 200 μM riboflavin and completed 

to 3 mL with 50 mM potassium phosphate buffer (pH 7.8). Riboflavin was the last 

component to be added to the test tube, since this component is responsible for starting 

the reaction, and tubes were immediately inverted and incubated for 10 minutes in a 

rotatory device with controlled light (6 fluorescent 8 W lamps). Together with the 

samples, a blank, which contained 50 mM potassium phosphate buffer (pH 7.8) instead 

of SN, was also placed. Absorbance at 560 nm of each sample was read and SOD 

activity was expressed in units of SOD per mg protein (one unit of SOD corresponds to 

the amount of enzyme needed to inhibit NBT photoreduction by 50%) (Beauchamp and 

Fridovich, 1971). 

 

9.3. Quantification of CAT activity 

CAT activity quantification in samples of roots and shoots was performed 

according to Aebi (1984), with some adaptations, and was based on the H2O2 reduction 

by CAT. This quantification was performed in an UV microplate, in which 20 μL of SN 

obtained in 5.3.1 were added to 160 μL of 50 mM potassium phosphate buffer (pH 7.0) 

and 20 μL of 100 mM H2O2 in each well, to a final volume of 200 μL. Along with the 

samples a blank with 50 mM potassium phosphate buffer (pH 7.0) replacing SN, was 

also placed. Immediately after pipetting the H2O2, the plate was shaken for 5 seconds 

and then absorbance at 240 nm was read over 2 minutes with a reading interval of 5 

seconds. CAT activity was expressed in nmol reduced H2O2 min-1 mg-1 protein, using ε = 

39.4 mM-1 cm-1. 

 

9.4. Quantification of APX activity 

APX activity in roots and shoots samples was quantified according to Murshed et 

al. (2008), with some adaptations, and was based on the AsA oxidation by APX. This 

quantification was performed in a UV microplate, in which 20 μL of SN obtained in 5.3.1 

was added to 170 μL of 0.6 mM AsA in 50 mM potassium phosphate buffer (pH 7.0) and 

10 μL of 254 mM H2O2 in each well, to a final volume of 200 μL. With the samples, a 

blank with 0.6 mM AsA in 50 mM potassium phosphate buffer (pH 7.0) replacing SN was 

placed. Immediately after pipetting the H2O2, the plate was shaken for 5 seconds and 
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absorbance at 290 nm was read over 2 minutes with a reading interval of 5 seconds. 

APX activity was expressed in μmol oxidized AsA min-1 mg-1 protein, using ε = 0.49 mM-

1 cm-1. 

 

 

10. Quantification of GSH and GSSG  

For the quantification of reduced and oxidized glutathione levels, frozen samples 

of roots and shoots with approximately 300 mg were homogenized, on ice, in 1.5 mL of 

3% (w/v) meta-phosphoric acid and quartz sand. The extracts were then centrifuged at 

19,000 g for 15 minutes at 4 ºC, and the collected SN was filtered with a 0.45 μm nylon 

filter into new tubes. This quantification was performed by high-performance liquid 

chromatography (HPLC) coupled with ion-trap mass spectrometry and diode array 

detector (DAD). The HPLC system (Thermo Electron Corporation, USA) consisted of a 

low-pressure quaternary pump with autosampler and a diode array detector (Finnigan 

Surveyor Plus, Thermo Fisher Scientific, USA). Of the samples, 25 μL were injected into 

a Gemini-NX C18 column (150 mm x 4.6 mm; 3 μm) (Phenomenex, USA) and a guard 

column (4 mm x 3.0 mm) to perform sample separation. This chromatography was run 

at 0.4 mL min-1, following a linear gradient from solvent A (methanol) to solvent B (0.1 % 

aqueous formic acid), with 10 % A from 0 to 10 minutes, gradual increase to 50 % A from 

10 to 15 minutes, 50 % A from 15 to 20 minutes, gradual reduction to 10 % A from 20 to 

23 minutes, and finally 10 % A for 5 minutes for column cleaning. A quadrupole ion-trap 

mass spectrometer (Finnigan LCQ Deca XP Plus, Thermo Fisher Scientific, USA) 

coupled with an electrospray ionization (ESI) source was used. The interface conditions 

were applied as follows: capillary temperature - 275 ºC; source voltage - 4.0 kV; capillary 

voltage - 31 V; tube lens voltage - 10 V; sheat gas (N2) flow at 60 arbitrary units and 

auxiliary gas (N2) flow at 23 arbitrary units. The acquired data were obtained in selected 

ion monitoring (SIM) mode, selecting m/z 308 for GSH and m/z 613 for GSSG. Analysis 

were performed in positive ion mode. The diode array detection was conducted by 

scanning between 200 and 750 nm. In order to quantify GSH and GSSG levels it was 

necessary to perform standard curves for both forms using solutions with known 

concentrations of GSH and GSSG carried out in 3% (w/v) meta-phosphoric acid and 

placed on HPLC under the same conditions of the samples. GSH and GSSG 

concentrations were achieved by relating peaks and retention times obtained in samples 

to a standard curve created with the peaks obtained with standard solutions. The results 

were obtained in mg L-1 g-1 fw and converted to mol g-1 fw using the molar mass of GSH 
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(307.3 g mol-1) and GSSG (612.6 g mol-1). Data were acquired and processed in Xcalibur 

version 2.1.0 software (Finnigan, USA). 

 

11. Quantification of Proline 

Pro levels were quantified as described by Bates et al. (1973). Frozen roots’ and 

shoots’ samples were homogenized in 3% (w/v) sulfosalicylic acid (1 mL - roots and 1.5 

mL - shoots) and quartz sand. The extracts were then centrifuged at 500 g for 10 minutes, 

and the SN was collected. Afterwards, 200 μL of SN were added to 200 μL of glacial 

acetic acid and 200 μL of acid ninhydrin, followed by a 1 hour of incubation at 96 ºC. 

Hereafter, tubes were cooled on ice. Then, 1 mL of toluene was added, and tubes were 

vortexed for 15 seconds. After this, a phase separation occurred, and the upper reddish 

phase was collected into new tubes. Absorbance at 520 nm of samples was recorded 

using toluene as blank. For quantification of Pro levels, a calibration curve was used, 

obtained from different standard solutions with known concentrations of Pro. These 

levels were expressed in μg g-1 fw. 

 

 

12. Quantification of total, protein and non-protein thiols 

Quantification of total thiols and non-protein thiols levels was obtained by a 

spectrophotometry method as described in Zhang et al. (2009). Frozen samples of roots 

and shoots with approximately 300 mg were homogenized, at 4 ºC, in extraction buffer, 

consisting of 20 mM EDTA and 20 mM ascorbic acid (1.5 mL - roots and 1.9 mL - shoots), 

and quartz sand. Extracts were then centrifuged at 12,000 g for 20 minutes at 4 ºC. SN 

was then collected and used for both two quantifications. For total thiols, 200 μL of SN 

were incubated with 960 μL of 200 mM Tris-HCl (pH 8.2) and 40 μL of 10 mM 5,5'-

dithiobis (2-nitrobenzoic acid) (DTNB) for 15 minutes at room temperature. Absorbance 

at 412 nm of samples was recorded. For the quantification of non-protein thiols, in 

duplicate, 500 μL of SN were incubated with 500 μL of 10% (w/v) sulfosalicylic acid for 

15 minutes at room temperature, and then centrifuged at 3,000 g for 15 minutes at 4 ºC. 

After centrifugation, the SN of each duplicate were collected and mixed together. From 

this SN, a volume of 500 μL was retrieved and incubated along with 475 μL of 400 mM 

Tris-HCl (pH 8.9) and 25 μL of 10 mM DTNB for 5 minutes at room temperature, allowing 

colour appearance. Absorbance at 412 nm of the samples was recorded. For both 

quantifications, blanks were performed together with the samples in which the SN was 

replaced by extraction buffer. Total and non-protein thiols were calculated using ε = 13 
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600 M-1 cm-1, and the values were expressed in nmol g-1 fw. To calculate protein thiol 

levels, the value of non-protein thiols was subtracted from total thiols for each sample 

 

 

13. GSH metabolism-related enzymes 

13.1. Quantification of γ-ECS activity  

γ-ECS activity was performed as described in Sengupta et al. (2012), with some 

adaptations. Frozen roots and shoots samples with approximately 300 mg were 

homogenized, at 4 ºC, in extraction buffer, containing 10 mM MgCl2 and 1 mM EDTA in 

100 mM Tris-HCl (pH 8.0) (2 mL - 1 g root and 2.5 mL - 1 g shoot), with 1% (w/v) PVPP 

and quartz sand, followed by centrifugation at 10,000 g for 15 minutes at 4 ºC. SN were 

collected and used for proteins quantification by the Bradford method (see 7) and for γ-

ECS activity quantification. From this SN, 140 μL was incubated with 350 μL of reaction 

mixture, consisting of 71.43 mM MgCl2, 28.57 mM glutamate, 1.43 mM cysteine, 7.14 

mM ATP, 7.14 mM phosphoenolpyruvate and 7.14 mM 1,4-Dithiothreitol (DTT) in 143 

mM Hepes (pH 8.0), and 10 μL of 475 U mL-1 pyruvate kinase for 45 minutes at 37 ºC. 

A blank was prepared with extraction buffer replacing SN. Reaction was then stopped 

by the addition of 100 μL of 50% (w/v) TCA, with vigorous shaking. The tubes were then 

centrifuged at 10,000 g for 15 minutes at 4 ºC. The SN was collected and used for 

estimation of phosphate content by the phosphomolybdate method (De Groeve et al., 

2010). Thus, 50 μL of SN was incubated with 150 μL of staining solution, consisting of 

12% (w/v) of ascorbic acid in 1 M HCl, and 2% (w/v) ammonium molybdate tetrahydrate 

for 20 minutes at room temperature, allowing colour development. The reaction was 

stopped by the addition of 1000 μL of 2% acetic acid with 2% (w/v) sodium citrate tribasic 

dihydrate. In the end, absorbances at 655 nm of samples were recorded and compared 

to those recorded on a standard curve, performed with known concentrations of KH2PO4. 

The final value of γ-ECS activity was expressed as nmol min-1 mg-1 protein. 

 

13.2. Quantification of GR activity 

GR activity was determined as described in Yannarelli et al. (2007). Frozen 

samples of roots and shoots with approximately 300 mg were homogenized, at 4 ºC, in 

extraction buffer, consisting of 1 mM EDTA, 1 mM PMSF and 10 mM DTT in 100 mM 

potassium phosphate buffer (pH 7.5) (3 mL per gram of tissue), with 1% (w/v) PVPP and 

quartz sand, followed by centrifugation at 20,000 g for 30 minutes at 4 ºC. SN were 
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collected and used for protein quantification by the Bradford method (see 7) and for GR 

activity quantification. GR activity was measured spectrophotometrically following 

NADPH oxidation due to the action of GR. For a quartz cuvette, 500 μL of 200 mM 

potassium phosphate buffer (pH 7.8), 100 μL of 20 mM EDTA, 100 μL of 2 mM NADPH, 

100 μL of 5 mM GSSG, 150 μL of H2O and 50 μL of SN were pipetted. After the addition 

of SN, the cuvette was placed on the spectrophotometer and absorbance at 340 nm was 

read over 2 minutes, recording the absorbance variation per minute. GR activity was 

expressed in μkat mg-1 protein, using ε = 6.22 mM-1 cm-1. 

 

13.3. Quantification of GST activity 

GST activity was determined by spectrophotometry and by native gel 

electrophoresis. According to Teixeira et al. (2011), frozen root's and shoot's samples of 

approximately 300 mg were homogenized, at 4 ºC, in extraction buffer, consisting of 1 

mM EDTA, 1 mM PMSF and 1 mM DTT in 50 mM Tris-HCl (pH 7.5) (2 mL – 1 g root and 

2.5 mL – 1 g shoot), with 1% (w/v) PVPP and quartz sand, and then centrifuged at 20,000 

g for 25 minutes at 4 ºC. SN were collected and used for protein quantification by the 

Bradford method (see 7), spectrophotometric assay and native gel. 

 

13.3.1. Spectrophotometric assay 

Spectrophotometric assay follows the conjugation of GSH with 

chlorodinitrobenzene (CDNB) provided by GST action, as described in Teixeira et al. 

(2011). In a quartz cuvette, 700 μL of 71.43 mM potassium phosphate buffer (pH 7.5), 

100 μL of 10 mM CDNB, 100 μL of 10 mM GSH and 100 μL of SN were pipetted. GSH 

was the last compound to be pipetted and after its addition, the cuvette was quickly 

inverted and placed on a spectrophotometer. Absorbance at 340 nm was read over 2 

min, recording the absorbance variation per minute. The non-enzymatic conjugation 

between GSH and CDNB, was determined by substituting the SN for extraction buffer. 

To calculate the GST activity, the mean value obtained for the non-enzymatic 

conjugation was subtracted to the value of each sample and ε = 9.6 mM-1 cm-1 was used. 

The activity was expressed in nkat mg-1 protein. 

