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Summary and thesis outline
Environmental pollution is a serious problem worldwide, being anthropogenic activity one of the main
risk factors to diverse ecosystems. The north-central area of Chile is recognized the mining activity,
especially linked to the copper (Cu) mining. The largest number of companies involved in the smelting
and refining of Cu are concentrated in this zone, originating a significant environmental damage. The
soil is one of the most affected resources, since the accumulation of high Cu amounts generates
alterations in its physic-chemical properties, triggering a decrease in plant cover. However, some plant
species have managed to survive under these stressful conditions. These plants, called “metallophytes”
develop in places with a high presence of potentially toxic elements (PTEs), displaying mechanisms
of resistance and/or tolerance to metals. This environmental issue has generated the search for new
technological tools capable for restoring damaged ecosystems. Among the techniques developed,
bioremediation stands out because it uses living organisms and their enzymes in the decontamination
process, being considered a tool noticeably friendly to the environment and generally of low cost. In
this sense, metallophytes have gained great relevance as they are organisms adapted to stress
conditions; therefore, the study and understanding of their response mechanisms to PTE such as Cu,
can be a noticeable pillar to use these species as bioremediation agents.
Here, we present in chapter I a general introduction of this Doctoral Thesis, showing the hypothesis
and aims of this study. In chapter II we explore the general background of plants response to Cu stress,
focusing on the Cu-tolerance mechanisms and their applications in bioremediation. This chapter aims
to improve our knowledge of Cu uptake, transport, and accumulations by plants and how these have
developed strategies to survive in Cu contaminated environments. In chapter III, we present a study of
antioxidant responses of phenolic compounds and immobilization of Cu in Imperata cylindrica, a
metallophyte that commonly inhabits Cu contaminated soils in central Chile. Cu concentration assays
in tissue showed that I. cylindrica is capable to accumulate until 328 mg Cu kg-1 dry weight in root at
21 days of exposure to Cu. Additionally, in the treatment with greater Cu accumulation in roots, the
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presence of Cu was qualitatively visualized in rhizomes of I. cylindrica, through scanning electron
microscopy (SEM) and energy-dispersive x-ray (EDX). Moreover, the exposure to Cu significantly
increased the synthesis of phenolic compounds in shoots of plants exposed 21 days to Cu, where 5caffeoylquinic acid reached the highest concentrations. These results support that I. cylindrica is a Cu
accumulator plant with a medium level of accumulation in roots (between 200–600 mg Cu kg-1
biomass), which can tolerate the exposure to high Cu levels by means of increasing the synthesis of
phenolic compounds in shoots. In chapter IV, we reported the identification of candidate genes
associated with Cu-tolerance response in I. cylindrica exposed during 21 days to Cu stress, through
De novo transcriptome assembly. The results evidenced a De novo transcriptome with 200,521
transcripts, reaching of ~91% complete ultra-conserved genes in the eukaryote and Plantae database
using the BUSCO platform. The differentially expressed genes (DEGs) in roots were 7386. In contrast,
the genetic response in shoots was significantly less, being only 36 DEGs. Noticeably, in roots were
found DEGs associated mainly with actin and cytoskeleton conformation, but also some other
associated with metals transporter and superoxide dismutase activity in root tissue. Our results strongly
suggest that cytoskeleton has a main role as mechanism that cope with Cu stress by means of the
binding in root at ultrastructural level. Finally, all our results are globally discussed in the chapter V.
Here, we conclude that: (1) Imperata cylindrica is a Cu-accumulator specie and the highest Cuaccumulation is occurring in the root and rhizome tissues; (2) the cytoskeleton could be the primary
mechanism responsible of Cu-binding in the root resulting in an efficient Cu-tolerance response in this
metallophyte; and (3) our study contributes to the search for potentially endemic or native plant species
as phytoremediation tools to be used in Cu contaminated environments.
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CHAPTER I
General Introduction
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1.1. General introduction

