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We used to think that our fate was in our 

stars, but now we know that, in large 

measure, our fate is in our genes.  

James Watson. 
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RESUMEN 

Uno de los mayores problemas ambientales del siglo XXI es la contaminación del suelo por 

metales tóxicos debido a distintas actividades antropogénicas como la industria química o 

la minería. En este grupo de contaminantes inorgánicos se incluyen metales como cadmio 

(Cd), mercurio (Hg) o aluminio (Al) y metaloides como arsénico (As), capaces de provocar 

problemas de toxicidad en las plantas pero también en eslabones superiores de la cadena 

trófica por acumulación mediante la ingesta.  

El Hg es un metal muy tóxico para la mayoría de los seres vivos. Su persistencia en 

el medio ambiente y su acumulación a lo largo de la cadena alimentaria ha originado 

episodios de contaminación graves para la salud humana. En España, en el área minera de 

Almadén —principal mena de Hg a nivel internacional durante siglos— se han localizado 

grandes acumulaciones del metal en suelos destinados a la actividad agropecuaria con el 

consiguiente riesgo a las personas. En este sentido, las evaluaciones de toxicidad en la 

flora autóctona, en los cultivos propios de la zona y en cultivos alternativos como la alfalfa 

(Medicago sativa) son de vital requerimiento para buscar estrategias que ayuden a la 

conservación de los ecosistemas y de la salud humana. 

En el presente trabajo, analizamos la respuesta temprana de plántulas de alfalfa al 

estrés causado por Hg, para entender sus bases moleculares. Para ello, se caracterizó el 

perfil transcripcional de raíces de alfalfa con microordenamientos de ADNc, en paralelo a 

los estudios de varios parámetros fisiológicos, durante las primeras 3, 6 y 24 horas de 

exposición a HgCl2. La acumulación de Hg en las plantas sometidas a dosis superiores a 10 

μM Hg durante 3h produjo una dramática reducción del crecimiento de las raíces así como 

el aumento del estrés oxidativo medido mediante peroxidación de lípidos y acumulación 

de peróxido de hidrógeno. Durante las 3 y 6 primeras horas de exposición a una dosis baja 

de Hg (3 μM), el patrón transcripcional de las plántulas de alfalfa mostró las diferencias 

más pronunciadas, induciéndose genes relevantes del metabolismo secundario —como 
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los relacionados con la pared celular y asimilación de azufre—, genes relacionados con la 

respuesta de choque térmico, otros relacionados con estrés biótico, o aquellos 

relacionados con el metabolismo y percepción de fitohormonas como etileno. Ensayos 

funcionales con Arabidopsis thaliana sirvieron para corroborar la participación de la ruta 

de señalización de etileno en la sensibilidad a Hg mediante la reducción en la producción 

de especies reactivas de oxígeno.  

Se realizó también un análisis in silico del perfil transcripcional de M. sativa debido 

al estrés causado por Hg comparando dos estudios simultáneos sobre los cambios 

transcripcionales globales en Medicago truncatula y Hordeum vulgare. En las tres 

especies, se desarrolló una respuesta común de activación de genes relacionados con el 

estrés: como genes que codifican glutatión-S-transferasas, proteínas de choque térmico, 

proteínas relacionadas con la patogénesis y varias enzimas relacionadas con la biosíntesis 

de lignina. Otro grupo de genes inducidos fueron los relacionados con la señalización 

mediada por fitohormonas, particularmente etileno, lo que sugiere, que éste pueda 

participar en la percepción y homeostasis de Hg en las tres especies de plantas. 

Las respuestas características del estrés por Hg se compararon con aquellas 

producidas en equivalentes plántulas de alfalfa expuestas a arsénico (As), un metaloide 

tóxico ampliamente extendido en muchos ecosistemas. De igual modo que en la 

contaminación por Hg, las raíces de alfalfa tratadas con As (V) mostraron una reducción 

del crecimiento proporcional a la dosis del tóxico; sin embargo la reducción de 

crecimiento debido a As, resultó ser independiente del estrés oxidativo. El análisis 

comparativo de sus transcriptomas diferenciales respecto a plantas no tratadas, avaló la 

existencia de una respuesta común en la expresión génica ante ambos metales, ya que un 

20% de los genes diferencialmente expresados fueron co-regulados. Además, se 

observaron también respuestas diferenciales específicas para cada tóxico: Los 

tratamientos de As indujeron genes relacionados con fotosíntesis, con la degradación de 

proteínas y con el procesamiento de ARN. Sin embargo, en las plantas expuestas a Hg 

destacó la expresión de genes de síntesis de proteínas, relacionados con la pared celular, e 
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histonas asociadas a ADN. Estas singularidades propias de cada tóxico podrían estar 

relacionadas con el modo de entrada y percepción del metal a la planta.  

Finalmente, se abordó el estudio sobre la participación del etileno en las rutas de 

señalización activadas por Hg, que modulan el estado fisiológico de la planta. Análisis del 

crecimiento de mutantes de Arabidopsis insensibles a etileno, ein2-5, demostraron una 

estrecha relación entre etileno y las especies reactivas de oxígeno, regulando 

negativamente el crecimiento radicular. Además, se demostró la interrelación etileno-

auxinas, bajo dosis moderadas de Hg, promoviendo la formación de nuevas raíces 

laterales. También se analizó en detalle la expresión de genes relacionados con la 

respuesta a choque térmico. En concreto, se observó una sobre-expresión de varios genes 

que codifican proteínas de bajo peso molecular o small heat sock proteins (shsp) en 

respuesta al estrés por Hg, tanto en raíces de alfalfa como en células epidérmicas de la 

raíz de Arabidopsis portadora de la construcción Hahsp17.7G4::GUS.  

El uso de las nuevas herramientas de análisis de expresión génica facilita en gran 

medida el estudio de las respuestas de las plantas a los metales tóxicos. En concreto, este 

estudio proporciona una comprensión más amplia sobre la respuesta fisiológica, 

molecular y de la actividad transcripcional de plantas expuestas a una contaminación por 

Hg, para encontrar alternativas en fitorremediación o restauración. Así, la atenuación de 

la señalización de etileno que aminora parte de los síntomas de estrés en plantas a dosis 

moderadas de Hg, particularmente aquéllos relacionados con el crecimiento, podría ser 

aplicada para la mejora en la producción vegetal en ambientes contaminados.  
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SUMMARY 

One of the greatest environmental concerns of the XXI century is soil contamination by 

toxic metals, due to various anthropogenic activities such as the chemical industry or 

mining. Toxic metals such as cadmium (Cd), mercury (Hg), aluminum (Al) or metalloids like 

arsenic (As), can cause toxicity problems in plants but also in higher levels of the trophic 

chain where large amounts of the toxic could be accumulated throughout the ingestion. 

Mercury is a very toxic metal for most living organisms. Its persistence in the 

environment and its accumulation throughout the food chain has led to episodes of 

severe diseases in humans. In Spain, large accumulations of Hg have been found in soils 

used for agricultural activity, causing a great risk to human health in the widely known 

mining area of Almadén. Thus, assessments of toxicity in autochthonous flora, in local and 

alternative crops such as alfalfa (Medicago sativa), constitute a vital requirement to avoid 

the deterioration of ecosystems and the human health. 

In this work, we have characterized the early response of alfalfa seedlings to the 

stress caused by Hg in order to understand its molecular basis. We analyzed the 

transcriptional profile of alfalfa roots by cDNA microarrays in parallel to several 

physiological parameters during the first 3, 6 and 24 hours of exposure to HgCl2. Mercury 

accumulation in plants subjected to doses above 10 µM Hg for 3 hours caused a dramatic 

reduction in the root growth and increased the lipid peroxidation and hydrogen peroxide 

accumulation, enhancing the oxidative stress. During the first 3 to 6 hours of exposure to a 

low Hg dose (3 μM), alfalfa seedlings suffered the most pronounced transcriptional 

response. Among the up-regulated genes were those involved in the secondary 

metabolism, related to cell wall and sulphur assimilation, heat-shock activated genes, 

biotic stress-related, or those related to metabolism and perception of phytohormones 

such as ethylene. Functional assays with Arabidopsis thaliana were useful to confirm the 
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involvement of the ethylene-signaling pathway in Hg sensitivity by reducing the 

production of reactive oxygen species. 

The transcriptional profile of M. sativa under Hg stress was also compared to that 

of Medicago truncatula and Hordeum vulgare exposed to Hg. A common transcriptional 

response was found where stress-related genes coding glutathione-S-transferases, heat 

shock proteins, pathogenesis related proteins and several lignin biosynthesis related 

enzymes were induced. Moreover, a group of genes related to phytohormones signaling 

events, particularly ethylene, where among those up-regulated. This suggests that they 

may play a role in Hg perception and homeostasis common in all the three plant species.  

The Hg-responses of alfalfa seedling were compared with those produced by As, a 

widespread toxic metalloid. Similar to Hg, alfalfa roots treated with As (V) showed a 

reduction of the growth proportional to the toxic dose. Interestingly, the growth reduction 

caused by As seemed to be independent to the oxidative stress. The comparative analysis 

of both transcriptional patterns indicated the existence of a common gene expression 

response, as 20% of the genes differentially expressed as compared to untreated plants, 

were co-regulated. Furthermore, a differential response caused by each metal was also 

detected: Arsenic treated plants increased the expression of genes related to 

photosynthesis, protein degradation, and RNA processing. Meanwhile, in Hg-exposed 

plants, genes related to cell wall, protein synthesis, and DNA associated histones were 

induced.  

Finally, the role of the phytohormone ethylene in the signaling pathways leading to 

the observed plant physiological responses to Hg was assessed. The growth responses of 

the Arabidopsis ethylene-insensitive mutants, ein2-5, demonstrated a close relationship 

between ethylene and oxygen reactive species to negatively regulate root growth. 

Moreover, the ethylene-auxins interrelation at moderate Hg doses seemed to positively 

control the formation of new lateral roots. We also analyzed in detail the expression of 

genes involved in the heat shock response. A general over-expression of genes encoding 

several small heat sock proteins (shsp) was observed in response to Hg, in both alfalfa 
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roots and epidermal cells roots of transgenic Arabidopsis carrying the Hahsp17.7G4::GUS 

construction.  

New tools for gene expression analysis greatly facilitate the study of plant 

responses to toxic metals. This study yield a broader understanding of the physiological, 

molecular and transcriptional responses of plants subjected to soil contamination, what 

will probably lead to find alternatives to control the pollution throughout 

phytoremediation or phyto-restauration techniques. Furthermore, we conclude that 

ethylene signaling attenuation could be useful in future phytotechnological applications to 

ameliorate stress symptoms in Hg-polluted plants improving crop production. 
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CHAPTER I 

ENVIRONMENTAL IMPACT OF TOXIC METALS AND 

METALLOIDS. THE CASE OF MERCURY 

 

Environmental impact of toxic metals and metalloids 

Most of the metals, including iron (Fe), copper (Cu), manganese (Mn), nickel (Ni) or zinc 

(Zn), are essential for living organisms when they are found in adequate concentrations 

(the International Union of Pure and Applied Chemistry, IUPAC). However, from an 

environmental point of view, ‘toxic metals and metalloids’ or ‘toxic metal(loid)s’ comprises 

a number of inorganic pollutants without known biological activity in plants, some of truly 

metallic nature such as cadmium (Cd), lead (Pb), mercury (Hg), chromium (Cr), aluminium 

(Al) together with some metalloids such as arsenic (As), which are capable of damaging 

ecosystems at different levels (Duffus, 2002; Tchounwou et al., 2012). Those toxic are 

released to the environment by different human activities. Pollution by toxic metal(loid)s 

is considered an environmental global problem where smelters, chemical industry, mining 

activities, application of fertilizers and sewage sludge to agricultural soils and vehicles are 

major sources of those contaminants (Nriagu, 1996; Järup, 2003).  

One of the most important sources of toxic metal(loid)s is mining of metal ores. 

Although it affects relatively small areas, it is frequent that weathering of metal sulphide 

ores under aerobic conditions, in the presence of high concentration of humic and fulvic 

acids, increases bioavailability of toxic metal(loid)s for the ecosystems, which eventually 

leach and drain to underground water or superficial streams (Moreno & Neretnieks, 

2006). In addition, erosion of the waste dumps causes metal dispersion, which can be 

spread over hundreds of kilometres, as particulate suspensions (Salomons, 1995). 
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Bioaccumulation and biomagnification in trophic chains is one of the major 

problems associated with toxic metal(loid)s pollution, because of their extreme 

persistence in soil, microorganisms and fauna (Bengtsson et al., 1992; Köhler et al., 1999; 

Morgan & Morgan, 1999; Sandaa et al., 2001). Accumulation of toxic metal(loid)s in 

organisms causes severe damages, affecting the function of structural proteins, enzymes, 

membrane integrity and nucleic acids. In humans, it provokes lung diseases, renal lesions, 

skeletal damages, cardiovascular diseases, neuronal alterations, cancer and, ultimately, 

death (Järup, 2003). Therefore, an important effort is currently underway to study the 

toxic metal(loid)s effects in living organisms, which requires a multidisciplinary approach 

supported by biological, physicochemical and environmental disciplines.  

The heavy metal mercury: toxicity and public health impact  

The Agency for Toxic Substance and Diseases Registry defined Hg as ‘a dense, silvery white 

metal, which is a volatile liquid at room temperature, in its elemental form’ (ATSDR, 1999). 

This toxic heavy metal can be found in the environment in its elemental and more volatile 

specie (Hg0), as inorganic mercuric compounds in its two main oxidation states —Hg(I) or 

Hg(II)—, or as organic methylmercury (CH3HgX; Fig. 1; US Environmental Protection 

Agency, US EPA, 2002).  

Fig. 1 The two most common forms of mercury (Hg) in the nature. Elemental mercury (Hg0) is 
the unique liquid metal at room temperature. Cinnabar (HgS) is the main ore of mercury. 
Elemental mercury could be obtained from cinnabar by simply heating. Mercury mines in 
Spain are famous for being so rich in liquid mercury and cinnabar deposits.  
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The most prevalent specie of Hg in soils is inorganic Hg2+ derived from cinnabar 

(HgS), which is formed by hydrothermal mineralization associated with volcanic activity. 

Mercury cation, Hg2+, can also form compounds with anions such as Cl-, OH-, and S2-, or be 

adsorbed by clay and organic matter (Steinnes, 1995; Kabata-Pendias & Mukherjee, 2007). 

Another chemical species of Hg relevant from an environmental point of view are organic 

dimethyl and monomethylated Hg species (CH3HgX), formed basically after biotic 

transformation. These two CH3HgX are highly toxic although their instability in soil and 

their rapid volatilization (Schlüter, 1993; ATSDR, 1999).  

Mercury has been used by man since ancient times but its global production and 

the mining exploitation increased markedly during the industrialization of the 20th century 

(between 550–680 tons of Hg were produced in 1999) due to its unique physicochemical 

properties (i.e. liquid at room temperature, high specific gravity, low electrical resistance, 

constant volume of expansion; Kabata-Pendias & Mukherjee, 2007). During the latter 

years of the 20th century, Hg was used in the manufacture of fulminate (explosive salt) and 

vermillion (red pigment), in seed dressings in agriculture (risk warned by WHO in 1976), in 

alkaline batteries, in chlor-alkali industry, in antifungal paints, pharmaceuticals, 

thermometers, in electrical devices and in dental fillings (ATSDR, 1999). However, the 

most important amount of man-made Hg emission to the environment derives from fossil 

fuels combustion, smelting of sulphide ores, production of cement, and garbage 

incineration (Pirrone et al., 1996; Pacyna et al., 2010). Gold mining also releases high 

amounts of Hg into the environment (Salomons, 1995). Only in Brazil, with over 800 

mining sites, 1.7 kg of Hg can be released to the atmosphere for each kg of Au produced 

(Haccon, 1991). Taking into account all this anthropogenic Hg sources, about 1,900 tons 

were release to the atmosphere worldwide in 2005; being always less than the natural 

emissions, but reaching a high risk when organic Hg compounds are released (Fig. 2; UNEP 

Chemicals Branch, 2008, Pacyna et al., 2010).  
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The biomagnification of Hg in the trophic chain makes this pollutant specially 

dangerous for humans and animals, as happened in Minamata Bay and in the Agano River 

in Niigata (in Japan 1953 and 1965) where industrial effluents, containing low to moderate 

concentrations of Hg, caused a hazardous accumulation of this metal in sediments, 

shellfish and fishes that were eventually consumed by the local population (Takizawa et 

al., 2001; Ekino et al., 2007). Another example of Hg poisoning occurred in 1971 in Iraq, 

where a cereal grain treated with a fungicide containing CH3HgX was consumed (Bakir et 

al., 1973). In these three cases, organic-Hg caused neurologic impairment, developmental 

disabilities in newborns and massive deaths (Davidson et al., 2004). But, Hg contamination 

is not only restricted to local areas: several chemical species with a low vapour pressure 

(elemental Hg, gaseous inorganic Hg, some methyl-Hg species) together with particulate 

Hg, can be easily spread in the atmosphere and transported in a long range, what 

characterize Hg as a global pollutant (Schroeder &. Munthe, 1998; Travnikov & 

Ryaboshapko, 2002). Many reports published by the Swedish Environmental Protection 

Board about the accumulation of CH3HgX in numerous lakes of Sweden, even though 

there was not any close direct source of Hg, confirm the long range transportation and the 

subsequent biotic transformation of this toxic metal (Hultberg & Hasselroth, 1981; 

Brosset, 1987). 

62% 

9% 

4% 

13% 

8% 

1% 3% Stacionary combustion 

Non-ferrous metals production 

Pig iron and steel production 

Cement production 

Gold production 

Mercury production (primary 
sources) 
Caustic soda production 

Fig. 2 Anthropogenic sources of Hg emissions in the world, dated 2005. Adapted from Pacyna et 
al., 2010. 
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The major entry of Hg in humans occurs by the consumption of contaminated 

marine animals with the most toxic and available Hg specie: CH3Hg (Xun et al., 1987; 

Korthals & Winfrey, 1987; Kerry et al., 1991). CH3Hg mainly enters in aquatic ecosystems 

under anoxic conditions by primary producers, which is rapidly incorporated in the food 

chain and accumulated to reach the ultimate consumers in increased concentrations 

(Renzoni et al., 1998). This strong accumulation causes Hg-related diseases in fish-

predators: poor reproductive capacity, impairment of growth and development, 

behavioural abnormalities and death (Scheuhammer et al., 1998). Examples like shark, 

swordfish and Mediterranean tuna, among others, are common fishes incorporated in the 

human diet (WHO/IPCS, 1990) that can accumulate concentrations greater than 1200 µg 

Hg·kg-1 which have sharply increased during the last century (Lindqvist et al., 1991; Verta 

1990). The ingestion of contaminated fish led to the accumulation of CH3Hg in the 

bloodstream (bound to cysteinyl residues of hemoglobin) through the gastrointestinal 

tract, which eventually would reach the brain after only 5-6 days (WHO, 1990). Mercury 

can also be inhaled directly from the atmosphere, from electronic equipment, electric 

devices (low power and fluorescent lamps), paints or dental fillings (Ambient air pollution 

by Mercury - European Commission, EU 2001; WHO, 2007). Furthermore, cosmetics 

products such as skin-lightning lotions or whitening creams containing HgCl2 or 

ammoniated-Hg could be another source of exposure: although in Western countries 

these products are banned, it is still frequent to find Hg as a component in many cosmetic 

products from different countries like Nigeria, Saudi Arabia, China or Thailand (ALqadami 

et al., 2013, Adepoju-Bello et al., 2012).  

Mercury mining: The case of Almadén 

Soils with cinnabar (HgS) have been exploited for centuries to use Hg for gold and silver 

extractions (mainly in Europe and North America), causing a tremendous impact in the 

soils where Hg was extracted, but also in the gold and silver mines where Hg has been 

accumulated. The three most abundant deposits of HgS in the world are located in 

Almadén (SW Spain), followed by Idrjia (Slovenia) and Monte Amiata (Italy), which have 
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been exploited for hundreds of years (Nriagu 1989; Pirrone et al., 1996; Pirrone et al., 

1998). Almadén mine has been the biggest source of Hg—HgS and Hg0— in the world 

since the Romans times. The mining district comprised the vast mine of Almadén and 

several smaller cinnabar hot spots, which produced about 260,000 tons of Hg, one third of 

the total production in the world (Higueras et al., 2011). The concentration of Hg in those 

soils can reach values of ~9,000 mg Hg·kg-1 soil, in discontinuous patches near ancient 

furnaces (Almadenejos area; Higueras et al., 2003) meanwhile, the acceptable critical 

upper limit for most of the organism —including plants, animals and microorganisms— is 

set in 0.13 mg Hg·kg-1·soil (Tipping et al., 2011) 

However, since 1970’s with the ecological incidents in Japan and Iraq, Hg 

applications started to decline, and a number of worldwide legislations imposed the 

banning of Hg production and trade in Europe (Community Strategy Concerning Mercury, 

2010). Almadén started its closure on 1997 (in El Entredicho mine) and consumed the 

cinnabar reservoirs in the metallurgical plant on 2006. Nowadays, a vast area in Almadén 

district is contaminated with Hg and restoration of the land is still essential (Fig. 3). 

Searching for alternative economical activities pass by the agronomic use of those soils, 

which must be first decontaminated (Millán et al., 2007). 

Fig. 3 Mercury dump Cerco de San Teodoro, Almadén, in 2005 (left) and 2008 (right). Restoring 
processes in the mining area. Copyright Paisajes Españoles S.A.  
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Decontamination using phytotechnologies 

The use of plants to adsorb, remove, degrade, volatilize or reduce mobility of toxic metals 

such as Hg has been proposed as a good strategy to decontaminate soils without 

damaging the environment in a relative easy process with low operating costs. Those 

candidates used to phytoremediate soils must be able to rapidly growth under high levels 

of the pollutant, accumulating it into their tissues, and recovering the soil quality 

standards. Examples of hyperaccumulators of Cd/Zn and As such as Thlaspi caerulescens 

or Pteris vittata, respectively, have become into good models of soil remediation (Alkorta 

et al., 2004). However, only few plant species such as Salix spp. have been described to 

accumulate Hg (Wang & Greger, 2004). Additionally, some studies with Hg-tolerant 

transgenic Arabidopsis thaliana, Nicotiana tabacum and Liriodendron tulipifera, which 

were modified with the merA and merB bacterial genes and grown in soils contaminated 

with Hg, demonstrated the capability of those plants to convert hazardous CH3HgX and 

Hg2+ to volatile Hg0 which is released to the atmosphere (Rugh et al., 1996; Bizily et al., 

2000).  

Searching for the best candidates to remediate Hg-contaminated soils pass by a 

proper characterization of Hg concentrations, soil characteristics and plant responses. 

Toxicity limits for inorganic Hg have been set from 0.07 to 0.3 mg Hg·kg-1 soil in terrestrial 

species (Curlik et al., 2000). However, Hg content on soils is not directly associated with 

the amount of the metal taken by plants: the absorption by roots could vary depending on 

cation-exchange capability, soil pH and abundance of lime and salts, soil aeration, and 

plant species (Xuexum & Linhai, 1991). In general, the availability of soil-Hg to plants is low 

but, in the same soil conditions it would depend on the plant species.  

The first approaches to assess Hg phytorremediation of Almadén soils have already 

made by evaluating Hg- accumulation capacity and stress resistance of autochthonous 

species. Significant concentrations of mercury have been found in several plants within 

the region. Among others, Marrubium vulgare and Rumex induratux were able to grow 

under toxic Hg concentrations (ranging from ~120 to 550 mg of total Hg·kg-1 soil or from 
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~6.5 to 175 mg of available Hg·kg-1 soil) decreasing the available Hg fraction in soils and 

increasing the amount of the toxic into their tissues (up to ~67 μg Hg·g-1 DW in M. vulgare 

roots) without showing stress symptoms, what made them two good candidates to be 

applied in Hg-extraction from soils (Millán et al., 2006; Moreno-Jiménez et al., 2006 and 

2007).  

Although toxicity studies on crop plant species suitable for Hg-remediation soils of 

Almadén are scarce, most of them suggest that the Hg absorbed by plants is accumulated 

almost exclusively in root tissue limiting the environmental risk caused by Hg. In this 

sense, the capability of Medicago sativa (alfalfa) for growing in toxic metal(loid)s 

contaminated soils have been widely studied (Wu et al., 2011; Cao et al., 2012). Carrasco-

Gil et al. (2013) grew Medicago sativa (alfalfa) plants treated with 30 μM Hg and found 

that levels of Hg in the roots was 2 orders of magnitude higher than in leaves. That Hg-

accumulation ability of alfalfa roots, linked to its valuable interest on agronomy as a 

forage crop (Llorca et al., 1999) and soil fertilization improver via symbiotic nitrogen 

fixation (Yang et al., 2011), made Medicago spp. a great alternative to grow in Hg 

contaminated soils of Almadén area (Fig. 4). Selection of more tolerant alfalfa cultivars is 

required to optimize phytotechnologies, which requires extensive research to understand 

the molecular bases of Hg stress attenuation and detoxification (Wang et al., 2011). 

Fig. 4 Leaves, inflorescences and spiralled fruits of Medicago sativa (alfalfa), Leguminosae 

(Fabaceae) family, an important forage crop, easy to regrow many times after being 

grazed or harvested, with a deep root system. 
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Early oxidative stress induced by metal(loid) toxicity in plants 

Comparisons between different metal(oid)s led to catalogue Hg as a severe 

phytotoxic that dramatically reduces the root growth, disrupts the photosynthetic 

machinery, diminishes the nutrients uptake rates and enhances cell death (Ortega-

Villasante et al., 2007). All these symptoms are provoked by Hg entrance to the protoplast 

of cell roots, probably through channels of calcium Ca2+ (Clemens, 2006) or HMA 

transporters (1 heavy metal–transporting subfamily of the P-type ATPases) which can 

control the metal concentration in the cell (Wong & Cobbett 2009, Clemens, 2006). Once 

inside the cell, a minor portion of the metal could be secreted to the xylem and 

translocated to the shoots (Saathoff et al., 2011) but oxidative damage can be induced in 

all this metal-scavenging processes (Schützendübel & Polle, 2002). Enzymes such as 

superoxide dismutase (SOD), catalase (CAT) and ascorbate peroxide (APX), scavenge the 

reactive oxygen species (ROS) like superoxide anion (O2
•─) and hydrogen peroxide (H2O2; 

Noctor & Foyer 1998). Additionally, antioxidant metabolites like glutathione (GSH) play a 

central role in the attenuation of oxidative stress induced by toxic metals (Schützendübel 

& Polle 2002; Sharma & Dietz 2009) as GSH-deficient Arabidopsis mutants are remarkably 

more sensitive than Col-0 wild type plants (Sobrino-Plata et al., 2014a, 2014b). Metal 

chelation with phytochelatins (PCs) that are finally stored it in the vacuole (Cobbett & 

Goldsbrough, 2002) will also contribute to the redox homeostasis. Phytochelatins are 

biothiol peptides synthesized from GSH that bind toxic metals through the thiol residue, 

forming several classes of Hg-PCs complexes that are important for Hg tolerance 

(Carrasco-Gil et al., 2011). Arabidopsis mutant plants lacking PCs synthesis or with limited 

GSH concentration are more sensitive to Hg, because no Hg-PC complexes are formed and 

had lower capacity to adjust the cellular redox homeostasis, respectively (Sobrino-Plata et 

al., 2014a). Legume plants usually produce biothiol peptides homologous to GHS and PCs, 

where Gly is substituted by Ala, known as homoglutathione (hGSH) and 

homophytochelatins (hPCs; Sobrino-Plata et al., 2009). This makes alfalfa a plant able to 

accumulate a vast array of ligands and Hg-PCs/hPCs complexes (Carrasco-Gil et al., 2011). 
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But, when the redox status is unbalanced, a general oxidative damage in cells is traduced 

in oxidation of proteins (Romero-Puertas et al., 2002), nucleic acids (Fojtová et al., 2002) 

and lipid peroxidation of cell membranes (Fig. 5; Lozano-Rodríguez et al., 1997).  

A significant induction of ROS has been reported in Hg-exposed roots of different 

species such as Indian mustard (Meng et al., 2011), tomato (Cho & Park, 2000) or alfalfa 

(Ortega-Villasante et al., 2007). Among the different ROS, H2O2 in root epidermis cells 

after few minutes of Hg treatment has been partially associated with the NADPH-oxidase 

activity in the plasma membrane, as was described in Cd and Hg-treated alfalfa roots 

(Ortega-Villasante et al., 2007), although Heyno et al. (2008) reported an early Cd-ROS 

induction in mitochondrial electron transfer chain but a depletion in the plasma 

membrane NADPH-oxidase activity. The study of NADPH-oxidase Arabidopsis mutants 

(atrbohD, atrbohF and atrbohC) under Hg contamination, would add new information to 

the NADPH-oxidase role into the signalling network to different stresses (Fig. 5; Torres & 

Dangl, 2005). 

 

 

Fig. 5 Cellular responses in plants treated with the heavy metal mercury (divalent cation; HM2+). 
Mercury can pass the cell wall and enter the cytoplasm via ion Ca2+ channels or active 
transporters (HMA). Once inside the cell, Hg induces ROS production (H2O2 or O2

•─). 
Enzymes such as catalase (CAT), superoxide dismutase (SOD) or ascorbate peroxidase 
(APX) contribute to the redox homeostasis. Antioxidant metabolites like glutathione (GSH), 
and metal chelators or phytochelatins (PCs) lead to decrease the ROS accumulation into 
the cytoplasm. Enhancement of ROS due to a redox unbalanced would induce oxidized 
molecules and plasma membrane. The activation of the ROS signaling might induce the 
expression of certain stress genes.  »»» »»» »»» 
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Ultimately, the ROS signalling might induce the expression of certain stress-related 

genes. ROS are the starting point of a signal cascade for the induction of defence genes to 

promote plant resistant and to itself regulate ROS homeostasis (Van Breusegem et al., 
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2008). Mittler et al. (2004) reviewed a list of more than 150 genes in Arabidopsis which 

are participating in a complex network to regulate ROS levels after an oxidative burst. In 

this direction, the search for a common molecule, a common sensor of the oxidative 

burst, responding to different environmental stresses has been the aim of several 

investigations (Kreps et al., 2002). Transcription factors such as WRKY and protein such as 

ascorbate peroxidases (APX) are key players in the signalling network mediated by ROS 

(Vanderauwera et al., 2005; Miao & Zentgraf, 2007; Zhou et al., 2011; Chen et al., 2012; 

Davletova et al., 2005b). Additionally, the zinc-finger superfamily transcription factors are 

one of the best functionally characterised group, interceding in both biotic and abiotic 

stress (Kodaira et al., 2011; Figueiredo et al., 2012). In Arabidopsis, the Zat12 protein was 

described activating the ROS response pathway during H2O2 stress by interfering into a set 

of stress-related genes such as glutathione S-transferases, heat shock transcription factors 

4 and 6, thioredoxin, glutathione peroxidase, etc. (Fig. 5; Davletova et al., 2005a). Thus, 

ROS accumulation under metal stress may mediate in the modification of transcriptional 

patterns required for tolerance (Rodríguez-Serrano et al. 2009).  

Perception of toxic metal(oid)s: Involvement of phytohormones in the 

oxidative burst induced by toxic metal(oid)s 

Stress related phytohormones such as auxin (IAA), salicylic acid (SA), ethylene (ET), 

jasmonic acid (JA) or abscisic acid (ABA) are probably the main modulators of the 

tolerance response of plants, interfering on root growth, plant senesce, lateral root 

formation, photosynthesis activity, etc and coordinating the plant physiology with 

different environmental stimulus, including toxic metal(loid)s contamination (Bari & Jones, 

2009). That adaptive response of plants to external factors might involve the integration 

of phytohormones with ROS signalling networks (Mittler et al., 2011; Bartoli et al., 2012). 