13.3.2. Native polyacrylamide gel electrophoresis 

To complement the spectrophotometric assay, GST activity was also evaluated by 

native polyacrylamide gel electrophoresis. This method is based on the rapid reduction 
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of NBT when in contact with GSH, forming insoluble compounds responsible for the blue 

coloration of the gel. However, GST activity leads to a local decrease in GSH presence, 

and as such, to the appearance of achromatic bands in the gel, as described by Ricci et 

al. (1984). The 4% stacking gel (allows protein accumulation and a subsequent 

simultaneous separation) consisted of 330 μL of 30% acrylamide, 625 μL of 0.25 M Tris-

HCl (pH 6.8), 285 μL of 87% glycerol, 1,241 μL H2O, 6.25 μL 10% (w/v) ammonium 

persulfate (APS) and 12.5 μL tetramethylethylenediamine (TEMED) in a final volume of 

2.5 mL. The 10% resolving gel (allows separation of proteins) consists of 3.33 mL of 30% 

acrylamide, 1.25 mL of 1.5 M Tris-HCl (pH 8.8), 1.15 mL of 87% glycerol, 4.2 mL of H2O, 

0.075 mL of 10% (w/v) APS and 0.005 mL of TEMED in a final volume of 10 mL. After 

gels were placed in the holder, samples with a volume corresponding to 40 μg of proteins 

were loaded in the stacking gel with running buffer, consisting of 25 mM Tris and 192 

mM glycine (pH 8.3). Electrophoresis elapsed during the time required for complete 

separation of samples at 250 V, 15 mA and 4 ºC. After electrophoresis, the gel was 

incubated in a solution with 15 mL of 4.5 mM GSH, 1 mM CDNB and 1 mM NBT in 100 

mM potassium phosphate buffer (pH 7.5) for 10 minutes at room temperature in the dark 

and with constant but slow shaking. Then, the gel was washed twice with distilled water 

and incubated in 15 mL of 3 mM phenazine methosulfate in 100 mM Tris-HCl (pH 9.6) 

for 5 minutes at room temperature in the dark and with slow shaking. At the end, gel was 

washed again in distilled water and the appearance of achromatic bands under a bluish 

background was observed. Gel image was captured using ChemiDoc™ XRS + System 

(Bio-Rad, USA). 

 

14. Evaluation of transcripts accumulation patterns 

14.1. Extraction, quantification, purity and quality analysis of RNA 

RNA from plant tissues was extracted using NZYol (Nzytech, Portugal), according 

to the instructions recommended by the manufacturer. For such, frozen samples of roots 

and shoots with approximately 50 to 100 mg were homogenized, at 4 ºC, in 1 mL of 

NZYol, followed by centrifugation at 12,000 g for 10 minutes at 4 ºC. SN were collected 

and incubated at room temperature for 5 minutes. Afterwards, 0.2 mL of chloroform was 

added, and samples were shaken vigorously for 15 seconds, for denaturing proteins and 

other cell components. This mixture was then incubated at room temperature for 2 to 3 

minutes and then centrifuged at 12,000 g for 15 minutes at 4 ºC. After centrifugation, 

three distinct phases were observed: a lower phase of phenol-chloroform (where most 
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of the DNA is retained), an interface (containing cell and protein residues) and an upper 

aqueous colourless phase, which contains the total RNA. This phase was transferred 

with the utmost care to a new tube, without disturbing the remaining phases. Then, 0.5 

mL of cold isopropyl alcohol was added, mixed, and the mixture was incubated for 10 

minutes at room temperature, leading to RNA precipitation. Once more, samples were 

centrifuged at 12,000 g for 10 minutes at 4 ºC, and this time SN were discarded. The 

pellet containing RNA was washed with 1 mL of 75% ethanol, vortexed to ensure a better 

washing, and again centrifuged at 7,500 g for 5 minutes at 4 ºC. After this, the SN was 

discarded, and the pellet was allowed to air dry on ice until complete ethanol evaporation. 

Pelleted RNA was then dissolved in an appropriate volume of RNase-free water.  

Quantification and purity of RNA was evaluated by reading samples’ absorbances 

at 230, 260 and 280 nm, using a μDrop Plate (Thermo Fisher Scientific, USA) and a 

Multiskan GO microplate spectrophotometer (Thermo Fischer Scientific, USA). 

Absorbance measurement at 260 nm allowed to estimate RNA concentration, whereas 

Abs260/280 ratio (evaluates the presence of proteins, phenols or other contaminants) and 

Abs260/230 ratio (evaluates the presence of organic compounds) allowed to infer its purity. 

To be considered a pure RNA sample the Abs260/280 ratio should be greater than 2 and 

the Abs260/230 ratio in 2.0 - 2.4 range (Farrell, 2010). To verify the quality and integrity of 

the extracted RNA from the various samples, 300 ng of RNA was loaded on a 0.8% (w/v) 

agarose gel electrophoresis prepared with sodium boric acid (SB) buffer and stained with 

1x Xpert Green DNA Stain (Grisp, Portugal) for 10 minutes at 250 V and 300 A, 

evaluating rRNA bands’ integrity and the presence of genomic DNA. Samples that 

checked the mentioned criteria were selected and maintained at -80 ºC. 

 

14.2. Reverse transcription (cDNA synthesis) 

For the evaluation of transcripts accumulation, it was necessary to perform cDNA 

synthesis from the RNA samples extracted by the procedure described in the previous 

point. RNA from samples of roots and shoots of the various conditions was subjected to 

a reverse transcriptase (RT) reaction using SuperScript™ IV VILO™ Master Mix 

(Invitrogen, USA), following the protocol recommended by the supplier, with some 

changes. Initially, RNA samples were subjected to a digestion of gDNA residues by 

placing a sample volume corresponding to 2.5 μg of RNA in a RNase-free tube, on ice, 

and adding 1 μL of 10x ezDNase Buffer and 1 μL of ezDNase enzyme, completing the 

volume up to 10 μL with nuclease-free water. After gentle shaking, tubes were incubated 

at 37 ºC for 2 minutes and then were briefly centrifuged, until reaching the maximum 
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speed, and kept on ice. To each tube, after gDNA digestion, 4 μL of SuperScript™ IV 

VILO™ Master Mix and 6 μL of nuclease-free water were added, to a final volume of 20 

μL per tube. Tubes were then gently shaken and placed in a MJ Mini™ Thermal Cycler 

(Bio-Rad, USA) with the following program: 10 minutes at 25 ºC (primer annealing), 20 

minutes at 50 ºC (reverse transcription) and 5 min at 85 ºC (enzyme inactivation). 

Samples were maintained at -20 ºC until use. 

 

14.3. Evaluation of GSH-related enzymes gene expression by semi-

quantitative polymerase chain reaction (PCR) 

Transcript accumulation of genes encoding the enzymes involved in GSH 

metabolism, namely γ-ECS, cytosolic (GRcyt) and plastidic GR (GRplast), GST and 

PCS, were evaluated by RT-PCR. In this way, for each root and shoot sample of the 

different treatments, a RT-PCR reaction was performed for each gene, and each tube 

was prepared with 0.4 μL cDNA (obtained in 6.2), 5 μL Taq Master Mix (Bioron, 

Germany), 0.4 μM of each forward and reverse primer and completed with sterile and 

distilled water to a final volume of 10 μL. These mixtures were placed in a MJ Mini™ 

Thermal Cycler following specific programs for each gene, which were previously 

optimized by previous work in this research group (Teixeira et al., 2015) and are 

described in table 1. 
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Table 1. Specific primers for Actin gene and GSH-related enzymes genes used in RT-PCR reactions, with respective expected 

amplicon sizes and PCR programs. F – Forward primer, R – Reverse primer, (') Minutes, ('') seconds. 

 

After RT-PCR, tubes were stored at 4 ºC until analysed by a 1% (w/v) agarose gel 

electrophoresis prepared with SB buffer and stained with 1x Xpert Green DNA Stain. 

Electrophoresis was done for 10 minutes at 250 V and 300 A. To ensure that differences 

observed are due to differences in gene expression, it was necessary to certify that the 

cDNA amount loaded was equal between all samples. As such, a PCR with the same 

conditions described above was firstly performed for the constitutive expressing gene 

encoding Actin (Løvdal and Lillo, 2009) and visualized in an electrophoresis under the 

same conditions already described. After this, the loaded volumes were corrected until 

actin-related bands from each lane were similar in intensity for all conditions: these were 

the volumes transposed for all electrophoresis of all RT-PCRs performed. Amplicon size 

was confirmed by comparing with GeneRuler 50bp DNA Ladder (Thermo Fisher 

Scientific, USA). Gels images were captured on GenoSmart 2 (VWR, USA) and acquired 

and treated with the GenoSmart 2 software. 

 

 

 

Gene Primer sequence 
Amplicon 

size (bp) 
Thermocycler Program 

ACT F: 5’ GAAATAGCATAAGATGGCAGACG 3’ 

R: 5’ ATACCCACCATCACACCAGTAT 3’ 

 
159 

 

Heated lid 110 ºC; Initial denaturation 95 ºC, 

5’; 30 cycles of 95 ºC, 30’’; 58 ºC, 20’’; 72 

ºC, 20’’; final extension 72 ºC 5’ 

γ-ECS F: 5’ GAAACAGGGAAAGCAAAGC 3’ 

R: 5’ CATCAGCACCTCTCATTTCC 3’ 
725 

Heated lid 110 ºC; Initial denaturation 94 ºC, 

2’; 30 cycles of 94 ºC, 20’’; 51 ºC, 30’’; 72 

ºC, 45’’; final extension 72 ºC 2’ 

GRcyt F: 5’ AAAGACCGAGGAGATTGTACG 3’ 

R: 5´ CATTCCTCGCCATATAGAAGC 3’ 
322 

Heated lid 110 ºC; Initial denaturation 94 ºC, 

2’; 30 cycles of 94 ºC, 10’’; 57 ºC, 20’’; 72 

ºC, 45’’; final extension 72 ºC 2‘ 

GRplast F: 5’ GAGTTTGAGGAGAGTTGTGG 3’ 

R: 5’ GAGAAACCTTCAACTGTTCC 3’ 
581 

Heated lid 110 ºC; Initial denaturation 94 ºC, 

2’; 30 cycles of 94 ºC, 30’’; 54 ºC, 30’’; 72 

ºC, 45’’; final extension 72 ºC 5‘ 

GST F: 5’ CTGCTGTTATGAGAGTTGTAGC 3’ 

R: 5’ ACTCCCCATCAAGTAGTGC 3’ 
503 

Heated lid 110 ºC; Initial denaturation 94 ºC, 

2’; 30 cycles of 94 ºC, 30’’; 58 ºC, 30’’; 72 

ºC, 45’’; final extension 72 ºC 3‘ 

PCS F: 5’ CAGAATGGAACAATGGAAGG 3’ 

R: 5’ GCAAACTAAAAGGGAGGTG 3’ 
570 

Heated lid 110 ºC; Initial denaturation 94 ºC, 

2’; 30 cycles of 94 ºC, 30’’; 53 ºC, 30’’; 72 

ºC, 45’’; final extension 72 ºC 5’ 
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14.4. Evaluation of MT genes family expression by quantitative 

polymerase chain reaction (qPCR) 

Transcripts accumulation of genes encoding the 4 types of MT (MT1, MT2, MT3 

and MT4) of root and shoot tissues of the different treatments was evaluated by RT-

qPCR. Primers for these genes were obtained from previously unpublished work in this 

research group and are described in table 2. 

Table 2. Specific primers for MT genes used in qPCR reactions, with respective expected 

amplicon sizes and melting temperature (Tm). F – Forward primer, R – Reverse primer. 

 

 

 

 

 

 

 

 

 

For normalization of the results the reference genes actin and ubiquitin were also 

used, as described in Løvdal and Lillo (2009). To do so, a reaction was performed with 

PowerUp™ SYBR™ Green Master Mix (Applied Biosystems, USA), placing in each well 

of a 96-well reaction plate, 5 μL of diluted cDNA (1/50), 10 μL of PowerUp™ SYBR™ 

Green Master Mix, 0.4 μL of 10 μM primer (forward and reverse) and completed with 

Nuclease-Free Water up to final volume of 20 μL. The plate was then placed in a CFX384 

Touch™ real-time PCR detection system (Bio-Rad, USA) and the following program was 

used: 2 minutes at 50 ºC, 2 minutes at 95 ºC and 40 cycles of 1 second at 95 ºC and 30 

seconds at 60 ºC. At the end, a melting curve was performed with increasing 

temperatures from 60 ºC to 95 ºC in intervals of 0.5 ºC, to ensure primers specificity. 

Data obtained were analysed using the CFX Maestro™ 1.0 software (Bio-Rad). By the 

2-ΔΔCt method (Livak and Schmittgen, 2001) it was possible to analyse the relative 

expression of MT genes in relation to the control group and normalize it with the two 

reference genes used. 

 

 

 

Gene Primer sequence 
Amplicon 

size (bp) 

Tm 

(ºC) 

MT1 F: 5’ GGAGGAAGCTGTAATTGTGG 3’ 

R: 5’ CCCCCTTCTGTAGCTTTCTC 3’ 
166 

57.27 

58.00 

MT2 F: 5’ GCTGTGGAGGATGTGGTATG 3’ 

R: 5’ CCTTCTCCAGCTGCTTTCTC 3’ 
117 

58.96 

59.31 

MT3 F: 5’ GGAAGGAGAGCCAATACGAC 3' 

R: 5’ TGTTCTTCTGCTCCAACGTC 3’ 
78 

58.74 

59.01 

MT4 F: 5’ ATGAGAGGTGTGGTTGTCCTT 3’ 

R: 5’ CCGCACTTGCAGTTAGACTT 3’ 
180 

58.51 

58.19 
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15. Statistical analysis 

In all assays, at least 3 biological replicates were used, and for each of these, at 

least 3 technical replicates were performed per assay. The results were expressed in 

mean ± standard deviation (SD). Statistical analysis was performed using GraphPad® 

Prism version 7.00 software (GraphPad Software Inc, USA). Since one-way ANOVA is 

considered a sufficiently robust statistical test (Zar, 1996), parametric tests were always 

used. Thus, significant differences between treatments and control were obtained 

through a one-way ANOVA followed by Dunnett's multiple comparisons test. Significant 

differences were considered at p < 0.05, < 0.01, < 0.001 and < 0.0001. 
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Results 
 

1. Evaluation of the effects caused by Cr (VI) exposure on S. 

lycopersicum plants’ growth and development 

 

1.1. Effects of Cr (VI) on seed germination and early development of S. 

lycopersicum seedlings 

To evaluate the effects of Cr (VI) exposure on seed germination and early 

development of tomato seedlings, an assay was carried out in which seeds were 

submitted to increasing Cr (VI) concentrations, up to the maximum concentration of 6800 

μM Cr (VI). 