The soil contamination caused by potentially toxic elements (PTEs) has increased in recent years,
becoming an environmental threat worldwide (Aponte et al., 2020a). Mining activities have produced
an estimate of 5–14 million tons of mine wastes or tailings in recent decades (Schoenberger, 2016),
generated a great negative environmental impact (Pérez et al., 2021). Precisely, Chile is one of the
countries with many environmental problems due to mining exploitation, since in recent years it has
been the lead producer of copper (Cu) worldwide, producing an estimated 5.7 million metric tons in
2020, followed by Peru and China, with a production of 2.2 and 1.7 million metric tons respectively
(Garside, 2021). Puchuncaví Valley (Valparaíso region, central Chile), is a place well-recognized by
its high environmental contamination with PTE, associated principally to Cu smelter (CODELCO),
where Cu amounts up to 330 mg Cu kg-1 of soil (DTPA extractable) have been reported by Cornejo
and collaborators (2008a) in areas near to the Ventanas smelter. The values of Cu present in soils of
Puchuncaví Valley difficult the normal growth of most of the plant species, producing a scarce plant
cover (Ginocchio, 2000). Although Cu is an essential micronutrient to plants, when is in excess it
becomes dangerously toxic, since it can be found as a free ion and catalyze the formation of free
radicals, such as reactive oxygen species (ROS) and peroxides (Weckx and Clijsters, 1996; Baccouch
et al., 1998; Richards et al., 1998), generating oxidative stress and consequently damage in the main
cellular macromolecules. However, there are some “Metallophytes” with the capacity to survive in
soils polluted with high amounts of PTEs. Imperata cylindrica is a plant species presents in soils from
Puchuncaví Valley, that developed mechanisms of Cu resistance or tolerance that allow surviving
under these deleterious stress conditions. Previous antecedents regarding I. cylindrica growing at high
Cu concentrations in a hydroponic culture showed a high rate of citric acid exudation. This organic
acid exudation was considered as an efficient Cu exclusion mechanism which allowed the plant a
normal growth (Meier et al., 2012a). Besides, this species was described as iron (Fe) hyperaccumulator
plant in an unusual ecosystem of extreme acidity (mean pH 2.3) and high concentration of dissolved
10

Fe, sulphate and other PTE in its waters, accumulating iron as biominerals at the cellular level in root,
stem and leaf tissues (Fuente et al., 2016). The main molecular mechanisms of Cu tolerance in plants
described at the date are the translocation of metal trough transporters and chaperones specialized
(Peñarrubia et al., 2015), binding to cell wall (Silver and Misra, 1988), complexation with chelating
agents (phytochelatins, metallothioneins, amino acids and organic acids, among others) (Petit and van
de Geijn, 2004; Sharma and Dietz, 2006) and sequestration in vacuole and organs, principally in roots
(Bernal et al., 2006). Knowledge and understanding of these mechanisms turn out to be key to selecting
species with phytoremediation potential. Phytoremediation techniques are based on the naturally based
metal accumulation in plants or chelate-assisted metal mobilization and uptake (Wenzel, 2009).
Additionally, the use of these remediation techniques brings great advantages to the physic-chemical
methods of decontamination since they represent a cost-effective and environmentally friendly tool.
Currently, there are advanced molecular platforms to study the behavior of living organisms. Next
generation sequencing (NGS), massively parallel or deep sequencing are related terms that describe a
DNA sequencing technology which has revolutionized genomic research (Behjati and Tarpey, 2013).
This tool provides a large amount of information associated with the nucleotide sequence of the
individual in study and allows to deduce part of the genic expression response. The regulation of gene
expression is one of the key processes for adapting to changes in different environmental conditions
and therefore result fundamental for survival (Jia et al., 2012; Puglisi et al., 2012). The fast
development of massive sequencing and the improvement of analysis tools have made this technique
a realistic option for the study of diverse organisms, even those that are not model organisms but have
characteristics of great interest. In this case, I. cylindrica survives in ecosystem contaminated with
high levels of PTE and its reproduction mainly occurs through vegetative organs, which is an
advantage respect to other metallophytes as Oenothera psicensis, when carrying out a bioinformatic
analysis of transcripts since it decreases the genetic variability between individuals. Furthermore, this
species has shown in previous studies its ability to accumulate EPTs, such as Fe, lead (Pb) and Cu
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(Paz-Alberto et al., 2007; Meier et al., 2012a; Fuente et al., 2016). In the last years, due to the short
and medium term needs to implement restoration programs for Cu contaminated sites, has become
necessary to understand in depth the behavior of these metallophytes. Finally, it will be able to clarify
the biological basis for the use of this metallophyte in future programs of phytoremediation in Cu
contaminated environments.