For instance, ET has been reported inducing the release of H2O2 during cell death in 

tomato (Jong et al., 2002) or under pathogenesis stress in Arabidopsis (Mersmann et al., 

2010). Auxins and redox signaling pathways interplay enhances plant adaptability to 
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different environmental stress (Pasternak et al., 2005; Tognetti et al., 2012) such as the 

heavy metal Cd (Xu et al., 2010; Zhao et al., 2012).  

Specially, ET participation in toxic metal(loid)s tolerance has been well established 

in Arabidopsis exposed to Cu, Cd (Arteca & Arteca, 2007; Maksymiec & Krupa, 2006 ) or Al 

(Sun et al., 2010), as well as in other plant species such as Pisum sativum exposed to Cd 

(Rodríguez-Serrano et al., 2009) or Lotus japonicus treated with Al (Sun et al., 2007). In 

those polluted plants, ET is produced in root tips affecting root growth and lateral root 

development, which is mainly provoked by an alteration of auxin distribution (Lewis et al., 

2011). That ET-modulation of development induced by toxic metal(loid)s is connected 

with the generation of ROS (Maksymiec, 2007). Evidences were indirectly elucidated when 

ET-induced lipoxigenase activity in Phaseolus vulgaris treated with Cd and Zn was 

detected (Gora & Clijsters, 1989). Similarly, a shared signal transduction network 

responding indistinctively to ET, H2O2 and Cu/Cd/Hg treatments with common activated 

genes, like map kinases (MAPK) related genes (Agrawal et al., 2003a, b, c; Kim et al., 

2003), corroborates the existence of a complex relationship among hormones- ROS-toxic 

metal(loid)s. Moreover, Cd treatments in rice and barley plants were able to modulate a 

set of IAA related genes, such as YUCCA, PIN or ARF (Liptáková et al., 2012), probably in 

coordination with a H2O2 signaling response (Zhao et al., 2012). In this sense, further 

research about the molecular mechanisms regulating early plant tolerance to metal(oid)s 

must be done. 

The role of ethylene-auxin in toxic metal(loid) stress responses 

Phytohormones have specific functions themselves but they can also play different roles 

in plant development when they interact with other hormones. Therefore, a given 

physiological process such as root growth would be regulated by different plant hormones 

suggesting a physiological redundancy. Firstly, hormones will be sensed by the plant cell 

and a signalling transduction cascade associated will activate a set of genes that, at the 

same time, could be modulating the synthesis or action of other hormones. For instance, 
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coordinated interactions between ethylene and some auxin (IAA) and jasmonate (JA) -

related genes have been identified in leaves of Arabidopsis (Zhong & Burns, 2003). Here, 

some examples of ethylene (ET) crosstalk with auxin (IAA), two master regulators of plant 

development under stress conditions, will be given.  

Ethylene and IAA interactions modulate multiple physiological changes studied in 

Arabidopsis, such as apical hook formation (Lehman et al., 1996; Raz & Ecker, 1999), root 

hair differentiation (Masucci & Schiefelbein, 1994), root hair elongation (Pitts et al., 1998), 

root growth (Rahman et al., 2001), hypocotyl phototropism (Harper et al., 2000) or leaf 

and fruit abscission (Beyer & Morgan, 1971). Their interaction at the root meristem level 

affecting cell expansion has been widely assessed (Swarup et al., 2007; Růžička et al., 

2007). For this purpose, plants with mutations that impair IAA transport (aux1, pin2), 

perception (tir1), signalling (axr1) or synthesis (wei2) in response to the ET precursor ACC, 

or ethylene insensitive mutants (ein2) subjected to exogenous IAA treatments, have been 

extensively studied. Moreover, ET effects on the IAA accumulation at the root tip level as 

well as in the transition zone, have been demonstrated by the elevate expression of the 

synthetic IAA reporters DR5::GFP/GUS, IAA2pro:GUS, ASA:GUS or ASB:GUS (Růžička et al., 

2007; Swarup et al., 2007; Stepanova et al., 2007, 2005). Conversely, the lack of activity of 

the ET reporter (EIN3-responsive promoter) EBS::GUS in cells of root transition and 

elongation zones of aux1 mutants under ACC treatments, also confirmed the requirement 

of IAA for the sensitization of these cells to other ethylene responses (Stepanova et al., 

2007). 

Both hormones control synergistically several physiological root changes, like main 

root elongation and root-hair formation, but they act antagonistically to modulate lateral 

root formation (Blilou et al., 2005; Muday et al., 2012). Ethylene inhibits root elongation 

promoting IAA accumulation into the root apex (Růžička et al., 2007) away from the 

mature regions, where lateral root-formation would be limited (Lewis et al., 2011). 

Moreover, ET stimulation of IAA synthesis will initiate root hair position and elongation 

(Rahman et al., 2002). Essentially, ET induces the transcription of two tissue-specific 

anthranilate synthase genes (Stepanova et al., 2005) leading to increase IAA production. 
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That would activate the expression of some auxin-responsive factors (such as ARF19 and 

ARF7; Li et al., 2006) which regulate the transcription of downstream ET or IAA-related 

targets. Some IAA transporters such as AUX1, PIN3 and PIN7 are also suggested to be part 

of the ethylene signaling (Swarup et al., 2002; Alonso et al., 2003). Similarly, IAA could also 

stimulate the induction of several ET biosynthetic ACS-genes, giving a positive feedback 

(Abel et al., 1995; Woeste et al., 1999; Tsuchisaka & Theologis, 2004). The ET-IAA crosstalk 

can occur in two levels: a previous primary crosstalk initiated by EIN3/EIL and ARF 

transcription factors that activate genes containing both AuxRE and ERE in their promoter 

region, and a secondary crosstalk with ET or IAA genes that regulate the other hormone’s 

synthesis or signaling (Muday et al., 2012).  

As pointed before, ET and IAA accumulate under toxic metal(loid) stress. The 

participation of those two hormones in Al stress was investigated using Arabidopsis 

mutants defective in ET signalling (etr1-3 and ein2-1) and IAA polar transport (aux1-7 and 

pin2; Sun et al., 2010). The arrest of the root growth associated with Al toxicity was linked 

to an increase of ET in the main root that acts as a signal to alter IAA distribution. Auxin 

accumulation above main root apex would also modify root architecture, inducing the 

formation of lateral roots and root hairs, as was demonstrated with DR5::GUS reporter 

Arabidopsis roots exposed to middle doses of Cu (Lequeux et al., 2010). Thus, the ET-IAA 

crosstalk regulates early plant responses to toxic metal(loid)stress what constitutes part of 

the initial transduction steps. Therefore, the early phytohormones crosstalk with other 

hormones and ROS, are essential to modulate root development under toxic metal(loid)s 

stress. However, information about hormones crosstalk after Hg exposure is still scarce. In 

this respect, there is a need to deepen in the understanding of the molecular mechanisms 

and the global expression changes following the signal perception of Hg. This study will try 

to elucidate part of these mechanisms.  
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Analysis of the Medicago transcriptional profiles exposed to toxic 

metal(loid)s.  

Recent advances in biotechnology and molecular biology have led to the expansion of new 

holistic approaches for expression analyses of massive groups of genes. In plants, DNA 

microarrays and digital gene expression (DGE) profiles are extensively used for genome-

wide expression. Those tools would reveal global transcriptional changes in a particular 

biological state or might bring light about specific groups of genes with a similar 

expression behaviour under certain treatments (i.e. under toxic metal(loid)s). At the end, 

it will lead to an integration of knowledge for analytical applications (Mochida & 

Shinozaki, 2011).  

There are several DNA microarray studies for the plant model Arabidopsis in 

response to metal(loid)s such as Zn (Becher et al., 2004), As (Abercrombie et al., 2008) and 

Cd (Herbette et al., 2006; Weber et al., 2006). In most of the cases, the transcriptional 

response of A. thaliana has been compared with the hyperaccumulator A. halleri, but also 

with the metal Zn/Cd accumulator T. caerulescens in response to Cd (Van de Mortel et al., 

2008). Apart from Arabidopsis, transcriptional responses of sensitive and tolerant varieties 

of Oriza sativa (rice) to Cu (Sudo et al., 2008) and As (Yu et al., 2012; Huang et al., 2012; 

Chakrabarty et al., 2009; Norton et al., 2008) have been assessed on different DNA 

microarray platforms. As a consequence of the high phytotoxicity of Cd, multiple studies 

have been focused on the plant transcriptional responses to this toxic metal as compared 

to others like Cu either in Arabidopsis (Zhao et al., 2009) or in rice roots (Lin et al., 2013). 

However, although Hg causes rapidly even more severe symptoms than Cd at short 

exposure times (Ortega-Villasante et al., 2007), the global transcriptional activity induced 

by Hg have just started to be elucidated in species such as Medicago truncatula (Zhou et 

al., 2013) and Hordeum vulgare (Lopes et al., 2013).  

Medicago spp. has become into a good legume model for genetic and 

transcriptomic approaches. Its similarities and differences with the widely accepted model 

Arabiospsis thaliana, another annual selfing plant, together with the growing knowledge 



M. Belén Montero-Palmero 

 

  19 

of genetics about symbiotic plant-bacteria systems, and the importance of legumes in the 

world economy, have led to the expansion of new technologies for global expression 

analyses in Leguminosae (Fabaceae) family. For example, various bioinformatics tools 

have been developed on the specie Medicago truncatula (barrel medic), whose genome is 

completely sequenced (Mt4.0; Young et al, 2011): a gene expression atlas (Benedito et al., 

2008), the annotation of the genome by the International Medicago Genome Annotation 

Group (IMGAG; http://medicago.jcvi.org/cgi-bin/medicago/annotation.cgi), or the 

description of microRNAs expressed in roots and nodules (Lelandais-Brière et al., 2009; 

http:/medicago.toulouse.inra.fr/Mt/RNA/MIRMED/LeARN/cgi-bin/learn.cgi). Additionally, 

there are two microarray platforms for Medicago. One is the ‘one-colour’ 61k Medicago 

Genome Array (GeneChip®), composed by 25-mer oligonucleotids, which is based on the 

genomes of M. truncatula, M. sativa, and the symbiotic organism Sinorhizobium meliloti 

(Affymetrix, 2005). The second platform, Mt16kOLIPLUS, is a ‘two-colour’ 16k 70-mer 

oligonucleotide collection, representing 35% of the total M. truncatula genes (Küster et 

al., 2004 and 2007).  

Analyses of transcriptional changes induced by Hg contamination in the candidate 

for phytoremediation M. sativa have been aimed in this thesis work. For that purpose, and 

having into account the high homology with the M. truncatula genome (Choi et al., 2003), 

we hybridised Hg-treated alfalfa samples in the ‘two-colour’ M. truncatula Mt16kOLIPLUS 

microarray (Montero-Palmero et al., 2014). Moreover, the transcriptional response 

observed in alfalfa roots exposed to Hg was compared to the the early signalling processes 

occurred in alfalfa plants exposed to Arsenic (As) in a similar ‘two-colour’ microarray 

(Rivas-Castellano & Escobar, 2009). These results are presented in this manuscript and are 

not yet published. Additionally, transcriptional changes were accompanied of 

physiological parameters as indicative of stress and the homeostatic plant-responses to 

the toxics.  

  

http://medicago.jcvi.org/cgi-bin/medicago/annotation.cgi
http://medicago.toulouse.inra.fr/Mt/RNA/MIRMED/LeARN/cgi-bin/learn.cgi
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Hypothesis and objectives 

Massive information about metal toxicity in plants was obtained using heuristic 

approaches, but the majority of the molecular and physiological changes were studied 

after prolonged treatments at high metal doses, when general poisoning, profound 

metabolic alterations, and possibly cell death were activated. Consequently, we sought to 

study early occurring events under mercury (Hg) toxicity providing holistic information by 

wide-transcriptomic, molecular and physiological analyses. The final aim will be to point 

putative new strategies for phytoremediation of Hg-contaminated soils. Hence, we 

considered the following particular objectives: 

1. Elucidation of the differential transcriptional responses of Medicago sativa (alfalfa) 

under short exposures to mercury (Hg); including the characterization of 

physiological and molecular mechanisms. 

2. Comparison of the transcriptional profile of Hg-treated plants with that of the 

metalloid arsenic (As) to explore similar and distinctive transcriptomic signatures 

between both toxics.  

3. Study the role of ethylene-mediated signal transduction cascade on the plant 

response to Hg toxicity, with particular interest in the modulation of the Hg-

induced oxidative stress and its impact on root development and architecture.  
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Summary 

Understanding the cellular mechanisms of plant tolerance to mercury (Hg) is important for 

developing phytoremediation strategies of Hg-contaminated soils. The early responses of 

alfalfa (Medicago sativa) seedlings to Hg were studied using transcriptomics analysis. A 

Medicago truncatula microarray was hybridised with high-quality root RNA from M. 

sativa-treated with 3 μM Hg for 3, 6 and 24 h. The transcriptional pattern data were 

complementary to the measurements of root growth inhibition, lipid peroxidation, 

hydrogen peroxide (H2O2) accumulation and NADPH-oxidase activity as stress indexes. Of 

559 differentially expressed genes (DEGs), 91% were up-regulated. The majority of DEGs 

were shared between the 3 and 6 h (60%) time points, including the ‘stress’, ‘secondary 

metabolism’ and ‘hormone metabolism’ functional categories. Genes from ethylene 

metabolism and signaling were highly represented, suggesting that this phytohormone 

may be relevant for metal perception and homeostasis. Ethylene-insensitive alfalfa 
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seedlings preincubated with the ethylene signaling inhibitor 1-methylcyclopronene and 

Arabidopsis thaliana ein2-5 mutants confirmed that ethylene participates in the early 

perception of Hg stress. It modulates root growth inhibition, NADPH-oxidase activity and 

Hg-induced apoplastic H2O2 accumulation. Therefore, ethylene signaling attenuation could 

be useful in future phytotechnological applications to ameliorate stress symptoms in Hg-

polluted plants. 

KEY WORDS: Arabidopsis thaliana, ethylene, ethylene insensitive2-5, Medicago sativa 

(alfalfa), 1-methylcyclopropene (1-MCP), mercury (Hg), oxidative stress, transcriptome. 

Introduction 

Mercury (Hg) is a highly toxic heavy metal that occurs naturally in some environments, 

such as the mining district of Almadén, Spain. Several industrial activities also release large 

amounts of Hg that cause severe environmental problems and serious human health risks 

because of its biomagnification in the trophic chain (Li et al., 2009). Hg2+ is the 

predominant chemical form of Hg bioavailable to plants in most soils (Heaton et al., 2005), 

which cause different toxic effects in exposed plants related to metabolic alterations that 

can lead to severe cell damage (Chen & Yang, 2012). Typical toxic effects include stunted 

plant growth (Cho & Park, 2000; Rellán-Álvarez et al., 2006), inhibition of photosynthetic 

activity (Patra et al., 2004) and decreased nutrient uptake (Patra & Sharma, 2000). One of 

the earliest responses of plants exposed to Hg is the occurrence of oxidative stress 

(Ortega-Villasante et al., 2005) caused by the accumulation of reactive oxygen species 

(ROS), which ultimately leads to cell death in a matter of minutes as observed in Hg-

challenged Medicago sativa root epidermal cells (Ortega-Villasante et al., 2007). Induction 

of the oxidative burst coupled with the accumulation of Hg results in the alteration of the 

activity of several antioxidant enzymes, such as ascorbate peroxidase and superoxide 

dismutase, which are relevant components of the ROS scavenging system (Rellán-Álvarez 

et al., 2006, Zhou et al., 2008). Concurrently, the metabolism of glutathione (GSH), a key 

antioxidant in metal homeostasis (Seth et al., 2012), is readily altered by Hg stress, either 
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by the synthesis of phytochelatins (Carrasco-Gil et al., 2011) or by the accumulation of 

oxidised GSH (GSSG, Ortega-Villasante et al., 2007). In addition, glutathione reductase 

(GR), which mediates the conversion of GSSG to GSH (Sobrino-Plata et al., 2009), is 

extremely sensitive to Hg and most likely contributes to oxidative stress. 

During the past few years, the objective of intensive research has been to 

characterise the direct effects of heavy metals to understand the mechanisms underlying 

metal perception, defence responses and tolerance (Hernández et al., 2012). Acclimation 

to metal stress requires the coordination of complex physiological and biochemical 

processes because it is one of the most relevant aspects that contribute to the occurrence 

of global changes in gene expression (DalCorso et al., 2010). The transcriptional profile of 

plants under heavy metal stress has recently been studied in short-term experiments. 

These experiments are primarily performed with model plants treated with cadmium (Cd) 

in which transcription factors related to phytohormone signaling or belonging to the 

WRKY, bZIP, and MYB families were up-regulated (Weber et al., 2006; Van de Mortel et 

al., 2008). In addition, advanced transcriptomics using a massive sequencing approach 

revealed that Solanum nigrum seedlings, a Cd-accumulator, overexpressed a group of 

genes related to metal transport and antioxidant processes after only 24 h of Cd 

treatment (Xu et al., 2012). Therefore, relevant information has recently been gained 

regarding redox homeostasis, metal chelators, metal transporters, and cis-regulatory 

elements involved in Cd tolerance in plants (Thapa et al., 2012). 

Several genes were differentially overexpressed in Arabidopsis thaliana plants 

exposed to long-term Hg treatment using a suppression subtractive hybridisation 

technique, among them jasmonate-induced genes, which were primarily related to 

environmental stress (Heidenreich et al., 2001). Similarly, pea plants exposed to Hg for 

only 6 h also showed an increase in the genes involved in stress responses, such as 

antioxidative reactions (Sävenstrand & Strid, 2004). Short-term treatment of alfalfa 

seedlings with Hg for 24 h also caused the overexpression of several antioxidant-related 

genes involved in GSH metabolism, such as glutathione synthetase and homoglutathione 

synthetase (Ortega-Villasante et al., 2007). Recently, a short-term transcriptomics analysis 
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of Medicago truncatula seedlings exposed to 10 µM Hg was performed using massive tag 

sequencing (Zhou et al., 2013). In this analysis, the majority of differentially expressed 

genes (DEGs), such as the mitochondrial phosphate transporter, glutathione S-

transferases, flavonoid glycosyltransferase and prenyltransferase/squalene oxidases, 

corresponded to energy conversion and secondary metabolism. By contrast, Cd and Hg 

exert different phytotoxic effects on plants grown under similar environmental conditions 

(Sobrino-Plata et al., 2009), suggesting that it is difficult to propose molecular mechanistic 

models of plant heavy metal tolerance based on partial information because the 

responses are highly varied depending on the metal type and growth conditions (Thapa et 

al., 2012). 

To better understand the early plant responses to Hg toxicity, a comprehensive 

study using physiological, cellular and genomic approaches was performed in a microscale 

experimental setting (Ortega-Villasante et al., 2007). The early transcriptional response to 

Hg was studied in M. sativa plants treated for 3, 6 and 24 h using oligonucleotide 

microarrays. A relatively large number of genes were differentially expressed, and among 

these genes was a group of ethylene responsive genes. Involvement of the ethylene 

signaling pathway in Hg perception was further studied using a functional approach with 

alfalfa plants pretreated with the ethylene signaling inhibitor 1-methylcyclopropene (1-

MCP; pharmacological assay) and an Arabidopsis thaliana ein2-5 mutant (genetic test). 

Materials and methods 

Plant culture 

Sterilised alfalfa seeds (Medicago sativa var. Aragón) were germinated on plates and then 

transferred to a microscale hydroponic system (see Supporting Information Methods S1; 

Fig. S1). The seedlings were treated with different concentrations of Hg (3, 10 or 30 µM 

HgCl2; Merck, Whitehouse Station, NJ, USA) and/or 10 μM 1-MCP (AgroFresh Inc., 

Philadelphia, PA, USA) as described in each experiment, and were carefully collected to 

minimize mechanical stress at different time intervals (3, 6 and 24 h after treatment; 
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Methods S1). Metal doses were selected considering previous known thresholds of 

toxicity (Ortega-Villasante et al., 2007). Before freezing, the plants were rinsed with 

Na2EDTA and deionised water, and the seedling length was measured. 

Wild-type (Col-0), mutant (ein2-5 and AtrbohD/F) and transgenic overexpressor 

35S::AtrbohD Arabidopsis thaliana seeds were sterilised and sown on vertical plates 

containing Murashige-Skoog (MS) sucrose agar media (Duchefa-Biochemie, Haarlem, the 

Netherlands). Growth inhibition assays were performed in 5-d-old plantlets that were 

transferred to a new plate supplemented with 0.30 µM HgCl2, and root growth was 

followed for 24, 48 and 72 h (Methods S1; Fig. S2). Root length was measured using 

ImageJ software in photographs taken of the plates. 

A hydroponic growing system (Araponics; Tocquin et al., 2003) was also used with 

Arabidopsis plantlets (Col-0, ein2-5) first grown for 5 weeks in control nutrient solution 

and then treated with 1.5 μM HgCl2 for 24 and 48 h (Methods S1; Fig. S3). The roots were 

rinsed with Na2EDTA and deionised water, collected and frozen at -80oC. 

Extracellular H2O2 and lipid peroxidation 

Extracellular H2O2 release was measured in apical root segments of untreated alfalfa 

seedlings (1 cm long) equilibrated in MS medium titrated with 2 mM MES at pH 6.0 in the 

dark for 1 h (Ortega-Villasante et al., 2007). Root segments were placed individually in a 

96-well microtitre plate containing MS-MES with different concentrations of Hg and/or 10 

µM 1-MCP. Root H2O2 production was also measured in 10-d-old intact Col-0, ein2-5, 

AtrbohD/F and 35::AtrbohD Arabidopsis seedlings placed individually and carefully 

(avoiding shoot interference) as described earlier in MS-MES medium with 0 (control) and 

0.2 μM HgCl2. At least 12 individual replicates per treatment were analysed. Amplex Red 

(Molecular Probes, Eugene, OR, USA; 5 µM final concentration) was added immediately 

before fluorescence recording at λexc= 542 nm and λem= 590 for 6 h every 5 min (Synergy 

HT Biotek, Winooski, VT, USA). Fluorescence percentage was calculated relative to time 0, 

and representative data of five independent experiments are shown. Lipid peroxidation 
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was measured as the malondialdehyde concentration, as described by Ortega-Villasante et 

al. (2005). 

Mercury tissue concentration 

Whole alfalfa seedlings were collected, washed in deionised water, rinsed briefly in 10 

mM Na2EDTA at pH 6.0 and dried for 72 h at room temperature. After acid digestion, Hg 

was analysed using an AMA-254 analyser (LECO, St. Joseph, MI, USA) equipped with a 

golden amalgam (Sobrino-Plata et al., 2009). 

RNA extraction and quantification 

Total RNA from the M. sativa roots was isolated with TRI Reagent (Ambion) as described 

by Portillo et al. (2006). The RNA was cleaned using in-column DNAse treatment using the 

RNeasy Mini Kit (Qiagen). The integrity of the extracted RNA was determined with an 

Agilent 2100 Bioanalyzer equipped with a RNA 6000 Nano LabChip Kit (Agilent 

Technologies, Santa Clara, CA, USA). The algorithm RNA Integrity Number (RIN) was 

calculated as the RNA quality of three independent biological replicates (Schroeder et al., 

2006). 

DNA microarray hybridisation 

The transcriptional profile analysis was performed by hybridisation of M. sativa RNA to 

the Medicago truncatula Mt16koli-plus 70 mer microarray (Küster et al., 2007). Eight 

independent biological experiments were performed per metal dose (control and 3 µM 

HgCl2) and time of exposure (3, 6 and 24 h); in total 48 independent RNA samples were 

prepared (Methods S1). One RNA ‘independent hybridisation replicate’ was prepared 

from two equivalent RNA samples pooled in equimolar ratios, and four hybridisation 

replicates were performed following a two-colour array design (control vs Hg-treated in a 

flourophore-swap manner) per treatment time (i.e. 12 chips were analysed in total). 

Hybridisation data are available at Array Express (http://www.ebi.ac.uk/arrayexpress/; 

accession no. E-MEXP-3876). To control the false discovery rate (FDR), P-values were 

http://www.ebi.ac.uk/arrayexpress/�
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corrected using the method of Benjamini & Hochberg (1995). Gene expression differences 

were significant at an FDR <0.01 and only fold-changes (FCs) greater than two (up-

regulated) or less than two (down-regulated) were selected. Hierarchical clusters were 

calculated using the Multi Experiment Viewer software by TIGR (Saeed et al., 2003) with 

the Pearson uncentred metric distance and a complete linkage. Functional categories of 

the differentially expressed genes (DEGs) were obtained from MapMan (Thimm et al., 

2004). Enriched categories with a large number of DEGs with respect to the Medicago 

database background were selected and analysed with the χ2 test and classified by 

significance level (P < 0.05). 

Quantitative reverse transcription polymerase chain reaction (qRT-PCR) 

Quantitative RT-PCR was performed with the total RNA from alfalfa and Arabidopsis roots 

of five independent biological replicates to synthesise the complementary DNA strand 

(cDNA). Oligonucleotide primers were designed based on M. truncatula sequences and 

homologous sequences of A. thaliana using the Primer Express software (Applied 

Biosystems, Foster City, CA, USA; Table S1). Gene expression quantification was performed 

using the relative 2— ∆∆Ct method (Livak & Schmittgen, 2001). The glyceraldehyde 3-

phosphate dehydrogenase gene (GAPDH) was used as the reference because it showed 

steady expression over the time course of the experiment. 

NADPH-oxidase enzymatic activity 

The in-gel NADPH-oxidase enzymatic activity was determined after the separation of 

protein extracts by nondenaturing polyacrylamide electrophoresis. The protein 

concentration of the extracts was determined using the Bio-Rad Protein Assay reagent 

(BioRad) with BSA as the standard. Adequate loading (10 µg) was corrected using 

polyacrylamide denaturing gel electrophoresis (SDS-PAGE) and Coomassie Blue staining 

(Laemmli, 1970). NADPH-oxidase staining solution was prepared in 50 mM Tris-HCl buffer 

(pH 7.4) supplemented with 0.5 mg ml-1 nitrotetrazolium blue chloride, 0.2 mM NADPH, 1 

mM CaCl2 and 0.2 mM MgCl2 (Sagi & Fluhr, 2001). Randomly chosen sample aliquots were 
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preincubated with 100 μM diphenyleneiodonium chloride (DPI) as negative controls to 

identify genuine NADPH-oxidase bands. The optical density (analysed with ImageLabTM 

software, BioRad) of two major nonsaturated NADPH-oxidase activity bands clearly 

inhibited by DPI was measured, and the FC intensity calculated relative to the control (0 

μM HgCl2). Two independent experiments with two biological replicates were performed. 

Statistical analysis 

Analyses of variance between treatments were done using ANOVA and Tukey post-hoc 

test as indicated in the figure legends. Gene expression statistical analysis of qRT-PCR was 

accomplished using the BootsRatio web tool (Clèries et al., 2012). 

Results 

Physiological parameters of stress induced by Hg 

Root growth inhibition is a very sensitive parameter of metal toxicity in seedlings (Ortega-

Villasante et al., 2005). Root growth was inhibited concomitantly with the Hg dose (0, 3, 

10 and 30 µM) and time of exposure (3, 6 and 24 h; Fig. 1a,b). Root growth inhibition was 

much less significant in seedlings treated with 3 µM Hg than in those treated with 10 and 

30 µM Hg at all the measured time intervals (two times lower) with minor differences 

between the last doses (Fig. 1b). Mercury rapidly accumulated in the plants after 3 h of 

treatment followed by a saturation trend for 10 and 30 µM Hg. A minimum accumulation 

of Hg of c. 0.5 µmol Hg·g-1 DW was required to produce significant growth inhibition. This 

degree of Hg accumulation was quickly reached after 3 h in the plantlets exposed to 10 

and 30 µM Hg, which accumulated 30 % and 45%, respectively, of the total Hg found after 

24 h (Fig. 1c). Concurrent with growth inhibition, there was a sharp increase in 

extracellular H2O2 produced in vivo in the roots exposed to 3 and 30 µM Hg (Fig. 1d), 

which increased during the 6 h treatment. H2O2 release did not increase with Hg 

concentration from 3 µM to 30 µM Hg, indicating that apoplastic H2O2 generation was 

saturated at the lowest dose (Fig. 1d). A good index of oxidative stress damage is the 
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peroxidation of membrane lipids quantified as the accumulation of malondialdehyde 

(MDA). Lipid peroxidation augmented significantly (P <0.05) for both the highest doses of 

Hg and prolonged Hg exposure (Table 1). 

 

Fig. 1 Effect of mercury (Hg) exposure on Medicago sativa (alfalfa) root development. (a) The 
plantlets were grown in a microscale hydroponic system. (b) Percentage of root growth 
inhibition compared with non-contaminated plants (c) Hg concentration in plants 
exposed to 3 (red triangle), 10 (green circle) or 30 µM HgCl2 (blue squares) for 3, 6 and 
24h. The standard error (SE) was smaller than the symbols used. (d) Content of 
extracellular H2O2 in the alfalfa root segments measured by the relative fluorescence (% 
with respect to time 0) of the Amplex Red reagent. Black bars, 0 µM Hg; red bars, 3 µM 
Hg; blue bars, 30 µM Hg. The data are the average of five independent experiments. 
Significant differences (P <0.05, Tukey test) between treatments are shown with different 
lowercase letters. Standard error bars are also shown. 
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Table 1 Lipid peroxidation in the roots and shoots of Medicago sativa exposed to different doses 
of HgCl2 (0, 3, 10 and 30 µM) for 3, 6 and 24 h. The values represent the means of three 
independent experiments ± SD. 

Lipid peroxidation 
(nmol MDA g-1 

FW) 
µM Hg 3 h 6 h 24 h 

ROOTS 

0 12.23a ± 1.36 9.23a ± 1.52 10.19a ± 2.64 

3 12.89a ± 1.55 15.16ab ± 2.51 13.26ab ± 2.71 

10 21.00ab ± 1.77 24.72bc ± 2.08 18.36bc ± 2.14 

30 27.50bc ± 2.03 29.25c ± 3.90 21.57c ± 2.36 

SHOOTS 

0 24.80a ± 2.07 21.21a ± 1.72 17.69a ± 1.03 

3 23.38a ± 3.71 23.26a ± 0.99 18.71a ± 3.09 

10 23.04a ± 1.63 21.31a ± 2.40 15.79a ± 1.44 

30 22.30a ± 1.21 24.02a ± 1.46 20.00a ± 1.87 
The values with different lowercase letters are significantly different from the control conditions with P < 
0.05 according to the Tukey test. MDA, malondialdehyde. 

RNA integrity 

Critical parameters to evaluate for holistic approaches of the transcriptional analyses of 

plants subjected to stress are the quality and integrity of the RNA obtained (Portillo et al., 

2006). Electrophoretic fluorescence profiles were obtained for the RNA extracted from the 

alfalfa roots treated with 0, 3, 10 or 30 µM Hg after 3, 6 and 24 h, and the RIN was 

calculated (Schroeder et al., 2006). The partial degradation of RNA occurred in the 

seedlings treated with doses > 10 µM Hg, especially in those treated with 30 µM Hg (Fig. 

2). This caused the RIN to decrease, with values < 9 representative of the degraded RNA. 