After 10 days of exposure, the germination rates recorded with the different Cr (VI) 

concentrations did not present a significant variation, exhibiting average values between 

87% and 100% (Figure 8A). However, this exposure to Cr (VI) lead to a pronounced 

negative effect in tomato seedlings’ organs. Radicle length decreased drastically and 

significantly in all situations exposed to Cr (VI), with a reduction of 95.0%, 93.3%, 94.7% 

and 96.2% for the respective 1700 μM, 3400 μM, 5100 μM and 6800 μM Cr (VI) 

concentrations (Figure 8C). Regarding the seedling’s aerial part, there was a gradual 

inhibition with the increasing Cr (VI) concentrations applied, revealing a significant 

decrease of 26.8% and 95.1% for the 1700 μM and 3400 μM Cr (VI) treatments, 

respectively. For the highest concentrations of Cr (VI) used, most germinated seedlings 

did not develop their aerial parts (Figure 8D). Similarly, seedling total fresh weight was 

affected with Cr (VI) exposure, with significantly and accentuated decreases of 72.3%, 

81.5%, 83.7% and 84.2% for the increasing Cr (VI) concentrations (Figure 8B). 

Furthermore, Cr (VI)-treated seedlings exhibited a strong delay in their development, 

revealing various deformations in radicles and shoots (Figure 7).  

At the end of this germination assay, the lowest concentration tested (1700 μM) 

was selected to evaluate whether the seedlings would be able to maintain their 

development and reach the state of maturity during continuous exposure to this 

concentration. 
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Figure 7. Typical appearance of S. lycopersicum seedlings after growing for 10 days in a nutrient solution 

supplemented with increasing Cr (VI) concentrations: 0 μM (control), 1700 μM, 3400 μM, 5100 μM and 6800 μM. 

 

Figure 8. Germination (A), total fresh weight (B), root length (C) and shoot length (D) of S. lycopersicum seedlings after growing for 10 days in a 

nutrient solution supplemented with increasing Cr (VI) concentrations: 0 μM (Control), 1700 μM, 3400 μM, 5100 μM and 6800 μM. Values 

presented are mean plus SD. * above bars indicates significant statistical differences from control at p < 0.05 (*), < 0.01 (**), < 0.001 (***) or < 

0.0001 (****). 
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1.2. Effects of Cr (VI) on S. lycopersicum plants’ growth and development 

(Preliminary assays) 

Tomato plants were subjected to a Cr (VI) concentration of 1700 μM to evaluate 

its effects on plant development. However, at the end of 2 weeks of continuous exposure 

all plants used in this assay died, thus demonstrating the lethality of such Cr (VI) 

concentration. 

So, two new lower concentrations (225 μM and 450 μM) were selected to be 

supplied to the tomato plants. After 5 weeks of growth, the exposed plants revealed an 

evident reduction in size, as well as visual signs of Cr (VI) phytotoxicity, such as 

chlorosis, necrosis and withered leaves, as show in Figure 9. All biometric parameters 

analysed showed an inhibition in Cr (VI)-treated plants (Table 3). Root length had a 

significant reduction of 67.5% and 70.0%, while the shoot had a significant reduction of 

89.2% and 87.8% for 225 μM and 450 μM Cr (VI), respectively. Both fresh and dry weight 

showed a remarkable reduction in both plant organs exposed to Cr (VI). In roots, these 

significant reductions were approximately 98% for fresh weight and 97% for dry weight, 

while for the shoot were 99% for fresh weight and 98% for dry weight, for both Cr (VI) 

concentrations supplied. Water content of Cr (VI)-treated plants also showed a significant 

reduction of 7.8% and 5.5% for roots, while for shoots, these reductions were 21% and 

20.1% with the increasing concentrations of Cr (VI). The average root/shoot fresh 

biomass ratio in control plants was 0.08 and increased by 2.2- and 2.5-fold with 225 μM 

and 450 μM Cr (VI), respectively. 

Figure 9. Typical appearance of S. lycopersicum plants after growing for 5 weeks in a nutrient solution supplemented with increasing 

Cr (VI) concentrations: 0 μM (Control), 225 μM and 450 μM. 
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Table 3. Root and shoot length, fresh weight, dry weight, water content and root/shoot fresh biomass ratio of S. lycopersicum plants after growing for 5 weeks 

in a nutrient solution supplemented with increasing Cr (VI) concentrations: 0 μM (Control), 225 μM and 450 μM. Values presented are mean plus SD. * below 

the values indicates significant statistical differences from control at p < 0.05 (*), < 0.01 (**), < 0.001 (***) or < 0.0001 (****). 

 

1.3. Effects of Cr (VI) on S. lycopersicum plants’ growth and development 

(Final assay) 

Since 225 μM and 450 μM Cr (VI) concentrations were too damaging to the 

development and growth of tomato plants, new concentrations were again selected to 

be supplied to the plants. These selected concentrations were divided into two 

experimental conditions: exposure to lower concentrations of Cr (VI) for 5 weeks 

(Continuous treatment: C-5 μM and C-10 μM) and exposure to higher concentrations of 

Cr (VI) only in the 5th week (Shock treatment: S-100 μM and S-200 μM). 

Continuously Cr (VI)-treated plants (C-5 μM and C-10 μM) were visually similar to 

control plants, not showing common signs of Cr (VI) phytotoxicity, whereas shock 

exposure plants (S-100 μM and S-200 μM) exhibited a large number of wilted leaves. In 

both cases, most plants reached the flowering stage, with some of these showing early 

fruit development, however further major visual differences between both treatments and 

control were not observed (Figure 10). 

The biometric parameters analysed were overall negatively affected by Cr (VI) 

supplementation. The reduction of root length was only significant in the S-100 μM 

situation (18.4%), whereas for shoots a significant and gradual reduction of 7.4%, 9.7%, 

20.4% and 23.3% was observed with the increasing concentrations of Cr (VI) used 

(Figure 11A). Fresh weight was susceptible to Cr (VI) exposure, with a significant 

reduction of about 40% for shock treatments in roots, while in shoots, a significant and 

gradual reduction of 22.0%, 32.1% and 37.0% appeared for C-10 μM, S-100 μM and S-

200 μM situations, respectively (Figure 11C). Dry weight was negatively affected by Cr 

Biometric 

parameters 

Control 225 μM Cr (VI) 450 μM Cr (VI) 

Root Shoot Root Shoot Root Shoot 

Length (cm) 26.25 ± 7.43 14.25 ± 0.35 
8.53 ± 1.01 

** 
1.53 ± 0.06 

**** 
7.87 ± 1.76 

** 
1.73 ± 0.06 

**** 

Fresh Weight (mg) 808.50 ± 161.90 10178 ± 1934 
15.52 ± 3.32 

*** 
72.61 ± 10.27 

*** 
14.06 ± 3.94 

*** 
61.89 ± 17.49 

*** 

Dry Weight (mg) 69.5 ± 31.82 1064 ± 242.5 
2.05 ± 0.34 

** 
21.14 ± 2.60 

*** 
1.61 ± 0.46 

** 
17.35 ± 3.60 

*** 

Water content (%) 94.05 ± 1.20 89.60 ± 0.42 
84.70 ± 1.70 

** 
70.80 ± 2.19 

*** 
88.87 ± 0.25 

** 
71.57 ± 2.15 

*** 

Root/Shoot Fresh 

Biomass Ratio 
0.0795 ± 0.0007 

0.1740 ± 0.0084 
* 

0.1975 ± 0.0219 
** 
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(VI) exposure, with a significant reduction of 25.0%, 30.9% and 48.0% for roots of C-10 

μM, S-100 μM and S-200 μM treatments, and 31.8% and 17.6% for shoots of S-100 μM 

and S-200 μM treatments (Figure 11D). Concerning the water content, there was a 

significant reduction of 1.5% in roots of S-100 μM situation. While in shoots different 

behaviours were observed, with a significant reduction of 1.4% and 2.6% in C-10 μM and 

S-200 μM situations, whereas in the S-100 μM situation a significant increase of 1.3% 

occurred (Figure 11B). The root/shoot fresh biomass ratio had an average value of 0.095 

in control plants and increased significantly 38.6% and 23.5% with the highest 

continuous (C-10 μM) and shock (S-200 μM) Cr (VI) concentrations (Figure 11E). 

 

 

 

 

 

 

 

 

 

Figure 10. Typical appearance of S. lycopersicum plants exposed for 5 weeks to 0 μM (Control), C-5 μM and C-10 μM Cr (VI) concentrations or exposed for 5th 

week to S-100 μM and S-200 μM Cr (VI) concentrations. 
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Figure 11. Roots’ and shoots’ length (A), water content (B), fresh weight (C), dry weight (D) and root/shoot fresh biomass ratio (E) of S. lycopersicum 

plants exposed for 5 weeks to 0 μM (Control), C-5 μM and C-10 μM Cr (VI) or exposed for 5th week to S-100 μM and S-200 μM Cr (VI). Values presented 

are mean plus SD. * above bars indicates significant statistical differences from control at p < 0.05 (*), < 0.01 (**), < 0.001 (***) or < 0.0001 (****). 
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2. Evaluation of Cr accumulation on S. lycopersicum plants 

after exposure to Cr (VI) 

 

2.1. Cr quantification in nutrient solutions supplied to plants and no-plant 

situations 

In the C-5 μM treatment there was a decrease of 72% in total Cr levels over 5 days 

in the no-plant situation, whereas with plants there was an average decrease of 92% 

between each renewal of nutrient solution every 3 days. Regarding the C-10 μM 

treatment, the decreases were 47% and 92% without and with plants, respectively. In 

shock treatments, an opposite effect was observed, with an increase of total Cr levels 

without plants of 31% and 26% for S-100 μM and S-200 μM treatments, respectively. 

With plants there was a mean decrease between each renewal of the nutritional solution 

of 31% and 44% for S-100 μM and S-200 μM treatments, respectively (Figure 12). 

 

 

Figure 12. Total Cr levels quantified in nutrient solutions supplemented with 5 μM (A), 10 μM (B) 100 μM (C) and 200 μM (D) Cr (VI), 

in the no-plant situation (brown squares) and with plants (green circles). Nutrient solution was supplied in the 3rd and 6th days for the 

with plants situations. Values presented are mean plus SD. 
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2.2. Cr quantification in plant tissues and fruits 

Total Cr accumulation was analysed in both root and shoot tissues as well as in 

fruits (Table 4). For both tissues analysed, no levels of Cr were detected in the control 

situation. In roots, a dose-dependent increase in quantified Cr levels occurred, being this 

increase significant for all situations. Regarding shoots, there was a much lower 

accumulation than that observed in roots, however, there was a significant increase in 

all situations relative to control. In fruits, the levels of Cr detected were even lower, 

although there was a significant dose-dependent increase.  

 

 Table 4. Chromium levels (µg g-1 dry weight) of S. lycopersicum roots, shoots and fruits exposed for 5 weeks to 0 μM (Control), 

C-5 μM and C-10 μM Cr (VI) or exposed for 5th week to S-100 μM and S-200 μM Cr (VI). Values presented are mean plus SD. * 

below the values indicates significant statistical differences from control at p < 0.05 (*), < 0.01 (**), < 0.001 (***) or < 0.0001 (****). 

 

 

3. Evaluation of the stress caused by Cr (VI) exposure on S. 

lycopersicum plants 

 

3.1. Effects of Cr (VI) on reactive oxygen species accumulation 

The presence of Cr (VI) in tomato plants may induce oxidative stress, which may 

result from the accumulation of stress-induced ROS, such as superoxide anion (O2•−) 

and hydrogen peroxide (H2O2). In roots of Cr (VI)-treated plants, there was a non-

significant tendency for an increase in O2•− levels with both continuous treatments, while 

with the shock treatments there was a significant decrease of 32.5% in the S-100 μM 

situation, only. Regarding the shoots, different patterns were observed, since with the 

continuous treatment there was a significant decrease of 51% in the C-10 μM situation, 

while with the shock treatments there was a significant increase of 82.5% and 111.2% 

for S-100 μM and S-200 μM, respectively (Figure 13A). The obtained H2O2 levels 

Situations Root Shoot Fruit 

Control N.D. N.D. N.D. 

C-5 μM Cr (VI) 
14.2 ± 2.3 

* 
0.27 ± 0.01 

* 
0.13 ± 0.03 

* 

C-10 μM Cr (VI) 
68.2 ± 2.3 

**** 
1.04 ± 0.05 

** 
0.40 ± 0.03 

*** 

S-100 μM Cr (VI) 
324.9 ± 7.0 

**** 
10.58 ± 1.21 

**** 
0.65 ± 0.02 

**** 

S-200 μM Cr (VI) 
458.9 ± 19.5 

**** 
8.44 ± 0.65 

**** 
1.28 ± 0.17 

**** 
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demonstrated a slight tendency to increase in all situations, with a significant increase of 

21.7%, 76.4% and 82.9% in roots and 25.0%, 21.1% and 33.1% in shoots of C-10 μM, 

S-100 μM and S-200 μM situations, respectively (Figure 13B). 

 

3.2. Effects of Cr (VI) on stress markers 

 

Accumulation of ROS in plant tissues can cause damage at various levels, 

including proteins and lipids, therefore, these parameters can be used as stress markers. 

The effects of plant exposure to Cr (VI) on soluble protein content was more accentuated 

in shoots than in roots, since in roots only a significant increase of 32.5% occurred in C-

10 μM situation, whereas in shoots a significant increase by 58.1%, 53.3%, 47.9% and 

50.2% was observed for the increasing Cr (VI) concentrations (Figure 14A). Lipid 

peroxidation, which evaluates membrane damage, appears to have been induced by the 

exposure to Cr (VI). In all root situations there was a significant increase in lipid 

peroxidation, being this increase by 41.0%, 41.6%, 53.8% and 57.5% for the increasing 

Cr (VI) concentrations, respectively. Cr (VI)-treated shoots also showed an increase of 

31.7%, 20.4%, 70.5% and 85.7% with the increasing Cr (VI) concentrations (Figure 14B). 