1.2. Hypotheses
"High Cu concentration in the environment will generate an up-regulation of genes related to Cu
tolerance in plants of Imperata cylindrica”.

1.3. General objective:
To elucidate the main genes associated to Cu tolerance response in Imperata cylindrica growing in
Cu contaminated environment trough of transcriptomic analysis.

1.4. Specific objectives:

1.4.1. To evaluate the physiological response of I. cylindrica growing in Cu contaminated
environment to establish contrasting parameters to be used in the transcriptomic study.
1.4.2. To analyze the transcriptomic response related to Cu tolerance in I. cylindrica growing under
Cu stress conditions.
1.4.3. To identify the expression of the target genes related with Cu tolerance response in I.
cylindrica.
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"Copper Tolerance Mechanisms in the Plant-AM Fungus Continuum: A Comprehensive
Review”

Abstract
Copper (Cu) is a metal that fulfil a crucial role in soil-plant interactions because it is an important
micronutrient required for plant growth specifically related to many enzymatic reactions. However,
Cu is also a potentially toxic element (PTE) when its levels exceed certain limit of tolerance in the
plant. To avoid this, some plant species have developed different mechanisms that control cell damage,
allowing a relatively normal development of physiological processes. The main mechanisms already
described trigger Cu detoxification pathways, ensuring that this reaches its specific site of action or it
is compartmentalized in an organelle into the cytoplasm. Moreover, the symbiosis with soil
microorganisms emerges as an important component scarcely studied in Cu-tolerance in the
plant/symbiont interaction, which deserves to be highlighted. In this review we aim to describe the role
of Cu as a micronutrient that may become toxic to the plant, including the causes of toxicity, but
focusing especially on the mechanisms of the plant and the associated mycorrhizal fungi to cope this
stress. Finally, we discuss about the environmental uses that can be performed as a consequence of a
deep knowledge regarding the mechanisms involved in Cu detoxification, mainly in a framework
considering the bioremediation of Cu contaminated environments.

Keywords: Copper contamination; Mycorrhizal symbiosis; Oxidative stress.
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2.1. Introduction
Copper (Cu) may be considered a geochemically relatively scarce element (Skinner, 1976), making up
only 0.00007% of the Earth’s crust. In spite of the above, in the last two decades of the twentieth
century the worldwide discharge of Cu wastes reached approximately 939 Gg (Singh et al., 2003;
Meier et al., 2012a), becoming a very important environmental issue. In this context, mining activities
are the main anthropogenic source of environmental pollution by Cu (Hinde, 2000; Adriano, 2001).
High volumes of this metal have produced deleterious effects on the ecosystem, principally in soils,
where the solid mine wastes and wastewater cause an irreversible degradation, affecting its physical,
chemical and biological properties, changing the normal development of plant cover and diversity,
limiting the use of extensive land surfaces in agriculture (Ginocchio, 2000; Reiman et al., 2001; Bolan
et al., 2003; Ginocchio and Baker, 2004; Navarro et al., 2008; Meier et al., 2012a). Nowadays, there
are large land areas affected with a low plant cover, extreme erosion, and soil with high-to-extreme
PTE levels (Gonzalez and Ite, 1992; De Gregori et al., 2003; Ginocchio et al., 2004; Cornejo et al.,
2008a; Neaman et al., 2008). In these ecosystems extremely high total Cu concentrations have been
found, up to 7,900 mg kg-1 in the Puchuncaví Valley in central Chile (Gonzalez and Ite, 1992). In
addition, the pollution from mining and metals smelting is a significant problem in China, where
“Dexing”, located in Jiangxi Province, is the largest open pit Cu mine in Asia and the second largest
one in the world (European Union, 2015). China government researchers estimate that the mine dumps
generate approximately 60 million tons of toxic wastewater containing 20 toxic metals and pollutants
into the Lean River annually, causing that thousand hectares of farmland along the river can no longer
produce crops (China Radio International, 2011). This accumulation is based on the fact that these
kinds of pollutants are elements that cannot be degraded, then their presence is persistent in the
ecosystem (Reiman et al., 2001). In both places China and Chile, reports have been produced
expressing concern over toxic chemical pollution and subsequent harms to human health and the
environment, but they have not taken the necessary measures to solve the problem, and the community
15