After 24 h of exposure to 30 µM Hg, the RNA was dramatically altered, and insufficient 

RNA was extracted for further analysis (data not shown). Hg may influence the total RNA 

population, leading to analytical artefacts for transcriptomics analysis, and only unaltered 

RNA extracted from the plants exposed to 3 µM Hg for 3, 6 and 24 h was used to 

characterise the early transcriptional response of plants under Hg stress; plants that were 

readily responding in terms of growth inhibition and H2O2 release. 
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Transcriptomics profiling of early responses to Hg 

The whole-genome transcriptional profile was obtained from M. sativa seedlings exposed 

to 3 µM Hg after 3, 6 and 24 h of treatment as compared with nontreated plants using 

two-colour 70-mer microarrays from M. truncatula (Küster et al., 2007). Of the 16470 M. 

truncatula unigenes represented in the tested DNAchip, a total of 559 genes (3.4 % of the 

genes in the chip) were differentially expressed at all time points (510 up-regulated and 49 

repressed) with FDR cutoff <0.01 and FC criteria of ± 2. For simplicity, the terms 

Fig. 2 Electropherograms showing the gradual degradation of RNA obtained from Medicago 
sativa (alfalfa) roots treated with 3, 10, 30 μM HgCl2 for 3, 6 and 24 h, as shorter 
fragment sizes that appear before the RNA 18S and RNA 28S bands. RNA degradation is 
highlighted by the red arrows. The numbers above and right indicate the RNA integrity 
number (RIN) algorithm ranging from 10 (intact) to 1 (totally degraded) ± SD of three 
independent experiments. The asterisks indicate the statistically significant (P <0.05) 
values according to the Tukey test. FU, arbitrary fluorescence units. 
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‘induced/up-regulated/overexpressed’ and ‘repress/down-regulated’ are used throughout 

the text to define transcript levels higher or lower than the control, respectively.  

A hierarchical cluster analysis (HCL) was performed to characterise the expression 

patterns of the DEGs after Hg exposure at the three sampling time points (Saeed et al., 

2006). A large proportion of DEGs after 3 and 6 h of treatment with 3 µM Hg followed a 

similar expression pattern, which clustered together with a good bootstrap value after 

1000 interactions. By contrast, the expression profile of 24 h-exposed seedlings clustered 

separately, indicating obvious differences in the global gene expression patterns at 24 h 

(Fig. 3a). A vast majority of DEGs at 3 and 6 h were induced (401 and 423 genes, 

respectively), with a minor number of repressed genes (11 and 36 genes, respectively, 

representing 2.7 % and 7.8 % of the total DEGs; Fig. 3b). The number of common up-

regulated genes after 3 and 6 h of treatment accounted for > 60% of the total induced 

DEGs. The proportion of repressed genes at 24 h was increased relative to the up-

regulated genes (20%; Fig. 3b). The Venn diagram also shows that the number of common 

repressed or induced genes at 3 and 6 h is significantly > 24 h, whereas 6 h had the 

greatest number of exclusive genes. A comprehensive list of DEGs at all time points is 

given in Table S2. 

The DEGs were also grouped into four clusters based on their expression profiles 

along the time of exposure by K-Means analysis (KMC; Fig. 3c). Cluster 1 included 159 

early overexpressed genes (higher expression at 3 h), which decreased in expression after 

24 h. Cluster 2 grouped 49 DEGs that were repressed at all sampling points. Cluster 3 

Fig. 3 Transcriptional profiles of Medicago sativa (alfalfa) roots after mercury (Hg) exposure. (a) 
TMeV hierarchical clustering (HCL) analysis of the differentially expressed genes (DEGs) 
from the microarray (false discovery rate <0.01) with a fold change ± 2 (red, induced 
genes; green, repressed genes) in alfalfa seedlings treated with 3 µM HgCl2. The asterisk 
within the tree shows similar expression patterns at 3 and 6 h of treatment after 
bootstrapping 1000 interactions using the Pearson correlation. (b) Venn diagram showing 
the temporal changes of DEGs. The intersections of the diagrams represent genes that are 
coregulated at the three time points. (c) The K-means cluster (KMC) analyses of the genes 
that exhibit differences in expression progressively over the course of Hg exposure. The 
number on the y-axis indicates the log2 expression ratio value (M). These data have been 
deposited at ArrayExpress, www.ebi.ac.uk/arrayexpress/. »»» »»» »»» 
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represented 93 genes that had the highest expression after 6 h of treatment. Cluster 4 

showed a similar pattern to that of cluster 1 but with more steady expression up to 24 h of 

exposure. 
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The expression pattern observed by microarray hybridisation was validated by qRT-

PCR analysis using the set of primers described in Table S1. A total of 28 independent 

genes were tested at the different treatment intervals with 3 µM Hg, which were selected 

among those with similar expression profiles and high FC values. These genes covered 

several functional categories after MapMan analysis. qRT-PCR revealed similar 

transcriptional patterns to those in the microarray hybridisation experiments for the 

induced and repressed genes except for particular time points for the three genes marked 

in yellow boxes in Table 2. Therefore, the data obtained from the microarray analysis were 

consistently validated by qRT-PCR. 

We grouped the DEGs into functional categories using MapMan (Thimm et al., 

2004). The significant differences for the expression profiles followed the Benjamini & 

Hochberg correction (see Tables S3, S4). The majority of DEGs (80 %) were allocated to 16 

categories, and the distribution varied between times of treatment. ‘Secondary 

metabolism’, ‘stress’ and ‘protein’ were the DEG categories with a higher collective 

expression pattern (asterisks in Fig. 4), particularly after 3 h of treatment. The functional 

families ‘secondary metabolism’, ‘miscellaneous’, ‘stress’ and ‘protein’ were highly 

represented in the 3 and 6 h Hg-treated alfalfa, and the number of genes in these 

categories decreased at 24 h (Fig. 4a─c). Notably, ‘stress’ and ‘secondary metabolism’ 

included a high proportion of induced genes related to biotic and abiotic stress, such as 

those encoding several pathogenesis related proteins, chitinases, endoglucanases and 

heat shock-related proteins, and genes involved in the production of phenylpropanoids, 

lignins, lignans and flavonoids (Fig. S4). Four NADPH-oxidase/Rboh homologous genes 

were transiently overexpressed after 3 h of treatment ─expression that decayed with time 

of exposure (Table S5). The ‘protein’ category included proteasome and ubiquitin E3 SCF 

box-related genes that were up-regulated after 3 and 6 h of treatment.  

A second analysis of the relative DEG─ enriched functional ca tegories based on the 

χ2  test also revealed interesting results (Fig. 4d─f). ‘Metabolism’ was highly represented in 

the seedlings exclusively treated for 3 and 6 h. In this group, we identified genes encoding  
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Table 2 Transcriptional profile (log2 expression ratio values (M)) of selected genes using 
quantitative reverse transcription polymerase chain reaction qRT-PCR (PC) and microarray 
hybridisation data (Arr) of Medicago sativa seedlings treated with 3 M Hg, for 3, 6 and 24 h.  

ID Description 
3 h  6 h  24 h 
PC Arr  PC Arr  PC Arr 

MT000353 TC77005 (sp|P2165) Tonoplast intrinsic protein root-specific 
RB7-5A; Nicotiana tabacum 

-0.7* -0.9*  -1.4* -1.2*  -1.1* -1.2 

MT000707 TC86358 (pir|T06786) 6α-hydroxymaackiain 
methyltransferase; Pisum sativum 

3.2* 2.7*  3.3* 2.6*  2.1* 1.2 

MT000922 TC77962 (pir|S49848) narbonin; Canavalia ensiformis -2.1* -1.4*  -1.2* -2.8*  -4.6* -3.9* 
MT000996 TC87014 (gb|AAK50391.1) GOLDEN 2 TF; Zea mays -0.4 -0.6  -0.6 -1.0*  -0.5 -0.8 
MT001668 TC87791 (gb|AAC61600.1) Histidyl-tRNA synthetase; A. 

thaliana 
-0.2 -0.2  -1.6* -0.2  -1.4* -0.1 

MT002102 TC88172 (gb|AAG43550.1) Avr9/Cf-9 elicited protein; N. 
tabacum 

3.1* 1.3*  3.7* 0.9  2.3* 0.7 

MT002802 TC80000 (gb|AAK96839.1) Periaxin-like protein; A. thaliana 4.4* 1.3  7.2* 2.7*  6.1* 1.9* 
MT004095 TC90534 (gp|19911197) Glucosyltransferase-7; Vigna 

angularis 
3.4* 1.0*  3.3* 1.6*  1.7 1.3 

MT004731 TC91225 (gb|AAG53945.1) Quinone-oxidoreductase QR2; T. 
versicolor 

3.4* 2.7*  3.5* 2.8*  2.4* 1.6 

MT004784 TC82756 (gb|AAL36057.1 AT4g34410; A. thaliana -1.1* -1.0*  0.0 -1.0  -2.6* -1.1 

MT005589 TC91960 (gp|13359455) ACC synthase; P. sativum 2.8* 1.1*  2.0* 1.2*  0.0 0.6 
MT005783 TC83638 (gb|AAL91207.1) Unknown protein; A. th. 2.7* 0.0  3.0* 0.1  1.9* 0.1 
MT005993 TC83854 (gb|AAM63284.1) ERF1; A. thaliana 2.0* 1.3*  2.2* 1.0*  1.4* 0.6 
MT007084 TC85665 (gp|18157333) 1-aminocyclopropane-1-carboxylic 

acid oxidase; Phaseolus lunatus 
6.5* 0.9*  4.9* 1.1*  4.9* 1.0 

MT007251 BG647615 (sp|P49249) IN2-2 protein; Zea mays 3.5* 1.1*  4.5* 1.5*  1.7 1.2 
MT007523 TC86113 (gb|AAD47213.1) HR associated Ca2+-binding 

protein; Phaseolus vulgaris 
2.8* 1.6*  2.5* 2.0*  2.2* 1.3* 

MT007576 TC86332 (gb|AAF63205.1) AP2-related transcription factor; 
Mesembryanthemum crystallinum 

4.0* 1.2*  0.1 1.0*  -0.8 0.5 

MT008906 TC79473 (pir|T00639) Hypothetical protein; A. th. 3.1* 1.4  2.7* 2.2*  0.9 0.6 
MT009612 TC78900 (sp|P51819) Heat shock protein 83; P. nil 4.5* 3.6*  4.2* 2.8*  2.5* 1.5 
MT010949 TC80655 (gb|AAL91622.1) F26B6.10; A. thaliana 1.3* 0.9*  1.6* 1.0*  1.5* 0.4 
MT011524 TC82717 (gb|AAM53344.1) Coatomer complex subunit; A. 

thaliana 
6.0* 3.6*  8.0* 4.1*  7.4* 3.8* 

MT012112 TC91752 (gb|AAF19578.1) Pectinesterase; A. thaliana -1.3* -1.1*  -1.3* -1.0  0.9 -0.3 
MT012828 TC83711 (gb|AAK58599.1) Ethylene-induced esterase; Citrus 

sinensis 
5.4* 3.1*  5.2* 3.1*  3.3* 2.2* 

MT014262 TC85390 (sp|P27322) Heat shock cognate 70 kD; Solanum. 
lycopersicon 

5.9* 2.1*  4.9* 2.1*  1.6* 0.7 

MT015437 TC85564 (sp|P27880) 18.2 kDa class I HSP. Medicago sativa 5.6* 3.5*  5.0* 3.2*  2.8* 1.7* 
MT016090 TC95045 (up|Q6VBB5) Heat shock factor RHSF2, Oryza sativa 4.3* 1.8*  3.6* 1.5*  3.3* 1.2 
MT016171 AW574121 (up|Q9FXP0) Homeobox-leucine zipper protein, 

Z. elegans 
3.3* 1.8*  3.3* 1.9*  3.0* 1.9* 

The qRT-PCR values are relative to the control samples normalised to endogenous glyceraldehyde 3-
phosphate dehydrogenase gene (GAPDH) expression and were obtained from three independent biological 
replicates. Differential expression between the qRT-PCR and array results is shown in the yellow boxes. 
Over-expressed and down-regulated genes are shown respectively in red and green boxes. *Differentially 
expressed genes in the array (false discovery rate <0.01) and the statistical differences on gene expression in 
qRT-PCR experiments (P <0.05) using BootsRatio web-tool (http://regstattools.net/br). 
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alternative oxidases and alternative NADH-dehydrogenases that function in the 

mitochondrial electron transport chain. Sulphur metabolism-related genes were only 

overrepresented in the 6 h Hg-treated seedlings, which included up-regulated ATP 

sulphurylase, adenosine 5’-phosphosulphate reductase and sulphite reductase. A 

complete differentiated pattern was observed in the ‘transport’ category at 3, 6 and 24 h 

of Hg treatment. At 3 h, there were no over-represented DEGs, and after 6 h, there was 

up-regulation of various genes encoding ABC transporters and repression of a nitrate 

transporter NRT2, whereas there was only the repression of two genes of the NRT2 family 

after 24 h. Other overrepresented up-regulated DEGs grouped in the ‘miscellaneous’ 

category at 3, 6 and 24 h including a relevant number of glutathione-S-transferases. 

Detailed analysis of the genes involved in ‘hormone metabolism’ was performed, 

because phytohormones may contribute to heavy metal stress perception and may be 

involved in root growth inhibition. All DEGs were distributed primarily into three hormone 

related groups: jasmonate, auxin and ethylene. In particular, the ‘ethylene-related group’ 

contained the highest number of DEGs with high FCs during the earliest hours of 

treatment. Among these ethylene-related DEGs, we found up-regulated genes involved in 

ethylene biosynthesis, such as 1-aminocyclopropane carboxylic acid (ACC) synthase (ACCS) 

and ACC oxidase (ACCO), transcription factors AP2 and ERF1, and downstream genes like 

ER66 and ethylene-induced esterase (Fig. S5). 

Ethylene as a key regulator in the early response to Hg 

Functional experiments were performed to confirm the participation of ethylene in the 

early response to Hg, a phytohormone that plays a central role in the responses of plants 

to different types of abiotic stresses (Mittler, 2006). This followed a pharmacological 

approach using the ethylene receptor inhibitor 1-MCP in alfalfa seedlings and a genetic 

approach using the ethylene-insensitive A. thaliana mutant ein2-5. Root growth inhibition, 

a reliable toxicity index, was significantly lower in alfalfa seedlings pre-treated with 10 µM 

1-MCP (no inhibition after 6 h of exposure to 3 µM Hg; Fig. 5a) or in ein2-5 (50% 

diminution of Col-0 after 2 and 3 d of treatment with 0.3 µM Hg, Fig. 5b). No differences in 
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Hg concentration were detected between alfalfa seedlings incubated or not with 1-MCP 

(data not shown). 

Fig. 4 Overview of differentially expressed genes (DEGs) in Medicago sativa (alfalfa) roots 
treated with 3 µM HgCl2 classified into functional categories (MapMan). (a─c) Number of 
DEGs (y-axis) in each MapMan category after 3, 6 or 24 h, respectively. The asterisks 
indicate the main families that exhibited a different behaviour in terms of expression 
profile compared with the other remaining categories after a Wilcoxon rank sum test and 
Benjamini-Hochberg correction (P <0.05). (d─f) MapMan categories t hat were 
overrepresented in a χ2 test (P <0.05) at the same incubation times. The percentage of 
the number of DEGs over the total number of elements registered in each category from 
the Medicago genome is shown on the y-axis. Red bars, up-regulated DEGs; green bars, 
down-regulated DEGs. 
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To confirm the participation of ethylene signaling in Hg-induced stress responses, 

expression of the ethylene-related genes ERF1, AP2 and ACCO was investigated in 1-MCP-

pretreated alfalfa and ein2-5 by qRT-PCR (Fig. 6), using primers designed after a detailed 

phylogenetic analysis of M. truncatula and Arabidopsis homologous genes (Fig. S6). The 

accumulation of ERF1 transcripts decreased in 1-MCP pretreated alfalfa exposed to 3 µM 

Hg for 3 and 6 h (c. 50% decrease of the control; Fig. 6a). However, the 1-MCP did not 

interfere with ACCO and AP2 expression (Fig. 6b,c). Similar results were observed in 

Arabidopsis, because ERF1 up-regulation induced by 1.5 µM Hg in Col-0 plants was 

completely blocked in the ein2-5 mutants (Fig. 6d), whereas the expression responses 

were lower for AP2 and ACCO (Fig. 6e, f). 

The production of extracellular H2O2 is an index of early oxidative stress induced by 

Hg and depends on plasma membrane NADPH-oxidases (Ortega-Villasante et al., 2007). 

We tested the role of ethylene signaling in apoplastic H2O2 evolution in 1-MCP pre-treated 

alfalfa and ein2-5 exposed to Hg (Fig. 7a) because it is known that ethylene mediates the 

production of ROS under different stresses (Mersmann et al., 2010). In alfalfa, the release 

of H2O2 increased during the first 90 min when treated with 3 and 30 µM Hg. By contrast, 

extracellular H2O2 was significantly lower in plants pretreated with 1-MCP and exposed to 

3 µM Hg than in plants treated only with 3 µM Hg. 1-MCP had a much more moderate 

effect in the 30 µM Hg-treated seedlings, most likely because of the extremely toxic 

effects at this very high dose. In-gel NADPH-oxidase activity increased in the seedlings 

exposed to 3 µM Hg for 6 h, but this enzymatic activity was similar to the control when 1-

MCP was added to the culture medium (Fig. 7c). Involvement of NADPH-oxidases in 

apoplastic H2O2 release triggered by Hg was confirmed by studying the double AtrbohD/F 

mutant (Torres et al., 2002) and an Arabidopsis transgenic line overexpressing AtrbohD 

(harbouring a 35S::AtrbohD transgene; Torres et al., 2005). Production of H2O2 was 

reduced in the ein2-5 ethylene insensitive mutant under Hg stress (Fig. 7c), and decreased 

drastically in the AtrbohD/F double mutant (Fig. 7c). Interestingly, transgenic seedlings 

overexpressing AtrbohD treated with Hg suffered an abrupt increase in apoplastic H2O2 

generation (Fig. 7c). 



M. Belén Montero-Palmero 

 

  59 

 

 

Discussion 

 

Discussion 

Clear signs of oxidative stress after Hg exposure were similar to that described for 

different plant species (Cho & Park, 2000; Cargnelutti et al., 2006; Rellán-Álvarez et al., 

2006; Zhou et al., 2008). Our results showed higher lipid peroxidation and apoplastic H2O2 

production in Hg-treated alfalfa seedlings grown in a microscale hydroponic system, which 

was indicative of an oxidative burst, in agreement with previous results (Ortega-Villasante 

et al., 2007). Growth inhibition was also a sensitive marker of Hg toxicity that paralleled 

metal accumulation and was significant at the lowest doses (3 µM for 6 h) and highly 

significant at doses above 10 µM for 3 h (Fig 1). Damage to alfalfa seedlings treated with 

the highest doses of Hg and long exposure time was also reflected in the RIN parameter of 

RNA stability. Although RNA quality is routinely validated prior transcriptomics studies, it 

is strongly recommended this preliminary assessment in experiments in plant material 

subjected to highly toxic substances (such as Hg), which may lead to artefacts. Therefore, 

we confined our transcriptional study to plants exposed to the lowest dose of Hg (3 µM). 

Fig. 5 Functional analysis of ethylene-mediated responses to mercury (Hg). (a) Growth inhibition 
of Medicago sativa (alfalfa) roots treated with 3 µM Hg and supplemented with 10 µM 1-
methyl-cyclopropene (1-MCP) after 3, 6 and 24 h treatment. (b) Root growth inhibition of 
Arabidopsis thaliana wildtype (Col-0) and ethylene-insensitive mutant (ein2-5) in response 
to 0.3 µM Hg for 1, 2 and 3 d. Significant differences (P < 0.05, Tukey test) between 
treatments are shown by different lowercase letters. Standard error bars are also shown.  
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Transcriptomics analyses of plants exposed to metals remain scarce, although 

several analyses have been performed for short-term Cd-treated Arabidopsis (Herbette et 

al., 2006; Weber et al., 2006) and Thlaspi (Van de Mortel et al., 2008), As-treated 

Arabidopsis (Abercrombie et al., 2008) and rice (Norton et al., 2008), Cu-treated 

Arabidopsis (Weber et al., 2006; Sudo et al., 2008) and Hg-treated M. truncatula (Zhou et 

al., 2013). The novelty of our study is the detailed characterisation of the early response of 

M. sativa treated with low doses of Hg. We observed that 459 genes were differentially 

expressed after 6 h of treatment with 3 µM Hg, even when the seedlings did not show 

severe stress symptoms. This suggests that transcriptional changes occurred well before 

extensive cell damage was detected. Notably, the number of DEGs decreased sharply to 

62 genes after 24 h of exposure, indicating a timescale-specific response. This time-

dependent response is typical of other transcriptomics studies, because time of exposure 

is an important parameter that must be well-established (Herbette et al., 2006). 

The distribution of DEGs into functional categories by MapMan helped to identify 

cellular processes that may participate in the early response to Hg. Among the qRT-PCR 

validated genes, a group of oxidative stress-related genes already characterised in Cd- and 

Hg-treated plants, including those encoding cytochrome P450 enzymes, glutathione-S-

transferases and quinone oxide reductases (Weber et al., 2006; Zhou et al., 2013), was 

identified. In addition, other up-regulated genes were observed that corresponded to 

ABC-type transporter proteins, which may participate in metal detoxification similar to 

that described in the presence of Zn (Moons, 2003), Cd (Bovet et al., 2005), As (Norton et 

al., 2008) or Hg (Zhou et al., 2013). 

Several induced genes classified in the ‘secondary metabolism’ group encoded 

enzymes that control the synthesis of flavonoids, phenylpropanoids and monolignols (i.e. 

chalcone synthases), which are known antioxidants under stress conditions or 

components of cell walls. These phenol metabolites accumulate in plants exposed to Cd 

and are hypothesised to enhance cell wall stiffness, which may contribute to the inhibition 

of root elongation observed under conditions of heavy metal toxicity (Van de Mortel et al., 

2008). The early transcriptional activity of the phenyl propanoid pathway occurred in 
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parallel to the oxidative burst detected under Hg stress caused by apoplastic H2O2 

accumulation, which is also required for cell wall polymer cross-linking via peroxidase 

activity (Zhou et al., 2007). Another interesting group of DEGs was the ‘protein’ category, 

which included regulatory proteins of the proteasome machinery, such as the E3 SCF 

ubiquitin ligases. The up-regulation of these genes after 3 and 6 h of exposure to Hg may 

indicate an increase in protein ubiquitination, which is known to occur in plants under Cd 

stress (Djebali et al., 2008) and may exert early post-translational regulation of proteins.  

Notably in the ‘stress’ category, there were a significant number of induced genes 

related to ‘biotic stress’ and ‘heat shock’. Among the biotic stress-related genes, different 

pathogen-related proteins, such as xyloglucan endoglucanase inhibitor protein and Class 

IV chitinase, were correlated with expression changes in several WRKY transcription 

factors (Dong et al., 2003), and these proteins may regulate the plant stress response 

(Chen et al., 2012a). There was a strong induction of genes coding group pf small heat 

shock proteins (17.7, 17.9 and 18.2 KDa), HSP70, HSP83 and the RHSF2 transcription factor 

occurred in the alfalfa seedlings exposed to Hg (see Table 2). Therefore, metals promote 

the expression of these genes in a manner similar to other environmental stresses, such as 

heat, whenever protein stability may be compromised (Swindell et al., 2007; Agudelo-

Romero et al., 2008). Interestingly, there is parallelism between the transcriptional 

responses to biotic- stressed plants and heavy metal-stressed plants, in which several 

molecules, including transcription factors, kinases, phytohormones and ROS, are key 

players (Cruz-Ortega & Ownby, 1993; Pitta-Alvarez et al., 2000; Fujita et al., 2006).  

Among the repressed genes validated by qRT-PCR, a relevant group encodes 

aquaporins of the TIP (TobRB7-5A like, Table 2) and PIP (ZmPIP2-7 like; Table 2) large 

families. It is well known that Hg blocks various classes of aquaporins and affects water 

balance in Hg-stressed plants (Javot & Maurel, 2002). Similarly, Norton et al. (2008) found 

that several aquaporin genes were down-regulated in rice seedlings exposed to As (V). The 

inhibition of these proteins and the consequent closing of the water channels disturb the 

water balance of the plants, which causes root dehydration and cell shrinkage and 



Chapter II- Early transcriptional responses to mercury 

 

 62  

deformation; symptoms that appeared in Hg-treated alfalfa plants (Ortega-Villasante et 

al., 2005; Carrasco-Gil et al., 2013). 

 

Fig. 6 The expression of ethylene-related genes in response to mercury (Hg) is reduced after the 
suppression of ethylene signaling. (a─c) M expression values calculated with 2-ΔΔCt 
method of three different ethylene-related genes in Medicago sativa (alfalfa) roots 
(ERF1, MT005993; AP2, MT007576; and ACCO, MT007984) in response to 3 µM HgCl2 
(closed bars) and Hg + 10 µM methylcyclopropene (MCP; open bars) for 3, 6 or 24 h. (d─f) 
The M-values of ERF1 (AT231230), AP2 (AT3G114230) and ACCO (AT1G62380) in the 
roots of Arabidopsis thaliana Col-0 and ein2-5 exposed to 1.5 µM HgCl2 for 24 and 48 h. 
Statistical differences of gene expression between treatments and genotypes (P <0.05) 
are shown with different lowercase letters using BootsRatio web-tool. Standard error 
bars are also shown. 
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Fig. 7 The oxidative stress induced by mercury (Hg) is alleviated when ethylene signaling is 
blocked. (a) The concentrations of extracellular H2O2 in Medicago sativa (alfalfa) root 
segments exposed to Hg and Hg + 1-methylecyclopropene (1-MCP) were measured during 
the first 6 h of treatment. The relative fluorescence (% of Amplex Red reagent 
fluorescence) is the increment with respect to time 0, and the error bars represent the 
maximum SE. (b) In-gel NADPH-oxidase activity of alfalfa roots exposed to 0 μM HgCl2 

(control), 10 µM 1-MCP, 3 µM HgCl2 and 3 µM Hg + 10 µM 1-MCP. C-B, Coomassie blue 
staining of proteins to quantify the equivalent loading of samples in the sodium dodecyl 
sulphate (SDS) gel; Act, NADPH-oxidase activity staining. Numbers show the relative 
intensity, normalized to the amount of protein (C-B band), of non-saturated NADPH-
oxidase activity bands with respect to 0 μM HgCl2; relevant fold-changes (±20%) are 
shown in red. (c) Root hydrogen peroxide (H2O2) release of Arabidopsis seedlings exposed 
to 0 and 0.2 µM HgCl2 (genotypes: wildtype, Col-0; ein2-5; AtrhobD/F double mutant; 
35::AtrhobD, NADPH-oxidase transgenic over-expressor). 
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Notably, the functional groups ‘metabolism’, ‘sulphur assimilation’, ‘transport’ and 

‘hormone metabolism’ (Fig. 4) were clearly overrepresented with respect to the Medicago 

microarray database background. Among others, the alternative-oxidase (AOX) and 

external NADH-dehydrogenase genes of the mitochondrial electron transport machinery 

were up-regulated after 3 and 6 h of treatment with 3 µM Hg. Overexpression of AOX was 

detected in maize mitochondria under Cd-stress conditions (Nocito et al., 2008) and most 

likely contributes to energy dissipation at the mitochondrial electron transport chain to 

control aberrant redox reactions that may cause the accumulation of ROS (Heyno et al., 

2008). Another protein group that was highly represented in the DEGs corresponded to 

‘sulphur assimilation’, which was only significantly overexpressed after 6 h of treatment 

with Hg. This was consistent with the results obtained by Zhou et al. (2013). Genes that 

encode enzymes such as ATP sulphurylase, APS reductase and sulphite reductase, which 

control the first steps of sulphate assimilation, are also overexpressed under Cd stress 

conditions (Herbette et al., 2006). It is hypothesised that S-depletion caused by PC 

synthesis from GSH is responsible for activation of the S-assimilatory pathway (Ernst et al., 

2008). The χ2 analysis revealed the down-regulation of the NRT2 nitrate transporter genes 

under Hg stress conditions with increased Hg exposure times (6 and 24 h). It is known that 

inhibition of nitrate transport to the aerial portion of A. thaliana plants is important for Cd 

tolerance through down-regulation of the NRT1 and NRT2 genes (Chen et al., 2012b). 

Accumulation of nitrate in the roots may be part of the metabolic changes that occur in 

response to different endogenous and environmental factors in Lotus japonicus (Criscuolo 

et al., 2012), similar to the pattern detected under toxic metal stress conditions. 

Special attention was focused on the ‘hormone metabolism’ category because 

signal processes involved in perception and homeostatic adjustment to Hg stress may be 

mediated through hormone signaling (Rodríguez-Serrano et al., 2009; Hernández et al., 

2012). In our study, the most abundant hormone-related genes included members of the 

jasmonic acid (JA), auxin and ethylene signaling and metabolic pathways. The expression 

of genes participating in JA synthesis was noticeably higher in Hg-treated alfalfa seedlings 

and included the 12-oxo-phytodienoic acid reductase (OPRs) gene family, which consists 
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of enzymes that catalyse the β−oxidation reactions involved in JA production. Incidentally, 

OPR up-regulation may also contribute to the early response mechanisms of plants 

exposed to several biotic stresses, such as wounding, drought or heavy metals (Agrawal et 

al., 2004). Similarly, JA accumulation occurred after 7 h exposure to Cd and Cu in A. 

thaliana (Maksymiec et al., 2005). Auxin glucosyl transferases that are involved in auxin 

conjugation and homeostasis were also induced as described previously (Douglas-Grubb 

et al., 2004). In rice, auxins were involved in the early responses of the plants to Cd, most 

likely in a process mediated by H2O2 (Zhao et al., 2012). 

Special attention was directed ethylene, as several classes of ethylene-related 

genes were overexpressed under Hg stress. Ethylene is synthesised in plants subjected to 

various types of biotic and abiotic stresses and is responsible for the induction of cell 

senescence (Wang et al., 2002). In particular, plants accumulating heavy metals, such as 

Cd or Cu, produce ethylene at a higher rate than controls (Arteca & Arteca, 2007; 

Rodríguez-Serrano et al., 2009). Over-expression of ERF1 and AP2 was accompanied by 

the significant inhibition of alfalfa root growth, which is a common negative effect of Cd, 

Cu and Al accumulation in plants (Lequeux et al., 2010, Sun et al., 2010). Therefore, it is 

feasible that root growth inhibition observed in Hg-treated plants is part of the ethylene-

mediated responses (Swarup et al., 2007). 

The role of ethylene in the early responses of plants to Hg was further studied in 

functional experiments using alfalfa pre-incubated with the ethylene inhibitor 1-MCP and 

the Arabidopsis ethylene-insensitive ein2-5 mutant. As hypothesized, the roots of alfalfa 

pretreated with 1-MCP and ein2-5 grew longer when exposed to moderate levels of Hg 

(Fig. 5). No differences in Hg concentration were detected between seedlings grown in the 

presence or absence of 1-MCP, which is possibly explained by the preferential apoplastic 

movement (i.e. non-metabolic uptake) of Hg in roots (Carrasco-Gil et al., 2013). Similar 

behaviour was observed in Al-polluted Arabidopsis because the ethylene synthesis 

inhibitors Co2+ and aminoethoxy vinylglycine (AVG) and the ethylene signaling blocker Ag+ 

abolished the Al3+-induced root growth inhibition (Sun et al., 2010). Therefore, ethylene 
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may be involved in the root growth inhibition that occurred during the early responses to 

Hg. 

ERF homologous genes were overexpressed in Arabidopsis seedlings treated with 

Cd for 2, 6 and 30 h (Herbette et al., 2006), which is similar to the pattern described here 

for Hg. However, ERF1 expression was abolished when ethylene signaling was blocked 

with 1-MCP in alfalfa and ein2-5 seedlings (Fig. 6). Differences between the plant species 

were observed for AP2 expression. M. sativa AP2 was up-regulated under Hg stress 

conditions but was not blocked by 1-MCP, whereas AP2 Hg-mediated expression was 

blocked in Arabidopsis ein2-5 plants. This differential AP2 expression pattern may the 

result of the specific responses of each plant species, related to the different experimental 

settings used, or may be dependent on genetic differences. Similarly, the Hg-induced 

ACCO expression was also reduced in the ein2-5 plants but only after 24 h Hg treatment. A 

phylogenetic comparison between the ERF1, ACCO and AP2 gene families revealed that M. 

sativa and Arabidopsis ERF1 orthologues were much more similar than AP2 and ACCO (Fig. 