Figure 13. Superoxide anion (A) and hydrogen peroxide (B) levels of S. lycopersicum plants exposed for 5 weeks to 0 μM (Control), C-5 μM and C-10 μM 

Cr (VI) or exposed for 5th week to S-100 μM and S-200 μM Cr (VI). Values presented are mean plus SD. * above bars indicates significant statistical 

differences from control at p < 0.05 (*), < 0.01 (**), < 0.001 (***) or < 0.0001 (****). 
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4. Evaluation of the effects caused by Cr (VI) on the 

antioxidant system of S. lycopersicum plants 

 

4.1. Effects of Cr (VI) on the antioxidant enzymes 

The Cr (VI)-induced oxidative stress can be counteracted by plants through their 

antioxidant defence mechanisms, which include a set of enzymes, such as SOD, CAT 

and APX, that act on ROS scavenging. 

SOD, which avoids O2•− accumulation, in roots only showed an increased activity 

with the shock treatments, with a significant increase of 19% and 14.2% for S-100 μM 

and S-200 μM, respectively. Regarding shoots, there was a significant decrease of 

38.2% and 23.5% for C-5 μM and C-10 μM situations, respectively, while with shock 

exposures, only the highest concentration (S-200 μM) showed a 26.8% significant 

increase (Figure 15). 

 

 

 

Figure 14. Total soluble protein (A) and lipid peroxidation (MDA content) (B) levels of S. lycopersicum plants exposed for 5 weeks to 0 μM (Control), C-5 

μM and C-10 μM Cr (VI) or exposed for 5th week to S-100 μM and S-200 μM Cr (VI). Values presented are mean plus SD. * above bars indicates significant 

statistical differences from control at p < 0.05 (*), < 0.01 (**), < 0.001 (***) or < 0.0001 (****). 
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APX and CAT are both responsible for H2O2 scavenging, which may result from 

the reduction of O2•− by SOD. In the case of APX, exposure to Cr (VI) resulted in a 

significant decreased activity in roots by 17.8%, 33.0%, 16.3% and 12.8% for the 

increasing Cr (VI) concentrations. The shoots displayed a significant increase with the 

lowest concentrations of both continuous and shock exposures, being this increase of 

15.9% and 36.7% for C-5 μM and S-100 μM situations, respectively (Figure 16A). CAT 

activity appeared to be more negatively affected by Cr (VI) exposure, with a reduction in 

all situations for both plant organs. In roots, this decrease was very similar to the pattern 

obtained for APX activity, with a significant decrease of 14.7%, 45.7%, 36.3% and 19.0% 

for the increasing concentrations of Cr (VI). On the other hand, in shoots this significant 

decrease was 27.7%, 13.9%, 20.9% and 35.6% for the increasing Cr (VI) concentrations 

(Figure 16B). 

 

Figure 15. SOD activity levels of S. lycopersicum plants exposed for 5 weeks to 0 μM (Control), C-5 μM and C-10 μM Cr (VI) or exposed 

for 5th week to S-100 μM and S-200 μM Cr (VI). Values presented are mean plus SD. * above bars indicates significant statistical 

differences from control at p < 0.05 (*), < 0.01 (**), < 0.001 (***) or < 0.0001 (****). 
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4.2. Effects of Cr (VI) on proline levels 

In addition to the AOX enzymes, plants also developed a set of compounds with 

an AOX role. Proline levels were affected in Cr (VI)-treated plants, which may be a result 

of the AOX function of this compound. In roots, different behaviours occurred for both 

continuous and shock exposures, since for continuous treatments a gradual decrease 

occurred, being only significant with the highest concentration (C-10 μM) by 40.4%, 

whereas for the shock treatments there was a significant increase of 128.1% and 42% 

for S-100 μM and S-200 μM situations, respectively. Regarding shoots, Pro levels 

gradually increased in all situations, being this increase significant by 46.1%, 96.3% and 

131.8% for C-5 μM, S-100 μM and S-200 μM situations, respectively (Figure 17). 

 

 

 

 

 

 

Figure 16. APX (A) and CAT (B) activity levels of S. lycopersicum plants exposed for 5 weeks to 0 μM (Control), C-5 μM and C-10 μM Cr (VI) or exposed for 

5th week to S-100 μM and S-200 μM Cr (VI). Values presented are mean plus SD. * above bars indicates significant statistical differences from control at p < 

0.05 (*), < 0.01 (**), < 0.001 (***) or < 0.0001 (****). 
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4.3. Effects of Cr (VI) on thiols levels 

 Cr-induced oxidative stress can affect thiol-containing compounds, as these may 

play an AOX role too (Table 5). In plants exposed to Cr (VI) there was a general increase 

in total thiols levels. In roots, this significant increase was 2.08-, 3.03-, 3.49- and 3.42-

fold for the increasing Cr (VI) concentrations supplied to plants. Whereas in shoots, this 

increase was significant for C-10 μM (1.21-fold) and S-100 μM (1.36-fold) only. 

Regarding protein thiols and non-protein thiols, different patterns were observed for the 

same organ. In roots, the pattern of protein thiols levels is similar to that observed for 

total thiols, with a significant increase of 2.67-. 3.97-, 4.53- and 3.82-fold with increasing 

Cr (VI) concentrations, whereas the non-protein thiols showed a gradual increase 

throughout the treatments, being this significant increase of 1.31-, 1.46- and 2.54-fold for 

C-10 μM, S-100 μM and S-200 μM situations, respectively. Regarding shoots, the 

patterns for protein thiol levels are also similar to those of total thiols, but there was a 

significant increase by 1.24-, 1.36- and 1.47-fold for C-5 μM, C-10 μM and S-100 μM, 

respectively, whereas in non-protein thiols there was a different pattern from that 

observed in totals thiols, there being no significant alterations in any situation, despite a 

tendency to increase in plants that suffered a shock exposure. 

 

Figure 17. Proline levels of S. lycopersicum plants exposed for 5 weeks to 0 μM (Control), C-5 μM and C-10 μM Cr (VI) or exposed 

for 5th week to S-100 μM and S-200 μM Cr (VI). Values presented are mean plus SD. * above bars indicates significant statistical 

differences from control at p < 0.05 (*), < 0.01 (**), < 0.001 (***) or < 0.0001 (****). 
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Table 5. Total thiols, protein thiols and non-protein thiols levels (mol g-1 fw) of S. lycopersicum plants exposed for 5 weeks to 0 

μM (Control), C-5 μM and C-10 μM Cr (VI) or exposed for 5th week to S-100 μM and S-200 μM Cr (VI). Values presented are 

mean plus SD. * below values indicates significant statistical differences from control at p < 0.05 (*), < 0.01 (**), < 0.001 (***) or 

< 0.0001 (****). 

 

 

5. Evaluation of the effects caused by Cr (VI) on the 

glutathione metabolism of S. lycopersicum plants 

 

5.1. Effects of Cr (VI) on GSH and GSSG levels 

Total GSH levels and its GSH/GSSG ratio are important to evaluate the GSH role in the 

defence against the stress induced by Cr (VI) (Table 6). Regarding roots, it is possible 

to observe a significant increase of GSH levels of 24% in the S-100 μM situation only, 

while the GSSG levels tend to increase in all situations, with a significant increase of 

149% and 169% in situations C-10 μM and S-100 μM, respectively. These changes are 

reflected in the levels of total GSH, which tends to increase in all situations, being this 

significant increase of 90% and 110% in C-10 μM and S-100 μM situations, respectively. 

In shoots, a decrease in GSH levels occurred only in the shock treatments, being this 

significant decrease of 31% and 39% with the increase of Cr (VI) concentration. On the 

other hand, there was a significant increase in GSSG levels of 127% and 132% with 

increasing Cr (VI) concentration of shock treatments. These increases were reflected in 

total GSH levels, which increased significantly 74% and 75% for S-100 μM and S-200 

μM treatments, respectively. Observing the GSH/GSSG ratio, there is a generalized 

decrease in roots, with a significant decrease of 57% and 54% for the C-10 μM and S-

100 μM situations, whereas in shoots a marked decrease of this ratio was observed in 

Situations 
Total thiols Protein thiols Non-protein thiols 

Root Shoot Root Shoot Root Shoot 

Control 10.23 ± 0.64 36.45 ± 3.39 6.66 ± 0.55 21.78 ± 1.50 3.60 ± 0.65 15.03 ± 3.43 

C-5 μM Cr (VI) 
21.24 ± 1.87 

**** 
41.01 ± 2.78 

17.8 ± 1.01 
**** 

26.9 ± 4.16 
* 

3.24 ± 0.28 14.11 ± 2.13 

C-10 μM Cr (VI) 
31.01 ± 1.12 

**** 
44.01 ± 0.64 

** 
26.43 ± 0.52 

**** 
29.7 ± 2.07 

** 
4.70 ± 0.42 

*** 
14.31 ± 1.77 

S-100 μM Cr (VI) 
35.71 ± 2.19 

**** 
49.75 ± 7.20 

**** 
30.2 ± 1.31 

**** 
32.02 ± 6.28 

**** 
5.26 ± 0.59 

**** 
18.08 ± 0.66 

S-200 μM Cr (VI) 
34.98 ± 2.68 

**** 
39.42 ± 0.39 

25.44 ± 2.05 
**** 

22.57 ± 3.61 
9.13 ± 0.32 

**** 
16.84 ± 3.40 
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shock treatments, with a significant decrease of 69% and 73% in situations S-100 μM 

and S-200 μM respectively. 

Table 6. Total GSH, GSH and GSSG levels (µmol g-1 fw) and GSH/GSSG of S. lycopersicum plants exposed for 5 weeks to 0 μM (Control), C-5 μM 

and C-10 μM Cr (VI) or exposed for 5th week to S-100 μM and S-200 μM Cr (VI). Values presented are mean plus SD. * below values indicates 

significant statistical differences from control at p < 0.05 (*), < 0.01 (**), < 0.001 (***) or < 0.0001 (****). 

 

5.2. Effects of Cr (VI) on glutathione metabolism-related enzymes’ 

activities 

The enzymes γ-ECS, GR and GST, which are responsible for the synthesis, 

reduction and conjugation of glutathione, respectively, showed alterations in their activity 

levels derived of the exposure to Cr (VI). In roots, γ-ECS activity levels significantly 

increased 109.3%, 62.5% and 100.3% in C-10 μM, S-100 μM and S-200 μM situations, 

respectively, while in shoots, γ-ECS activity only significantly increased 38% with the 

lowest concentration (C-5 μM) and decreased 25.7% with the highest (S-200 μM) (Figure 

18A). 

The GR activity levels demonstrated a tendency to significantly increase with the 

lowest concentration (C-5 μM), and then to decrease to values slightly lower than the 

control’s in both plant organs, being the significant increase in the C-5 μM treatment of 

54.6% and 17.2% for roots and shoots, respectively (Figure 18B). 

Regarding the GST activity, there was a significant increase of approximately 46% 

in roots of plants continuously exposed to Cr (VI), while the levels of shock exposure 

situations were close to the control’s. Shoots’ GST activity levels showed a tendency to 

increase with all treatments, except in the C-10 μM situation, where a significant 

decrease of 44% occurred. The only significant increase (34.4%) was obtained with the 

highest concentration (S-200 μM) (Figure 18C). 

Situations 
GSH GSSG GSH+GSSG GSH/GSSG 

Root Shoot Root Shoot Root Shoot Root Shoot 

Control 2.40 ± 0.15 4.35 ± 0.33 2.29 ± 0.39 8.38 ± 0.72 4.32 ± 0.80 12.68 ± 1.15 1.05 ± 0.13 0.52 ± 0.08 

C-5 μM 

Cr (VI) 
2.27 ± 0.10 4.35 ± 0.71 3.13 ± 0.44 7.94 ± 0.52 5.36 ± 1.42 12.35 ± 1.93 0.73 ± 0.09 0.55 ± 0.03 

C-10 μM 

Cr (VI) 
2.56 ± 0.10 4.20 ± 0.45 

5.71 ± 0.81 
**** 

10.11 ± 0.57 
8.19 ± 0.94 

* 
14.32 ± 4.31 

0.45 ± 0.16 
** 

0.42 ± 0.05 

S-100 μM 

Cr (VI) 
2.97 ± 0.36 

**** 
3.02 ± 0.37 

**** 
6.15 ± 0.75 

**** 
19.03 ± 5.53 

*** 
9.08 ± 2.16 

** 
22.09 ± 5.50 

** 
0.48 ± 0.15 

*** 
0.16 ± 0.06 

**** 

S-200 μM 

Cr (VI) 
2.44 ± 0.22 

2.65 ± 0.25 
**** 

3.03 ± 0.99 
19.47 ± 4.94 

*** 
5.59 ± 0.80 

22.15 ± 5.78 
**** 

0.81 ± 0.40 
0.14 ± 0.04 

**** 
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The GST activity was also analysed through native PAGE (Figure 19), revealing a 

different activity pattern in an organ-dependent manner. In this case, in roots, a gradual 

increase of band intensity was observed along the increasing Cr (VI) concentrations 

used, depicting a paralleled increase of GST activity levels with the increasing Cr (VI) 

concentrations supplied (Figure 19A). In shoots, GST bands’ intensities also increased 

with all Cr (VI) treatments, but no observable differences between treatments were 

detected (Figure 19B). Nevertheless, both shoots and roots suffered an increase of the 

Figure 18. γ-ECS (A), GR (B) and GST (C) activity levels of S. lycopersicum plants exposed for 5 weeks to 0 μM (Control), C-5 μM and C-10 μM Cr (VI) or 

exposed for 5th week to S-100 μM and S-200 μM Cr (VI). Values presented are mean plus SD. * above bars indicates significant statistical differences from 

control at p < 0.05 (*), < 0.01 (**), < 0.001 (***) or < 0.0001 (****). 
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GST activity induced by Cr (VI). No qualitative differences could be detected with the 

exposure to Cr (VI) regarding the GST isozymes profile for each organ studied.  