can be transformed into a “cancer village” as a tragic demonstration of the true cost of these activities.
Therefore, in the last year indispensable tools has been searched as some environmental friendly
alternatives to mitigate the harmful effects caused by elements such as Cu, which would be found
excessively in the ecosystem. Thus, there is an interesting area of study named “Phytoremediation”,
based on the potential role of higher plants in remediation of metal polluted soils (Pilon-Smith, 2005),
where a suite of technologies uses plants and their associated microorganisms to remove, transfer,
decrease, stabilize and decompose pollutants in the environment (Chaney et al., 1997; Lasat, 2001;
McGrath et al., 2001; Denton, 2007). Especially the plants in symbiotic association with Arbuscular
Mycorrhizal Fungi (AMF) have developed several mechanisms to resist or tolerate toxic effects of
metals, reason for which diverse studies (Say et al., 2001; Bhainsa and D`Souza, 2008; Meier et al.,
2012a; Cornejo et al., 2013) highlight the key role of these microorganisms in bioremediation
processes. In this review we will focused in the mechanisms by which plants are capable of growing
in soils with high Cu concentration and mechanisms still poorly studied in AMF will be also revised.

2.2. Copper as plant nutrient: physiological role
Copper is an essential micronutrient in plants, involved in several vital physiological processes. In
plant systems, Cu ions can be found in two oxidation states: Cu1+ (reduced) and Cu2+ (oxidized). This
redox characteristic has been harnessed for catalysis by a series of enzymes whose activities are critical
to a broad range of cellular biochemical and regulatory functions (Byung-Eun Kim et al., 2008). Most
of the metalloenzymes containing Cu are involved in the catalysis of redox reactions, in which O2 is
the electron acceptor, being reduced to H2O2 or H2O (Gupta, 1979). Under normal conditions,
chloroplasts are the main site of Cu accumulation, accounting for a 35-90% of total foliar Cu (Lastra
et al., 1987) and nearly 50% is present in the plastocyanin, showing the importance of Cu in the
photosynthesis. However, both Cu deficiency and excess produce a strong damage to the physiology
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of plants. Particularly, the deficiency of this metal is evidenced first in young leaves, where the
malformation, necrosis, twisted and chlorosis are the first symptoms (Marschner, 1995). At cellular
level photosystem I, is highly affected because plastocyanin formation is reduced producing a low
electron transport (Baszynski et al., 1978; Shikanay et al., 2003). Meanwhile, photosystem II is also
affected when there is deficiency of Cu in the chloroplasts, reducing its activity (Droppa et al., 1987;
Henriques, 1989; Yruela, 2005). Moreover, Cu toxicity and its harmful effect usually arises at tissue
levels only slightly higher than at its optimal levels. This aspect will be deeply addressed in a next
chapter. Therefore, their biological concentrations are finely regulated in living cells. To maintain
micronutrient homeostasis, all organisms have developed a complex network of metal uptake,
chelation, transport and storage processes (Festa and Thiele, 2011). In this sense, nonessential metals
and excessive amounts of essential metals such Cu, can be detoxified by a variety of mechanisms
including secretion, compartmentalization, or chelation by metal ligands (Hall, 2002). Besides, soil
microorganisms also play an important role in the detoxification of metals into the plants, as well as
in the extracellular environment.