S6). ERF1 appears to be the primary transcription factor of the ethylene response cascade, 

and several experiments have shown that overexpression of ERF1 on an ein2-5 genetic 

background was sufficient for the expression of ethylene-related genes (Glazebrook, 

2005). Therefore, the induction of ethylene-responsive genes by Hg was generally reduced 

in both Arabidopsis ein2-5 and 1-MCP-pretreated alfalfa plants. 

The loss of ethylene perception in 1-MCP-pretreated alfalfa and ein2-5 mutants led 

to a significant decrease in the in vivo extracellular H2O2 production, compared with the 

H2O2 released by Hg-treated alfalfa and Col-0 roots (Fig. 7a,c). Concurrently, a similar 

stress response regulation was detected at the enzymatic level, and the observed increase 

in NADPH-oxidase activity detected with 3 µM Hg treatment was abolished in 1-MCP-

treated alfalfa roots after 6 h of treatment (Fig. 7b). Involvement of NADPH-oxidases in 

apoplastic H2O2 production under Hg stress was confirmed studying AtrbohD/F double 

mutants and 35S::AtrbohD overexpressor transgenic plants, which suffered a remarkable 

depletion or enhancement of apoplastic H2O2 generation, respectively (Fig. 7c). NADPH-

oxidases are the primary producers of extracellular H2O2 under metal stress conditions 
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(Romero-Puertas et al., 2004; Ortega-Villasante et al., 2007; Rodríguez-Serrano et al., 

2009). Four homologous genes in M. sativa were early and transiently overexpressed (3 ─6 

h) under Hg stress (Table S5), suggesting that a transcriptional regulation may also 

influence NADPH-oxidase activity. Notably, Mersmann et al. (2010) demonstrated that 

ROS generation triggered by flagellin FLS22 was blocked in etr1 and ein2 ethylene-

insensitive mutants, which was related to the ability of ethylene to promote the release of 

extracellular H2O2 via the activation of NADPH-oxidases. It is possible that a primary 

response to Hg stress, the induction of an oxidative burst (Ortega-Villasante et al., 2007) 

and H2O2 release (Figs. 1d, 7), is connected to ethylene perception. Heyno et al. (2008) 

determined that NADPH-oxidases are not the only source of H2O2 in Cd-treated plants 

because mitochondria may also be involved in H2O2 generation. Ortega-Villasante et al. 

(2007) observed that DPI, a NADPH-oxidase inhibitor, did not block extracellular H2O2 

release in Cd-exposed alfalfa roots, whereas it significantly decreased Hg-induced H2O2 

production. Therefore, each metal may exert different toxic effects, and Hg may be 

particularly effective in causing ROS production at the plasma membrane, although 

alternative sources of ROS cannot be discarded. 

Other studies with the ein2-5 mutants confirmed the primary role of the EIN2 

protein in sensing different abiotic and biotic stresses and in mediating different hormone 

response pathways (Thomma et al., 1999; Wang et al., 2007; Cao et al., 2009; Lei et al., 

2011). Therefore, it is possible that Hg-induced stress follows a similar general signaling 

process, which intervenes in ROS induction. It is suggested that an accumulation of ROS, 

such as apoplastic H2O2, activates signaling processes in cells that influence the expression 

of stress genes (Xiang & Oliver, 1998; Foyer & Noctor, 2003), such as proteins that 

participate in the phenylpropanoid pathway (Yastreb et al., 2012) and ethylene (Desikan 

et al., 2005), auxin (Zhao et al., 2012) and jasmonate metabolism and signaling 

(Maksymiec & Krupa, 2006). Recent evidences suggest that components of the ethylene 

signaling pathway (e.g. ERF1) are also upstream of jasmonate mediated-responses (Cheng 

et al., 2013), implying a complex interplay between different stress-related 

phytohormones. Therefore, it will be necessary in the future to determine the relationship 
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between these signaling molecules to understand the mechanisms underlying heavy metal 

perception and homeostatic adjustments in plants, which will require a multi-factorial 

approach. 
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Supporting information. Methods S1 

Alfalfa growth conditions 

Seeds of alfalfa (Medicago sativa var. Aragón) were surface-sterilized with 5% commercial 

bleach, washed five times with sterile deionised water and kept at 4oC in darkness over-

night. Seeds were germinated on square Petri dishes containing 1.5% agar (w/v), and kept 

for 24 h in complete darkness at 25oC in vertical position to improve root development. 

Selected germinated seedlings were transferred to a microscale Fåhraeus-slides 

hydroponic system containing sterile Murashige-Skoog (MS) nutrient solution at pH 6.0 

(Ortega-Villasante et al., 2005). After 24 h of acclimatisation at 24oC/18oC 16 h light/8h 

darkness conditions, seedlings were treated with 0, 3, 10 and 30 μΜ HgCl2 in fresh MS 

nutrient solution. In the ethylene signaling inhibition experiments with 1-

methylecyclopropene (1-MCP), alfalfa seedlings were grown in identical conditions, but 

were preincubated with 10 μΜ 1-MCP 24 h prior to metal exposure. 1-MCP was also 

added to the corresponding growing media during the treatments with Hg. Alfalfa 

seedlings were harvested and washed with Na2EDTA and distilled water after 3, 6 and 24 h 

of treatment. They were lightly dried with cellulose paper and roots were separated from 

Fig. S1 Alfalfa grown in a 
microscale hydroponic 
system. (a), (b) 
Medicago sativa seeds 
sown in agar plates 
were grown vertically 
in darkness during 24 
h. (c),(d) Seedlings 
transferred to a 
microscale hydroponic 
system and grown 
under controlled 
conditions. (e) Alfalfa 
plantlets after 48 h in 
hydroponic system. 



M. Belén Montero-Palmero 

 

  77 

shoots cautiously cutting with a blade by the hypocotyl side. Clean plant material was 

weighed in aliquots of 0.1g and frozen with liquid nitrogen. 

Arabidopsis growth conditions 

Tolerance assay with Arabidopsis thaliana 

Seeds of WT (Col-0) and ein2-5 mutant lines of Arabidopsis thaliana were surface-

sterilised with 50% commercial bleach, washed five times with sterile water and sown in 

square Petri dishes containing MS nutrient solution, 1% (w/v) sucrose and 0.6% (w/v) agar, 

at pH 6.0. Seeds were cold-treated at 4oC in the dark for 2 d, and vertically grown in 

24oC/18oC 16 h light/8h darkness conditions for 5 d. Col-0 and ein2 plantlets were placed 

in new square Petri dishes containing MS growth media supplemented with 0.30 μM 

HgCl2. Vertical root growth was followed during 3 d, marking the root apex position every 

24 h, and images were made to quantify root lengths using ImageJ tool.  

 

 

 

 

Hydroponic system with Arabidopsis thaliana plants 

To collect enough root material to extract high quality RNA, an Araponics hydroponic 

system devised for Arabidopsis was used (Araponics, www.araponics.com). After 

germination in agar plates as described previously for 5 days, selected Col-0 and ein2 

Fig. S2 Arabidopsis seedlings grown on vertical plates. (a) Col-0 and ein2 Arabidopsis seeds sown 
in square AT plates. (b) 5 d Arabidopsis seedlings were transferred to new plates 
supplemented with Hg where root growth was followed during 3 d, as it is marked by 
coloured dots.  



Chapter II- Early transcriptional responses to mercury 

 

 78  

seedlings were transferred to different each set of trays, using the nutrient solution 

designed by Tocquin et al. (2003), adjusted to pH 6.0. Plants were grown for 5 weeks, 

renewing the nutrient solution twice a week, with constant aeration with air pumps 

connected to the trays. Hg was added with fresh nutrient solution to a final concentration 

of 1.5 μM HgCl2, and plants were collected after 24 and 48 h. Roots were separated to 

shoots, rinsed thoroughly in 10 mM Na2EDTA, then in deionised water, snap-frozen in 

liquid N2 and stored at -80oC until further analysis. 

 

 

Fig. S3 Details of the hydroponic 
culture system used with 
Arabidopsis thaliana plants 
(Col-0 and ein2-5). (a) Five-
days-old A. thaliana 
seedlings were placed in 
Araponics® seed-holders 
filled with agar. (b) 
Adequate aeration of roots 
in the liquid nutrient 
solution was maintained by 
air pumps. (c) Arabidopsis 
plants after 5 weeks of 
growth. (d), (e) Root system 
when plants were collected 
after treatment with 1.5 μM 
Hg for 24 or 48 h. (f), (g) 
Excised shoots and roots 
were rinsed with 10 mM 
Na2EDTA and deionised 
water before storing the 
samples for further analysis. 
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RNA microarray hybridisation procedure 

Messenger RNA extracted from Medicago sativa roots was used for DNA microarray 

hybridisation of Medicago truncatula (Küster et al., 2007), which contains 16000 

independent consensus probe sets. A total of eight independent experiments and RNA 

extractions per treatment (0 and 3 µM HgCl2 sampled after 3, 6 and 24 h) were carried 

out. To prepare RNA for one independent biological hybridisation replicate, RNA extracted 

from two independent experiments was pooled in equimolar ratios. The RNA was cleaned 

using in-column DNAse treatment according to the RNeasy Mini Kit (Qiagen, Hilden, 

Germany). Previously to hybridisation, RNA integrity was determined with an Agilent 2100 

Bioanalyzer equipped with a RNA 6000 Nano LabChip Kit (Agilent Technologies, Santa 

Clara, CA, USA). The algorithm RNA Integrity Number (RIN) was calculated as the RNA 

quality of three independent biological replicates (Schroeder et al., 2006). Purified mRNA 

was subjected to a single round of linear amplification prior to hybridisation with 

MessageAmp aRNA amplification kit (Ambion-Life Technologies, Carlsbad, CA, USA), and 

RNA from different treatments was labeled with Cy3 or Hyper5 fluorophores in a dye-

swap manner. Four hybridisations were performed per treatment, twelve chips in total. 

Two colour hybridisations, data collection and analysis were performed at the Genomic 

Service of the National Centre of Biotechnology (CNB-CSIC) Madrid. Normalization and 

statistical analysis of the expression data was described in Barcala et al. (2010). The 

average log2 values (M) of the two immobilized spots (IDs or MTs) corresponding to the 

same unigene or TC was used for further analysis. 

Quantitative RT-PCR assays 

The reverse transcription (RT) reaction was performed with random hexamers, using the 

RETROscript® First Strand Synthesis Kit for RT-PCR (Applied Biosystems-Life technologies, 

Carlsbad, CA, USA). Quantitative polymerase chain reaction (qPCR) was carried out with 

50 ng single-stranded cDNA in a final volume of 20 µL, containing 10 µL of SYBR-Green 

Master Mix (Applied Biosystems-Life Technologies) and 250 nM forward and reverse 

specific primers (Life Technologies). Amplification reactions were performed in a Real-
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Time 7000SDS Termocycler (Applied Biosystems-Life Technologies), at the Genomics 

Service of Rey Juan Carlos University (Madrid, Spain). The program used was: 

denaturation at 95oC 10 min, followed by 40 cycles of 15 seconds at 95oC and 1 min 

annealing and extension at 60 °C. 
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Supplementary Tables and Figures 

Table S1 Primers designed for M. truncatula and A. thaliana to amplify several cDNA 

fragments by quantitative-PCR.  

Table S2 Up- and down-regulated common and exclusive genes. A list of the genes 

represented in the Venn diagram. 

Table S3 List of MapMan categories that exhibit different behaviour in terms of the 

expression profile. Attached Excel File. 

Table S4 MapMan enriched categories with a high % of DEGs according to Hg treatment 

and selected by the χ2 test.  

Table S5 A comprehensive list of the total DEGs (FDR <0.01) with 3 µM Hg for any length 

of exposure (3, 6, 24 h). The M values and functional descriptions are provided for each 

gene identifier (MT). Attached Excel File. 

Fig. S1 Alfalfa grown in a microscale hydroponic system. 

Fig. S2 A. thaliana seedlings grown on vertical plates. 

Fig. S3 Hydroponic culture system with A. thaliana. 

Fig. S4 MapMan categories showing DEGs involved in biotic and abiotic stress, secondary 

metabolism and a large enzyme family after 3 h of exposure of M. sativa seedlings to 3 

µM Hg.  

Fig. S5 Localisation of the up-regulated ethylene related genes under Hg stress in the 

biosynthetic and signaling ethylene pathways. 

Fig. S6 Phylogenetic trees comparing M. truncatula sequences with homologous 

sequences of related species and A. thaliana. 
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Table S1 Primers designed for Medicago truncatula and Arabidopsis thaliana to amplify several 
cDNA fragments by quantitative RT-PCR, which were based in the oligonucleotide 
sequences printed in the array; and homologous genes in A. thaliana (loci codes). 

 

ID Primer Forward Primer Reverse 

MT000353 TGGCTCCATTGTTGCATCTC CAGTCCAGCAGCCACTCCAT 

MT000707 AGCTTGTTCTCCAAGAGAATAAACG CCAGTACCACCTCCAACATCAA 

MT000922  TTCATTTTCGATCACAATGTCTGA GCCAACGTATTCTCGAAAAATTTT 

MT000996 AACTGCAGGAACACCATGCTT TGGAATGCCTGGAACAGTTG 

MT001668 TTTGTATGCAACTTCCAAAGCAA CCCCATCCAATTTGTTTCCA 

MT002102 TGAGGGTTTTGCCTAAATGCA GGGCAGGTTGAGTGGGAAT 

MT002802 GGGCACGAAATCTTCTAGAGTCA CATTGGGAAAATTTGGCTTTG 

MT004095 GGTCCACAATCTCTTGCTCATCT ACCAAGGCATGAATGAATCATAAAT 

MT004731 TGGAATGATGGCTGCTCAGTT TACCGGCAAGCTGTTGTGTTT 

MT004784 GGAAAATGGGCTGCTGAGATT TGGTAAAGGTTCCAAGCCAAA 

MT005589 TGATGGGTGGAAGGCTTATGA AGCAAGGCCCATTTGGATAAC 

MT005783 AGATGCTAGAGCGGCTGCAA TGGATGGTACACACAACTGTTCTTC 

MT005993 GGGAAATTTGCAGCAGAGATAAGA GCTTCTGCACTATCAAAGGTTCCT 

MT005993 GCTGCTGCTTTGGCTTATGAT GATTCTCTAACAATCTCAACAGGAAAATT 

MT007084 GCAAAGGCTTAGATGTTGTCCAA GGGAGGTGACGAACATGGAA 

MT007251 GGTGTCACTTTTCTTGATACCTCTGA TCCTCCTTTCAAAGCCTTTCC 

MT007523 ATGTGTTCAAGGTGATGGATAGAGAT TCATCGGAAGCAGCAAAACC 

MT007576 GATGCGGCTTTGGCTTATGA CCCGAAGTGGAAAATTCAACA 

MT008906 GTTAAATTCAAAGCCATCACAATCA AAGCCAGCTCTTCTATTTGTTCTGA 

MT009612 CAATACATTTGGGAATCACAAGCT TAGTTCCTCTACCAAGTTGTTCACCAT 

MT010949 CTCCCCTGTATCGGTGCATAA CAACAAGCTGTTCGTTGAAGGT 

MT011524 CTTGAAGTTGTGGAATTGGAAAAAA ATTAAATGCCACTTGCATCACATAA 

MT012112 GCACACTCAAATCGCCAATTC TGAGTTTCCGAAAATGAAATCGA 

MT012828  TAGCATAGCTCTTGCAATGGAACA TCCGGCAGAAAAGCAGTTAAG 
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MT014262 CGGGCAAAAAAACAAGATTACAA CCTGCACCATTTTCTCAATGTC 

MT015437 CTTTTGTGAGCACCAGGATTGA TCCAGGAAGATCAGCCTTGAA 

MT016090 GGCGGAGTTTGCTCGTGATA TGAGCTGCCGTACAAAGCTAGA 

MT016171 AATTCCCGTTATGCCCTCAAC CTCGCAAGAAGAGCACAAAGTACT 

TC106518* GTTTTTACCGACAAGGACAAAGCT  ACAAACATGGGAGCATCCTTACTAG  

AT2G31230 CCCAATCTTCCATGTATTCATCT CAGCTCTCGTTCCATAAGAGTG 

AT1G62380  AAGCTTTATGCAGGGGTCAA ATTCTTCATTGCTGCGAACC 

AT3G14230 CCAGTGGAGCTATGGAGCTTA CCCCAACAGCAAAATCCA 
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Table S3 List of MapMan categories that exhibit different behaviour in terms of expression profile. 
Significantly different families after Wilcoxon Rank Sum test (P < 0.05) for total DEGs in 
M. sativa roots after 3, 6 or 24 h of treatment with 3 µM HgCl2.  

Bin Category/Subcategory 
Probability (P-value) 

3 h 6 h 24 h 

9 Metabolism/ Mitochondrial electron transport. ATP synth. 2.12 10-2 --- --- 

11 Metabolism/ Lipid metabolism 3.36 10-2 --- --- 

11.9 Metabolism/ Lipid metabolism/ Lipid degradation/ Lipases --- --- 3.83 10-2 

16 Secondary metabolism 3.24 10-3 1.27 10-2 --- 

16.8 Secondary metabolism / Flavonids --- 4.26 10-4 --- 

16.8.2 Secondary metabolism / Flavonids/ Chalcones --- 5.98 10-4 --- 

20 Stress 8.85 10-5 9.26 10-4 --- 

20.2 Stress/ Abiotic --- 2.82 10-2 --- 

20.2.1 Stress/ Abiotic/ Heat --- 2.50 10-4 --- 

20.2.99 Stress/ Abiotic/ Unspecified --- 4.26 10-2 --- 

20.1 Stress/ Biotic --- 1.9410-2 --- 

21 Redox --- 1.61 10-2 --- 

29 Protein 9.81 10-5 --- --- 

29.4.1 Protein/Postranslational modification/ Kinase --- 4.77 10-2 --- 

30 Signaling 1.41 10-2 --- --- 

34 Transport --- 2.14 10-2 --- 

34.19 Transport/ Major intrinsic proteins --- 5.63 10-3 --- 

34.19.1 Transport/ Major intrinsic proteins/ PIP --- 2.59 10-2 --- 

34.4 Transport/ Nitrate --- --- 3.14 10-2 

26.9 Miscelanea/ Glutathion-S-Transferases --- 5.00 10-2 --- 

26.1 Miscelanea/ Cytochrome P450 --- 1.72 10-2 --- 

26.12 Miscelanea/ Peroxidases --- 3.80 10-3 --- 

17.7.1.5 Hormone metabolism.jasmonate.synthesis-
degradation.12-Oxo-PDA-reductase --- 3.24 10-2 --- 
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Medicago Database 
Total DEGs: 918 Total DIGs: 733 Total DRGs: 185 

Total Genes: 16962 

Category no. % no. % χ2 P no. % χ2 P no. % χ2 P 

Metabolism 304 1.8 30 3.3 6.5 1.1 ·10-2 27 3.7 9.4 2.1 ·10-3 
    

Cell wall 298 1.8 
        

11 5.9 16.8 4.1· 10-5 

S-assimilation 8 0.1 3 0.3 11.0 8.9 ·10-4 3 0.4 14.8 1.2· 10-4 
    

Secondary 
met. 390 2.3 96 10.5 193.8 5·10-44 89 12.1 225.1 7·10-51 

    

Hormone 
met. 395 2.3 42 4.6 17.2 3.3·10-5 26 3.5 4.2 4· 10-2 16 8.6 28.1 1.2· 10-7 

Stress 688 4.1 77 8.4 35.3 2.8·10-9 67 9.1 39.1 4 ·10-10 
    

Miscelanea 1006 5.9 123 13.4 68.1 2·10-16 94 12.8 47.7 5 ·10-12 29 15.7 24.9 6.0 ·10-7 

Transport 546 3.2 46 5.0 8.0 4.6 ·10-3 
    

14 7.57 9.9 1.7· 10-3 

Table S4 MapMan enriched functional categories with a high proportion of Differential 
Expressed Genes (DEGs). Families with a high number of DEGs, induced (DIGs) and 
repressed (DRGs) relative to the total number of expressed genes in alfalfa seedlings 
treated with 3 µM Hg for 3, 6 and 24 h, selected by the χ2 test (P < 0.05).  
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 Fig. S4 MapMan categories showing DEGs involved in ‘Biotic Stress’, ‘Abiotic Stress’, ‘Large 
Enzyme Families’ and ‘Secondary Metabolism’ after 3 h of treatment with 3 μM Hg. Red 
indicates up-regulation, green indicates down-regulated genes. 
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Fig. S5 MapMan view of up-regulated ethylene related genes under Hg stress. Genes of 
aminocyclopropane-1-carboxylic acid (ACC) synthase, enzyme catalyzing the production 
of ACC from S-adenosyl methionine, and ACC oxidase, which produces ethylene using 
ACC as substrate, were over-expressed after 3 and 6 h of treatment with 3 μM Hg. 
Ethylene is perceived by different endoplasmic reticulum receptors (ETR1, ERS1, EIN4, 
etc.) that inactivate CTR1, resulting in the activation of EIN2. A positive signal 
transmitted from this protein will induce the accumulation of EIN3/EILs in the nucleus, 
where they mediate in the transcription of ERF1 and other ethylene responsive genes. 
In red squares it is shown the MTs of several up-regulated genes in this category. 
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Fig. S6 Phylogenetic trees comparing M. truncatula 
sequences with homologous sequences of 
other plant species. Sequences were first 
aligned with MSA using Clustal-W and the 
trees were built with the Neighbor Joining 
method and bootstrapping for 1000 repeated 
calculations. This sequence analysis permitted 
us to elaborate specific oligonucleotides to 
study the expression of ACCO, AP2 and ERF1 
genes by qRT-PCR in A. thaliana plants treated 
with 1.5 µM Hg. In red, the MT codes of M. 
truncatula, and in green, ATs of A. thaliana. 
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Summary 

The induction of oxidative stress is one of the quickest symptoms appearing in plants 

subjected to metal stress. A transcriptional analysis of the early responses of alfalfa 

seedlings to 3 µM Hg for 3, 6 and 24 h showed that ethylene responding genes were up-

regulated, phytohormone known to mediate in the cellular redox homeostasis. In this 

mini-review we have compared these quick responses with two other concurrent 

transcriptomic analyses in Medicago truncatula and Hordeum vulgare under Hg stress. 

Besides ethylene, ABA and jasmonate related genes were up-regulated, all of them 

endogenous factors that intervene in oxidative stress responses. The information obtained 

may target future work to understand the cellular mechanisms triggered by Hg, enabling 

biotechnological approaches to diminish Hg-induced phytotoxicity.  

KEY WORDS: ethylene, genetics, homeostasis, hormones, mercury, oxidative stress, plants, 

transcription. 
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Background 

Metals like cadmium (Cd), aluminum (Al) or mercury (Hg) are natural inorganic elements 

with high atomic weight and density, which cause severe toxicity for living organisms even 

at relatively low concentrations (Tchounwou et al., 2012). Particularly, Hg is a natural 

component of the Earth crust that is released by mainly geothermal activity, but 

accumulates in land and water ecosystems principally as a consequence of different 

human activities such as mining and industry (Nriagu, 1996; Järup, 2003). This represents a 

serious problem to the environment and risks for human health (Tchounwou et al., 2012) 

as occurs in the mining district of Almadén (Spain), which contains the largest deposits of 

Hg in the World, with soils heavily polluted that require in situ and economically feasible 

cleaning procedures (Millán et al., 2006). Different strategies to clean-up metal polluted 

soils have been developed; among them, phytoremediation is considered one of the most 

economic and environmental friendly procedure to restore soil fertility (Alkorta et al., 

2004). This biotechnical approach relies on the innate capability of plants to uptake and to 

accumulate metals from the soil, but it requires plants able to tolerate Hg accumulation in 

their organs and to prevent the general oxidative damage induced by this metal (Cho & 

Park, 2000; Patra et al., 2004; Ortega-Villasante et al., 2005). The maintenance of cellular 

redox homeostasis in cells, where antioxidant enzymes and metabolites ameliorate the 

accumulation of oxidant Reactive Oxygen Species (ROS), would modulate the final 

tolerance response to Hg (Rellán-Álvarez et al., 2006; Zhou et al., 2008; Sobrino-Plata et 

al., 2009). Cross-talk of oxidative stress signaling cascades and endogenous factors, like 

ethylene, jasmonate, auxin or abscisic acid, is pivotal for plant acclimation to stress and 

development (Potters et al., 2007), where antioxidants modulate ROS production 

(Considine & Foyer, 2014). In particular, ethylene through the family of APETALA 

2/Ethylene Response Element Binding Protein (AP2/EREBP) transcription factors is known 

to mediate in hormone and redox signaling processes in context of abiotic stresses (Dietz 

et al., 2010). Understanding the mechanisms controlling acclimation to hazardous 

environmental will help to optimize tolerance to Hg in plant cells, knowledge that has 

been elusive (Chen & Yang, 2012). However, recent research using improved 
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transcriptomics is now paving the way to identify mechanisms involved in the early 

responses to Hg, putatively involved in the tolerance to this toxic metal, in particular with 

regards to redox homeostasis. 

Early oxidative stress induced by metal toxicity 

In spite of high concentration of Hg in polluted soils, only a modest amount is taken up by 

plants, a function of the predominant edaphic conditions (Xuexum & Linhai, 1991). 

Moreover, Hg translocation from roots to shoots occurs normally at low rates, and most 

toxic effects are found in roots (Boening, 2000). Mercury reduces dramatically the root 

growth, diminishes the nutrients uptake rates and enhances cell death, and induces an 

early oxidative burst (Cho & Park, 2000; Patra & Sharma, 2000; Patra et al., 2004; Ortega-

Villasante et al., 2005). A strong lipid peroxidation and protein oxidation occurred after 

short-term exposure to Hg in maize (Rellán-Álvarez et al., 2006) and pea plants (Cho & 

Park, 2000), which represent chronic toxic effects with several alterations in cellular 

functions, such as cross-linking at the cell wall that may led to its stiffening and cell growth 

inhibition (Cargnelutti et al., 2006). Localization of Hg in plant tissues using X-ray 

synchrotron imaging showed that this metal enter the plant at the root tip, and 

accumulates in the vascular bundle, where vascular parenchyma cells showed corrugated 

morphology probably due to water balance alteration (Carrasco-Gil et al., 2013). 

The knowledge about physiological responses of plants exposed to Hg has 

increased in the last few years as Hg has been compared frequently with the phytotoxicity 

caused by other toxic elements like cadmium (Cd; Gallego et al., 2012). With regard to the 

induction of the oxidative burst, several authors observed alterations in antioxidant 

enzymes activities such as catalase (CAT), ascorbate peroxidase (APX), or superoxide 

dismutase (SOD) mainly in roots (Rellán-Álvarez et al., 2006;, Zhou et al., 2008). 

Interestingly, Hg-specific responses were found in the activity of glutathione reductase 

(GR), key enzyme to maintain the redox balance of glutathione (GSH) that is strongly 

inhibited by Hg, while under Cd or arsenic (As) it is induced (Sobrino-Plata et al., 2009; 



Chapter III- Is ethylene controlling ROS under Hg stress? 

 

 94  

2013); enzyme that has been recently suggested as a biomarker of Hg accumulation 

(Sobrino-Plata et al., 2014a; 2014b). A significant and early induction of reactive oxygen 

species (ROS), such as superoxide anion (O2
•─) and hydrogen peroxide (H2O2), has been 

observed in Brassica juncea plants exposed to Hg (Meng et al., 2011). Microscale 

experiments with alfalfa seedlings showed that the generation of ROS by Hg occurs within 

minutes (Ortega-Villasante et al., 2007), possibly associated with the induction of plasma 

membrane NADPH-oxidases responsible of the accumulation of H2O2 in the root apoplast 

(Montero-Palmero et al., 2014). This mechanism of ROS production may differ from that 

of triggered by Cd, possibly more related with mitochondrial electron transfer chain 

malfunction (Heyno et al., 2008). The Respiratory Burst Oxidase Homolog (Rboh)/NADPH-

oxidases in plants has been reported as regulatory mechanisms of biotic and abiotic stress 

mediating in ROS production. Recently, the characterization of Arabidopsis RbohD, RbohF 

and RbohC family members has been useful to understand better their role under stress 

conditions using atrbohD/atrbohF and atrbohC mutant plants, which demonstrated their 

relevance in the signaling network involved in stress cellular homeostasis (Torres & Dangl, 

2005). In this sense, Arabidopsis atrbohD/atrbohF mutants and a 35S::AtrbohD 

overexpressor suggest the involvement of Rboh/NADPH-oxidases in the generation of 

H2O2 under Hg stress (Montero-Palmero et al., 2014). 

ROS are considered as components of a signal cascade capable of triggering the 

induction of defence genes to cope with abiotic and biotic stresses. . For example, Mittler 

et al. (2004) reviewed a list of more than 150 genes in Arabidopsis that participate in a 

complex network to regulate ROS levels after an oxidative burst. The identification of 

common components in the stress responses as key factors of cell homeostasis has been a 

major research effort (Kreps et al., 2002). Among others, the zinc-finger superfamily of 

transcription factors are one of the best functionally characterized group, which mediates 

in both biotic and abiotic stresses (Kodaira et al., 2011; Figueiredo et al., 2012). In this 

sense, the transcription factor Zat12 may canalize the oxidative burst signaling in 

Arabidopsis, as was observed when the tolerance was altered by interfering the 

expression of genes regulated by Zat12 (Davletova et al., 2005b). This regulatory role was 
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shared with WRKY transcription factors, which are thought to regulate the expression of 

several stress-related genes, such as those encoding several APXs (Vanderauwera et al., 

2005; Miao et al., 2007; Chen et al., 2012; Davletova et al., 2005a).  

Consistent with some physiological symptoms of Hg stress, changes in the 

transcription of genes needed for the regeneration of the photosynthetic apparatus and 

antioxidant enzymes were detected in Arabidopsis thaliana and tomato seedlings exposed 

to Hg (Heidenreich et al., 2001; Cho & Park, 2000). Similarly, there was an up-regulation of 

genes encoding peroxidases, NADH-dehydrogeneases and enzymes of the sulphur 

assimilatory pathway, as well as genes involved in secondary metabolism in Hg-treated 

pea plants (i.e. biosynthesis of salicylic acid and isoflavonoids; Sävenstrand & Strid, 2004). 

Additionally, heme oxygenases (HOs) may mediate in the Hg-related responses in Brassica 

napus (Shen et al., 2011), which are associated with pathogenesis related proteins and 

small heat shock proteins (Didierjean et al., 1996; Wolgien & Neumann, 1999). 

Recent evidences suggest that metal homeostasis depend on a complex crosstalk 

between different signaling processes, where ROS signals are integrated with 

phytohormones signaling. Therefore, ROS are considered as important clues for 

development and ontogeny of plant cells (Mittler et al., 2011). It is possible that hormone 

and ROS signaling are playing their role at the same level in the stress response (Fujita et 

al., 2006), but they could also be involved in different steps of signaling cascade. Thus, 

phytohormones could alter ROS production or, in the contrary, ROS could be promoting 

the hormone cascade activation (Bartoli et al., 2013). Therefore, more complete studies of 

massive transcriptional analysis is required to understand the complex levels of responses 

normally studied using a heuristic incomplete approach, which has been recently 

undertaken as discussed below. 