5.3. Effects of Cr (VI) on glutathione metabolism-related enzymes’ gene 

expressions 

The quality of extracted RNA was assessed by agarose gel electrophoresis, with 

the results shown in Figure 20. The RNA samples used showed an acceptable quality, 

with a good band definition and without nucleic acid degradation.  

Figure 19. Typical results of roots’ (A) and shoots’ (B) GST PAGE analysis of S. lycopersicum plants exposed for 5 weeks to 

0 μM (Control), C-5 μM and C-10 μM Cr (VI) or exposed for 5th week to S-100 μM and S-200 μM Cr (VI). 

Figure 20. 0.8% (w/v) agarose typical gel analysis of the total RNA extracted from S. lycopersicum plants exposed for 5 weeks 

to 0 μM (Control), C-5 μM and C-10 μM Cr (VI) or exposed for 5th week to S-100 μM and S-200 μM Cr (VI). A - Roots, B – Shoots. 
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This RNA was then used to evaluate the accumulation of transcripts of the 

encoding genes of the enzymes related to the metabolism of GSH by semi-quantitative 

RT-PCR (Figure 21). The expression was normalized to the reference gene actin. The 

Cr (VI) exposure induced differences in transcript accumulation levels of these enzymes. 

The γ-ECS showed a reduction of its transcripts with the increase of Cr (VI) concentration 

in both organs. GST did not show major variations in roots, only with a slight increase in 

its transcripts with the C-10 μM situation and a reduction in S-200 μM situation, while in 

shoots, there was a decrease in the accumulation of the transcripts with the increase of 

Cr (VI) concentration. The cytosolic GR did not show alterations with the presence of Cr 

(VI) in roots, and it is the only enzyme to show an increase in shoots, being this increase 

detected in the less concentrated situation of each type of exposure, that is, in C-5 μM 

and S-100 μM situations, with an apparent decrease in the C-10 μM and S-200 μM 

situations. PCS transcripts were only observed in root tissues and there was also a 

decrease in the accumulation of transcripts with increasing Cr (VI) concentration. Despite 

the various optimizations attempts of the PCR conditions, it was not possible to detect 

amplicons of the plastidic GR in both organs of the plant and also of PCS in the shoots. 

 

Figure 21. Typical results for ACT, PCS, γ-ECS, GST and GR cyt RT-PCR analysis by 1% (w/v) agarose gel electrophoresis in S. lycopersicum plants exposed 

for 5 weeks to 0 μM (Control), C-5 μM and C-10 μM Cr (VI) or exposed for 5th week to S-100 μM and S-200 μM Cr (VI). 
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6. Evaluation of the effects caused by Cr (VI) on 

metallothioneins-encoding genes’ expression of S. 

lycopersicum plants 

The transcript analysis of the 4 classes of MT by RT-qPCR showed different 

responses for each class (Figure 22). The expression was normalized to the two 

reference genes, ubiquitin and actin, and relativized to the control (thus assuming the 

value of 1). Regarding roots, the MT1 transcripts significantly increased 3.43- and 2.04-

fold in C-10 μM and S-100 μM situations, the MT2 significantly increased by 1.13- and 

2.84-fold in C-5 μM and S-200 μM situations and significantly decreased by 1.54- and 

1.30-fold in the C-10 μM and S-100 μM situations, the MT3 significantly increased by 

2.56- and 24.81-fold in the S-100 μM and S-200 μM situations, and finally the MT4 

significantly increased 4.43- and 2.01-fold in C-5 μM and S-100 μM situations, and 

significantly decreased by 7.69-fold in the C-10 μM situation. Regarding shoots, MT1 

transcripts did not show significant changes, MT2 significantly decreased 2.17-, 2.94-, 

15.38- and 7.75-fold with increasing Cr (VI) concentration, MT3 significantly increased 

5.88-, 2.30- and 2.52-fold in the C-10 μM, S-100 μM and S-200 μM situations and MT4 

significantly increased by 2.66-, 4.75- and 2.19- fold in the C-5 μM, C-10 μM and S-200 

μM situations. 
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Figure 22. Transcript levels of the four MT classes genes in roots (A) and shoots (B) of S. lycopersicum plants exposed for 5 weeks to 0 μM 

(Control), C-5 μM and C-10 μM Cr (VI) or exposed for 5th week to S-100 μM and S-200 μM Cr (VI). Data were normalized using the tomato actin 

and ubiquitin genes as internal control and relativized to control expression for each gene. Values presented are mean plus SD. * above bar 

indicates significant statistical differences from control at p < 0.05. 
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Discussion 
 

1. Cr (VI) influence on germination and seedling growth 

Plants, as sessile organisms, directly depend on the conditions provided by the soil 

to maintain their growth and development. In the presence of contaminants, the ability of 

plants to survive is strictly related to their ability to keep their physiological processes 

functioning in a normal way. The study of seedling's initial developmental phases is 

essential to infer the toxicity induced by several contaminants (Akinci and Akinci, 2010; 

Hayat et al., 2012b). Cr is one of the most dangerous HM for plants, damaging many of 

their physiological processes, thus severely compromising their growth and development 

(Singh et al., 2013). 

As germination is the first physiological process occurring in plants, the evaluation 

of high Cr (VI) concentrations effects on seed germination and earler development of 

tomato seedlings was carried out for 10 days. The exposure to Cr (VI) concentrations up 

to 6800 μM displayed an apparent maintenance of seed germination capacity. Most 

studies reported a decrease in germination on various plant species exposed to Cr (VI) 

concentrations similar to the lowest used in the present work, such as S. lycopersicum, 

Daucus carota L., Raphanus sativus L., Beta vulgaris L., Solanum melongena L. 

(Lakshmi and Sundaramoorthy, 2010), Triticum aestivum L. (Arshad et al., 2017), Oryza 

sativa L. (Sharma 2016), Lens culinaris Medikus (Murtaza et al., 2017) and Brassica 

oleracea L. (Ozdener et al., 2011). Nevertheless, a study by López-Luna et al. (2009) 

showed that wheat, oat and sorghum plants did not shown any changes in germination 

rate when exposed to Cr (VI) concentrations similar to the lowest used, however there 

was a reduction in germination rate in wheat and sorghum when exposed to Cr (VI) 

concentrations similar to the highest used in this work. 

Maintenance of germination upon Cr (VI) exposure in this work can be explained 

by the fact that the seed is further protected against external factors, since the seed coat 

can protect internal tissues from HM entrance, such as Cr, and it may be almost 

impermeable to HM passage (Akinci and Akinci, 2010). A study by Li et al. (2005) using 

Arabidopsis thaliana L. reported that isolated embryos are more sensitive to HM than 

when protected inside the seed. The obtained results show that Cr (VI) may not be able 

to penetrate the seed coat and reach the embryo tissues, possibly due to the specific 

structure of S. lycopersicum’s seed coat, since Cr (VI) affected germination in different 

species at similar concentrations. 
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The results reported in this work demonstrate that Cr (VI) toxicity on germination 

rate may depend on many factors such as plant species, Cr (VI) dosage and other 

factors. Moreover, this type of assay may not be efficient to evaluate Cr (VI) toxicity, 

since plants seem to support higher concentrations of Cr (VI) at earlier stages of 

development (López-Luna et al., 2009). However, when analysing seedling biometric 

parameters after 10 days of development, Cr (VI) negative effects are rather evident, 

with a general and similar reduction in radicle length at all concentrations, and a dose-

dependent reduction of shoot length and total fresh biomass. These negative effects 

have been reported for various plant species exposed to Cr (VI) concentrations similar 

to the lowest used in the present work, such as S. lycopersicum, D. carota, R. sativus, 

B. vulgaris, S. melongena (Lakshmi and Sundaramoorthy, 2010), L. culinaris (Murtaza 

et al., 2017) and B. oleracea (Ozdener et al., 2011). 

The obtained results demonstrate that in the 1700 μM concentration, radicles were 

more damaged than shoots, nevertheless, with the increasing Cr (VI) concentration, 

shoots were gradually more affected, resulting in no shoot development in the two 

highest concentrations. A similar response was also reported in Brassica juncea L. 

seedlings exposed to 300 μM Cr (VI), since a greater decrease of radicle length (56%) 

than that of shoot length (11%) was reported (Handa et al., 2018). The diminished radicle 

length can be explained by the negative effect caused by Cr (VI) on root cell division and 

elongation and consequently the plant has more difficulty in absorbing nutrients and 

water in a sufficient manner to supply for shoot growth and development (Singh et al., 

2013). Considering the results obtained in this assay, tomato seeds are able to germinate 

at high concentrations of Cr (VI), however, their initial development is highly 

compromised. As it led to the lowest damage observed, 1700 μM of Cr (VI) was selected 

to further investigate the effects of Cr (VI) on plant growth. 

 

2. Cr (VI) influence on plant development and growth 

Exposure of tomato plants to 1700 μM Cr (VI) revealed that such concentration led 

to lethal effects after only two weeks of growth, unequivocally indicating that Cr (VI) 

greatly impairs plant viability. Similarly, Goupil et al. (2009) reported that tomato plants, 

exposed to 1280 μM Cr (VI) for only 24 hours, displayed strong signs of toxicity and no 

signs of recovery. Regarding this, lower concentrations were selected to be tested in the 

next assay: 225 μM and 450 μM Cr (VI). 
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Upon exposure during 5 weeks to 225 μM and 450 μM Cr (VI), a reduction of all 

biometric parameters analysed were observed in tomato plants. Parallel results have 

previously been reported for similar concentrations in other non-related species, such as 

O. sativa (Sundaramoorthy et al., 2010). Visually, plants also exhibited signs of Cr (VI) 

toxicity, with fragile and brownish roots, without lateral roots, and leaves with signs of 

chlorosis, necrosis and wilting, being these effects commonly observed in Cr (VI)-treated 

plants, as reported by Mallick et al. (2010) in Zea mays L. The reduced water content 

demonstrates that Cr (VI) exposure may alter water balance at the root level and 

consequently in the shoots, as reported in B. oleracea (Pandey and Sharma, 2003). 

Regarding root/shoot fresh biomass ratio, an increased value was observed with the 

increase of Cr (VI) concentrations, demonstrating that shoots may suffered more than 

roots with the increase of Cr (VI)-induced stress. This can be related with increased root 

damage associated to a decrease in nutrients absorption and transport to the shoots or 

even with the translocation of Cr, in any form, to the shoots, where it causes local 

damage (Oliveira, 2012). Observing these plants, is possible concluded that those 

damages prevented any hypothesis of plant survival if exposed to such Cr (VI) 

concentrations in the environment. 

Due to impaired plant viability, smaller concentrations were selected and divided 

into two types of exposure, considering the concentrations that S. lycopersicum plants 

could withstand. Plants exposed to low Cr (VI) concentrations (C-5 μM and C-10 μM) for 

a prolonged time did not showed any visual signs of Cr (VI) stress, however, developed 

plants exposed to higher Cr (VI) levels (S-100 μM and S-200 μM) in the final week, 

exhibited some wilted leaves, one of Cr (VI) toxicity symptoms (Singh et al., 2013). All 

plants were able to reach flowering stage, similarly to control plants, therefore, Cr (VI) 

levels were not high enough to delay the natural development cycle of the plant.  

Analysing the biometric parameters, a differential response to Cr (VI) was 

notorious. Shoots appeared to be more affected than roots, with a significant decrease 

in length in all experimental treatments. The obtained results could be paired with those 

observed for S. nigrum when continuously exposed to 5 μM Cr (VI), or exposed to 40 μM 

Cr (VI) only during the last week, both treatments leading to root and shoot length 

reduction, being the shoot reduction more evident (Teixeira et al., 2013). Nevertheless, 

Amaranthus viridis L. plants exposed to 2 and 20 μM Cr (VI) showed no differences in 

root length, however, exposure to 200 μM Cr (VI) led to its inhibition (Liu et al., 2008). 

Likewise, a study with Allium cepa L. plants exposed to Cr (VI) from 25 to 200 μM for 5 

days demonstrated a gradual reduction of root length (Patnaik et al., 2013). A study with 

Matricaria chamomilla L. plants exposed to 60 and 120 μM Cr (VI) for 7 days exhibited a 
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reduction in both root and shoot length (Kováčik et al., 2014). A similar assay with O. 

sativa exposed to 200 μM Cr (VI) also disclosed a reduction in those parameters (Tripathi 

et al., 2012). The length reduction of both plant organs can be justified by the ability of 

Cr (VI) to interfere with nutrients’ uptake, as demonstrated by Liu et al. (2008), which 

reported a reduction in the content of some nutrients (Mn, Cu, Zn and Fe) in plant tissues 

exposed to Cr (VI), resulting in delayed root development with consequent lesser 

nutrients absorption and translocation to other plant organs. These reductions may also 

be associated to the different damages that Cr (VI) can induce in both root and shoot 

tissues. One of the damages that Cr (VI) can induce in shoot tissues is the disruption of 

photosynthesis, which can lead to a decrease in photoassimilate production and, 

consequently, a decrease in plant growth and development (Oliveira, 2012; Shahid et 

al., 2017).  