2.3. Plant responses to stress by Cu excess
The same redox properties that make Cu an essential element also help its inherent toxicity, by a
reactive oxygen species (ROS) overproduction. Redox cycling between Cu2+ and Cu+ can catalyze the
production of highly toxic hydroxyl radicals (OH·) which cannot be removed enzymatically, known
as the Haber-Weiss cycle; therefore, they are responsible for most oxidative damage in biological
systems (Halliwell and Gutteridge, 1984a). The hydroxyl radical also can be responsible for mutations
at very high rates. In addition, the presence of ROS can lead to oxidative modifications of proteins and
release of metal cofactors. Protein oxidation or loss of the cofactor leads to protein misfolding,
aggregation, and/or degradation (Goldstein and Czapski, 1986; Davies and Lin, 1987). Another
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deleterious effect of metal reactivity is the lipid peroxidation (Halliwell and Gutteridge, 1984b). Thus,
intracellular membrane systems and cell integrity can be altered. Briefly, at high concentrations this
metal is extremely toxic, showing symptoms such as chlorosis and necrosis, stunting, leaf discoloration
and inhibition of root growth (Marschner, 1995; Yruela et al., 2005). However, to protect themselves
against these toxic oxygen intermediates (O2, O2·˗, H2O2 and OH·), plant cells and their organelles,
such as chloroplast, mitochondria and peroxisomes, use antioxidant defense systems (Gill and Tuteja,
2010). The components of antioxidant defense system are enzymatic and non-enzymatic antioxidants.
Enzymatic antioxidants include Superoxide dismutase (SOD), Catalase (CAT), Ascorbate peroxidase
(APX), Monodehydroascorbate reductase (MDHAR), Dehydroascorbate reductase (DHAR) and
Glutation reductase (GR); and non-enzymatic antioxidants are Glutathione (GSH), Ascorbic acid
(ASH) (both water soluble), carotenoids and tocopherols (lipid soluble) (Gill et al., 2011; Mitler et al.,
2004; Singh et al., 2008). These systems of enzymatic and non-enzymatic defense are activated by
SOD, the first line of defense against the toxic effects of elevated levels of ROS. Besides,
metalloenzyme SOD is the most effective intracellular enzymatic antioxidant system, which is
ubiquitous in all aerobic organisms and in all subcellular compartments prone to ROS mediated
oxidative stress. The SOD removes O2·˗ by catalyzing its dismutation, one O2·˗ being reduced to H2O2
and another oxidized into O2·˗. It removes O2·˗, hence, decreasing the risk of OH· formation via the
metal catalyzed Haber-Weiss type reaction. Therefore, SOD is proposed to be important in plant stress
tolerance (Gill and Tuteja, 2010). (Figure 1). In the non-enzymatic system, ascorbic acid is the most
abundant, powerful and water-soluble antioxidant acting to prevent or minimize the damage caused by
ROS in plants (Smirnoff, 2005; Athar et al., 2008) where mitochondrion plays a key role in the
metabolism of ASH, not only synthesizing ASH by L-galactono-g-lactone dehydrogenase, but also
taking part in the regeneration of ASH from its oxidized forms (Szarka et al., 2007). This generation
process is extremely important because fully oxidized dehydroascorbic acid has a short half-life and
would be lost unless it is reduced back. Therefore, ASH is considered as a most powerful ROS
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scavenger because of its ability to donate electrons in several enzymatic and non-enzymatic reactions.
Undoubtedly, plants develop diverse systems to combat overproduction of ROS generated by excess
Cu, but when a toxic level of this metal affects the plant, other mechanisms begin to act seeking prevent
cell damage and a subsequent cellular death.

Figure 1. ROS and Antioxidants defense mechanisms in response to Cu stress (adapted from Gill et
al., 2010).

2.4. Mechanisms of tolerance in plant
2.4.1. Root exudates
Various organic compounds, including low-molecular-weight organic acids (LMWOA), are exuded
by plant roots to stimulate microbial growth and mobilize low soluble nutrients (Jones and Darrah,
1994; Neumann and Romheld, 1999; Dakora and Phillips, 2002) from soils, principally anions as
phosphate. In the last years, they have also been studied because of their potential response to several
19

environmental stresses (Jones, 1998), being proposed in some assays as mechanism of tolerance of
some PTE. This is because different compounds can modify soil metal bioavailability (Nigam et al.,
2001), producing, in general terms, a decrease of the available metal fractions. Under high Cu levels
the exudation of LMWOA in plants has been widely studied, and several reports have shown that roots
might exude diverse LMWOA, including citric, oxalic and succinic acid, which could play an
important role in alleviating Cu toxicity (Quartacci et al., 2009). In this sense, it is possible to suggest
that Cu-adapted/tolerant plant species may produce higher amounts of this root exudates, which can
avoid metal acquisition, by this way improving metal tolerance. In particular, citric acid is an effective
Cu-exclusion mechanism in some metallophytes plants (Meier et al., 2012b) due to the strong affinity
to form stable extracellular metal complexes (Nigam et al., 2001). In addition, some studies have been
carried out to assess the exudation of other organic compounds by plant roots that also have the
capacity to exclude Cu, such as phenolic compounds. Previously it has been reported that these
compounds act principally as antioxidants in stressed plants, preventing effectively the oxidative stress
produced by high metal concentrations (Górecka et al., 2007). But, due to their high tendency to chelate
metals, in particular to the hydroxyl and carboxyl groups of polyphenolic compounds, they can also
potentially bind Cu and Fe more strongly than many LMWOA, excepting citric acid (Jung et al., 2003;
Martell and Smith, 1989). Definitely, under metal excess, plants limit their metal uptake, induce the
synthesis of metal-chelating molecules and proteins, and activate ROS detoxifying mechanisms (Pilon
et al., 2009).