Characterization of the massive transcriptional pattern under Hg stress 

Recent bioinformatics and technological advances based on “omics” research have 

revitalized the integration at the transcriptional level of many physiological processes in 
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plants (Mochida & Shinozaki, 2011). In this sense, DNA microarrays technology is a 

powerful tool used widely in the last decades after genome sequencing projects, that are 

enabling a more complete understanding of the global transcriptional changes under 

different environmental conditions and effectors, endogenous signals, interaction with 

pathogens, and so on (Amaratunga et al., 2014). With regard to metal homeostasis, a 

substantial effort has been done to characterize the primary cellular mechanisms involved 

in the heavy metal stress perception and defence mechanisms using different RNA-DNA 

microarray technologies. Arabidopsis DNA chips have been used to identify global 

transcriptional pattern in response to metals such as Zn (Becher et al., 2004), As 

(Abercrombie et al., 2008) or Cd (Herbette et al., 2006; Weber et al., 2006); where in most 

cases the transcriptional response of Arabidopsis thaliana has been compared with that of 

the metalliferous Arabidopsis halleri. Transcriptional activity of the metal Zn/Cd 

accumulator Noccaea (Thlaspi) caerulescens has also been compared with Arabidopsis in 

response to Cd (Van de Mortel et al., 2008). Apart from Arabidopsis, sensitive and tolerant 

cultivars of rice (Oryza sativa) have been used to assess their transcriptional response to 

As (Yu et al., 2012; Huang et al., 2012; Chakrabarty et al., 2009; Norton et al., 2008) and 

Cu (Sudo et al., 2008) using different DNA microarray platforms. In addition, the 

transcriptional responses of Cd were compared with those of essential trace 

micronutrients like Cu in Arabidopsis (Zhao et al., 2009) or in rice roots (Lin et al., 2013). 

With respect to Hg, three very recent concurrent studies were completed to 

characterize the massive transcriptional profile in seedlings of Medicago sativa (Montero-

Palmero et al., 2014), Medicago truncatula (Zhou et al., 2013) and Hordeum vulgare 

(Lopes et al., 2013). The main purpose of these transcriptional studies was to obtain a 

comprehensive understanding of the metabolic pathways involved in the Hg-stress 

response, which would shed light in the tolerance mechanisms involved. Genes encoding 

enzymes of the plant secondary metabolism, and other known to participate in biotic and 

abiotic stresses genes were differently expressed in the three transcriptomic studies 

performed with different plant species. For example, there was a clear up-regulation of 

genes encoding enzymes of the lignin biosynthesis pathway, such as those producing 
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lignin precursors like coumarins, caffeoyl and other monolignols (Table 1). It is known that 

lignin polymerization promotes cell wall stiffening (Passardi et al., 2004); lignin cross-

linking reactions that may be responsible of the observed rapid root growth inhibition 

under Hg stress (Ortega-Villasante et al., 2007; Montero-Palmero et al., 2014). In addition, 

these phenolic metabolites are known antioxidants under metal stress conditions (Van De 

Mortel et al., 2008), which would counteract the rapid ROS induction by Hg observed in 

our experiments (Ortega-Villasante et al., 2007; Montero-Palmero et al., 2014). Other 

strongly regulated genes, common to all three plant species, fall in several stress-related 

categories such as glutathione-S-transferases, heat shock proteins or pathogenesis related 

proteins (Table 1). It is thought that toxic metabolites, protein instability and other 

alterations in the cellular components may compromise cell survival in plants subjected to 

different types of environmental stresses (Mittler et al., 2011), indicating that a general 

unspecific response is also triggered by Hg. Interestingly, several phytohormone signaling 

pathways seemed to operate under Hg stress: ethylene (ET), abscisic acid (ABA), jasmonic 

acid (JA) and auxin (IAA) related genes are among those significantly up-regulated after a 

short-term treatment (Table 1), which may be key players in metal perception and 

homeostasis.  
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Table 1. Number of DEGs and percentages obtained from the total DEGs number in different 
functional categories. Differential expressed genes (DEGs) from the microarray of Medicago 
sativa root-seedlings exposed to 3 μM Hg during 3, 6 or 24 h (FDR< 0.01), compared to the 
transcriptomics analyses made in Medicago truncatula seedlings treated with 10 μM HgCl2 

during 6, 12, 24 and 48 h (FDR< 0.001; Fold Change over 1) and in Hordeum vulgare root-
seedlings exposed to approximately 300 μM Hg in sand semi-hydroponics for 15 days (P < 0.05), 
and classified into the main functional MapMan categories. 

 Functional categories 
M. sativa M. truncatula H. vulgare 

No DEG %DEG No DEG %DEG No DEG %DEG 

ST
R

ES
S 

Glutathione/ascorbate cycle  6 0.66 3 0.12 2 0.14 

Sulphate transporters 1 0.11 2 0.08 1 0.07 

S-assimilation (APS-APR) 3 0.33 2 0.08 4 0.27 

Glutathione S-transferases 19 2.09 12 0.46 25 1.71 

Small heat shock proteins 9 0.99 6 0.23 4 0.27 

Heat shock proteins 14 1.54 11 0.43 5 0.34 

Heat shock factors 4 0.44 3 0.12 4 0.27 

Pathogenesis related proteins 34 3.74 8 0.31 22 1.50 

Fungal elicitor proteins 1 0.11 2 0.08 2 0.14 

Chitinases 4 0.44 2 0.08 9 0.61 

 Subtotal DEGs  95 10.44 51 1.98 78 5.32 

PH
Y

TO
H

O
R

M
O

N
ES

 Ethylene metabolism 4 0.44 3 0.12 3 0.20 

Ethylene responsive factors 10 1.10 9 0.35 3 0.20 

ABA responsive genes 2 0.22 2 0.08 7 0.48 

Jasmonate metabolism 10 1.10 7 0.27 4 0.27 

Jasmonate responsive genes     1 0.07 

Auxin metabolism 3 0.33     
Auxin responsive genes 8 0.88 13 0.50 11 0.75 

 Subtotal DEGs  37 4.07 34 1.32 29 1.98 

SE
C

O
N

D
. M

ET
. Lignins 23 2.53 15 0.58 10 0.68 

Phenylpropanoids 19 2.09 4 0.15 11 0.75 

Anthocyanins 6 0.66 1 0.04 3 0.20 

Chalcones 22 2.42 24 0.93 1 0.07 

Other Flavonoids 15 1.65 10 0.39 5 0.34 

 Subtotal DEGs  85 9.34 54 2.09 30 2.05 

 TOTAL DEGs NUMBER 910  2582  1466  
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Involvement of ethylene in the oxidative burst induced by Hg 

Plant cells exposed to toxic metals experience drastic metabolic changes ranging from 

primary biochemical responses to transcriptional activation, including signaling events, as 

outlined in Fig. 1a. An important feature of the early responses to toxic metals is the 

induction of ROS accumulation and oxidative stress (Baier et al., 2005), which occur 

minutes after the exposure of root epidermal cells to Cd and Hg (Hernández et al., 2012). 

Metal perception by plant cells is normally accomplished by a stress signaling network 

that would involve the activation of a Ca-signaling cascade (DalCorso et al., 2010), the 

accumulation of ROS and reactive nitrogen species (RNS; i.e. nitric oxide or NO), or the 

accumulation of certain stress-related phytohormones like salicylic or JA (Rodríguez-

Serrano et al., 2009; Tamás et al., 2010). Downstream signaling events include changes in 

the activity of several antioxidant enzymes, such as APX, GR or SOD, along with modified 

concentration of antioxidant metabolites, such as ascorbate and GSH (Jozefczak et al., 

2012), activation of Ca-dependent calmodulins, and mitogen-activated protein kinases 

(MAPKs; Jonak et al., 2004; Ye et al., 2013). Ethylene accumulated in Brassica juncea 

leaves when exposed to Ni and Zn, phytohormone that promoted the activation of APX 

and GR enzymatic activities and augmented the pool of reduced GSH, conceivably 

required to enhance the antioxidant defensive barriers against metal stress (Khan & Khan, 

2014). On the other hand, ethylene mediates in the assimilation process and the nutrition 

balance of sulphur, a fundamental macronutrient for plant acclimation to stress via GSH 

metabolism (Iqbal et al., 2013). The defences to metal stress also comprise transcriptional 

changes, necessarily orchestrated by certain families of transcription factors, in particular 

some responding to ET, jasmonate, ABA or IAA (i.e. ERF/AP2, WRKY, MYB and ARF, 

respectively), that would recognize different cis-DNA regulatory motifs to control the 

transcription of genes involved in metal detoxification and tolerance (Thapa et al., 2012; 

Fig. 1b). Expression of different metal transporters (for example the HMA1-4 and CDF 

families), enzymes of sulphur metabolism and GSH biosynthesis, and small heat shock 

proteins (sHSPs) are among the cellular defences activated upon the commented 

transcriptional activation (Gallego et al., 2012; Fig. 1).  
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Stress related phytohormones are known effectors that modulate responses to 

toxic metals (Xiang & Oliver, 1998; Zhou et al., 2009). In fact several hormone responsive 

genes and genes involved in hormones synthesis are up-regulated in response to Hg, 

indicating that phytohormones play an important role in the Hg-induced response (Table 

1). Salycilic acid (SA), brassinosteroids, cyotokinins, gibberellins or IAA have been 

described stimulating the antioxidant response in terrestrial and aquatic plants exposed to 

Cd, Cu or Pb (Hayat et al. 2007; Noriega et al., 2012; Piotrowska-Niczyporuk et al., 2012). 

On the contrary, jasmonate is known to trigger ROS production under metal stress 

(Maksymiec & Krupa, 2006, and accumulated in leaves of Arabidopsis thaliana and 

Phaseolous coccineus under Cu and Cd stress (Maksymiec et al. 2005). Interestingly, 

jasmonate-induced ROS is mediated by the oxidative status of GSH, as has been shown in 

GR defective mutants (Mhamdi et al., 2010). Subsequently, the transcriptional activity due 

to JA has been recently associated with the oxidative burst led by changes in the redox 

potential of GSH in plant cells (Han et al., 2013). In addition, jasmonate entwines with ET 

in a complex signaling cascade that results in ROS production (Mittler, 2006). The stress 

response induced by ET may be associated with the jasmonate pathway, mediated by the 

COI1-jasmonate receptor as was shown in the root meristematic activity of Arabidopsis 

(Adams & Turner, 2010). This draws a rather complex picture where redox unbalance in 

the cell is required in turn for cysteine and GSH synthesis, possibly as part of a positive 

feedback mechanism where jasmonate or ethylene may intervene (Queval et al., 2009).  
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Ethylene is also a phytohormone that determines root architecture and controls 

defence responses of plants to stress (Swarup et al., 2007). The rapid root growth 

inhibition observed under Hg (Ortega-Villasante et al., 2007) was counteracted when ET 

perception was blocked in alfalfa and Arabidopsis, implying a direct relationship between 

this phytohormone and the root architecture (Montero-Palmero et al., 2014). It is feasible 

that this role occurs under other metal stress conditions, as it was shown that ET synthesis 

antagonists alleviated the Al-induced arrest of root elongation (Tian et al., 2014). This 

control is exerted in combination of other hormones like auxins, salicylic acid, jasmonate, 

ABA, or strigolactones, contributing to a general mechanism of tolerance and resistance to 

a wide range of biotic and abiotic stresses (Bari & Jones, 2009). For instance, a 

downstream regulation of auxin-related genes (such as YUCCA, PIN, or ARF), and cell cycle 

related-genes (CDKs and cyclins), are also interconnected with a H2O2 signaling cascade 

under Cd stress in rice plants (Zhao et al., 2012) and barley roots (Liptáková et al., 2012). 

Interestingly, there are clear evidences that IAA accumulation in roots depends partially 

on ET metabolism, which may affect ultimately the architecture of roots by promoting the 

appearance of secondary roots emergence (Swarup et al., 2007, Růžička et al., 2007). Up-

take of mineral nutrients and exudation of malate could be also modulated by ET and 

auxin, possibly via a transcriptional regulation, which could be related with root 

architecture under metal stress (Tian et al., 2014). Similarly, jasmonate mediates in ASA1 

expression, a protein involved in IAA synthesis and distribution-related, which also 

modulates root development (Wasternack & Hause, 2013). All these endogenous factors 

would interact with oxidative stress promoted signaling, composing a complex 

transduction network that regulates cell division, expansion and ultimately root 

architecture (Considine & Foyer, 2014), which would be altered in plants exposed to toxic 

metals. 

Future perspectives and challenges 

Current evidences support the concept that phytohormones are playing a significant role 

in the perception and response to toxic metals, possibly by interacting with a ROS-
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dependent signaling pathway. Being said so, the current understanding of the crosstalk 

between phytohormones and ROS networks is still obscure and very limited. Thus, future 

work should be directed to describe in detail the genetic network that regulates the 

perception of the stress induced by metals, and how different phytohormones and 

signaling components interact, using the available collection of mutants with inhibited or 

blocked receptors, together with current massive transcriptomic profile analyses, and 

bioinformatic tools to obtain a integrated picture. This will allow the development of 

biotechnical strategies to enhance tolerance of plants to metal toxicity. 
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Summary 

Soil pollution with toxic elements, such as arsenic (As) and mercury (Hg), represents a 

serious risk to human health and the environment. Plants are envisaged as tools to 

implement phytoremediation strategies to clean up soils contaminated with As (metalloid) 

and Hg (metal), which optimisation requires a profound understanding of tolerance and 

detoxification mechanisms under toxic metal(loid) stress. The early transcriptomic 

responses were studied in the context of several physiological stress indexes —root 

growth inhibition, phosphorous content, lipid peroxidation, hydrogen peroxide (H2O2) 

accumulation, phytochelantins (PCs) production and antioxidative enzyme activities —in 

alfalfa (Medicago sativa) seedlings treated with Na2HAsO4 [As(V)]. Heterologous 

hybridisation with a Medicago truncatula Mt16koli-70mer microarray was carried out to 

obtain the transcriptional profile under As(V) stress, which was compared with that of 

alfalfa seedlings exposed to Hg. Characteristic functional groups of Differentially Expressed 

Genes (DEGs) were activated for each metal(loid): As(V) treatments enhanced the 

expression of protein degradation, photosynthesis and RNA-related genes; while protein 

synthesis, phenylpropanoids and DNA-processing related genes were induced by Hg. A 
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third group of DEGs comprised the genes showing a common transcriptional activity under 

As(V) and Hg exposure, such as those related to stress (peroxidases, glutathione S-

transferases, lipid metabolism and heat shock proteins), photochemical apparatus 

(photosystem I and II components), phytohormone related genes (jasmonate, ethylene, 

gibberlins), and water balance regulation (membrane integral proteins, aquaporins). The 

comparison of both transcriptomes permits the classification of metal(oid) specific 

responsive genes, which might help to optimise phytotechnologies of decontamination. 

KEYWORDS: Arsenic, Medicago sativa, mercury, oxidative stress, transcriptome 

Introduction 

Arsenic (As) is a natural metalloid of the Earth’s crust, commonly found forming sulphur 

minerals (like arsenopyrite), which concentrations fluctuate normally between 1.5 and 3 

mg·kg-1. However, several anthropogenic activities like fossil fuels combustion, 

exploitation of underground water for crop irrigation and application of pesticides and 

fertilizers increase the levels of As, and its bioavailability, in the biosphere (Nordstrom 

2002; Ng et al., 2003). There is a prevalence of arsenate [As(V)] chemical species in well 

aerated soils, which is readily is taken up by plants and is rapidly reduced to arsenite 

[As(III)] through arsenate reductase, as reported in Arabidopsis thaliana (Dhankher et al., 

2006), Pteris vittata (Duan et al., 2005, Ellis et al., 2006) or Holcus lanatus (Bleeker et al., 

2006). Organic-arsenite compounds can accumulate in plant cells, since As(III) can be 

methylated by the enzyme S-adenosylmethionine to monomethylarsenic (MMA) using 

glutathione (GSH) as a cofactor, which can be transformed subsequently into 

dimethylarsenic (DMA; Mandal & Suzuki, 2002). 

The chemical properties of As(V) are very similar to those of phosphate, therefore 

As(V) interferes with phosphate uptake at the plasma membrane and may substitute this 

important nutrient in many cellular functions (Meharg & Macnair 1990, 1994; Wang et al., 

2002). Addition of As(V) in the nutrient solution of several plant species cause a 

diminution of phosphate uptake, as observed in Hordeum vulgare (Mascher et al., 2002), 



M. Belén Montero-Palmero 

 

  117 

Holcus lanatus (Meharg & Macnair, 1991), and Arabidopsis thaliana (Dunlop et al., 1997). 

Among other symptoms of toxicity, As(V) leads to the inhibition of oxidative 

phosphorylation processes, displacing phosphate groups in the synthesis of ATP and ADP, 

which compromise the efficiency of the energy flows in the cell (Meharg & Hartley 

Whitaker, 2002). As(V) can also produce alterations in the DNA structure and affects the 

activity of certain enzymes related with replication and repair of DNA, toxic effects that 

may led to chromosomal aberrations (Bernstam & Nriagu, 2000; Meharg & Hartley –

Whitaker, 2002; Saha, 2003; Patra et al., 2004). Due to the ubiquity of As in the 

environment, organisms have evolved detoxification mechanisms to limit As(V) potential 

damages based in arsenate reductases, enzymes that convert As(V) to As(III), oxyanion 

that has strong affinity for thiol groups of peptides like glutathione (GSH; Mukhopadhyay 

& Rosen, 2002). 

Accumulation of As(V) and As (III) causes substantial alterations in several 

physiological processes, ranging from the inhibition of cell elongation, to loss of 

chlorophyll content and photosynthetic activity diminution (Marin et al., 1992; Meharg & 

Hartley-Whitaker, 2002; Abedin & Meharg 2002; Stoeva et al., 2005; Singh et al., 2006; 

Rahman et al., 2007, Sang-Hoon et al., 2007). Similar toxic effects are associated with 

organic species of As, such as MMA and DMA, that causes a significant decrease in the 

total dry biomass, a reduction in the mobility of water in roots and plasmolysis in wilting 

leaves, which may lead to plant death (Carbonell-Barranchina et al., 1998). One of the 

main adverse effects of As(V) in plant cells is the induction of oxidative stress, where 

reactive oxygen species (ROS) are produced. Some hypothesis suggest that ROS are 

generated in the reduction process of As(V) to As(III), as well as during the methylation 

steps of As(III) (Hartley-Whitaker et al., 2001; Meharg & Hartley-Whitaker, 2002; Mascher 

et al., 2002). On the other hand, As may change the activity of antioxidant enzymes that 

maintain ROS cellular levels under control, such as superoxide dismutases (SOD; converts 

the O2
•- to H2O2), ascorbate peroxidases (APX; reduces H2O2 to H2O) and glutathione 

reductase (GR; required to regenerate the oxidized GSH needed to replenish the 

ascorbate cellular pool), as was observed under As(V) stress in the As-hyperaccumulator 
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Pteris (Srivastava et al., 2005) or in the metallophyte Silene vulgaris (Sobrino-Plata et al., 

2013). However, the oxidative stress induced by As(V) is normally milder than the one 

observed in plants exposed to toxic concentrations of metals like Cu or Cd (Sang-Hoon et 

al., 2007). 

Glutathione (γ-GluCysGly) plays a fundamental antioxidant role as a component of 

the ascorbate-GSH antioxidant machinery under toxic element stress (Jozefczak et al., 

2012), but is also important for As tolerance as it is required for the synthesis of 

phytochelatins (PCs) that bind As(III) through thiol residues (Bleeker et al., 2006). As-PC 

complexes are thought to accumulate in vacuoles, limiting the phytotoxic effects of As(III) 

(Sharma & Dietz, 2008). Induction of PCs synthesis —from condensation of γ-glutamyl-

cysteine residues of GSH —via activation of the enzyme PC synthase, as occurred under Cd 

or Hg exposures (Ha et al., 1999), was also observed in As-treated plants (Vatamaniuk et 

al., 1999 and 2000; Schmöger et al., 2000). In addition, different biothiols homologous to 

GSH accumulate in large amounts in several plant species, such as homoglutathione 

(hGSH) and homophytochelatins (hPCs) that are found in leguminous plants, where Gly is 

substituted by Ala (Loscos et al., 2008). 

In an effort to improve the knowledge in the acclimation of plants to As, the 

analysis of the transcriptional responses have been undertaken in model plants like 

Arabidopsis or rice (Abercrombie et al., 2008; Norton et al., 2008; Chakrabarty et al., 2009; 

Rai et al., 2011; Huang et al., 2012; Yu et al., 2012); experiments that provided information 

of a large variety of genes differentially expressed under As stress. However, little is 

known about the early stress transcriptional profile, with the objective to characterise 

molecular components involved in perception and signaling processes. Some light may be 

shed when As-induced alterations in the transcriptome is compared with that of seedlings 

treated with other toxic elements, that can be performed at the bioinformatics level. The 

physiological symptoms of the As-stressed plants were compared to those induced by Hg 

(Montero-Palmero et al., 2014), and conducted by a particular –common and distinctive- 

transcriptional activity, that will help us to identify specific metal(loid) responses (stress 
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signatures), as well as provide information about common metabolic processes to 

ameliorate stress. 

Materials and Methods 

Alfalfa culture conditions 

Seeds of alfalfa (Medicago sativa var. Aragón) were sterilized and germinated on vertical 

agar plates for 24 h, in complete darkness at 25°C. They were transferred to a Fähraeus-

slides hydroponic system, at 24°C, 16 h-light/8h-darkness conditions (Ortega-Villasante et 

al., 2005). For the As(V) treatments the following modifications were applied: after seeds 

germination, seedlings were directly transferred to the Murashige-Skoog (MS) nutrient 

solution with 100 μM Na2HAsO4 and collected after 1, 2, 6, 9 and 24 h of exposure. 

Additionally, alfalfa plantlets subjected to different Na2HAsO4 treatments (0, 20, 50, 100, 

200 and 300 μM) during 24 h were also collected for further analysis. Hg treatments with 

3, 10 and 30 µM HgCl2 during 3, 6 and 24 h were performed as described in Montero-

Palmero et al. (2014). 

Arsenic and phosphorous concentration 

Whole alfalfa seedlings were rinsed briefly in 10 mM Na2EDTA at pH 6.0, washed in 

deionised water, and dried for 72 h at room temperature. The dried plant material was 

acid digested according to Sobrino-Plata et al. (2009). After filtration and dilution with 

MiliQ water, the determination of As and P concentrations was performed by ICP-MS Elan 

6000 (Perkin-Elmer Sciex, Wellesley, MA, USA). Eight independent replicates were 

analyzed. 

Analysis of oxidative stress parameters 

Extracellular H2O2 and lipid peroxidation 

Extracellular H2O2 release was measured according to Ortega-Villasante et al. (2007) in 

root segments exposed to different As (V) concentrations (0, 20, 50, 100, 200 and 300 μM 

Na2HAsO4). After 24 h in hydroponic culture, 1 cm sections from the root apex of 
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untreated seedlings were cut and placed in equilibrated MS medium titrated with 2 mM 

MES at pH 6.0 in the dark for 1 h, and individually placed in a 96-well microtitre plate 

containing the same medium supplemented with As(V). Amplex Red (Molecular Probes, 

Eugene, OR, USA) was added to a final concentration of 50 µM immediately prior to 

fluorescence measurement, which was recorded during 3 h (Tecan Gen-iox, Mänedorf, 

Switzerland) at λexc= 542 nm and λem= 590 nm. A total of 6 experiments with 16 roots per 

treatment were analysed. Lipid peroxidation was measured as the quantity of 

malondialdehyde (nmol of MDA·g-1 of FW) that reacts with the tiobarbituric acid (TBA) to 

produce a coloured product (TBARS) measured at 535 nm according to Buege & Aust 

(1978) with minor modifications (Ortega-Villasante et al., 2005). Three independent 

experiments with three biological replicates each were performed.  

Cell peroxidation by epifluorescence microscopy 

Cell peroxidation and cell death were detected by epifluorescence microscope imaging. 

Alfalfa roots treated with 300 μM Na2HAsO4 and 30 μM CdCl2 for 24 h (as a positive 

control) were compared with control roots growing in the same conditions but without 

metal treatment. Roots were incubated in vivo with 10 μM of dichlorofluorescein 

diacetate (H2DCFDA) and 25 μM of propidium iodide (PI) during 10-15 minutes. H2DCFDA 

would be oxidized to 2', 7' dichlorofluorescein, which fluoresces in green (λexc= 490 nm 

and λem= 526 nm) and is associated with peroxides (Blackstone, 2003). To monitor cell 

death, propidium iodide (PI) was added as a counter-stain. PI was excited with a helium-

neon laser (543 nm) and its emission recorded at 620 nm. Samples were observed with a 

BX61 microscope equipped with a U-M51004V2 cube and coupled to a DP70 CCD camera 

(Olympus, Ontario, Canada). Five to six roots were observed per treatment and three 

independent experiments were performed. 
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Determination of enzyme activities 

Colorimetric enzyme assays were carried out to determine the activity of several oxidative 

stress related enzymes that could be involved in the As response. All activities were 

measured with a double-beam spectrophotometer Shimadzu UV-240 (Shimadzu, Kyoto, 

Japan) during 2 minutes at 25°C. Alfalfa seedlings (0.1 g) treated during 24 h were 

homogenized in 50 mM of potassium phosphate, pH 7.8 (Rao et al., 1996) containing 1 mg 

of total protein·mL-1, in 1mL reaction volumes (3 mL for SOD activity). Three independent 

biological experiments with three biological replicates for each experiment were analyzed 

in every enzyme assay. Glutathione reductase (GR) activity was calculated as the 

consumption of NADPH (absorbance at 340 nm) when the oxidized glutathione (GSSG) is 

reduced to GSH (Edwards et al., 1990) with a molar extinction (ε) = 6.22 mM-1·cm-1. 

Glutathione S-transferase activity (GST) was also measured at 340 nm due to the 

formation of a conjugate of chloro-dinitrobenzene (CDNB) with GSH in phosphate 

potassium buffer (pH 7) following the procedure described by Lemaire et al. (1992), and 

considering that ε CDNB-GSH = 9.6 mM-1·cm-1. GST activity was expressed in nmol 

CDNB·mg protein-1 min-1. Total peroxidase (POX) activity was determined by measuring 

the oxidation of 1,4 methoxynaphthol in TRIS-acetate buffer at pH 5.0, with modifications 

(Segawa et al., 1992; Ezziyyani et al., 2005), that was measured at 593 nm and calculated 

using extinction coefficient (ε) of 21 mM-1 cm-1. The superoxide dismutase (SOD) activity 

was assayed in 50 mM Tris-HCl at pH 8.9, using an indirect test with reduced cytochrome C 

(absorption at 550 nm). O2
•- were generated with the enzymatic oxidation of xanthine (Mc 

Cord & Fridovich, 1969). 

Biothiol quantification 

Homoglutathione (hGSH), phytoquelatins and homo-phytochelatins ((h)PCs), and other 

minor biothiols (Cys and GSH) were determined by HPLC (Alliance 2695, Waters, MA, USA; 

and Agilent 1200, Agilent Technologies, USA). Alfalfa seedlings (0.1 g) were homogenized 

with 0.25 M HCl and the acid extract was injected in a Waters Spherisorb 5 µM column 

(Waters, MA, USA) or Mediterranea SEA18 (Teknokroma, Spain) following the solvent 
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gradient described by Sobrino-Plata et al. (2013). Detected biothiols were quantified in a 

post-column reaction with Ellman’s reagent at 412 nm, and integrated areas of interest 

were quantified against a GSH standard curve or calculated from a N-acetyl cysteine 

internal standard, as described by Ortega-Villasante et al. (2005). Six independent 

experiments were carried out with two independent biological replicates of 24h-treated 

alfalfa seedlings with 0, 20, 50, 100, 200 and 300 μM Na2HAsO4. Results were compared 

with the hGSH and (h)PCs determination in alfalfa roots treated with 0, 3, 10 and 30 μM 

HgCl2 for 3, 6 and 24 h (Montero-Palmero et al., 2014). 

RNA extraction, purification and quantification 

Extraction of total RNA from roots of M. sativa treated for 24 h with 0, 50, 100 and 200 

μM Na2HAsO4 was conducted with TRI Reagent (Ambion Inc., Austin, TX, USA), following a 

method that guarantees the RNA integrity (Portillo et al., 2006). RNA samples were eluted 

in RNeasy Mini Spin Column with DNase treatment (Qiagen, Hilden, Germany) to purify 

and clean genomic DNA. RNA concentrations were measured with a NanoDrop ND-1000 

UV-Vis spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). Additionally, 

samples used for hybridisations were checked for RNA integrity and quality with an 

Agilent 2100 Bioanalyzer equipped with a RNA 6000 Nano LabChip Kit (Agilent 

Technologies, Santa Clara, CA, USA). Six independent experiments with two biological 

replicates each were performed per As treatment. Three extracts from independent 

experiments were mixed in equimolar ratios to finally obtain four RNA pools per 

treatment that we used as independent biological replicates for the microarrays 

hybridisation and q-PCRs. 

Transcriptome hybridisation and processing 

Prior to hybridisation, purified mRNA was subjected to a single round of linear 

amplification with MessageAmp aRNA amplification kit (Ambion-Life Technologies, 

Carlsbad, CA, USA). The transcriptional profile was analysed by hybridisation of the M. 

sativa RNA to the Medicago truncatula Mt16koli-70mer microarray (produced by the 
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Department of Genetics, Institute of Genome Research, Bielefeld University, Germany; 

Küster et al., 2007) which contains 16,086 independent consensus probe sets. Four 

independent hybridisation experiments were performed per metal dose (50, 100 and 200 

μM Na2HAsO4) always compared to the mock-treatment controls (MS media) following a 

two-colour array design with a dye swap, and using Cy3 and Cy5 dyes. A total of 12 

independent hybridisations, data collection and analysis were performed at the Genomic 

Service of the National Centre of Biotechnology (CNB-CSIC) Madrid. Normalization and 

statistical analysis of the expression data was basically as described in Barcala et al. (2010) 

and in Montero-Palmero et al. (2014). The average log2 values (M) of the two immobilized 

spots (IDs or MTs) corresponding to the same unigenes or TCs were used for further 

analysis. The gene expression differences were significant at a False Discovery Rate (FDR) 

<0.05. Venn diagrams were made to observe co-regulation and exclusiveness among the 

selected doses. Total Differential Expressed Genes (DEGs) were allocated into four 

hierarchical clusters using the Multi Experiment Viewer software by TIGR (Saeed et al., 

2006) with the K-Means Clustering mode and Pearson uncentered correlation. Functional 

categories of the DEGs to different As (V) doses were obtained by using MapMan (Thimm 

et al., 2004). The MapMan categories related to general metabolism: ‘PS’, ‘major CHO 

metabolism’, ‘minor CHO metabolism’, ‘glycolysis’, ‘fermentation’, 

‘gluconeogenese/glyoxylate cycle’, ‘OPP’, ‘TCA/org’, ‘mitochondrial electron transport/ATP 

synthesis’, ‘N-metabolism’, ‘lipid metabolism’, ‘amino acid metabolism’, ‘Co-factor and 

vitamin metabolism’, ‘tetrapyrrole synthesis’, ‘polyamine metabolism’, ‘nucleotide 

metabolism’ and ‘C1 metabolism’, were included under a big family designed as 

‘metabolism’. In silico comparisons to Hg-transcriptome were made with the microarray 

data got from alfalfa roots treated with 3 µM Hg for 3, 6 and 24 h (Montero-Palmero et 

al., 2014) and using the same statistical analyses (FDR <0.05). 

Principal Components Analysis 

The relationship between the gene expression patterns of M. sativa plants, treated with 

either As(V) at different doses or Hg at different exposure times, was explored using a 



Chapter IV- Comparison of arsenic and mercury transcriptomes  

 

 124  

covariance analysis or a ‘Principal Components Analysis, PCA’. To visualize the correlation 

between samples more effectively, a PCA was carried out using TIGR Multiple Array 

Viewer software package (TMeV) comparing the expression of the total number of genes 

for the treatments selected (50, 100 and 200 μM As(V) and 3, 6 and 24 h of 3 μM Hg).  