Cr (VI)-induced reduction in shoot and root length is also related with a reduction 

of both fresh and dry biomass. These biomass reductions are associated with Cr (VI) 

damage to several plant physiological mechanisms, which consequently disrupt its 

productivity (Shahid et al., 2017). As mentioned above, Cr (VI) is recognized for its ability 

to interfere with plant’s water balance, explaining the observed differences in water 

content, especially in shock exposure situations. This disturbance resulted in contrary 

results in shoots of S-100 μM and S-200 μM situations, which may also relate to Cr (VI) 

ability to affect leaves’ transpiration rate (Hayat et al., 2012b). Root/shoot fresh biomass 

ratio disclosed that, with the increase of Cr (VI) concentration supplied in each type of 

exposure, shoots are increasingly impaired. 

The C-5 μM treatment did not exhibited a reduction of any biometric parameters 

analysed and, likewise, it can be considered as a non-toxic Cr (VI) concentration. 

Although controversial, some evidences indicate that low levels of Cr may induce some 

positive effects on plants, however the limit of this concentration is not yet established 

(Shahid et al., 2017). A study by Liu et al. (2008) demonstrated that exposure to 2 μM 

Cr (VI) favoured the success of A. viridis plants. Similarly, a study by Patnaik et al. (2013) 

demonstrated that exposure to 12.5 μM Cr (VI) led to a slight increase in root length of 

A. cepa. Nevertheless, the remaining treatments showed some negative effects with the 

exposure to Cr (VI), even though plant viability was not affected, which means these 

plants could withstand similar levels of Cr (VI) in the environment. 

 

3. Cr (VI) accumulation in plant tissues 
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Evaluation of biometric parameters demonstrated that treated plants were under 

stress, however, it is necessary to confirm if this stress is due to absorption of Cr (VI). 

Stability of Cr (VI) in the nutrient solution was initially evaluated with a temporal decrease 

with the lower concentrations and a temporal increase with the higher concentrations. 

These alterations in Cr (VI) levels may occurred due to exchanges within the substrate 

used (vermiculite and perlite), which was dry when solutions were supplied, influencing 

their absorption capacity. Moreover, other factors like evaporation of the medium over 

the 5 days, may have influenced Cr levels estimation in nutrient solutions. Even though 

substrate may exert some influence, it would be small, since substrate would eventually 

reach saturation. However, when Cr levels of the nutrient solutions supplied to plants 

were evaluated, significant and larger decreases were observed in all treatments 

between each resupply of the nutrient solution. This indicates that Cr absorption was 

being indeed carried out by plants.  

The values obtained for the Cr quantification in plant tissues reveal how notorious 

its absorption by plants was. No levels of Cr in the control situations were detected for 

all the studied organs. Roots were the preferential site for Cr accumulation, with a dose-

dependent increase in all situations. Shoots accumulated a very small amount of Cr, and 

that is in agreement with what is described in the literature, since Cr is recognized by its 

low translocation to the shoots, justified by the great accumulative capacity of the roots 

(Singh et al., 2013). Regarding shoots of the shock treatments, a slight reduction of Cr 

accumulation occurred in the S-200 μM treatment compared to S-100 μM, which may 

reflect a possible defence mechanism employed by the plant to protect the 

photosynthetic tissues. This could also be related to the observed differences in water 

content and dry weight in these two situations. The results obtained for Cr accumulation 

are in agreement with that observed by Azariz et al. (2017) in cherry tomato plants 

exposed to Cr, which also displayed a higher accumulation of Cr in roots, followed by 

shoots and finally fruits. 

It would also be interesting to know the oxidation state of the Cr present in both the 

nutrient solution and inside the plants. If Cr (VI) would suffer reduction to its trivalent form 

in the nutrient solution, by the action of released plant compounds or by microorganisms 

presented in the rhizosphere, or if it would only be reduced within roots, or if it could even 

be translocated to shoot and be reduced there. Although there is some disagreement on 

this subject, it is known that most Cr (VI) is likely to be reduced somehow at these levels 

as a defence of the plant against the toxic effects of its hexavalent form (Gomes et al., 

2017). Hence, a follow-up study would be needed to ascertain this aspect. 
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Another important parameter to be evaluated is the safety for consumption of 

tomatoes produced in sites contaminated by Cr, that have been increasing exponentially 

(Shahid et al., 2017). The obtained results in this report showed that fruits seem to be 

even less prone to accumulate Cr than the remaining plant organs, revealing a dose-

dependent accumulation but not exceeding 1 μg g-1 dry weight, except in the S-200 μM 

treatment. This dose-dependent Cr accumulation in tomato fruits can be dangerous for 

human health when consuming them. This danger is directly related to the more 

abundant form of Cr in fruits: if it is the trivalent form, then the hazards will be minimal, 

whereas if it is the hexavalent form, the toxic effects will be much more notorious due to 

their high toxicity even at low levels. If the total Cr levels in tomato fruits are due to the 

trivalent form, which is the most likely situation due to the various possible Cr (VI) 

reduction sites before the translocation to the fruits, then these values do not seem to be 

very alarming, since it is necessary to consume approximately 1560 g of fresh tomatoes 

from the S-200 situation to reach the maximum recommended daily intake for an human 

adult, which ranges from 50 to 200 μg per day (Jomova and Valko, 2011). In this way, 

tomatoes’ production in Cr-contaminated soils seems to be apparently safe when grown 

exposed up to concentrations like those used in this report, however, more data about 

the proportion of each Cr species would be required, as well as on the nutritional quality 

of these tomatoes, reason why the consumption of those would not be advisable. 

 

4. Cr (VI)-induced oxidative stress 

Plants exposure to several environmental contaminants, including HMs, is often 

associated with the induction of oxidative stress, either by increasing ROS production, 

or by reducing the capacity of the plant to detoxify them (Gill and Tuteja, 2010). It is 

known that HM can disturb different plant physiological processes, and some of these 

damages may be caused by increased ROS levels. The extent of oxidative stress always 

depends on the type of HM, its properties, duration and dose of exposure, plant species 

and its stage of development, among other factors (Shahid et al., 2014). In this study, 

ROS accumulation was evaluated through the quantification of O2•− and H2O2 levels. 

While H2O2 levels increased in a dose-dependent manner in most situations in both 

plant organs, O2•− levels appear to be more sensitive to Cr (VI) exposure, since different 

behaviours were observed in the two organs analysed. These ROS variations may be 

related to an induction of its production caused by exposure to Cr (VI), but also by the 

action of the AOX system. The non-significant increase in O2•− in the roots of prolonged 
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situations may resulted indirectly from the highly unstable intermediates that occur during 

the reduction of Cr (VI) to Cr (III) in root tissues, or through the perturbation of plant 

processes by Cr (VI), such as the mitochondrial ETC, leading to the generation of this 

ROS (Singh et al., 2013). A study in two species of Amaranthus showed that increased 

ROS levels were related to higher electrolyte leakage due to Cr (VI) disturbance in 

electron transport processes (Bashri et al., 2016). High O2•− levels in shoots of the shock 

treatments may be related to the increased presence of Cr in these tissues, which may 

induce processes that leading to O2•− production, as those previously mentioned. 

Besides, as reported by Liu et al. (2008) in A. viridis, Cr (VI) can affect CO2 assimilation, 

leading to Calvin cycle disturbance and lower NADPH expenditure, with consequently 

lower NADP+ generation. NADP+ is important in the acceptance of the excited energy in 

excess in chloroplasts where, not being available, O2 takes its place, which leads to O2•− 

production. Similarly, Henriques (2010) reported that plants of S. lycopersicum exposed 

to Cr (VI) exhibited several damages at the photosynthetic level that resulted in ROS 

formation. The observed reduction of O2•− levels in roots of the S-100 μM treatment may 

be related to a greater detoxification capacity, possibly associated with SOD activity, 

which dismutated O2•− into H2O2, occurring the same possible effect in shoots of the C-

10 μM treatment. The generalized increase in H2O2 levels may be related to the 

dismutation of O2•− in H2O2, as mentioned previously, or by the loss of AOX capacity, as 

it will be further explored, however, it may also relate to the role of H2O2 as an intracellular 

messenger and by its capacity to be translocated within the plant. This observed increase 

in H2O2 levels may also be related to the disturbance of plant ETC, as well as the β-

oxidation of fatty acid or photorespiration (Sharma et al., 2012). This dose-dependent 

increase of H2O2 is in agreement with that reported in B. juncea plants (Pandey et al., 

2005).  

In complement to the quantification of ROS levels, LP, considered one of the most 

deleterious processes that can occur inside the cell in a stressful condition, was also 

analysed in this work. The LP itself further aggravates the oxidative stress situation 

through the formation of radicals, causing damage mainly to the membranes’ integrity, 

and its constituents (Gill and Tuteja, 2010). Regarding roots, the increase in LP degree 

was relatively similar for the treatments of each type of exposure, while in shoots a 

generalized increase was denoted. Levels of H2O2, one of the peroxides responsible for 

LP, appear not to be directly related to LP degree in root tissues, since there is a 

tendency for increased H2O2 levels, but LP degree remained similar. This indicates that 

there may be another ROS involved in LP induction, and the possible participation of Cr 

(VI) in the Haber-Weiss reaction may be responsible for •OH generation, considered 



FCUP 
Tomato plants exposed to hexavalent chromium - oxidative stress, antioxidant responses and the 

role of metallothioneins 

69 

 
more reactive than the other ROS and with more easily LP induction (Sharma et al., 

2012; Shahid et al., 2017). This phenomenon may be favoured by the ability of Cr (VI) to 

decrease Fe absorption, and consequently to occupy the place normally played by it in 

the Haber-Weiss reaction and to potentiate the reaction (Balasaraswathi et al., 2017). A 

study in A. cepa plants exposed to Cr (VI) from 50 to 200 μM showed an induction of the 

•OH production in roots with the increase of Cr (VI) concentration, whereas in the 

concentrations between 6.25 and 25 μM this increase was not detected (Patnaik et al., 

2013). Another possibility for this similar LP levels increase is that the AOX system is 

more active with the increasing Cr (VI) concentrations that counterbalanced the ROS 

increased production. Regarding shoots, LP degree can be related to the increased H2O2 

levels, however, higher H2O2 increase in the C-10 μM situation induced a lower LP than 

in the C-5 μM situation, indicating that H2O2 appears not to be the only ROS responsible 

for LP in shoots, as described for roots. A study with isolated chloroplasts, one of the 

main plant ROS production sites, of Pisum sativum exposed to Cr (VI) from 20 to 100 

μM, showed an induction of •OH production with the increasing Cr (VI) concentrations 

(Pandey et al., 2009). These results indicate that roots kept oxidative stress levels stable 

through processes that usually lead to the compartmentalisation of Cr, however, when 

roots cannot withstand more Cr accumulation, it can be transported to other sites, 

explaining why shoots gradually suffered from the increase of Cr therein. In this way, 

oxidative stress can be one of the factors that justifies a higher sensitivity of shoots in 

terms of the biometric parameters discussed previously. In general, this increase of LP 

upon exposure to Cr (VI) has been well described in literature, in plant species exposed 

to the lowest Cr (VI) concentrations used, such as Brassica campestris L. (Qing et al., 

2015), Z. mays (Zou et al., 2009) and cotton cultivars (Daud et al., 2014), and also to the 

highest Cr (VI) concentrations used, such as Hordeum vulgare L. (Ali et al., 2011), O. 

sativa (Ma et al., 2016) and Z. mays (Maiti et al., 2012). 

Besides the evaluation of LP degree, protein content was also carried out, allowing 

the analysis of alterations that can be a consequence of the oxidative stress or plant-

triggered responses. In roots, this parameter was not altered for most situations, except 

for C-10 μM, while increased in shoots for all situations. A study by Banu Doğanlar and 

colaborators (2013) showed that Spirodela polyrhiza L. plants exposed for 96 h to the 

HMs Cd and Cu, also showed an increase in soluble protein levels. However, plant 

exposure to HM usually results in a protein content decrease due to the disruption of 

various processes (Hasan et al., 2017). On the other hand, plants may respond to HM 

exposure by increasing the expression of genes encoding stress-defence proteins. 

These proteins are responsible for HM detoxification, through its chelation in the cytosol, 
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and which include MTs (Anjum et al., 2015), which will be further discussed. Therefore, 

although in some cases the protein content may be dependent on the increase of these 

proteins, one cannot exclude that other factors can also be responsible for this 

phenomenon. 

In fact, tomato plants may use a set of proteins that can control damages occurring 

at the protein level, called heat shock proteins (HSP), that monitor the cell proteome and 

are overexpressed under stress situations (Hasan et al., 2017). Indeed, a study by Goupil 

et al. (2009) with S. lycopersicum showed that after 24 hours of exposure to Cr (VI), an 

increase in Hsp90-1 gene expression was observed in roots exposed to 80 μM Cr (VI) 

and in shoots exposed to 160, 320 and 640 μM Cr (VI), showing that tomato plants may 

respond to Cr (VI) by activating mechanisms dependent on HSP, especially at the shoot 

level. A change in HSP expression in response to Cr (VI) was also observed in R. sativus 

(Xie et al., 2015) and O. sativa (Dubey et al., 2010). In addition, a study by Wang et al. 

(2013) concluded that the exposure of Z. mays plants to Cr (VI) induced a proteome level 

response with a differentiation in expression of proteins related to ROS detoxification, 

chloroplast organization, photosynthesis, post-transcriptional processing, protein 

synthesis, DNA damage response, among others. Likewise, increased protein content 

can be considered as a response to the presence of Cr (VI), and can be justified by the 

increase of MTs, HSPs, among others, like those related to the protection of the 

remaining cell proteome. 

 

5. Cr (VI)-induced AOX responses 

The presence of Cr (VI)-induced ROS can be counteracted by the plants to reduce 

oxidative stress and limit the damage caused. These defences, which may be enzymatic 

or not, act simultaneously and differentially in order to seek the highest possible 

efficiency, depending on plant species and their status and development, as well, dose 

and duration of HM exposure (Shahid et al., 2014). 