2.4.2. Copper transporters
Copper uptake and transport into and within cells is little known on plants, but recently fast progress
has been made, especially with the biochemical and molecular description of transport processes in
diverse eukaryote organisms such as yeast (Eide, 1998; Nelson, 1999; Tapken et al., 2014). To ensure
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Cu availability while avoiding its toxic effects, organisms have developed complex homeostatic
networks to control Cu uptake, distribution, and utilization (Pilon, 2011). Therefore, the transporters
represent the first line of defense to perturbations of cellular and subcellular metal homeostasis and
constitute an important component of this network. The high affinity Cu uptake is mediated by the
CTR family of Cu transporters in eukaryotes organisms, these transporters are called COPT (Copper
Transporter) in plants (Kampfenkel et al., 1995). Recent research has characterized the function played
by the Arabidopsis thaliana COPT1–6 family of proteins in plant Cu homeostasis. These studies
indicate that the different tissue specificity, Cu-regulated expression, and subcellular localization
dictate COPT-specialized contribution to plant Cu transport and distribution. In addition, they conclude
that COPT1 mediates root Cu acquisition, COPT6 facilitates shoot Cu distribution, and COPT5
mobilizes Cu from storage organelles. Furthermore, COPT2 mutant and COPT-overexpressing plants
have also uncovered Cu connections with Fe homeostasis (Puig, 2014). In plants, a transporter family,
the ATP-binding cassette (ABC) also has been identified, with a widespread distribution in nature,
(Higgins, 1992; Gonzalez-Guerrero et al., 2009) existing several representatives in a single genome of
these transporters. For example, approximately 150 have been described in the model plant
Arabidopsis thaliana and 30 in Saccharomyces cerevisiae (Martinoia et al., 2002; Jungwirth and
Kuchler, 2006; Verrier et al., 2008). This family of transporters participate in a stunning variety of
cellular processes, such as maintenance of mitochondrial function, peroxisome biogenesis, export of
Fe/S clusters, metal detoxification, removal of toxic catabolic compounds, or pheromone transport,
among others (Borst et al., 1999; Ketchum et al., 2001; Martinoia et al., 2002; Chen et al., 2007; Footitt
et al., 2007). Four metal-transporting P-type ATPases HMA (Heavy Metal transporting ATPase)
HMA5, HMA6 ⁄ PAA (P-type ATPase of Arabidopsis) 1, HMA7⁄RAN (Responsive to ANtagonist) 1
and HMA8 ⁄ PAA 2) move Cu into organelles (Burkhead et al., 2009). The HMA7 functions to deliver
Cu to the ethylene receptors, probably in an early secretory compartment. Moreover, HMA5 is the
only Cu pump reported to be regulated by Cu at transcript level; it is highly expressed in roots and
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induced by Cu excess (Andre´s-Cola´s et al., 2006). The HMA5 functions to remove Cu from the
symplast, consistent with a role in xylem loading. However, soil grown HMA5 mutants are
phenotypically like the wild type. Yeast two-hybrid studies have suggested that HMA5 and HMA7
might acquire Cu from cytoplasmic Cu chaperones (Andre´s-Cola´s et al., 2006). Besides, HMA6 and
HMA8 function in the chloroplast envelope and thylakoids to deliver Cu to stromal Cu/Zn SOD and
plastocyanin. These studies reinforce the hypothesis of the fundamental role that play transporters in
the cell, being a crucial mechanism in the collection, distribution and storage of Cu, when it is in toxic
doses for the plant. So, at the same time both families of transporters collaborate mainly as a
mechanism that promotes its use as a tool for phytoextraction of Cu.