Data processing and classification for the As and Hg transcriptomes comparison 

The microarray data from the As-treated samples (Rivas-Castellanos et al., 2009) and the 

Hg transcriptomic data (obtained in Montero-Palmero et al., 2014) were compared 

following sequential steps to identified different groups of genes with parallel or opposite 

expression tendencies along the exposure to both toxics (Fig. S1). Firstly, a significance 

threshold, FDR <0.05, was set to select the DEGs to any of the treatments. Subsequently, a 

screening for duplicated Medicago truncatula identifiers (MTs) was made and the average 

of the log2 (M) values for each of the replicates representing a unigene was calculated for 

all As and Hg treatments separately. The up-regulated DEGs (M>0) were separated from 

the down-regulated genes (M<0) for each treatment and their expression patterns were 

independently studied grouping the DEGs by expression tendencies — with Venn 

diagrams and KMC clusters—. In a third step, all up or down-regulated genes from the 

three As(V) treatments (50, 100 and 200 μM) were pooled in an excel file, the same 

procedure was followed for the Hg time-doses (3, 6 and 24 h). In each pool (As-induced; 

As-repressed, Hg-induced and Hg-repressed genes) when the same gene was DE at 

different doses or exposure times —then it was a duplicate or triplicate MT in the file—

the highest/lowest M value for the induced/repressed genes was selected and the rest 

was discarded. Unigenes with different expression tendencies among treatments for each 

metal(loid) (induced in one treatment and repressed in other) were not found. A 

comparative analysis between treatments that caused the highest transcriptional 

response showing the highest number of DEGs (200 μM As(V) and 6 h 3 μM Hg) was 

carried out in a parallel. The output data after applying those customized filters were 

considered as ‘processed data’. This processing facilitated the subsequent comparison 

among the As and Hg global transcriptomes. As-processed data was compared with those 
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of Hg; either DEGs from the three pooled doses or DEGs resulted from the highest 

responsive treatments. In both comparatives, different groups of genes were obtained: 

DEGs showing similar responses to both metals were labelled as ‘Common DEGs’, while 

‘Distinctive DEGs’ included DEGs only responsive to As or Hg. An interesting set of genes 

corresponded to those induced by one metal and repressed by the other, were included in 

the ‘Opposite-Regulated Genes’ group and were distinguished from the ‘Equal-Regulated 

Genes’ (Fig. S1).  

Functional categorization 

Representative categories of the DEGs under As(V) and Hg stress were studied by 

MapMan (Thimm et al., 2004). Categories were statistically analyzed following Benjamini 

& Hochberg correction (P <0.05; Benjamini & Hochberg, 1995) indicative of significant 

differential profiles in comparison to the rest of the categories. This analysis was done 

separately with every As doses and Hg treatment. Categorization by MapMan was also 

performed for the comparison of the As and Hg expression profiles with the three pooled 

doses for As(V) (50, 100 and 200 μM) and the three pooled of 3 μM Hg treatments (3, 6 

and 24 h), but with the treatment with the highest transcriptional activity (200 μM As(V) 

and 6 h-3μM Hg). The chi-square (χ2) test was used to analyze the overrepresented 

categories of common and distinctive DEGs in respect to the total number of unigenes 

from the Medicago truncatula database (at P <0.05; Table S5).  

Quantitative RT-PCR analysis 

Expressions of several oxidative stress-related genes were analyzed by quantitative RT-

PCR. Q-PCRs were performed with the total RNA from alfalfa roots combined into four 

independent pools as explained before. The complementary DNA-strand (cDNA) was 

synthesized with the Multiscribe Reverse Trancriptase enzyme (Invitrogen, Carlsbad, CA, 

USA). Heterologous oligonucleotide primers were designed based on Medicago truncatula 

sequences using the Primer Express software (Applied Biosystems, Foster City, CA, USA; 

Table S6). The amplification was carried out in a thermocycler for quantitative real-time 
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PCR 7000SDS (Applied Biosystems, Foster City, CA, USA). The program used was: 

denaturation at 95°C 10 min, followed by 40 cycles of 15 seconds at 95°C and 1 min 

annealing and extension at 60°C. Gene expression quantification was performed using the 

relative 2-∆∆Ct method, which is a relative measurement of the concentration of the 

transcripts in different treatments (50, 100 and 200 μM As(V) and 3, 6 and 24 h of 3 μM 

Hg) versus their relative control (Livak & Schmittgen, 2001). The glyceraldehyde 3-

phosphate dehydrogenase gene (GAPDH, TC106518) was used as the reference because it 

showed steady expression over the time course of the experiment. Statistical analyses of 

the gene expression were developed with the BootsRatio web-tool (Clèries et al., 2012). 

For simplicity, the terms ‘induced/up-regulated/over-expressed’ and ‘repress/down-

regulated’ are used throughout the text to define transcript levels higher or lower than 

the control, respectively. 

Statistics 

Significant differences between treatments of the biochemical and metabolical 

parameters measured, was calculated in four to eight independent biological using 

ANOVA and post-hoc test (Duncan; P <0.05). SPSS ver. 18.0 software was used. 

Results 

Physiological parameters under As(V) stress 

The evolution of root length, arsenic (As) accumulation and phosphorous (Pi) 

concentration in alfalfa seedlings were examined in the presence of 100 µM Na2HAsO4 

during the first 1, 2, 6, 9 and 24 hours of treatment (Fig. 1a, b and c). The concentration of 

Pi was not affected, whereas As accumulated progressively from the first hour of 

exposure, but only significant root growth inhibition was only observed after 24 h. 

Because As(V) toxicity only appeared after 24 h, the experiments designed to characterize 

the early responses of alfalfa seedlings were performed with increasing doses (20 to 300 

µM) of Na2HAsO4 after 24 h. As expected, root growth was gradually inhibited as 

Na2HAsO4 doses increased, reaching values of inhibition of 30% in seedlings exposed to 
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300 µM (Fig. 1d, g). Arsenic concentration in augmented significantly following a dose 

pattern, which was independent of phosphate concentration in spite of the known 

antagonism between both oxyanions (Meharg & Hartley-Whitaker, 2002; Burló et al., 

1999). 

Extracellular hydrogen peroxide (H2O2) and membrane lipid peroxidation (MDA 

concentration) were quantified as indexes of oxidative stress in the roots exposed to 

increasing doses of As(V). Both parameters did not show a significant increment with 

As(V) treatment (Fig. S2a). Similarly, cell production of peroxides recorded by 

epifluorescence microscopy with 2′,7′-dichlorofluorescin diacetate (H2DCFDA) was not 

detected, but a high fluorescence signal was observed in Cd-treated roots, treatment that 

was used as positive control of metal-induced oxidative stress (Fig. S2b). Thus, the ROS 

accumulation as indicative of oxidative stress was barely detectable in our experimental 

conditions after As(V) treatments, although some deformations in epidermal root hairs of 

alfalfa roots exposed to As(V) (Fig. S2b). 

Modifications in the cellular redox homeostasis was found in the responses of 

antioxidant enzymes, such as an concomitant increase of GR activity with higher doses of 

As(V) (Fig. 2a), ranging between 32 (control) to 80 nmol NADPH·mg·protein-1·min-1 in 

plants treated with 300 μM As(V). Similarly, glutathione S-transferase augmented with the 

highest doses of As(V), particularly in plants treated with 100 μM where GST activity 

reached a maximum (Fig. 2a). Activities of other enzymes related with the ascorbate-

glutathione cycle such as superoxide dismutase and peroxidases (SOD and POXs; 

respectively) were also evaluated (Fig. 2b). POX was activated in alfalfa seedlings treated 

with 20 and 50 μM As(V) (35% increment), but then decreased slightly at higher doses 

(Fig. 2b). SOD activity augmented moderately, reaching the maximum activity in seedlings 

exposed to 300 μM As(V), which represented approximately a 30% increase compared 

with control samples (Fig. 2b). 

In parallel with the mentioned changes in antioxidant enzymatic activities, there 

were alterations in the levels of biothiols in alfalfa seedlings under As(V) for 24 h.  
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Specifically, the concentration of hGSH decreased slightly, approximately 30% less 

of 300 μM As(V)-exposed alfalfa than the control (Fig. 3a), while the concentration of hPCs 

augmented more than 60 times in the same treatments (Fig. 3b). A similar pattern was 

observed in seedlings subjected to 100 μM As(V) for longer times of treatment from 1 to 

24 h, with a moderate diminution of hGHS and a strong induction of hPCs (Figs. 3d,e). 

With regard to Hg, moderate depletion of hGSH occurred in seedlings treated with Hg, 

only statistically significant when exposed to 30 μM Hg for 24 h (Fig. 3g). On the other 

hand, the strongest induction of hPCs occurred in alfalfa treated with 3 μM Hg after 24 h 

(Fig. 3h). Surprisingly, we could not detect hPCs seedlings exposed to 30 μM Hg for 6 and 

24 h (Fig. 3h). The chromatographic profiles of the most representative samples show 

clearly that As(V) caused a very distinct response in the biothiol profile compared with Hg-

treated seedlings, implying that both toxic elements triggered specific cellular reactions 

(Figs. 3f, h). 

 

 

 

 

 

 

 

 

 

 

Fig. 1 Effect of As exposure on Medicago sativa root development. (a), (b) and (c) Alfalfa 
response to 100 µM Na2HAsO4 at different times of exposure. (d), (e), (f) and (g) Plant 
response to increasing doses of Na2HAsO4 (from 0 to 300 µM) after 24 h of exposure. (a) 
and (d) The percentage of root growth inhibition compared to non-contaminated plants, 
(b) and (e) Arsenic accumulation in alfalfa seedlings (μg As g-1 DW). (c) and (f) 
Phosphorous concentration (mg P·g-1 DW) in As-treated and untreated roots. (g) 
Representative pictures of the plantlets grown in a microscale hydroponic system are 
shown. The data are the average of, at least, seven independent experiments. Significant 
differences between treatments are shown with different letters after ANOVA and post-
hoc test (Duncan; P <0.05).  

«««  «««  
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Transcriptome profiling 

The transcriptional profile of M. sativa roots exposed to 50, 100 and 200 µM As (V) for 24 

h was compared to control-treated roots of alfalfa plantlets using the two-colour 

Mt16koli-70mer microarray. Data were released to ArrayExpress platform 

(http://www.ebi.ac.uk/arrayexpress/) with the Accession number E-MTAB-2158. A total of 

2,766 genes (17.2 %) from the 16,086 M. truncatula genes represented in the chip were 

differentially expressed among the three doses of As(V) with a FDR cut off < 0.05. Parallel 

comparisons (FDR < 0.05) with the Hg-transcriptome (Montero-Palmero et al., 2014; 

ArrayExpress Accession no. E-MEXP-3876) containing a total of 2,030 DEGs (12.3 %) from 

the 16,470 M. truncatula unigenes were made. The percentage of DEGs to each treatment 

with respect to the total number of DEGs is shown in Figure 4a. The strongest 

transcriptional response with Hg was reached at 6 h treatment, but the number of DEG 

decreases at 24 h. This indicates the existence of a transcriptional variation threshold. In 

contrast, the response to As seems to correlate to the doses as the highest number of 

DEGs corresponded to the highest dose (200 μM As(V)). The comparison of both global 

expression patterns was further analysed by principal components analysis (PCA; Fig. 4b). 

The three principal components of the score plots, explaining 84.5% of the total 

variability, clearly separated Hg and As(V). There were also some differences in the same 

metal group: i.e. among the treatments with Hg, the sub-groups ‘3 h’ and ‘6 h’ clustered 

together (showing similar tendencies), but the ‘24 h’ sub-group was distant, indicating a 

contrasted behaviour possibly due by the low number of DEGs. PCA also showed different 

responses between ‘50 μM As’ and ‘100 μM As’, which clustered together and separated 

from ‘200 μM As’ group; this latter with the largest number of DEGs (Fig. 4a). 
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Fig. 2. Increments in enzyme activities of M. sativa plants treated with increased doses of As(V). 
(a) Increments of glutathione reductase (GR) activity measured in nmol NADPH·mg 
protein-1·min-1 and glutathione S-transferase (GST) activity expressed in nmol CDNB·mg 
protein-1·min-1. (b) Increment of total peroxidase activity (nmol of 4-methoxy-1-
naphthol·mg·protein-1·min-1) and superoxide dismutase activity (U SOD·mg protein-1·min-

1). The increments were calculated respect to the control activity in non-treated plants for 
different As (V) treatments (20, 50, 100, 200 and 300 µM Na2HAsO4; 24 h exposure). 
Statistical differences between control and As treatments are shown with different 
lowercase letters when P <0.05 with Duncan test.  
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The Venn diagram depicted in Fig. 5 shows the distribution of DEGs of up and down 

regulated genes: the number of down-regulated genes was higher than those up-

regulated in seedlings exposed to As(V) (1,471 differentially repressed genes versus 1,295 

differentially induced genes; Fig. 5a). The highest dose of As(v) (200 μM) caused the 

strongest changes in DEGs (1,195 down-regulated and 1,119 up-regulated, respectively), 

including an important number of common genes involved in the responses to 50 and 100 

μM As(V). Seedlings treated with 50 μM As(V) had minor changes, while 100 μM As (V)-

treated plants had a large amount of DEGs in common with the 200 μM As V) treatment 

(Fig. 5a, Table S1). In contrast to the transcriptional profile induced by As(V), Hg led to a 

higher number of up-regulated DEGs (1,242) with a lower number of down-regulated 

DEGs (788), about 50% of those found with As(V) (Fig. 5b). Moreover, the major changes 

in Hg-treated seedlings were found in the shorter times of exposure (i.e. less intoxicated), 

reaching the peak of transcriptional activity after 6 h of treatment with Hg 3 μM (Fig. 5b). 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 Biothiols in alfalfa roots treated with different dosages of As(V) and Hg. (a, b, d, e) 
Quantification of (h)GSH and (h)PCs, expressed in nmol of glutathione (hGSH) per gram of 
fresh weight, in As-treated roots. (g, h) Biothiols quantification (hGSH and hPC) under Hg 
exposure. (g-i) Electropherograms showing the peaks to identify the thiols in untreated, 
and As- or Hg-treated alfalfa roots, respectively. Significant differences between 
treatments were analysed by Duncan (P <0.05).  

«««  «««  
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Gene expression pattern analyses lead to classified total DEGs into four different 

clusters (by K-means mode; see Materials and Methods) describing four different 

expression profiles in the As(V) treatments —although the 200 μM As(V) dose presented 

the largest fold changes (M values) in all the cases—. A cluster of 1,297 DEGs augmented 

transcript levels relative to the As(V) dose, whereas a second cluster grouped DEGs (699) 

that were repressed with increasing As(V) concentrations (Fig. S2a). Another set of 123 

genes were only differentially repressed at 200 μM As(V), while a fourth cluster included 

those DEGs (647) that were repressed equally in all As(V) treatments. The KM-clusters 

obtained in Hg-treated seedlings showed a completely different pattern: 381 DEGs were 

up-regulated, particularly after 6 h of treatment, a second group (283 DEGs) augmented 

the expression with time of exposure, 540 DEGs were down-regulated at a higher extent 

after 6 h of treatment, and finally a fourth cluster of DEGs which transcription was higher 

after only 3 h, and the decreased with time of treatment. Therefore, under Hg stress there 

was a transient point of the transcriptional activity after 6 h (Fig. S3b). 

 

 

 

 

 

Fig. 4 Global expression patterns of M.sativa plants treated either with Hg or As. (a) Percentage 
of DEGs respect to the total number of genes with each toxic for each As(V) 
concentration (50, 100, 200 µM Na2HAsO4; 24 h exposure) or Hg exposure time. (3, 6, 24 
h; 3 µM). (b) Principal Component Analysis (PCA) for gene expression clustering showing 
a clear separation between the global DEG patterns after Hg and As exposure. 
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A functional classification of the DEGs in all three As(V) treatments was performed 

using MapMan (Thimm et al., 2004; Fig. 6). The number of DEGs in 50 μM As(V) was 

extremely low (8 up and 6 down-regulated DEGs), allocated into five different categories 

(Fig. 5a). Most of the DEGs (76%) found at 100 and 200 μM As(V) were distributed in 16 

biological categories. ‘Metabolism’ was the unique group at 100 μM As(V) that had a 

distinctive expression pattern relative to the rest of categories following Benjamini & 

Hochberg correction (P <0.05; Red asterisk in Fig. 6c). However at 200 μM As(V) distinctive 

expression augmented to the ‘secondary metabolism’, ‘RNA’, ‘metabolism’ and ‘protein’ 

functional categories (P <0.05; Fig. 6e). As observed with total DEGs, the number of genes 

increased in all categories concomitantly with As(V) doses (417 and 2,877 at 100 and 200 

μM As(V), respectively). Moreover, the proportion of induced respect to the repressed 

DEGs in each category increased with the treatment, being significantly relevant the 

number of up-regulated DEGs allocated in ‘metabolism’ (192) and ‘protein’ (172) at 200 

μM As(V) (Fig. 6e). The DEG with the highest M value In ‘protein’ encodes a senescence-

associated protein, which was not differentially expressed at 100 μM As(V). The up-

regulated DEGs in ‘secondary metabolism’ included a high proportion of genes involved in 

the synthesis of chalcones and putative glucosyltransferases. Among the repressed DEGs, 

‘RNA’ grouped a large number of repressed transcription factors from the WRKY, bHLH 

and constants-like Zn finger families, although some of them were also up-regulated such 

as members of the NAC, MYB, C2H2, APE/ERBP families. ‘Metabolism’ comprised a large 

group of repressed DEGs (80) related with photochemistry. Meanwhile, a similar 

functional classification of DEGs regulated by Hg revealed that most of the functional 

categories showed a strikingly higher number of induced genes than repressed, even at 

the lowest Hg treatment. Among the families with differential expression profiles, ‘stress’ 

and ‘cell wall’ were the two most distinctive groups; but also, a common regulation of 

‘secondary metabolism’ and ‘metabolism’-related genes was a coincident between both 

toxic elements (Fig. 6). 
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Comparison of the transcriptomes 

To gain a detailed comparison between the transcriptional profiles in response to As(V) 

and Hg we used ‘processed data’ (see Materials & Methods), identifying three different 

sets of genes (Table 1): the group of ‘Common DEGs’ (784) with identical regulation in the 

Fig. 5 Transcriptional profiles of M. sativa roots exposed to As(V) and Hg treatments. Venn 
diagrams of the DEGs (FDR<0.05) in alfalfa seedlings treated with 50, 100 and 200 μM 
Na2HAsO4 (a) or after 3, 6 and 24h of 3 μM HgCl2 (b). The intersections show the co-
regulated DEGs at the three doses. Green graphs contain the repressed genes; red 
graphs show the induced genes. 
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responses to both elements; the ‘Opposite-regulated DEGs’ cluster (152); and a third 

group containing the DEGs that were only expressed in response to one of the toxic 

metal(loid)s, that we called ‘Distinctive Genes’ (a total of 1,829 DEGs responded to As 

regulation, whereas 1,029 DEGs corresponded to Hg). Genes were further categorized 

depending on their expression tendencies into ‘induced/up-regulated’ and 

‘repressed/down-regulated’ subgroups. The treatments ‘200 μM As(V)’ and ‘6 h Hg’ 

provoked the highest transcriptional changes (Fig. 4): 688 were ‘Common’ DEGs, 1,945 

As(V)-‘Distinctive’ and 951 Hg-‘Distinctive’ DEGs occurred, and 123 ‘Opposite-regulated 

DEGs’ were detected between both treatments. Interestingly, the number of 200 μM 

As(V)-‘Distinctive’ genes was remarkable high, (858 up-regulated and 1,087 down-

regulated DEGs; Table1). A detailed list of ‘Common’ and ‘Distinctive’ DEGs for all 

treatments of As(V), and all doses of Hg is given in Tables S2 and S3; and the ‘Common’ 

and ‘Distinctive’ DEGs of ‘200 μM As(V)’ and ‘6 h Hg’ treatments, were listed in Table S4. 

The ‘Common’ DEGs were allocated in six main categories: ‘Secondary 

metabolism’, ‘stress (heat)’, ‘transport (MIPs)’, ‘miscellanea’, ‘hormone metabolism’ and 

‘metabolism’. The ‘secondary metabolism’ group was the highest represented biological 

category, followed by ‘miscellanea’, where several POXs and GSTs were represented. 

‘Metabolism’ included multiple genes related with Photosystem I and II, as well as some 

genes of lipid metabolism. Interestingly, the ‘lipid metabolism’ subcategory was significant 

only in As(V)-DEGs, but not into Hg-DEGs group. Several gibberellin-related genes assigned 

to the ‘hormone metabolism’ group were only representative in As(V)-DEGs; whereas 

DEGs associated with jasmonic acid were expressed commonly under both element 

treatments among the hormone related genes. Interestingly, most of the genes in the 

category of ‘stress’ corresponded with heat stress-related genes, which were up-regulated 

by As and Hg. On the other hand, DEGs corresponding to transmembrane proteins in the 

category of transport, either plasmamembrane (PIP class) or tonoplasm (TIP type) intrinsic 

proteins, were repressed (Fig. 7a; Tables S2, S3, S4). 
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The functional biological categorization of the ‘Distinctive DEGs’ revealed different 

biological categories for each element (Fig. 7b, c; Tables S2, S3, S4). Under the As(V) 

treatments, protein degradation-related genes (including ubiquitins and different 

proteases) were enhanced, as protein synthesis related genes (ribosomal proteins and 

Fig. 6 Functional classification of DEGs in M. sativa roots treated with As(V) or Hg. (a,c,e) 
Number of DEGs (Y-axis) in each MapMan category at 50, 100 or 200 µM Na2HAsO4, 
respectively; or after 3, 6 and 24 h of 3µM HgCl2 (b,d,f) . The asterisks indicate the main 
families that exhibited a different behaviour in terms of their expression profiles 
compared to the other remaining categories after Benjamini & Hochberg correction (P 
<0.05). Red bars, up-regulated DEGs; green bars, down-regulated DEGs. 
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putative elongation factors), were induced by Hg. Several DEGs corresponded to the 

photochemical apparatus, together with genes associated with cytocrome P-450, that 

were expressed in response to As(V) but not in response to Hg. Notably, the differential 

expression of various genes related with cell wall and phenylpropanoids involved in lignin 

biosynthesis was unique for Hg, and the contribution of ‘biotic stress’ subcategory was 

much higher than in As(V)-treated seedlings. Differential expression of RNA-related genes 

was representative in As(V), but DNA-related genes, particularly coding histones, were for 

Hg. 

 

 

 

 

Fig. 7 Functional classification of DEGs in M. sativa roots treated with As(V) or Hg. (a,c,e) 
Number of DEGs (Y-axis) in each MapMan category at 50, 100 or 200 µM Na2HAsO4, 
respectively; or after 3, 6 and 24 h of 3µM HgCl2 (b,d,f) . The asterisks indicate the main 
families that exhibited a different behaviour in terms of their expression profiles 
compared to the other remaining categories after Benjamini & Hochberg correction (P 
<0.05). Red bars, up-regulated DEGs; green bars, down-regulated DEGs. 
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Table 1 Number of DEGs with the same regulation, DEGs with opposite regulation and number of 
distinctive DEGs in response to As and Hg, classified by its  expression tendencies (up or down- 
regulated). Two types of analysis are shown (all treatments together, or only the treatments of 
each toxic with the highest number of DEGs; 200 μM As vs. 6 h-3 μM Hg). 

  
*All As 200 μM As *All Hg 6 h Hg  

Number of Common 
DEGs  

(Same regulation)  

Up  443  411  443  411  

Down 341  277  341  277  

Number of Common 
DEGs  

(Opposite- regulated)  

Up  32  21 120  102  

Down  120   102  32  21  

Number of 
Distinctive DEGs  

Up 820   858  678  586  

Down 1009  1087  416  365  
*All is referred to the combined DEGs in the three treatments of As (50 μM, 100 μM and 200 μM 
As) compared to the combined DEGs in the three exposure times to 3 μM Hg (3, 6 and 24 h). 

Expression of genes related with oxidative stress 

We carefully analyzed by q-PCR the expression profile of several genes related to oxidative 

stress, as most of them were included on the ‘miscellanea’ MapMan category, 

overrepresented among the ‘Common’ DEGs to both toxic elements (Fig. 7). For example, 

genes involved in the ascorbate-gluthathione cycle (GR), sulfur metabolism (possible PCs 

precursors), and several GST and POXs, CYP 450 related genes. Additionally, two highly-

induced genes identified in the previous analysis of As(V) and Hg transcriptomes (this 

paper; Montero-Palmero et al., 2014) were also analyzed: NADPH quinone 

oxidoreductase; UDP-glucose anthocyanin 5-O-glucosyltransferase; Table 2).  

A global tendency was observed, where the highest doses of As(V) (100 and 200 

μM) provoked the highest expression levels of the tested genes, but only moderated 

exposures to Hg (3 and 6 h to 3 μM Hg) were able to cause the maximum levels of 

expression in several genes, such as those partially similar to GR, GSH synthetase, 

glutathione-S-transferases, cytochrome P450 and NADPH quinone oxidoreductase genes 
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(Table 2). Additionally, the q-PCR showed a good validation rate (all the twelve genes 

tested validated the assays) of the expression data due to Hg and As(V) treatments 

obtained from the microarrays.  
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Table 2. Comparison of the expression levels (log2 values) for a set of stress-related genes 
differentially expressed (DEGs) in the microarray analysis of Hg or As and validated by a qRT-
PCR. DEGs were considered if the FDR <0.05 (for the microarray) and p <0.05 (denoted by **) or 
p <0.1 (denoted by *) with BootsRatio web-tool (qPCR; http://regstattools.net/br). 
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Discussion 

The transcriptional profile observed and the physiological stress parameters measured 

under As(V) and Hg stress validated the experimental approached followed, where we 

compared different doses of As(V) versus a low dose of Hg at different times of exposure. 

Arsenate led to a milder toxicity compared with Hg, toxic element that had similar effects 

on alfalfa seedlings than As(V) at a much lower concentration (almost two order of 

magnitude difference) and shorter exposure times. There was a negative correlation 

between the root length and As accumulation, with no apparent effect on Pi concentration 

compared with control seedlings (Fig.1). Root growth inhibition is a characteristic 

response to As, as has been described in multiple recent studies (Meharg & Hartley-

Whitaker, 2002). We also observed changes in root hairs morphology, which appeared 

shorter and deformed, usually with swollen tips (Fig. S2b). Foreman et al. (2003) 

suggested that this root-hair deformation could be produced by minimal changes in the 

ROS production through NADPH-oxidase activity at the plasma membrane of epidermal 

cells. In spite of the suitability of the microscale growth system used to visualize the early 

ROS production in alfalfa seedlings treated with Cd and Hg (Ortega-Villasante et al., 2005, 

2007; Montero-Palmero et al., 2014), we could not detect clear symptoms of ROS 

production in As(V)-treated alfalfa seedlings (Fig. S2). Our data are in contradiction with 

several studies that showed the induction of lipid peroxidation in plants grown with 

different levels of As(V), (Holcus lanatus, Hartley-Whitaker et al., 2001; Phaseolus vulgaris, 

Stoeva et al., 2005; Pteris spp., Singh et al., 2006; or Lactuca sativa, Gusman et al., 2013), 

perhaps due to the short-term treatments performed in our experimental settings. The 

root growth inhibition induced by As(V) could also be explained by the known effects of 

this toxic element on cellular mitosis and cytoskeleton structure (Dho et al., 2010). 

It is feasible that the mild toxicity of As(V) in alfalfa seedlings allowed an adequate 

antioxidant response that mitigates extensive ROS production and oxidative stress 

damages, as it was found that improved and efficient antioxidant mechanisms appeared in 

tolerant Pteris species with diminished ROS accumulation and lower lipid peroxidation 
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(Singh et al., 2006). Accordingly, there was a potent induction of the activity of several 

antioxidant enzymes like GR, GST, POX and SOD, which augmented in a As(V) dose 

dependent manner (Fig. 2a, b). The increase of enzymatic antioxidant defenses occurred 

in parallel to the strong accumulation of (h)PCs in root cells (Fig. 3), which suggests that 

those detoxification mechanisms may be involved in the response leading to a remarkable 

homeostatic adjustment of cells able to counteract the ROS accumulation. Similar results 

were described in rice plants, grown in a hydroponic system and exposed to As(III) for 5 to 

10 days (Mishra et al., 2011). Part of the detoxification mechanisms that reduce cell 

damages by As relay on the production of PCs, which induction was highly promoted in 

different plant species, such as Silene vulgaris (Schmöger et al., 2000; Sobrino-Plata et al., 

2013), Heliantus annuus (Raab et al., 2004a), Holcus lanatus (Raab et al., 2004b), rice 

(Duan et al., 2011), or Arabidopsis (Liu et al., 2010). Consequently, Arabidopsis thaliana 

mutants unable to accumulate GSH and/or PCs (cad 2-1, cad 1-3, rml1 and rax1-1) were 

highly sensitive to As (Cobbett et al., 1998; Ha et al., 1999; Vernoux et al., 2000; Gong et 

al., 2003). The accumulation of hPCs observed under As(V) (Fig. 3) is supported then by 

the referred results, as part of the known detoxification mechanisms. On the other hand, 

much less accumulation of hGSH was detected in alfalfa seedlings exposed to similar 

doses of Hg (Fig. 3). Phytochelatins are biothiols also important for Hg detoxification in 

plants (Ha et al., 1999; Carrasco-Gil et al., 2011), but due to the very strong Hg-thiol bound 

it is feasible that hPCs were undetected with the analytical approach followed (Iglesia-

Touriño et al., 2006). 

The transcriptional profile observed and the physiological stress parameters 

measured under As(V) (Rivas-Castellanos, 2009) and Hg (Montero-Palmero et al., 2014) 

stress validated the experimental approached followed, where we compared different 

doses of As(V) versus a low dose of Hg at different times of exposure. Arsenate led to a 

milder toxicity compared with Hg, toxic element that had similar effects on alfalfa 

seedlings than As(V) at a much lower concentration (almost two order of magnitude 

difference), and shorter exposure times. A comparative analysis of the As(V) and Hg 

transcriptome profiles also confirmed the different toxicity power/potential: The 
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threshold in the percentage of DEGs after 6 h of Hg treatment, indicating the upper limit 

to a general damage, was not reached in the As(V) transcriptome profile (Fig. 4a). 

Moreover, differences at the gene expression tendencies were also observed. The 

extensive repression of the transcriptional response to As(V) (Figs. 5a; S3a), although the 

proportion of induced DEGs respect to the repressed increased with the As(V) dose in 

each functional category (Figs. 6a,c,e), diverged from that sharply induced by Hg (Figs. 5b; 

S3b; 6b,d,f). Arsenate repression of the transcriptional activity may be a strategy to 

change cells into a different physiological status, as cell reprogramming requires a higher 

number of down-regulated genes than up-regulated genes (Arnholdt-Schmitt, 2004). In 

contrast, a rapid up-regulation was developed under Hg toxicity, indicating that specific 

primary targets and signaling events that lead to transcriptional activation occurred after 

As(V) or Hg pollution (Clemens, 2006). 

Several studies highlighted the importance of comparing global transcriptional 

profiles of plants subjected to elements that cause different symptoms of toxicity, with 

the idea of identifying specific and conserved mechanisms of detoxification (Lin et al., 

2013; Zhao et al., 2009; Weber et al., 2006; Kovalchuk et al., 2005). However, very little 

has been attempted in this respect, and only a comprehensive study of different inorganic 

As species, As(III) versus As(V), was performed (Chakrabarty et al., 2009). The novelty of 

our study is the comparison of two extremely important toxic elements (the global 

pollutants As and Hg), analyzed exactly in the same experimental conditions. In the first 

place, we identified a common transcriptional response promoted by both toxic 

metal(loid)s: 20% of the total DEGs (784 DEGs) was commonly regulated, suggesting the 

occurrence of high proportion of conserved responses (Table 1). Among those DEGs, 

several small heat shock proteins (sHSP), POXs and GSTs, and different pathogenesis 

related proteins were highly induced after both treatments (Tables S2, S3, S4; Fig. 7a). 