SOD plays an essential role in this defence by catalysing O2•− dismutation, having 

exhibited a different behaviour for each organ and type of exposure. In roots, the non-

alteration of SOD activity levels in continuously exposed roots may have been due to 

lack of variation in O2•− production, thus not activating the SOD enzyme beyond is normal 

activity. On the other hand, SOD activity increased in shock situations, thus explaining 

the reduction of O2•− levels overlapping with SOD activity. Induction of SOD activity may 

be a response to the presence of higher levels of O2•−, which, by SOD action, decreased. 



FCUP 
Tomato plants exposed to hexavalent chromium - oxidative stress, antioxidant responses and the 

role of metallothioneins 

71 

 
This increase in SOD activity was also reported in P. sativum exposed to similar 

concentrations of Cr (VI) (Tripathi et al., 2015). 

Regarding continuously exposed shoots, SOD activity decreased, which can be 

explained by low O2•− levels, or by low levels of Cr, which may play a regulatory role, 

since with increasing Cr (VI) concentrations there was also an increase in SOD activity 

between the two treatments. Moreover, this increase in C-10 μM situation over that of C-

5 μM may help explain the observed decrease in O2•− levels in the C-10 μM situation. 

Reduction of SOD activity has already been reported in other species such as Hydrilla 

verticillata L. (Panda and Khan, 2004). In the case of shock exposure to Cr (VI), there 

was an increase in SOD activity with the increasing Cr (VI) concentration. This induction 

of SOD activity may be a response to increased levels of Cr (VI)-induced O2•− production. 

This increase was also reported in Z. mays plants exposed to similar concentrations of 

Cr (VI) (Zou et al., 2009). However, this increase in SOD activity appears not to be 

enough to counterbalance O2•− levels, since with higher SOD activity there were also 

higher O2•− levels. Overall, the evaluation of SOD activity showed that SOD did not 

appear to be relevant in AOX defence in prolonged exposures to Cr (VI), revealing a 

more pronounced role in shock exposures, which may be justified by the presence of 

higher levels of O2•− and Cr, or by the fact that plants activated more effectively this AOX 

defence since they were in a more developed stage when Cr was added.  

Detoxification of H2O2 levels is also of extreme importance and can be carried out 

by a set of broad enzymes, from which CAT and APX were studied. In roots, there was 

a similar behaviour for both enzymes at all Cr (VI) concentrations. Regarding the 

prolonged exposures, the increase in Cr (VI) concentration led to a decrease in the 

activity of these enzymes, which may indicate a negative effect of Cr (VI) on these 

enzymes’ activities. Also, in Cr (VI) shock exposure there was a decrease in activity, 

although there is an activity increase between the two treatments. This increase may 

justify the similar H2O2 levels observed between these two treatments, since in S-200 

μM situation there appears to be a more effective response. The overall reduction in 

activity has already been reported for T. aestivum exposed to Cr (VI) (Dey et al., 2009; 

Adrees et al., 2015). Thus, this negative perturbation on the activity of these two AOX 

enzymes may lead to a failure in the H2O2 detoxification capacity in roots, with a 

consequent higher H2O2 accumulation. 

In contrast, these enzymes showed a differential activity in shoots. Regarding CAT, 

there was a decrease in their activity in all concentrations, and contrary to the roots, there 

was an increase in activity between the two continuous exposure treatments, and a 
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decrease between the two shock exposure treatments. In this case, Cr (VI) appears to 

have exerted the same negative effect as in roots, but since Cr (VI) levels are also lower, 

the repression in the enzymatic activity is not so evident. Moreover, in the prolonged 

situations, there was an induction that could be caused by the increase of H2O2 levels. 

This general decrease in CAT activity levels with the presence of Cr (VI) was also 

reported in A. viridis (Liu et al., 2008) and T. aestivum (Adrees et al., 2015). APX in 

shoots revealed an increase in the less concentrated situation of each type of exposure, 

indicating that it may play an important role up to a certain level, and that it can then be 

inhibited. This is in accordance with that reported by Kováčik et al. (2014) in M. 

chamomilla plants where there was an increase in APX activity with the exposure to the 

lowest levels of Cr (VI), followed by a decrease in its activity with the increasing Cr (VI) 

levels. With the results obtained for APX it is also possible to infer that a much higher 

concentration of Cr (VI) delivered to the developed plant can trigger the same effect as 

a reduced concentration supplied to an underdeveloped plant. 

By evaluating the AOX defence against H2O2, the presence of Cr (VI) was inhibitory 

in a general way, with only APX being able to play a role in the shoots at the lowest Cr 

(VI) concentrations. This indicates that the remaining AOX defences, like other 

peroxidases, where GPX is included, may play a more relevant role in ROS removal. 

Therefore, this hypothesis should be tested in the future.  

In addition to the above enzymes, plants may also use metabolites that enhance 

their AOX defence capability (Sharma et al., 2012). Pro is one of the most versatile 

metabolites that can help in this AOX defence due to the various functions it can perform. 

Pro levels are directly dependent on its synthesis, catabolism and transport (Szabados 

and Savouré, 2010). With the prolonged exposures there was a decrease in Pro levels 

in roots and an increase in shoots. These results, although contradictory, may be the 

consequence of altered levels of L-glutamate, which is the main precursor of Pro 

synthesis (Hayat et al., 2012a). L-glutamate levels are directly related to the activity of 

Glutamine Synthetase (GS; EC 6.3.1.2), which catalyses the fixation of ammonium into 

L-glutamine, followed by Glutamate Synthase that catalyses the passage from L-

glutamine to L-glutamate (Suzuki and Knaff, 2005). Since Cr (VI) is recognized for 

disturbing nitrogen assimilation and the enzymes responsible for its metabolism, the 

entire synthesis of L-glutamate can be affected (Singh et al., 2013). GS activity was 

evaluated simultaneously in the same plants used by another dissertation work in this 

research group. This work reported that GS activity decreased in a dose-dependent way 

in roots, whereas in shoots, it increased in the C-5 μM situation and decreased in the C-

10 μM situation. These observed variations in GS activity overlap with the observed Pro 
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levels, suggesting that Cr (VI) might interfere with the nitrogen assimilation and, 

consequently, with the formation of amino acids such as Pro. Thus, the role of Pro in 

roots is highly compromised, due to the apparent lack of adequate levels of organic 

nitrogen, whereas in shoots, more availability existed, and it less affected the Pro levels, 

allowing it to perform its defensive functions.  

On the other hand, with the shock exposure, there was an increase in Pro levels 

in both plant organs, revealing a response of the whole plant level to the stress. In roots, 

there was a decrease in Pro levels between the two shock exposure treatments, which 

may be the result, as in the prolonged exposure situation, of the L-glutamate levels 

alteration by Cr (VI). However, this effect is not as relevant as in the previous case since 

the plants were already in advanced developed state when exposed to Cr (VI), which 

may justify a lesser disturbance of nitrogen metabolism, or mobilization of nitrogen 

reserves. The largest increase observed in the S-100 μM situation may still be related to 

Pro's osmoprotecting role (Liang et al., 2013), as it corresponds to the situation where 

the greatest decrease in water content occurred. Regarding shoots, a dose-dependent 

increase of Pro levels occurred, which may indicate that in shoots the nitrogen 

metabolism, hence L-glutamate availability, may not be so limiting. This dose-dependent 

increase may still be a result of the induction of Pro synthesis by the increasing levels of 

ROS, since Pro can react with most of these (Liang et al., 2013). In addition, this 

notorious increase in Pro levels may be related to the effect that Pro biosynthesis may 

have on the preservation of photosynthetic tissues. Since during its synthesis, NADPH 

oxidation into NADP+ occurs, which can help to restore NADP+ levels in chloroplasts' 

ETC, that may be decreased by indirect action of Cr (VI) as explained earlier, thereby 

minimizing ROS formation (Szabados and Savouré, 2010). Pro still may be playing other 

roles, such as maintaining protein integrity (Szabados and Savouré, 2010), which may 

help explain the increased protein content observed in these treatments. In addition, it 

should be noted that the synthesis of GSH and Pro share the same precursor, so there 

may be a regulation between both metabolites in this defence (Anjum et al., 2014). In 

this way, Pro appears to be one of the main components of the AOX system to respond 

to Cr (VI) shock exposure, whereas in the prolonged exposure it seems to be damaged 

by the presence of this Cr (VI)-induced stress, being its action done preferably at the 

shoot level. 

In addition to Pro, there is a large set of molecules that can play AOX defence 

functions, and others, also important, in defence against high HM levels. Thiols comprise 

all molecules which contain a thiol reactive group in their constitution. Among their 

various functions performed, the maintenance of cellular redox state, control of 
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enzymatic activities and detoxification of ROS stand out. The major thiols in plant cells 

are GSH and Cys, being common to find Cys incorporated in many compounds and 

proteins. Among these Cys-rich proteins are the MT included. Thiols such as GSH, PCs 

(derived from GSH) and MTs are important in AOX defence, but also in metal ions 

chelation, preventing oxidative stress induction (Pivato et al., 2014). 

Thiols can be divided into proteins and non-proteins, and with Cr (VI) exposure a 

differential response of both was observed. The observed increase of protein thiols levels 

in roots may have been due to MT accumulation, which responded to Cr (VI) presence 

for chelating it and protecting the cell from potential Cr-induced damages. The decrease 

in protein thiols observed in the S-200 μM situation in relation to S-100 μM situation 

reveals that from a certain Cr (VI) concentration a protein thiol response capacity may 

not be so effective. Observing the shoots, the behaviour of protein thiol accumulation is 

similar to that obtained in roots, however the increase was not so marked. Once again, 

MT may be responsible for this increase, since there was some passage of Cr ions to 

shoot tissues, which lead to MT accumulation in response to them. 

Moreover, this increase in protein thiols may have occurred due to an increase in 

enzymatic thiols, like Thioredoxins (TRX; EC 1.8.7.2) and Glutaredoxins (GRX; EC 

1.20.4.1). These oxidoreductases are responsible for protecting proteins or other 

molecules containing a thiol group, since they catalyse the reduction of the oxidized thiol 

group (disulfide) at the expense of NADPH and GSH, respectively. The oxidation of the 

thiol group can be induced by the presence of high levels of ROS (Zagorchev et al., 

2013; Pivato et al., 2014). This role of TRX and GRX in plant protection against oxidative 

damage is evidenced by the reported increase in TRX and GRX genes expression by 

ROS levels (Grant, 2001; Vieira Dos Santos and Rey, 2006). In addition to this ROS-

dependent expression, an increase in GRX expression has also been reported in Glycine 

max exposed to Al (Thomas-Bostic, 2001) and in P. sativum exposed to Cd (Smiri et al., 

2011). Thus, the observed increases in protein thiols in response to Cr (VI) exposure 

may be the result of several mechanisms, in which MTs and these oxidoreductases may 

play a relevant role in AOX defence, directly or indirectly. 

Regarding the non-protein thiols, there was an apparent dose-dependent increase 

in roots and no changes were observed in shoots with the exposure to Cr (VI). This 

increase may be related to increased GSH levels, or PCs, which are produced from GSH. 

The increase in GSH may be related to its role in AOX defence, while the increase of 

PCs may be more involved in metal ions chelation, minimizing oxidative stress 

aggravation. Non-increase of non-protein thiols in shoots indicates that there is a lower 
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role of these thiols in this organ’s defence, mainly because in shoots there is a much 

lower Cr amount, so the induction of PC production was not so noticeable. The levels of 

GSH, discussed below, show a behaviour different from that of non-protein thiols. 

In general, thiols appear to represent one of the major defence mechanisms of 

plants exposed to Cr (VI), especially the thiol component linked to proteins. It may in 

some way complement the lack of activation of other defences, especially at the 

enzymatic level, such as those described above. 

 

6. Cr (VI) influence on GSH metabolism 

GSH plays a key role in the defence against HMs, either by its participation in 

defence against HM-induced oxidative stress, by its ability to bind to HMs (together with 

PCs) or by its participation in stress signalling (Jozefczak et al., 2012). In this study, the 

effects of Cr (VI) exposure on GSH and GSSG levels, activity and expression of GSH 

metabolism related enzymes: γ-ECS (synthesis), GR (recycling) and GST (conjugation), 

and expression of PCS (PC synthesis) were evaluated. 

In roots, there was an overall increase in total GSH levels, which may be related 

to the observed increase in γ-ECS activity level, revealing an induction of GSH 

biosynthesis by Cr (VI), except in the C-5 μM situation. γ-ECS is considered the limiting 

step of GSH synthesis and can be regulated at various levels. One of these is the 

negative feedback mechanism by GSH on γ-ECS activity, and the expenditure of GSH 

in various defence processes, may have alleviated this mechanism, allowing the 

increased activity observed, in order to resupply the needs of the plant (Jozefczak et al., 

2012). By observing GSH/GSSG ratios, a more noticeable increase in GSSG levels than 

in GSH levels was detected, which indicates that GSH is being used in defence 

processes that lead to its oxidation, such as GPX, GRX, among others, essential in the 

maintenance of the cellular redox state. In addition to this conversion into GSSG, root 

GSH may have also been spent in other processes that required the use of its reduced 

form, such as the conjugation through GST and the production of PCs. Observing GST 

activity levels, it was induced in the prolonged exposure situations, where it may be 

conjugating GSH to Cr ions, or to ROS. On the other hand, PC production may have also 

been induced, especially in the shock treatments, as seen by the levels of non-protein 

thiols. The S-200 μM situation revealed only a slight increase in GSSG, which indicates 

that GSH-based defences may not respond to these levels of Cr (VI), which is in 

accordance with that already observed for protein thiols. On the other hand, the increase 
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of non-protein thiols in this situation indicates that the plant can invest most of its defence 

in PC production for a more efficient Cr chelation. Recycling of GSSG into GSH is 

ensured by GR, however the activity of this enzyme did not increase in most situations, 

which means that its performance was no induced. Consequently, there is a failure in 

maintaining a reduced pool of GSH, which is essential for defence processes. This may 

also be associated with a strategy of the plant to synthesise GSH through γ-ECS, 

especially at the root level. 