2.4.3. Metallothioneins
Metallothioneins (MTs) constitute an extensive and diverse family of low molecular weigth (4–14 kD)
polypeptides with high Cysterine (Cys) content (Hamer, 1986; Coyle et al., 2002) encoded by a family
of genes. Nearly, all Cys residues in MTs are arranged in metal- binding motifs (Cys-Cys, Cys-XaaCys, or Cys-Xaa-Xaa-Cys), which provide sulfhydryl ligands for coordination of bivalent metal ions
(Cobbett and Goldsbrough, 2002). It is noteworthy that the most significant biological property of MTs
is inducible by a variety of environmental stimuli including peroxide, drought, cold, salt, and metal
toxicity, and these stimuli sometimes accompanied by production of ROS (Wong et al., 2004; Kim et
al., 2007; Yang et al., 2009; Kumar et al., 2012; Xia et al., 2012), playing an important role in the
intracellular sequestration of diverse PTE. The MTs were first isolated as Cadmium (Cd) binding
proteins from horse kidney; they subsequently have been identified in animals, plants, fungi, and some
bacteria, distributed throughout all the kingdoms (Fowler et al., 1987; Kojima, 1991). There is
evidence supporting the hypothesis that MTs are involved in Cu tolerance and homeostasis in plants.
In fact, some plant MTs are functional Cu-binding proteins; expression of some MT genes is induced
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by Cu; MT gene expression in senescing leaves is coordinated with a set of genes involved in Cu
homeostasis; the level of expression of a Type 2 MT gene correlated closely with Cu tolerance in a
group of Arabidopsis ecotypes (Murphy and Taiz, 1995); and the expression of a Type 2 MT gene is
elevated in a Cu-sensitive mutant that accumulates Cu (van Vliet et al., 1995). More recently, Cu
tolerant populations of S. vulgaris have been shown to have higher RNA expression and gene copy
number of a Type 2 MT gene (van Hoof et al., 2001). Although it has been difficult to study MTs
proteins in plant, several plant MTs have been expressed in microbial hosts to examine the metalbinding properties of these proteins and their ability to provide metal tolerance. Some studies show
that when expressed in Escherichia coli, the pea Type 1 MT (PsMTa), binds to Cu, Cd, and Zn, with
the highest affinity for Cu (Tommey et al., 1991). Similarly, a recombinant MT fusion protein showed
a greater affinity for Cu than Cd. Moreover, in Saccharomyces cerevisiae, MTs play a primary role in
detoxification of excess Cu (Ecker et al., 1989). Additionally, Arabidopsis MTs have been expressed
in MT-deficient strains of yeast (Zhou et al., 1994) and Synechococcus (Robinson et al., 1996) and
were able to complement these mutations in terms of restoring tolerance to Cu and Zn, respectively.
These studies provide important evidence that plant MTs can provide a biological function in metal
tolerance albeit in non-plant systems. In general, many studies have examined the effects of ectopic
expression of MT proteins from various sources on metal tolerance in plants and some of these have
resulted in increased metal tolerance or altered distribution of metals in plants, but even the function
of endogenous plant MTs though is not well known. Reconciling all the available data on plant MTs
into a simple model may be impossible and may also be unrealistic given the diverse family of MT
genes in plants, for this reason it is necessary to continue the studies for clearing up the routes that the
plants use to Cu tolerance.
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2.4.4. Phytochelatins
Their synthesis from glutathione (Grill et al., 1989), homo-glutathione, hydroxymethyl-glutathione
(Klapheck et al., 1995) or g-glutamylcysteine (Hayashi et al., 1991) is catalyzed by a transpeptidase
named phytochelatin synthase, which is a constitutive enzyme requiring post-translational activation
by metallic ions (Grill et al., 1989; De Knecht et al., 1995; Klapheck et al., 1995; Chen et al., 1997),
being the Phytochelatins (PC) enzymatically synthesized unlike MTs. The PC are structurally related
to glutathione (GSH; γ- GluCysGly), and numerous physiological, biochemical, and genetic studies
have confirmed that GSH (or related compounds) is the substrate for PC biosynthesis (Cobbet, 2000;
Rauser, 1995; 1999). Specifically, genetic studies have confirmed that GSH- deficient mutants of
Schizosaccharomyces pombe as well as Arabidopsis are PC deficient and hypersensitive to Cd. These
proteins have been assumed to function in the cellular homeostasis or trafficking of essential metal
nutrients, particularly Cu and Zn (Thumann et al., 1991). However, the Cu and Zn exposure levels that
are minimally required to induce PCs at considerable concentrations in plant cells are often far above
the normal nutritional requirements, or even close to the toxicity thresholds (Schat et al., 2000). Works
with S. pombe cells disrupted in their PCs gene, were hypersensitive to Cu (Clemens et al., 1999),
indicating that PC synthesis may be required as a mechanism for Cu detoxification in some organisms.
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Table 1. Mechanisms present in Cu-tolerant plants in soils
Mechanism involved