Other group of common DEGs that were down-regulated corresponds to aquaporins (PIP 

and TIP classes), and some encoding proteins related with Photosystems I and II functions 

(Tables S2, S3, S4; Fig. 7a). Among the phytohormones family, was also remarked a group 

of lipoxygenases related to jasmonate metabolism that was repressed in both treatments. 
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These categories of genes had a similar transcriptional profile than that observed in recent 

transcriptomic studies in As- (Huang et al., 2012; Chakrabarty et al., 2009) and Hg-treated 

plants (See Chapter III; Lopes et al., 2013; Zhou et al., 2013), which also agreed with the 

responses found in plants exposed to Cd (Weber et al., 2006) or Cu (Sudo et al., 2008). 

Therefore, it is feasible that there is, at least, a partial common transcriptional regulation 

under toxic metal(loid) stress. Protection and detoxification mechanisms might be 

activated by a ROS signal which immediately induced the scavenge machinery (GST, POX) 

and the ROS mediated stress- genes (such as sHSP) at the transcriptional level; meanwhile 

the repression of certain transporters like the aquaporins, some genes associated with 

photosynthesis, and other related to JA, could be an attempt to maintain the metal(loid) 

homeostasis inside the cells.  

On the other hand, every metal(loid) pollutant showed an specific dynamic 

response, that depends on the physiological status of the plants under stress, the dosage 

and the chemical proprieties of the substance. Indeed, the major proportion of DEGs were 

specific to As(V) or Hg, implying that both toxic elements affected plant cell components 

in a particular manner: there was a high number of As-distinctive DEGs (1,829) that did 

not vary after Hg exposure or vice versa (1,092 Hg-distinctive DEGs; Table 1). Mercury-

distinctive DEGs included a large group of up-regulated genes (62 % of the total), whereas 

As-distinctive induced genes represented only a 45% of the total (Table 1), which follow 

essentially the pattern described in other transcriptomic studies of roots exposed to Hg 

(alfalfa; Lopes et al., 2013; Zhou et al., 2013) and to As (rice; Huang et al., 2012; 

Chakrabarty et al., 2009). Functional classification of those DEGs revealed a specific 

response for alfalfa plants exposed to each toxic element under similar experimental 

conditions: While Hg activated a set of genes included in the functional group ‘protein-

synthesis’, As(V) caused changes in the transcriptional activity of ‘protein-degradation’ 

related genes (Figs. 7b,c; Tables S2, S3, S4). The induction of ribosomal proteins by Hg was 

suggested as a way to balance the damaged transcription machinery (Heidenreich et al., 

2001), whereas detoxification of As has been mainly associated with the ubiquitin-

proteasome pathway (Di & Tamás, 2007; Sung et al., 2009). Additionally, only As(V)-
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treatments promoted the response of several photosynthesis-related DEGs, with a group 

of highly up-regulated CYP450 genes —involved in the metabolism of toxic compounds—, 

in agreement with Chakrabarty et al. (2009). Remarkably was the high number of Hg-

induced genes related to cell wall metabolism (phenylpropanoids and flavonoids 

pathways), as a distinct transcriptional response to As. Those metabolic genes encoding 

key enzymes related with lignin biosynthesis such as a cinnamyl-alcohol dehydrogenase, 

caffeic acid O-methyltransferase II, 1 4-coumarate CoA ligase, or phenylalanine ammonia-

lyase would lead to lignin deposits in the cell wall. Lignin accumulation possibly lead to the 

reduction of the root elongation as was observed in several species exposed to other toxic 

metals like Al (Sasaki et al., 1996; Mao et al., 2004) or Cd (Yang et al., 2007). But, an 

increase of lignification was also observed under other stresses, including biotic damages 

(Moura et al., 2010; Krzesłowska, 2011). Thus, toxic metals exposure would induce a 

typical cell wall reorganization occurring under a biotic-stress. In this sense, 34 up-

regulated Hg specific DEGs were classified in the ‘biotic stress’ MapMan category, 

including several pathogenesis-resistant proteins and some chitinases-like genes (Fig. 7c; 

Table S4), which was mostly repressed under the As(V) treatments. The strong association 

of Hg with cell walls (Carrasco-Gil et al., 2013) may promote similar responses in plant 

cells than those induced by pathogens, which attack the cell wall during infection to alter 

its stability. However, the uptake of As(V) in the cells through phosphate transporters 

(Meharg & Macnair 1990, 1994; Wang et al., 2002) may prevent extensive cellular 

damage, promoting a milder  defence response. Also, particular genes from the categories 

of RNA (WRKY-transcription factors) and DNA (associated histones) were only 

differentially expressed after As(V) or Hg treatment, respectively. In agreement with our 

results, one gene and two proteins belonging to the zinc finger family were down-

regulated in rice exposed to As(V) and As(III) (Chakrabarty et al., 2009). The repression of 

a set of WRKY-transcription factors could be identified as a defence response to a 

moderate damage, to regulate the signalling cascade promoted by As(V) (Eulgem & 

Somssich, 2007). On the other hand, the priming defence to Hg involved rapid changes in 
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the chromatin structure with DNA associated histones (H1, H2A, H2B, H3- like genes; Fig. 

7c; Table S4; Conrat, 2011).  

To sum up, our study permitted a comprehensive identification of a characteristic 

stress signature at the transcriptional level, indicative of particular mechanisms of toxicity 

exerted by each pollutant. These findings should be taken into account for future 

approaches in multi-polluted scenarios, possibly to optimize phytoremediation strategies 

of soils. A thorough study of common signaling pathways activated by different toxic 

metal(loid)s under different plant phonological status and environmental conditions 

should be targeted should be considered to confirm the findings achieved using a 

laboratory microscale cultivation system. This is particularly important to draw valid 

hypothesis in real conditions where plants are subjected to multi-poluted environments. 
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Supplementary Tables and Figures 

Table S1 Common DEGs to As(V) treatments. Attached Excel File. 

Table S2 Common and Distinctive DEGs for all treatments of As(V). Attached Excel File. 

Table S3 Common and Distinctive DEGs for all treatments of Hg. Attached Excel File. 

Table S4 Common and Distinctive DEGs of ‘200 μM As(V)’ and ‘6 h Hg’ treatments. 
Attached Excel File.  

Table S5 Overrepresented categories of Common and Distinctive DEGs following the chi-
square (χ2). Attached PDF File. 

Table S6 A comprehensive list of primers designed for Medicago truncatula to amplify 
several cDNA fragments through quantitative RT-PCR.  

Fig. S1 Sequential steps to identify the different groups of genes in the transcriptome 
comparison. 

Fig. S2 Measurements of oxidative stress indexes in alfalfa roots exposed to As(V 

Fig. S3 Clusters of DEGs grouped by their expression tendencies with the As(V) and Hg 
treatments, respectively.  
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Table S6 Primers designed for Medicago truncatula to amplify several cDNA fragments through 
quantitative RT-PCR. 
 

  

IDs / Description Primer Forward Primer Reverse 

MT015736 - TC80462 / glutathione 
reductase chloroplastic GACGCTGCCCTTGATTTACC CAGCAAACTCCAAGGCAATG 

MT001213 - TC86967/ glutathione 
reductase cytosolic CCCGATGCACCTGAAATTG CGTGCTATCAAACTGCGCTTT 

MT009306 - TC88725 / 
monodehydroascorbate reductase 
chloroplastic 

TCAGCTCCTGCCTGAACTTG TCCACTGAGGTTGCGTTTTG 

MT007575 -TC86163 / 
monodehydroascorbate reductase  
cytosolic 

TCGTTGGTGGAGGAGTTTCAG GCAAGCTCCCCAGGCTTAAC 

MT002122 - TC79589 / gamma-
glutamylcysteine synthetase GATTGGGAGAATCATTTGACCACTA CCCTCCATCAGCACCTCTCA 

MT002018 - TC88431 / glutathione 
synthetase choloplastic CTTGCAAAGCCAGGTGTTCTT GCAAAGCATTCACGCATTTTT 

MT015530 - TC77739 / glutathione 
S-transferase GAGGAATGGAGAACACAAAAAGGA CTCCATCTTCAAAAGCTGGAACTT 

MT014921 - TC93261 / glutathione 
S-transferase AACAAAAGTGATCTTCTCCTCAAATACA GATATCGGCTTCTCATTGTGAACA 

MT015640 - TC78887 / peroxidase TAACCTGAATTTTCTCCCAGAACTG CACTCCCTTCATCCATGGCTAA 

MT010574 - TC80834 / cytochrome 
P450 monooxygenase CACTCTCCGTTCTCAACCATGAT CTAAGGTCGCGCCAACGT 

MT000905 -TC77891 / cytochrome 
P450 (Isoflavone 2'-hydroxylase) AATGCTTGGGTCATTCATAGAGATC CACCTCACCTTCTTTCTCAAACCT 

MT006734 - TC90867 / Rab 
geranylgeranyl transferase (Metal 
Transporter) 

GGAACCTATGCAGGCCAGTTT AGTCACCAAGTTCCTTATCCATTTTT 

MT014651 - TC78310 / NADPH 
quinone oxidoreductase GATAACAAATAATGGCAAGGGTGAT GCCAGTATGAAAAGAAGCTTTTCG 

MT008445 - TC78695 / UDP-glucose 
anthocyanin 5-O-glucosyltransferase CATCGGACCGTTGATTCCAT CAACGTCACCACCAAACGAA 

TC106518 / GAPDH. Control Gen GTTTTTACCGACAAGGACAAAGCT  ACAAACATGGGAGCATCCTTACTAG  
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Fig. S1 Sequential steps to identify the different groups of genes in the transcriptome 
comparison. 
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Fig. S2 Oxidative stress indexes based on H2O2, MDA and peroxides accumulation on Medicago 
sativa roots exposed to different doses of As(V) (Na2HAsO4; 0, 20, 50, 100, 200, 300 μM) 
for 24 hours. (a) The content of extracellular H2O2 in the alfalfa root segments measured 
by the relative fluorescence (% with respect to time 0) of the Amplex Red reagent 
incubated for 3 h, continuous line. The discontinuous line represents the lipid 
peroxidation (nmol MDA g-1 FW) in the roots of M. sativa exposed to As. The values 
represent the means of three independent experiments ± SD. No significant differences 
were found between treatments. (b) Epifluorescence and phase contrast microscopy 
imaging of epidermal M. sativa root cells exposed to different toxics (300 μM As and 30 
μM Cd) and stained with 2′,7′ -dichlorofluorescin diacetate (H2DCFDA, green) and 
propidium iodide (IP, red). Bar, 200 µm. White arrows show cells stained with H2DCFDA 
indicative of the presence of peroxides, yellow arrows indicate cell death in the nuclei 
stained with IP. Blue arrows mark deformed root hairs. The analysis was performed in 
parallel with 5-6 independent roots for each treatment. Results are representative of 
three independent experiments. Bars 200 µm. 
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Fig. S3 K-Means cluster (KMC) analyses of the DEGs that exhibit differences in expression along 
the As(V) and Hg exposure.  
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CHAPTER V 

FUNCTIONAL ANALYSES OF ETHYLENE MEDIATION IN STRESS 

RESPONSES TO MERCURY 

Summary 

Ethylene (ET) is a phytohormone involved in the plant tolerance responses to toxic metals 

and metalloids and it is also known to modify the developmental patterns leading to 

changes in the root architecture. These processes are probably regulated by an intricate 

crosstalk between ET, ROS, and other hormones signaling. We previously found that ET-

H2O2 work in association to modulate root growth of Arabidopsis thaliana as H2O2 

production induced by short-term treatments with mercury (Hg) in the ethylene 

insensitive (ein2-5) Arabidopsis plants was altered as compared to wild type plants. 

Additionally, auxin (IAA) coupled to ET also participate in root growth modulation under 

Hg exposure. Ethylene -IAA crosstalk was evaluated by comparing the early responses to 

Hg in ein2-5 and the weakly ethylene insensitive wei2/asa1 with the wild-type Col-0 

background. Our results confirmed a common ET-ROS signaling that negatively regulates 

root growth. Modulation of the IAA levels by ET under Hg toxicity, was also confirmed by 

analysis of the DR5::GUS “auxin sensor” in two ET mutant backgrounds, ein2-5 and 

wei2/asa1. Additionally, preliminary results also showed that the inhibition of lateral root 

formation after Hg exposure, was also modulated by the ET and IAA signaling pathways, 

suggesting a negative regulation by ET of IAA mediated LRP formation.  

The expression of genes encoding small heat shock proteins (sHSPs), which are 

involved in the maintenance of proteins function under several stresses like heat, 

pathogenesis, or metal toxicity was also analyzed. Several sHSPs coding genes in Medicago 

sativa exposed to Hg were induced. This was confirmed by qRT-PCR validating the data 

obtained from a previous microarray assay. Further validation was obtained by the early 

activation of the promoter of a gene that encodes a Class I sHSP in Arabidopsis transgenic 

lines. The promoter of Hahsp17.7G4; G4 directed the GUS expression in specific epidermal 
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cells along the main root seedlings exposed to short-term Hg. In agreement, the up-

regulation of genes encoding sHSPs and some HSFs was evident and maintained when 

plants were exposed to short episodes of oxidative stress provoked by the H2O2 

treatment. The connection between H2O2 and ET signaling was confirmed in our previous 

short-term experiments with Hg, thus the putative participation of ET in the regulation of 

sHSPs expression was hypothesized. In agreement to this hypothesis, the expression of 

the Arabidopsis Class I sHSP17.4 and the sHSP17.6A members was altered in the 

Arabidopsis ein2-5 mutant. sHSPs are described as chaperon-like proteins with protective 

roles to preserve protein conformation in cells working mostly in a cell autonomous 

manner. sHSPs expression was attenuated and delayed in ET mutants as compared to the 

wild type plants after Hg exposure. Hence, the accumulation of sHSPs-coding transcripts 

could be modulated by ET as part of the early plant cell metabolic protective changes 

triggered by Hg toxicity.  

Introduction 

Plants growth and differentiation have been related to plant hormones as ethylene (ET), 

auxins (IAA), jasmonic acid (JA), cytokinins (CK), gibberellins (GB), salicylic acid (SA), 

abscisic acid (ABA), brassinosteroids (BR), polyamines (PA) and strigolactones (SL). Studies 

about the role of phytohormones on plant development have exponentially increased in 

the recent years with the use of mutant collection affected in biosynthesis, perception and 

signal transduction of these hormones.  

Ethylene is a plant gaseous signaling molecule (C2H4) with dramatic effects in 

various developmental processes: At germination, ET breaks seed dormancy and initiates 

the hypocotyl to swell and broaden; but also, ET influences cell fate and sex determination 

promoting shoot elongation, fruit ripening and flower senescence, stomata aperture and 

leaf abscission (Johnson & Ecker, 1998; Abeles et al., 1992). Moreover, ET is a main 

inhibitor of root cell elongation and division meanwhile it increases radial expansion of 

roots (Dolan, 1997) and positively regulates root hair growth (Tanimoto et al., 1995). On 
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the other hand, ET has been described mediating in different stresses such as in defence 

against pathogens (Blanco-Ulate et al., 2013), under drought (Daszkowska-Golec & 

Szarejko, 2013) or due to toxic metals stress (Maksymiec, 2007; Sun et al., 2010; Montero-

Palmero et al., 2014). Ethylene activates a mitogen-activated protein kinases (MAPKs) 

cascade (Guo & Ecker, 2004), a signal transduction process that is also activated by Cd and 

Cu (Yeh et al., 2003; Jonak et al., 2004), confirming the ET mediation in toxic metals 

responses (Hernández et al., 2012). The ET- characteristic responses could be due to a 

crosstalk with the oxidative burst module (Kung et al., 2014). In this sense, ET induced the 

release of H2O2 during cell death in tomato (Jong et al., 2002), under pathogenesis stress in 

Arabidopsis (Mersmann et al., 2010) or to enhance Arabidopsis lithium resistance (Bueso 

et al., 2007). Moreover, transcriptional regulation evidences of this ET- H2O2 crosstalk 

were shown as H2O2 induces the expression of several ET signaling genes (Desikan et al., 

2001; Vandenabeele et al., 2003).  

In Arabidopsis, EIN2, an endoplasmic reticulum associated membrane protein, is a 

central component of the ethylene signaling cascade, (Alonso et al., 1999). ETHYLENE 

INSENSITIVE2 is blocked by the negative regulator of the ethylene signaling CTR1 

(CONSTITUTIVE TRIPLE RESPONSE; Kieber et al., 1993) and regulates the activity of EIN3 

and EIL1 transcription factors in the nucleus, activating the expression of many ET-

response genes (Chao et al., 1997). Moreover, EIN2 plays an important role as a link 

between distinct hormone pathways (Wang et al., 2002; Muday et al., 2012; Arc et al., 

2013; Liu et al., 2013; McAtee et al., 2013). Ethylene- insensitivity ein2 loss-of-function 

mutants have been useful to study the interconnections between the ET signal 

transduction and other signaling mediated by jasmonate or radical oxygen species (Alonso 

et al., 1999). In the same manner, pharmacological assays with hormones inhibitors were 

used to identify signaling pathways interrelations, i.e. ethylene signaling can be blocked-

up by specific chemical inhibitors such as the gaseous 1-methylcyclopropene (1-MCP) that 

strongly binds to ET receptors preventing the plant senescence mediated by ET 

(Blankenship & Dole, 2003). The 1-MCP has been proved to modulate ROS production in 



Chapter V- Ethylene role in mercury stress 

 

 168  

alfalfa plants exposed to Cd (Flores-Cáceres & Hernández, 2013) and Hg (Montero-

Palmero et al., 2014) suggesting an ET-ROS crosstalk mediating the toxic metal response.  

Auxins, mostly represented by the indole-3-acetic-acid (IAA), have been also 

implicated on diverse aspects of plant growth and development (Davies, 1995; Benjamins 

& Scheres, 2008) mainly in root architecture and growth (Aloni et al., 2006; Nibao et al., 

2008) as polar auxin transport is controlling the growth pattering (Blilou et al., 2005). 

Additionally, they are involved in the stimulation of cell elongation in shoots (Yang et al., 

2014), in cell division in the cambium, in the differentiation of phloem and xylem tissues, 

in tropisms regulation, in delayed leaf senescence, and in stimulation of growth in certain 

flower parts (Kurepin et al., 2014). Auxins are also involved in plant defence interplaying 

with redox signaling pathways (Pasternak et al., 2005; Tognetti et al., 2012) to enhance 

plant adaptability to different environmental stress such as the heavy metal Cd (Xu et al., 

2010; Zhao et al., 2012). Auxin mutants at biosynthesis (i.e., wei2, wei7 or wei8), transport 

(pin1, pin2, pin7, aux1, etc.) and signaling (tir1, axr1, etc.) have been helpful to identify 

the early changes occurred on the IAA-related genes associated with root development 

(Lewis et al., 2011a; Stepanova et al., 2008; He et al., 2011). WEI2/ASA1, encodes the α 

subunit of antranilate synthase, a key enzyme in tryptophan biosynthesis, which is a 

common precursor of multiple auxin biosynthesis pathways. The findings that ethylene 

upregulates the expression levels of ASA1 and that wei2/asa1 (weak ethylene insensitive2) 

loss-of-function mutants are partially insensitive to ethylene in a root elongation assay 

suggest a key role for ASA1-mediated Trp biosynthesis in ethylene-induced root inhibition 

(Stepanova et al., 2005). Meanwhile, defects in IAA transport such as in the PIN1 mutants, 

pin1 (pin formed1) blocks both initiation and elongation of lateral roots due to reduced 

movement and displacement of IAA (Benková et al., 2003).  

The phytohormone regulatory network is part of a complex signaling integrating 

external stimuli with internal signals, primary regulating the protective response of plants 

against a wide range of stresses like water stress, salinity, changes in temperature and 

light, exposure to toxic substances, pathogen attacks or wounding (Bari & Jones, 2009; 
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Peleg & Blumwald, 2011). Environmental stresses activate diverse cellular responses by 

hormone signaling. The accumulation of low molecular weight metabolites (like oxylipins 

and proline), the synthesis of specific proteins (e.g. phytochelatins), the activation of 

certain signaling pathways (calcium, nitrogen, MAP kinases and ROS) and the up-

regulation of an established group of transcription factors, apart from the induction of 

changes in other phytohormones levels, are all plant general responses developed to 

different stressors, most of them mediated by hormones (Fujita et al., 2006). These 

primary signaling processes, modulated by phytohormones, have been also identified 

under toxic metal stress (explained in Chapter IV). A crosstalk between ET and IAA 

signaling pathways, interconnected with ROS signaling networks might modulate toxic 

metal tolerance or sensitivity (Mittler et al., 2011; Bartoli et al., 2013). Reactive oxygen 

species (ROS) would act as second messengers in signaling cascades, giving information 

about changes in hormone concentrations and antioxidant system activity, in order to 

regulate plant survival or death (Bartoli et al., 2013). 

The coordinated interactions between ET and IAA have been described in the plant 

responses to Cu (Lequeux et al., 2010), Cd (Arteca & Arteca, 2007) or Al (Sun et al., 2010; 

Ruíz-Herrera and López-Bucio, 2013). Although the role of ET in toxic metal defence is 

scarce, plants exposed to those three metals have two common symptoms in root 

development: A depletion of the mitotic activity of primary root and perturbed IAA 

transport leading to a massive accumulation in the root apex. Ethylene and IAA control 

synergistically the primary root elongation and root-hair formation, but they act 

antagonistically to modulate lateral root development (Blilou et al., 2005; Ivanchenko et 

al., 2008; Muday et al., 2012). Ethylene-inhibition of root elongation, characteristic of Hg 

(Montero-Palmero et al., 2014) or Al toxicity (Sun et al., 2010), might be modulated 

through IAA signaling in the root apex as treatments with ACC and ET increased IAA 

synthesis into the root tip of Arabidopsis together with enhanced IAA transport towards 

the elongation zone (Růžička et al., 2007). Moreover, the IAA accumulation into the root 

apex and its distribution along the main root is directly associated with the lateral organ-

formation (Casimiro et al., 2003). Thus, when plants are exposed to moderate stresses, a 
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relocation of IAA towards the elongation zone would induce the formation of new lateral 

roots as described in Arabidopsis roots exposed to 50 μM Cu (Lequeux et al., 2010) or 50 

μM Cd (Potters et al., 2007). However, prolonged or higher stresses would elevate the ET 

levels in cells enhancing acropetal IAA transport, with an elevated PIN3 and PIN7 

expression, reducing the IAA signaling in the mature regions of the roots and 

consequently, the lateral root development (Lewis et al., 2011a). Similarly, ET stimulation 

of IAA synthesis will initiate root hair position and elongation (Rahman et al., 2002).  

Ethylene and IAA can regulate each other hormone biosynthesis and signaling, or 

can act independently on the same target genes containing ERE or AuxRE elements in 

their promoter regions (Muday et al., 2012; Stepanova et al., 2007). Ethylene induces the 

transcription of at least two anthranilate synthase genes, WEI2 and WEI7 (Stepanova et 

al., 2005) leading to increased IAA production. This would activate the expression of some 

auxin-responsive factors (such as ARF19 and ARF7; Li et al., 2006) which regulate the 

transcription of downstream ET or IAA-related targets. Some IAA transporters such as 

AUX1, PIN3 and PIN7 are also suggested to be part of the ET signaling (Swarup et al., 2002; 

Alonso et al., 2003). Similarly, IAA could also stimulate the induction of several ET 

biosynthetic 1-aminocyclopropane-1carboxylate synthase ACS-genes, giving a positive 

feedback (Abel et al., 1995; Woeste et al., 1999; Tsuchisaka & Theologis, 2004). 

Additionally, common transcriptional regulators such as MYB12, TRANSPARENT TESTA 

GLABRA1, and PRODUCTION OF ANTHOCYANIN PIGMENT1/MIB75 have been found 

regulating both hormones signaling cascades, preceding an activation of common 

responses as the induction of flavonoid metabolism (Lewis et al., 2011b). Other common 

regulators of both hormones signaling are the zinc-finger superfamily transcription 

factors, which mediate in both abiotic and abiotic stresses (Kodaira et al., 2011; Figuereido 

et al., 2012). Especially, the ZAT12 protein is intersecting ET-IAA signaling but also that of 

the H2O2 or heat shock, among others (Rizhsky et al., 2004; Davletova et al., 2005). 

Another important group of stress responsive factors are the heat shock proteins 

family, protecting cells against many different stresses including heavy metals toxicity 

(Joseph et al., 2012). Heat shock proteins are classified by their molecular weight and its 
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function into different groups. The small heat shock proteins (sHSPs) are those ranged 

between 17 to 30 kDa that act as chaperones preventing irreversible protein aggregation 

to enhance plant tolerance (Waters et al., 1996). In general, the sHSPs are not found in 

vegetative tissues as they are restricted to certain stages of development such as 

embryogenesis, germination, pollen development or fruit maturation. However, under 

environmental stresses sHSPs accumulate to high levels and ubiquitously in cells (Sun et 

al., 2002). Plants synthesize multiple sHSPs encoded by six nuclear multigene families; 

each gene family encodes proteins found in a distinct cellular compartment: the cytosol, 

chloroplast, ER and mitochondrion (Waters et al., 1996).  

Multiple studies have demonstrated the role of sHSPs/HSPs in the early response 

to metals such as Hg which promote the induction of different small heat shock proteins in 

Medicago sativa (Montero-Palmero et al., 2014), Medicago truncatula (Zhou et al., 2013) 

and Hordeum vulgare (Lopes et al., 2013; See Chapter III). Similarly, a wide-transcriptome 

analysis in Arabidopsis thaliana exposed to the toxic metal cadmium (Cd) revealed the 

activation of a group of sHSPs/HSPs related-genes during the first 2 h of exposure (Weber 

et al., 2006). Several studies confirmed the role of certain heat shock factors (HSFs) acting 

as sensors of ROS, initiating a signaling cascade, and controlling the expression of 

oxidative stress-related genes in an adaptive mechanism of defence (Miller & Mittler, 

2006; Timperio et al., 2008). Moreover, post-transcriptional regulatory mechanisms 

modulating the heat stress response could also be active. For instance, Evrard et al. (2013) 

pointed to phosphorylation of the Arabidopsis heat shock factor A2 (HSFA2) by MPK6 that 

negatively regulates the heat stress response. Similar post-transcriptional modifications 

have been reported in a metal toxicity response in which the peptide sHSP26.13 

accumulated in Chenopodium album exposed to Cd (Haq et al., 2013). 

Furthermore, the Arabidopsis AtHSFB4, AtHSFA5, AtHSFA4A, and AtHSFA4C 

contain a transcriptional regulatory motif also included in the ET transcriptional regulators 

(Kagale et al., 2010), suggesting a link between the heat-shock response and ET signaling. 

In the same way, functional studies in alfalfa roots exposed to Cd and Hg show a decrease 

in the sHSPs accumulation when the 1-MCP ethylene blocker was added to the stressed 
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plants (Flores-Cáceres & Hernández, 2013). All data together suggest connections among 

those three (heat/ET/ROS) signaling cascades.  

Our previous research carried out on mercury (Hg)-exposed plants reflected a tight 

relation between root growth inhibition and H2O2 production mediated by ET (Montero-

Palmero et al., 2014). Herein, in the first part of this chapter, we tried to bring some light 

by focusing our research on ET-IAA crosstalk mediated by ROS, in the tolerance response 

of Arabidopsis roots exposed to Hg. Moreover, the heat shock response caused by Hg 

might be also modulated by ET possibly throughout the ROS signaling interplay. Different 

assays were designed to elucidate the possible connections between heat, hormones and 

oxidative stress in the tolerance response to Hg.  

Materials and methods 

Arabidopsis growth conditions  

Arabidopsis thaliana wild-type (Col-0), ethylene insensitive mutant (ein2-5), NADPH-

oxidase double mutant (AtrbohD/F), weak ethylene insensitive 2 or antranilate synthase-

α1 (wei2/asa1) and transgenic overexpressor 35S::AtrbohD seeds were surface sterilized 

with 50% (v/v) commercial bleach for 10 minutes, and then washed five times with sterile 

distilled H2O. The sterile seeds were then sown on a Petri dish containing Murashige & 

Skoog (MS) sucrose agar media (1% sucrose and 0.8% phyto-agar; Duchefa-Biochemie, 

Haarlem, The Netherlands), pH 6.0. Plates were kept at 4°C in darkness for 2 days and 

then placed in a grown chamber at 24-26°C/16h light-8h darkness conditions for 5 days. 

Wild-type (Col-0) and the mutant lines ein2-5 and wei2/asa1 harbouring a DR5::GUS 

fusion transgene were a gentle gift from JM Alonso and AN Stepanova, (Department of 

Genetics, North Carolina State University, Raleigh, NC USA). Seeds from Arabidopsis 

genetic lines AtrbohD/F and 35S::AtrbohD were kindly provided by M.A Torres (CBGP, 

UPM, Madrid, Spain). 

After germination in agar plates for 5 days, selected Col-0, ein2-5, AtrbohD/F and 

35S::AtrbohD seedlings were transferred to a hydroponic system with nutrient solution 
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designed by Tocquin et al. (2003) at pH 6.0, for 5 weeks. Different doses of HgCl2 were 

added to the different experiments. Roots were hand dissected from shoots, rinsed 

thoroughly in 10 mM Na2EDTA, then in deionised water, snap-frozen in liquid N2 and 

stored at -80oC till RNA extraction. 

Alfalfa growth conditions  

Sterilised alfalfa seeds (Medicago sativa var. Aragón) were germinated on agar plates, 

vertically placed for 24 h in complete darkness at 25 oC, and then transferred to a 

microscale hydroponic system growing in MS nutrient solution, pH 6.0, during 24 h in the 

24-26°C/16h light-8h darkness. The seedlings were then treated with different chemicals 

as described in each experiment. Mercury was added at a final concentration of 3 µM of 

HgCl2 (Merck, Whitehouse Station, NJ, USA). Effects on transcriptional activity due to 

oxidative stress were studied on alfalfa roots exposed to 25 mM H2O2. To study the role of 

ET in the early responses to Hg, alfalfa plantlets were treated with 10 μM of ACC (1-

aminocyclopropane-1-carboxylic acid), or 10 μM of the ethylene receptor blocker 1-

methyl-ciclopropene (1-MCP, AgroFresh Inc., Philadelphia, PA, USA), as well as with 3 µM 

of Hg supplemented with 10 μM 1-MCP. Roots were carefully collected to minimize 

mechanical stress at different time intervals (3, 6 and 24 h after treatment). Before 

freezing, the plants were rinsed with Na2EDTA and deionised water.  

Root growth analysis 

Five-days old Arabidopsis plantlets were transferred to square Petri dishes with MS 

supplemented with 10x HgCl2 to a final concentration of 0.15 and 0.30 µM HgCl2. Mercury 

was applied by spreading the solution over the agar surface until its completely 

absorption. A minimum of 10 plantlets were placed in each dish, five individuals of a 

mutant line and five of the wild-type. Dishes were sealed with MicroporeTM to avoid 

contamination, and were kept vertically in the growth chamber at 24-26°C/16h light-8h 

darkness throughout the treatment.  
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The end point of each principal root was labelled on the dish surface every 24h, for 

three days. After 3 days treatment, dishes were imaged. Main root growth was measured 

with the ImageJ 1.45s tool. Percentage of relative growth in Hg-treated plants compared 

with non-treated plants was calculated. A total of 5 independent experiments were 

carried.  

Histochemical staining 

Immediately after the growth experiments, GUS assays were performed in Col0 DR5::GUS 

and ein2-5 DR5::GUS plants. Plantlets were incubated in GUS assay solution as described 

in Jefferson et al. (1997). Tissues were not previously fixed, and GUS reaction was stopped 

within the first three hours of immersion in GUS solution as soon as colour started to 

appear, to avoid saturation. Similar procedures were carried out with Arabidopsis 

Hahsp17.7G4::GUS. Plantlets were then examined under microscope for coloured root tips 

apex, blue epidermal cells along the main root, and occurrence of lateral root primordia 

(LRP; Fig. 1), respectively.  