In shoots, the increase in total GSH levels showed a dose-dependent tendency, 

except for C-5 μM situation. Interestingly, it is in this situation that the only increase in γ-

ECS activity occurs, which then undergoes a dose-dependent decrease. This increase 

in total GSH levels without a respective increase in γ-ECS activity may be related to GSH 

translocation from roots to shoots. The decrease in γ-ECS activity may be related to a 

lower sulphur availability, essential to produce GSH, which, as already mentioned, can 

have its absorption altered by Cr (VI) (Gill et al., 2013; Shahid et al., 2017). Because a 

greater amount of sulphur will be in roots, plants invested their GSH production in this 

organ. Since GSH is a good sulphur storage form, its transport to the shoots can also 

serve to meet its sulphur needs, essential to produce other S-containing defence 

compounds in shoot tissues (Jozefczak et al., 2012). Most glutathione was in the 

oxidized form, which indicates that the GSH was being used in defence processes that 

lead to its oxidation into GSSG, as previously mentioned. Participation of GSH in the 

GRX activity may justify the observed results, since there was a certain overlap between 

the protein thiols levels with those for GSH and GSSG’s. Nevertheless, the contribution 

of GSH to the AsA-GSH cycle cannot be excluded, since there was an increase in APX 

activity in C-5 μM and S-100 μM situations, and other related defence mechanisms, plus 

the fact that GR had a not induced activity pattern equal to that observed in roots. GSH 

decreased in the shock treatments, probably due to a higher oxidation rate, although 

some other defence lines that rely on it were also used, such as GST, whose activity 

increased in the S-200 μM situation. The same GST showed a decreased activity in C-

10 situation, revealing that plants not always invested in this type of defence, probably 

by lack of GSH, or because of other factors. 

To complement the GST activity evaluation, a native PAGE was performed, 

showing contradictory results with the spectrophotometric method. Being different 

methods, a different sensitivity can occur between both. Co-extracted Cr may have 

interfered with the estimation of GST activity in vitro by directly inhibiting it, but in the 

native PAGE it was separated from the proteins due to electric charges separation and 

its dilution in the electrolyte solution. In line with this thought, it would be interesting to 
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test if a protein extract, like one derived from the control situation, if spiked with 

increasing Cr concentrations would have its GST activity reduced. In this way, which test 

would be the most efficient method to access GST could be ascertained. Yet, observing 

the obtained gels, it is observable a differential response of the different GST isoenzymes 

to Cr (VI). 

The enzymatic activity evaluation was complemented with the evaluation of the 

transcript accumulation of the genes encoding these enzymes. γ-ECS expression in 

roots, showed an opposite effect to that observed in γ-ECS activity, with a decrease in 

mRNA accumulation that was more accentuated with the increase of Cr (VI) 

concentration, especially in the shock treatments. This decrease may be the result of Cr 

(VI) damage in DNA or a negative transcriptional regulation by Cr (VI). The increased 

activity may be the result of post-transcriptional modifications that affected this enzyme' 

efficiency and longevity. Regarding shoots, the activity and expression showed some 

agreement, since also a decrease of the expression occurred with the increase of Cr (VI) 

concentrations. As in the roots there may be mechanisms that lead to this reduction, and 

in this case, the activity decrease may lead to a feedback mechanism that reduced 

enzyme production or vice-versa. 

Regarding GR expression, only the cytosolic form was studied, since it was not 

possible to amplify visible bands for the plastidic GR, even after several optimizations of 

the PCR conditions. In roots, no major differences were observed for its gene expression, 

so the observed differences in GR activity, especially in the C-5 μM situation may have 

occurred due to post-transcriptional regulation mechanisms, or by a possible greater 

relevance of the plastidic GR. In shoots, variations in expression were more noticeable, 

with a slight increase in the lowest concentration of each type of exposure, and a 

decrease in the highest concentration, here denoting some role of Cr (VI) in cytosolic GR 

gene transcription regulation. These results are not very discordant to those obtained for 

the activity, and so in this case a post-transcriptional regulation may not be as relevant, 

as well as the plastidic GR. 

The expression of GST phi class was studied, since this is one of the most 

numerous and abundant GST classes, with well recognized conjugation activity 

(Edwards and Dixon, 2005). GST phi class expression in roots was not much altered, 

however an increase in the C-10 μM situation and a decrease in S-200 μM situation was 

perceptible, which agrees with the results obtained for its activity. However, GST is 

composed of many classes, and it would be important to know if the other classes could 

be also relevant in this defence against Cr (VI), since the regulation at the transcriptional 
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level may be the most significant regulation mechanism for GST. Increased expression 

and activity in prolonged situations reflect a pertinent role of GST in the defence against 

low levels of Cr (VI), whereas shock exposure at higher concentrations did not induce 

the same effect and may be caused by high levels of Cr (VI) or exposure time. In the 

latter situation, the participation of other GST classes may be more important than that 

of the phi class. Regarding shoots, GST phi expression was highly repressed, especially 

in both shock treatments, where the only significant increase in GST activity occurred. 

Once again, Cr (VI) appears to have a negative effect on gene transcription. The 

increase in enzyme activity may be related to post-transcriptional processes, which 

increased its efficiency. 

Finally, the expression of PCS, the enzyme responsible for PC formation, was also 

evaluated, as PCs are the result of GSH polymerisation and different PCs could have 

been produced in response to Cr (VI). In roots, and as observed in some of the previous 

enzymes, a decrease in expression occurred with the increasing Cr (VI) concentration. 

Since metal ions can bind to PCS enzyme and boost its activity (Jozefczak et al., 2012), 

an increase in its activity may be occurring, and through a negative feedback 

mechanism, it may be suppressing its gene expression. Weighing the non-protein thiols 

levels, there appears to be an accumulation of PCs with the increasing Cr (VI) 

concentration, so that a differentiation can occur between the expression of PCS and its 

activity, as previously mentioned for other enzymes. Regarding shoots, no observable 

amplicons were obtained, despite attempts to optimize the PCR conditions. This may be 

the result of an even lower accumulation of PCS transcripts in shoot tissues, since this 

defence mechanism is mainly associated to the roots where a greater presence of 

metallic ions occurred. 

In general, there appeared to be a response from GSH-based defences to Cr (VI) 

exposure, with a differential response in each plant organ and the 2 types of exposure. 

Also, the expression generally appeared to be negatively regulated by Cr (VI), although 

the enzymes can maintain, and even increase, their activity by post-translation 

mechanisms. 

 

 

7. Cr (VI) influence on MT mRNA levels 

In addition to the above mentioned PCs, MTs are also essential in controlling the 

levels of metal ions inside the cell by chelating them with the sulfhydryl groups present 
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in their Cys residues, minimizing the cellular damage caused by HMs (Anjum et al., 

2015). Unlike PCs, MTs are products of mRNA translation, and it is therefore relevant to 

study the effects of Cr (VI) exposure on transcript levels of the four classes of MT genes. 

The obtained results showed a differential transcriptional regulation of the different 

classes of MTs depending on the organ analysed in response to Cr (VI). Thus, there was 

an organ-dependent, but not Cr (VI) dose-dependent, transcriptional regulation of MT1, 

with a higher performance at root level, which may be related to Cr ions chelation. The 

non-induction of MT1 in shoots may be related to the lower presence of Cr ions. On the 

other hand, MT2 may be responsible for a response to high levels of Cr ions, since the 

only notable increase in expression was in the more concentrated situation (S-200 μM) 

in roots, complementing MT1 action. However, in shoots these appear to be 

downregulated with the increasing Cr (VI) concentrations, especially at the prolonged 

exposure level, with a similar reduction in the two concentrations of shock exposure. 

Thus, MT1 and MT2 classes appear to be only induced by Cr in roots, and complement 

each other, in search for the best efficiency for Cr chelation. Similarly to these observed 

results, a study by Goupil et al. (2009) in tomato plants reported a decrease of MT2 with 

the increase of Cr (VI) concentration in shoots, and no expression changes in roots. 

Another study carried out in S. nigrum showed an increase of MT2 transcripts 

accumulation in roots exposed for one week to 40 μM Cr (VI), whereas in shoots an 

inhibition of this class occurred in all treatments tested (Teixeira et al., 2013). 

Although MT1 and MT2 were normally associated with HM defence due to their 

more generalized location in plant tissues, MT3 and MT4, usually located in more specific 

tissues, showed a greater involvement in this defence. In the case of MT3 transcripts 

accumulation, there was an apparent increase in both plant organs, and apparently dose-

dependent for each type of exposure. Regarding MT4 expression, there was a differential 

regulation in the two organs: in roots an increase occurred in response to the lower Cr 

(VI) levels of each exposure, followed by a decrease with the higher levels, while in 

shoots a dose-dependent increase occurred, like that observed for MT3. 

MT3 appeared to have a systematic response, since the response was similar in 

both organs, however the higher peak of expression indicates that MT3 may respond 

better to shock exposure in roots, and to prolonged exposure in shoots. MT4 in roots 

seem to complement the action of MT3, acting at the level of the lower concentrations. 

In shoots they can act in coordination with MT3 in response to the increase of Cr (VI) 

concentration. Although the principal role of MTs is HM chelation, they may also provide 

an aid in AOX defence, since ROS can bind to MTs such as HMs (Hassinen et al., 2011). 
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In this work, MT3 and MT4 can assumed this role, especially at the shoot level, since the 

accumulation of MT3 and MT4 transcripts is overlapping with H2O2 accumulation levels. 

Furthermore, the higher expression of these MTs, observable in the C-10 μM situation, 

may justify the slight reduction in LP observed between this situation and C-5 μM. 

Interestingly, the increase in roots' MT3 expression may be related to the observed 

decrease in Cr levels in shoots of S-200 μM situation. This is because a greater chelation 

of Cr ions at the root level will lead to a decrease of Cr available to be translocated for 

the shoots. 

Thus, there appears to be a differential response of the different classes of MTs to 

Cr (VI) exposure, which may be essential for the better detoxification of Cr (VI) and 

consequent protection of the plant. These may still be associated with the other AOX 

defence mechanisms already mentioned and may be acting together or separately. The 

great participation of MT3 and MT4 is of extraordinary interest, and further studies should 

be carried out to better understand their role in plant stress responses. 
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Concluding remarks 
 

Exposure of S. lycopersicum cv. Micro-Tom seedlings to high concentrations of Cr 

(VI) negatively affected seedling earlier development, however seed germination 

remained unchanged. Differential treatment with lower Cr (VI) concentrations over 5 

weeks and higher Cr (VI) concentrations in the 5th week exerted some non-deleterious 

negative effects on the treated plants. Those plants displayed a brutal accumulation of 

Cr in roots, thus protecting both shoots and fruits. 

Exposure to Cr (VI) induced different oxidative stress levels, depending on Cr (VI) 

concentration and plant organ. ROS levels presented some different behaviours, 

however, a tendency towards greater accumulation occurred with the increase of Cr (VI) 

concentration. Shoots seem to suffer more gradually, while roots suffer in a similar way 

independent of Cr (VI) concentration, as shown by LP degree.  

Cr (VI) led to increased protein content, especially in shoots, probably due to the 

increase of proteins linked to stress defence. Also, an AOX response was activated, with 

SOD, CAT and APX enzymes playing a less relevant role than the non-enzymatic 

component, as shown by Pro and Thiol levels. 

GSH played an active role in the AOX response and in the direct response to Cr 

(VI). GSH metabolism-related enzymes activity appear to respond more than the related 

gene expression, which seems to generally suffer from Cr (VI) presence. However, GSH-

related defences may play a key role in the defence to the derived oxidative stress. PCs 

production, through GSH, also appears to be induced in roots where they can be 

responsible for Cr chelation. 

MTs demonstrate to be upregulated or downregulated transcriptionally by Cr (VI) 

presence. MT1 and MT2 appear to play a more relevant role at the root level, where they 

can complement each other, chelating Cr ions and/or playing other protective roles. MT3 

and MT4, usually poorly observed, appear to be the most induced by Cr (VI) exposure, 

and may have a Cr chelation role in roots, and a wider role in shoots, including AOX 

defence. 

In conclusion, the exposure of tomato plants to Cr (VI) in these concentrations 

induced plant damage, where specific defences to cope with each type of situation were 

activated, allowing plant survival and adaptation. 
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Future perspectives 
 

This work development looked to unravel the effects caused by Cr (VI) on tomato 

plants, and how plants deal with it. Throughout this project hypotheses were raised that 

should be further explored in consequent studies: 

• Quantification of Cr species, regarding its oxidation status, in the nutrient solution 

and plant tissues, in order to understand its behaviour, and whether if and at what 

level its reduction occurs (outside or inside the plant). 

• The study of AOX enzymatic defences that were not addressed, such as GPX, since 

CAT and APX do not appear to be relevant in H2O2 detoxification. A study of GRX 

and TRX gene expressions would also be relevant to better understand their role in 

this defence. 

• The study of other non-enzymatic AOX, such as AsA, to clarify if it has a more 

relevant role in the AOX defence, since an increased APX activity was observed in 

some shoots’ situations. 

• An estimation of Cr (VI) influence in GST in in vitro enzymatic activity should be 

performed, to clarify the results obtained, and a similar approach for the other studied 

enzymes should be considered. 

• Quantification of Cys levels, since, besides being an important isolated thiol, is 

incorporated into different elements that have been studied, such as PCs and MTs, 

and the disturbance of plant nutrition by Cr (VI) may affect its synthesis. 

• Quantification of PCs and/or PCS activity, for a better understanding of PCs 

accumulation and their role in defence against Cr (VI). 

• Better understanding of MT3 and MT4 roles in response to Cr (VI), since these MT 

classes are not normally associated with stress defence. This study could focus on 

silencing or overexpressing these MT genes and to observe the resulting effects in 

plants exposed to Cr or other HMs. 
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