Fig.1 Samples of initial lateral roots (primordia) along Arabidopsis primary roots. (a) and (b) are 
considered as lateral roots initiated by the Hg treatment. Bigger sized primordial cells (c) 
were not counted as initiation events induced by the treatment as they were previously 
formed.  
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GUS staining in embryogenic-root tip were semi-quantitatively characterised by 

visual comparison of colour intensity within each plantlet. A numeric scale – resulted from 

our previous observations- was designed attending to the established root zonation that 

characterise Arabidopsis primary root tips (Scheres et al., 2002; Fig. 1). The colour 

intensity value was assigned within each plantlet root tip and taking the quiescent center 

as a reference. Absence of colour was interpreted as lack of metabolism and rated with 0, 

as the root meristem normally requires high levels of IAA (Casimiro et al., 2001). Each 

zone was assigned with a different scale ranging from 0 to 3 in the zone 1, from 0 to 5 in 

the zone 2 and from 0 to 1 in the zone 3, depending on different blue intensity gradations. 

The total score given to each root apex, named as “GUS Staining Parameter”, is the sum of 

the three independent values in each zone. Root tips were photographed and observed 

under the optical microscope Olympus BH-2, with a digital incorporated camera Leica DFC 

300FX. Three independent assays were carried out with at least ten seedlings per assay for 

each treatment and genetic line.  

 

Fig. 2 Scheme of Arabidopsis longitudinal root tip section. (a)Different group of cells conforming 
the tissues of the apical root meristem: Epidermis (brown), cortex (yellow), endodermis 
(green), stele (dark brown); and the root cap: lateral (light blue)and columella (dark blue) 
(b) The three zones distinguished by different DR5::GUS staining intensity. 
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Quantitative reverse transcription polymerase chain reaction (qRT-PCR) 

Quantitative RT-PCR was performed with the total RNA from alfalfa and Arabidopsis roots 

of five independent biological replicates to synthesise the complementary DNA strand 

(cDNA). Oligonucleotide primers were designed based on M. truncatula sequences and 

homologous sequences of A. thaliana using the Primer Express software (Applied 

Biosystems, Foster City, CA, USA; Table 1). Gene expression quantification was performed 

using the relative 2─∆∆Ct method (Livak & Schmittgen, 2001). The glyceraldehyde 3-

phosphate dehydrogenase gene (GAPDH) was used as the reference because it showed 

steady expression over the time course of the experiment. 

Table 1 Primers designed for Medicago truncatula and Arabidopsis thaliana to amplify several 
cDNA fragments of heat shock related genes by quantitative RT-PCR, which were based 
in the oligonucleotide sequences printed in the array; and homologous genes in A. 
thaliana (loci codes). 

ID Name Primer Forward Primer Reverse 

MT008969 sHSP20 TGAAAGCTGGGATGGAGAAT TGAACAGGCTTCACATCAGG 

MT001799 sHSP18.2 ATTTGCAAGCACACAAGTGG AGGAAGATCAGCCTCGAACA 

MT016071 sHSP17.6A TTCTGATAAGCGGTGAAAGGA CAACCCTTCTTTCCATCTTCAA 

MT015437 sHSP17.4 GGCTGATCTTCCTGGACTGA CGCTTATCTGAAGAACCCTATCA 

MT007570 HSFB2A CGCCGTTTTTGTTGAAGAC TATCACATCATACCGTCGCTAAA 

MT007789 HSFA2 TTCGTTGTTTGGGATCTTCA ACTGTGTTTGAAGTAACGAGGTAAAA 

TC106518* GADPH GTTTTTACCGACAAGGACAAAGCT ACAAACATGGGAGCATCCTTACTAG 

AT2G29500 sHSP20 AATGGTGTGTTGACTGTTACGG TGAATAGACTTAACATCAGCCTTCTTA 

AT5G59720 sHSP18.2 GGTTACCGGAGAATGCAAAG GAACCACAACCGTAAGCACA 

AT5G12030 sHSP17.6A CTTCAAGAGCTTACATGCGAGA GCTCGATAACGTCAGCTGGT 

AT3G46230 sHSP17.4 GAGAGTAAGCCGGAGGTCAA GCTTTCCAACTTCAGAGTTCCT 

AT5G62020 HSFB2A GAAGCGGTTTTCGGAGATG ACACCAAACAACCTCGGACT 

AT2G26150 HSFA2 GCGGCTTCTTCATCTGTAGG TTCGTTAAGCCCTTCCATTG 

AT1G13440* GADPH TTGGTGACAACAGGTCAAGCA AAACTTGTCGCTCAATGCAATC 
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Statistical analysis 

Data shown are mean ± standard deviation (SD) for three independent experiments. Mean 

differences were compared using post-hoc Tukey test with SPSS Statistics 17.0 for 

Windows.  

Results 

A.- Ethylene-auxin interactions regulating oxidative stress mediated changes in root 

architecture. 

In this work, the early morphological and molecular changes of plants roots exposed to 

mercury (Hg) that are possibly mediated by ethylene (ET) and other hormones such as 

auxin (IAA), were analysed. In previous studies (Chapter II) we proved that ET modulates 

the apoplastic H2O2 release of Hg-stressed alfalfa and Arabidopsis plants. The extracellular 

H2O2 production triggered by Hg was also associated to the NADPH-oxidase activity as 

H2O2 drastically decreased in the Arabidopsis double mutant AtrbohD/F but increased in 

the overexpressor 35S::AtrbohD exposed to Hg. We also confirmed that the early root 

growth inhibition triggered by Hg, was significantly reduced in ET insensitive plants (alfalfa 

pretreated with 1-MCP ethylene blocker and ethylene insensitive ein2-5 Arabidopsis) 

respect to wild-type (Montero-Palmero et al., 2014).  

In this study, we assessed the effect of the mutation of genes from the ET 

transduction cascades on primary root growth: the weak ethylene insensitive wei2/asa1 

Arabidopsis mutant, which has limited the ET-mediated IAA synthesis (Stepanova et al., 

2005), was compared to that of the ein2-5 (already described in Chapter II) and the Col-0 

backgrounds. Both mutants were less sensitive than the control particularly at low doses 

(0.15 μM Hg; Figs. 3, 4). At higher doses (0.3 μM Hg) ein2-5 and wei2/asa1 showed a low 

or no inhibition of root growth. However, ein2-5 seems to be more affected by Hg toxicity 

than wei2/asa1 that showed pronounced differences in respect to the control Col-0 line, 

being quite insensitive to the Hg toxicity. More experiments would be necessary to 

confirm these findings as they are still preliminary results, particularly in respect to 
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wei2/asa1. However, we have confirmed that the root growth inhibition caused by Hg is 

mediated, at least partially, by ET and that two different genes in this signal transduction 

pathway participate in this process. These results strongly suggest that both, EIN2, an 

upstream gen in the transduction cascade mediated by ethylene and, ASA1, a down-

stream gene, show distinct effects on the growth rate of roots exposed to Hg, being less 

sensitive to the toxic as compared to the control lines.  

 

 

Fig. 3 Root growth inhibition of Arabidopsis thaliana wildtype (Col-0), ethylene insensitive 
mutant (ein2-5), and wei2/asa1 exposed to 0.15 (a) and 0.30 μM HgCl2 (g) for 2 days and 
3 days, respectively. Significant differences between treatments are shown by different 
lowercase letters (P<0.05; Tukey post-hoc test). Standard error bars are also shown.  
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As indicated above, the wei2/asa1 Arabidopsis mutant has limited the ET-mediated 

IAA synthesis (Stepanova et al., 2005). Thus, we aim to analyse the variation in auxin 

content in the mutant background after Hg treatment, as compared to untreated control 

plants and respect to Col-0 wild-type. Hence, we studied the expression of DR5::GUS 

used as an auxin sensor in the root tips of the ET- insensitive ein2-5 and wei2/asa1 

mutants exposed to 0.15 μM and 0.30 μM Hg for 2 days that was compared to that of 

wild-type seedlings. DR5::GUS activity in the apexes of Col-0 expanded from the root tip 

meristem to the elongation zone, probably due to the high activity of DR5 leading to 

Fig. 4 Images of Arabidopsis Col-0, ein2-5 and wei2/asa1 ecotypes after transferring to square 
Petri dishes without Hg (control) and supplemented with 0.15 µM HgCl2. Red, green, blue 
and black spots mark the root length at the beginning of the treatment, after 24 h, 48 h 
and 72 h, respectively, either in a control plate with no Hg or with Hg. Arrows show roots 
of the mutant ecotypes with differential length respect to the control roots (Col-0). Scale 
bars are set for each dish.  
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some diffusion of the clue precipitate. Thus, an intense GUS signal was observed in the 

wild-type root tips treated with Hg (especially to 0.30 μM Hg for 2 days) in comparison to 

the non-treated wild type roots. However, in the ein2-5 and wei2/asa1 mutants the 

signal was confined to the root tip in the control untreated plants (Fig. 5a). In contrast, 

the ET mutants responded to the Hg treatment with a lower signal than the untreated 

mutant plants and a reduced number of blue cells in the root tip meristem and the 

calyptra (Fig. 5b). The intensity of the signal was slightly higher in the wei2/asa1 treated 

roots as compared to that of ein2-5, but lower that in Col-O (Fig. 5 a, b). 

 

Fig. 5 Ethylene modulates the auxin distribution along the primary root of Arabidopsis exposed 
to Hg. (a) Expression of the β-Glucuronidase activity directed by DR5 expression, 
DR5::GUS, in the root apexes of Col-0, ein2-5 and wei2/asa1 backgrounds. (b) The blue 
intensity of DR5::GUS expression was assessed semi-quantitatively for each root apex 
exposed to the different treatments (see materials and methods). The seedlings were 
grown without Hg (control; blue circles), supplemented with 0.15 (red circles) and 0.30 
µM HgCl2 (green circles) for two days. Each circle represents a primary root recorded. 
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Auxins are known to have an impact in root architecture as the number of lateral 

roots (Casimiro et al., 2003). Thus, we examined the differential responses in the LRP 

development of Col-0 and ethylene related mutants to the Hg treatment. The number of 

primordia in untreated plants was ~20% lower in ein2-5 and ~40% in wei2/asa1 respect to 

the wild-type Col-0 (Fig. 6). Thus, ethylene mutants are affected in the number of LRPs 

labelled by DR5::GUS, being reduced as compared to the wild type line. Moreover, we 

observed a conserved response pattern to Hg in wei2/asa1 mutants as compared to that 

of Col-0. When plantlets were exposed to a moderated dose of Hg, the number of 

primordia slightly increased respect to their non-treated control plants (~20% in Col-0 and 

~45% in wei2/asa1); but it drastically decreased below control levels in roots exposed to 

the highest dose of Hg (Fig. 6). After 0.30 μM Hg, all three lines, including the control 

showed a significant reduction of LRP as compared to their own non-treated controls and 

the wei2/asa1 ecotype showed a pronounced inhibition of new lateral roots formation 

(50% of reduction) respect to its own non-treated control. Thus, when the ethylene 

transduction pathway is perturbed, a buffering of the LRP inhibitory response and even a 

moderate promotion of initiating LRP at low Hg doses was observed. Our preliminary data 

suggested a correlation between Hg signaling and the ET-IAA crosstalk. 
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B.- Regulation of small heat shock proteins expression 

As previously explained (see Chapter III), those genes included in the category of the heat 

shock response were commonly regulated in different plant species (Medicago sativa, 

Medicago truncatula and Hordeum vulgare) exposed to the toxic metal Hg. Thus, the 

induction of several genes encoding small heat shock proteins (sHSP) obtained from a 

microarray of M. sativa roots exposed to 3 μM Hg during 3, 6 and 24 h (Montero-Palmero 

et al., 2014; Table 1) has been validated by qRT-PCR (Fig. 7). Equivalent overexpression 

tendencies were obtained with both techniques, the microarrays and qRT-PCR. The 

relative expression levels resulted from qRT-PCRs were much higher than the expression 

data obtained from the microarray, as occurred in prior validation studies of the same 

microarray experiments (see Chapter II and IV), but all tendencies were validated. 

Therefore, we confirmed the differential regulation of genes coding sHSPs in the early 

signaling responses to Hg in M. sativa roots.  

Fig. 6 The effect of Hg in the number of initial lateral roots (primordia) per centimetre of roots in 
Arabidopsis Col-0, ein2-5 and wei2/asa1 ecotypes exposed to 0, 0.15 and 0.30 μM HgCl2 
during 3 days. Means ± SD are reported of 15 roots from three independent replicates are 
shown. Significant differences (P<0.05), obtained from ANOVA followed by post-hoc 
Tukey test, were indicated by lowercase letters. Standard error bars are also shown.  
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Further validation came from a transgenic Arabidopsis line harbouring the 

promoter of a sHSP from Helianthus annuus (Hahsp17.7G4; G4) homologue to that of the 

induced sHSP from M. sativa fused to GUS. Thus, a parallel study was carried out in 

Arabidopsis Hahsp17.7G4::GUS (G4 promoter) transgenic seedlings exposed to Hg (Fig. 8). 

A localized activity of the promoter sHSP17.7 was found in a raised number of epidermal 

root cells when plants were exposed to increasing doses of Hg (Fig. 8b). The highest 

number of cells showing β-glucuronidase activity was reached when the plants were 

exposed to 0.30 μM Hg for 2 days with significant differences as compared to their 

untreated controls (P<0.05), but it slightly decreased after longer exposures, although 

differences were clearly maintained to their controls (3 days; Fig. 8). Interestingly, a 

similar response was observed when 2 weeks-old Arabidopsis plants carrying the same 

Fig. 7 Transcriptional profile of small heat sock proteins (sHSPs) selected genes using 
quantitative reverse transcription polymerase chain reaction (qRT-PCR, grey bars) and 
microarray hybridization data (black bars) of M. sativa seedlings treated with 3μM HgCl2 
for 3, 6 and 24 h. Differential transcriptional activity of sHSPs genes, expressed as log2 
values, is the mean of, at least, three independent experiments. Blanks indicate 
undetermined expression data.  
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construction were exposed to 300 μM of the toxic metalloid arsenic for 24 h (Rivas-

Castellanos, 2009).  

 

 

Fig.8 Activity of the Hahsp17.7G4 promoter analysed by GUS staining in Arabidopsis roots 
exposed to Hg. (a) Number of epidermal stained cells per root exposed to 0, 0.15 and 
0.30 μM HgCl2 after 1, 2 and 3 days. (b) Localized GUS activity in epidermal root cells of 
Arabidopsis treated with 0.30 μM Hg for 2 days. 
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Plants exposed to toxic metal(loid)s generally show high rates of reactive oxygen 

species (ROS) production (Flores-Cáceres & Hernández, 2013; Montero-Palmero et al., 

2014), and ROS overproduction could be sensed by some HSFs, therefore triggering a heat 

shock signaling cascade as part of a tolerance response (Miller & Mittler, 2006). Hence, we 

aimed to evaluate the contribution of the ROS signaling to the activation of sHSPs coding 

genes during Hg stress. The quantitative RT-PCR analyses of several sHSPs and HSFs genes 

in alfalfa roots exposed to short treatments (3 and 6 h) with 25mMH2O2 revealed an early 

Fig. 9 Oxidative stress promotes de induction of several sHSPs and HSF in M. sativa roots. The 
early overexpression (log2 values) of those genes encoding sHSPs 20, 18.2 and 17.4 (a) 
and HSFs (b) in alfalfa roots after 3 and 6 h of treatment with 25mM of H2O2 as compared 
to the buffer treated plants, was calculated using the 2-∆∆Ct method, after qRT-PCR analysis 
of three independent experiments. 
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up-regulation of the heat shock family genes (Fig. 9). This confirms our previous 

hypothesis about a putative role of H2O2 as mediator of Hg toxicity through the direct or 

indirect induction of sHSPs genes transcript abundance (Montero-Palmero et al., 2014) 

 

However, functional analyses with Arabidopsis AthrobhD/F mutant and with the 

35S::AthrobhD overexpressor did not confirm the participation of the NADPH oxidase 

dependent-H2O2 production in the induction of the heat shock-related genes (Fig. 10). 

Although all heat-shock related genes were induced in the mutant line and the 

overexpressor, no differential response was observed as compared to the mutants, 

regarding the Hg treatments  

Fig.10 Differential gene expression (log2) of several heat shock related genes in Col-0, the 
overexpressor 35S::AthrobhD and the double mutant AthrobhD/F Arabidopsis ecotypes 
hydroponically grown with 1.5 μM HgCl2 during 24 h. Relative expression is referred to 
the gene expression in non-treated Col-0 plants. 
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Additionally, ET regulation —possibly mediated by H2O2 — of the heat shock 

signaling was also evaluated in the ethylene insensitive ein2-5 mutant exposed to Hg. Our 

results showed a characteristic response in the genes encoding two specific Class I sHSPs, 

the sHSP17.4 and 17.6A, which developed an attenuated and delayed expression in the 

mutants respect to the Col-0 under different Hg treatments (Fig. 11).  

 

 

 

Fig.11 Ethylene partially modulates sHSPs induction. Transcriptional profile of the sHSPs17.4 (a) 
and sHSPs17.6A (b) exposed to increasing doses of HgCl2 in Col-0 and ein2-5 ecotypes for 
24 and 48 h. Gene expression (log2 values) were obtained using the 2 -∆∆Ct method, after 
qRT-PCR analysis of a pull of three independent experiments. 
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Discussion 

In this study we tried to unveil mechanisms by which ethylene (ET) regulates the root 

development and the cell survival of Arabidopsis and M. sativa (alfalfa) plants in response 

to the toxic metal mercury (Hg).  

We had previous confirmation of the participation of ET-ROS signaling inhibiting 

the root growth of Arabidopsis exposed to Hg (Montero-Palmero et al., 2014). 

Additionally, ET signaling have been related to the responses of different plants such as M. 

sativa, M. truncatula, Hordeum vulgare exposed to different toxic metals (Zhou et al., 

2013; Lopes et al., 2013; Montero-Palmero et al., 2014). We also reported the role of ET in 

the primary growth inhibition caused by Hg in M. sativa plants (Montero-Palmero et al., 

2014; see Chapter III). In this study, we obtained clarifying data regarding the participation 

of another ET regulated gene, ASA1 in the Hg mediated growth responses. The wei2/asa1 

mutant was less sensitive to growth inhibition caused by Hg than the wild type plants, 

similarly to ein2-5 (Montero-Palmero et al., 2014; this work). Interestingly, ASA1 is not 

only an ET regulated gene, but constitutes a link to IAA regulation as it encodes a 

tryptophan dependent IAA biosynthesis enzyme (Stepanova et al., 2005). We also 

assessed a putative ET-IAA crosstalk in the roots apex treated with moderated doses of 

Hg. Ethylene- dependent IAA accumulation in wild-type roots increased with the Hg 

exposure in comparison to that of the ET insensitive ein2-5 and wei2/asa1 mutants, that 

showed less IAA in the root apex, in all the treatments (Fig. 5). Moreover, IAA 

accumulation into the apex and its expansion to the elongation zone seems to be 

associated with the increment of the number of lateral root primordia (LRP) events 

initiated by mild Hg doses (Fig. 6; Casimiro et al., 2003). Similarly, new lateral roots 

formation events were described under medium doses of Cd (Potters et al., 2007) and Cu 

(Lequeux et al., 2010). Moderate doses of Hg seems to promote lightly the formation of 

LRP in the wei2/asa1 mutant (Fig. 6), which is at least partially in agreement to these 

former studies. However, the number of primordia was no longer enhanced with high Hg 

doses (Fig. 6) which might induce high ET levels that negatively regulate lateral roots 
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formation (Ivanchenko et al., 2008; Lewis et al., 2011a). Additionally, the number of LRP in 

both ET mutants, ein2-5 and wei2/asa1, were lower than in wild-type roots (Fig. 6). We 

described then, the effects of ET signaling through ASA1 in the growth inhibition, IAA 

accumulation in the primary root and in the LRP formation caused by Hg, providing a 

molecular link between IAA and ET signaling events during Hg toxicity.  

The early contribution of the heat-shock signaling pathway to the general response 

induced in Hg-treated plants was also evaluated. We firstly confirmed a high accumulation 

of transcripts from the small heat sock proteins (sHSPs) gene family in the early response 

to Hg developed in alfalfa and in Arabidopsis roots (Fig. 7). This suggests that HSPs may 

have a cellular protective role under metabolic stress triggered by Hg. A conserved 

response of plants and animals after prolonged exposures to toxic metals by inducing 

heat-shock proteins have also been described (Joseph et al., 2012). Most heat shock 

proteins are molecular chaperones involved in the protection, repair, and degradation of 

damaged cell components, especially in the maintenance of proteins conformation and 

transport, during most abiotic stresses (Joseph et al., 2012). However, knowledge of the 

signaling events leading to the induction of sHSP genes is still scarce. In this respect, we 

proved the activation of the sHSPs and heat-shock factors (HSFs) coding genes after an 

oxidative burst initiated in plants exposed to 25 mMH2O2 (Fig. 9). Moreover, a high 

constitutive overexpression of the heat shock related genes (sHSPs and HSFs) in the 

Arabidopsis NADPH-oxidase mutants (AtrbohD/F) and overexpressor (35S::AthrbohD) 

backgrounds was observed (Fig. 10), although their transcript accumulation was 

independent of the Hg toxicity. These results, if confirmed, might indicate that the cells 

are capable to sense concentration changes of active oxygen species triggering a response 

that involves the induction of the heat-shock responders.  

Many evidences associate the general mechanism of the heat response to those 

activating the ET signaling (Suzuki et al., 2005; Kagale et al., 2010; Flores-Cáceres & 

Hernández, 2013). Our preliminary studies with the ein2-5 mutant showed that the 

transcript accumulation of two Arabidopsis Class I sHSPs (sHSP17.6A and sHSP17.4) genes 

was attenuated and delayed in time in comparison to the response of the wild-type plants 
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in response to Hg (Fig. 11). These results are in accordance with those of Flores-Cáceres & 

Hernández (2013), who demonstrated a decrease in two Class I sHSPs (17.6A and 17.7) 

accumulation when the ethylene 1-MCP blocker was added to alfalfa plants treated either 

with Cd and Hg; providing a molecular evidence that ET acts as a modulator of the heat-

shock response after abiotic stress mediated by Hg. 
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CHAPTER VI 

GENERAL DISCUSSION 

 

The main aim stated in this project was to analyse the early responses of crops like 

Medicago sativa (alfalfa) to the mercury (Hg) toxicity grown in mining-polluted soils. 

Consequently, a multidisciplinary research was carried out to characterize the stress 

signatures caused by Hg: wide-transcriptomic profiles of Hg-polluted alfalfa, 

complemented with different physiological measurements and comparisons to the 

differential transcriptomes caused by Hg in other plant species or by other toxics such as 

As, were performed. We were also interested on elucidating, at least, part of the complex 

signaling pathways involved in the maintenance of the tolerant response. A 

comprehensive evaluation of all the results obtained was made along the different 

chapters, but the general outline extracted from this research is summarized as follows. 

Firstly, detailed analyses of the dose-dependent physiological effects of Hg in 

alfalfa plants were performed. A remarkable root growth inhibition and an early 

enhancement of the oxidative burst were the most characteristic symptoms of Hg toxicity. 

Although, similar stress signs are caused by other toxic metals, Hg seemed to be highly 

toxic even at low concentrations or short times of exposure (Cho & Park, 2000; Rellán-

Álvarez et al., 2006; Cargnelutti et al., 2006; Zhou et al., 2008; Ortega-Villasante et al., 

2007). Taking into account the high Hg toxicity, we had to adjust the treatments to low Hg 

concentrations (3μM) and short periods of 3, 6 and 24 hours of exposure, as it also 

affected the RNA integrity. Hence, the global transcriptional changes of alfalfa roots 

exposed to those Hg treatments were analysed. Differential expression of a high number 

of genes was observed from the first hours of treatment, even before any cell damage 

could be detected. Among the total number of differentially expressed genes (559 DEGs), 

most of them were induced (91%). Gene responses at the first exposure times, 3 and 6 
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hours were similar, particularly of those genes related to stress. After 24 hours to 3μM Hg, 

the number of transcripts differentially expressed sharply decreased due to a massive RNA 

degradation and general cell damage. Most of those genes were included in the categories 

of ‘secondary metabolism’, ‘stress’, ‘protein’, ‘metabolism’, ‘sulphur assimilation’, 

‘transport’ and ‘hormone metabolism’. We were able to identify several genes and 

molecular pathways involved in the early (oxidative) toxic response of plants to Hg. 

Interestingly, genes from the ethylene metabolism and signaling were highly represented, 

suggesting that this phytohormone may be relevant for metal perception and 

homeostasis.  

To bring more light into the Hg toxicity, a comparison with the physiological and 

transcriptomic responses to the metalloid arsenic (As; Rivas-Castellanos, 2009) was 

performed. Alfalfa roots exposed to As showed a growth inhibition As-dose dependent, 

with strong changes in the highest doses. In contrast to the Hg response, marked 

variations in the expression pattern of genes were not correlated to direct symptoms of 

oxidative stress, such as those related to H2O2 production, except for the induction of 

several enzymes from the ascorbate-glutathione cycle. Although the mechanisms involved 

in As toxicity seemed to be slightly different to those identified in the Hg response, 

common genes differentially expressed with both toxics (650) were identified. These may 

form part of a shared response that brings light to the existence of putative conserved 

signaling networks in response to abiotic stress (Chakrabarty et al., 2009). Yet, specific 

signaling pathways were exclusively activated in response to As and Hg, distinguishing 

characteristic stress signatures which may depend on the distinctive perception 

mechanisms of both toxics by the plant.  

Functional analyses with ethylene insensitive plants demonstrated the 

involvement of ethylene in the early perception of Hg stress. Similarly, a common 

transcriptional response to Hg, partly mediated by ethylene was also found in Medicago 

truncatula (Zhou et al., 2013) and Hordeum vulgare (Lopes et al., 2013). A direct 

correlation of ethylene to the production of oxygen reactive species that negatively 

regulate root growth of Hg-treated plants was demonstrated. Moreover, modulation of 
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ethylene growth responses caused by Hg seem to be complex and integrated in signaling 

networks were auxins also interplay, guiding the main root development and promoting 

the formation of new lateral roots. Lastly, a partial interconnection between the ethylene 

and the heat shock signaling in response to moderate Hg treatments was also suggested, 

probably related to homeostatic cellular protective responses.  

In conclusion, we could advance in the understanding of the complex signaling 

networks governing plant responses to toxic metals, identifying ethylene as one of the key 

regulators in Hg toxicity responses. Furthermore, the confirmation that ET is involved in 

responses such as growth inhibition and active oxygen species mediated mechanisms lead 

us to propose “ethylene signaling attenuation” like a possibly effective solution in 

phytoremediation maintaining the tolerance response and delaying general oxidative cell 

damage in plants exposed to Hg. Thus, “ethylene signaling attenuation” could be applied 

in future phytotechnological strategies to ameliorate stress symptoms in Hg-polluted 

plants. As a short term application, we propose to test the response of ethylene 

insensitive plants or treatments causing ethylene short-cuts, directly in real environmental 

scenarios —like Almadén mining area—  
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CONCLUSIONS 

 

1. An early dose-dependent response was observed in Medicago sativa (alfalfa) exposed 

to mercury (Hg). The accumulation of Hg in alfalfa roots caused a significant root-

growth inhibition and a rapid oxidative burst, indicating that Hg is a severe toxic metal 

which induces a rapid physiological and molecular response in plants.  

 

2. Transcriptome analysis of alfalfa roots exposed to low Hg doses revealed that more 

than 90% of the differentially expressed genes (DEGs) were up-regulated. Moreover, 

the major number of DEGs was only shared at the early stages of the response (after 3 

and 6 h, but were not expressed after 24 hour of exposure to Hg). This confirms that 

Hg also rapidly promotes the transcriptional activity inducing the expression of certain 

genes possibly involved in Hg-tolerance.  

 

3. The global transcriptional analysis along the time of exposure is a good tool for 

cataloguing genes playing part in different stages of the homeostatic response to Hg. 

Different functional families, such as the group of the ethylene metabolism and 

signaling genes, were found highly overrepresented in the early response to Hg.  

 

4. Comparing with the metalloid arsenic (As), Hg is a severe toxic metal that causes 

major cell disruptions coupled with an oxidative burst. The comparison of both 

transcriptome profiles confirmed the different mechanisms of toxicity which may 

depend on the way of entrance of the metal(loid) and its perception by the plant cells. 

As a result, a distinctive signature of stress for each toxic was characterized with this 

study.  

 



Chapter VI- General Discussion and Conclusions 

 

 204  

5. Our findings about the transcriptional regulation induced by Hg establish that 

ethylene is a central mediator, in association with auxins and other signaling 

pathways, playing an essential role in the signaling network. Therefore, this study 

proposes a pioneer alternative for Hg phytoremediation, by impeding the ethylene 

signaling to increase the tolerance stage of the plants to Hg. 

 

6. Similarly, the activation of several small heat shock proteins (shsp) in response to Hg, 

and the down-regulation of some others (shsp17.6A and shsp17.7) when the ethylene 

signaling is blocked, place the heat-shock signaling having an important role in the 

complex signaling network activated by Hg.  
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CONCLUSIONES 

 

1. Las plantas de Medicago sativa (alfaIfa) expuestas a mercurio (Hg) desarrollaron 

una repuesta temprana y dependiente de la dosis. La acumulación de Hg en las 

raíces de alfalfa causó una significativa reducción del crecimiento de la raíz así 

como un rápido estallido oxidativo, lo que indica que el Hg es un metal muy tóxico 

para las plantas provocando en ellas una rápida respuesta a nivel fisiológico y 

molecular. 

 

2. El análisis transcriptómico de raíces de alfalfa expuestas a bajas dosis de Hg reveló 

que más del 90% de los genes diferencialmente expresados (DEGs) estaban 

inducidos por el tratamiento. Además, la mayor parte de estos genes se 

encontraban diferencialmente expresados únicamente en las etapas más 

tempranas de la respuesta (encontrándose activos después de 3 y 6 horas, pero no 

a las 24 horas de exposición a Hg). Ello confirma que el Hg también promueve una 

pronta actividad transcripcional, sobre-regulando la expresión de ciertos genes 

posiblemente implicados en los mecanismos de tolerancia a Hg. 

 

3. El análisis transcriptómico global a lo largo del tiempo de exposición es una buena 

herramienta para catalogar los genes que participan en las distintas etapas de la 

respuesta homeostática al Hg. Varias categorías funcionales, como el grupo de 

genes de metabolismo y señalización de etileno, se encontraron altamente 

inducidos en la respuesta temprana a Hg.  

 

4. En comparación con el metaloide arsénico (As), el Hg es un metal severamente 

tóxico que causa graves daños celulares debido al estallido oxidativo asociado. La 

comparativa de ambos perfiles transcripcionales confirmó los diferentes 
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mecanismos de toxicidad que parecen depender del modo de entrada del 

metal(oide) y su percepción en las células de las plantas. Como resultados, con 

este estudio se caracterizó una exclusiva firma de estrés para cada tóxico.  

 

5. Nuestros resultados sobre la regulación transcripcional inducida por Hg 

demuestran que el etileno es un mediador importante, que junto con las auxinas y 

otras vías de señalización metabólicas, juega un papel esencial en la red de 

señalización celular. Por consiguiente, este estudio propone una alternativa 

pionera para la fitorremediación del Hg aminorando la señal de etileno para 

incrementar el estadio de tolerancia a Hg en las plantas.  

 

6. Igualmente, la activación de varias proteínas pequeñas de choque térmico o small 

heat shock proteins (shsp) en respuesta a la toxicidad por Hg, y la represión de 

algunos de estos genes (shsp17.6A y shsp17.7) cuando la señal de etileno está 

bloqueada, confirman la participación de la señal de estrés por calor en la 

compleja red de señalizaciones activada por Hg. 
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