Mode of action

Reference

Radical exudates

Low molecular weight organic acids (LMWOA) exuded
by roots exclude Cu through their chelation in the
rhizosphere or in the apoplastic space. Citrate, oxalate and
malate anions are the most common and effective root
exudates binding metals and metalloids.

Nigam et al., 2001; Jones
and
Darrah,
1994;
Magdziak et al., 2011.

Transporters

When the concentration of metal within the cell exceeds
the cell’s buffering capacity, transporters provide the
route to expel excess cofactors before toxicity occurs.

Yruela,
2007.

Metallothioneins

Small cysteine-rich proteins that bind metals via the thiol
groups of their cysteine residues and play a role in the
intracellular sequestration of PTE.
Phytochelatins (PCs) are small metal-binding peptides,
they have been assumed to function in the cellular
homeostasis or trafficking of essential metals, particularly
Cu and Zn.

Gonzaléz-Guerrero
al., 2007.

Phytochelatins

2005;

Nies,

et

Thumann et al., 1991.

2.5. Plant-AMF symbiosis
2.5.1. AMF as key component in soil-plant systems
In the past centuries, because of human activities such as industrial processes, pesticide application
and mining, the levels of biologically accessible Cu in the environment have dramatically increased
(Meier et al., 2012b). High Cu concentrations are toxic to soil inhabitants. However, some soil
microorganisms have developed adaptive mechanisms that allow them to survive and grow in
environments with high Cu concentrations (Baath, 1989). Among them, highlight the Arbuscular
mycorrhizal fungi (AMF), obligate symbionts of most of the terrestrial plants, which have a wellknown role enhancing the absorption of water and mineral nutrients and increasing the resistance of
plants to diverse stress (Barea et al., 1987; Smith and Read, 1997: Meier et al., 2012a). Arbuscular
mycorrhizal (AM) associations are arguably the most significant agents of nutrient cycling between
plant and soil and the most common symbiosis in the world, because over 80 % of plant species can
form these structures when associated with AMF. The AMF-plant communication starts in the
rhizosphere with the production and exudation of strigolactones (signaling molecules) by the host plant
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that are recognized by the AMF (Bouwmeester et al., 2007; López-Ráez et al., 2011). These signals
are perceived in the rhizosphere by the AMF engaging their metabolism and giving rise to the so-called
pre-symbiotic stage. It has been suggested that they might also act as the chemo attractant that directs
the hyphal growth to the roots (Sbrana and Giovannetti, 2005). Conversely, when the AM fungi start
to branch in the vicinity of the root, plants perceive diffusible fungal signals, called “Myc factors”, that
induce symbiosis-specific responses in the host root, even in the absence of any physical contact
(Parniske, 2008; Genre and Bonfante, 2010). Finally, when a hypha contacts the plant root, it adheres
to epidermal cells forming a characteristic fungal structure called appressorium. This event marks the
initiation of the symbiotic phase. From the appressorium a penetrating hypha is formed, which reaches
the root cortex. While the plant cell actively prepares a pre-penetration apparatus to guide the fungus
into the cell (Genre et al., 2005; 2008). Then, the process of colonization continues to produce the
characteristic tree-like structures, called “arbuscules” that the fungus develops within the root cortical
cells. These consist of highly ramified hyphae with very thin terminal tips. The arbuscules, which give
the name to the AM symbiosis, are structures where most nutrient exchange between the fungus and
the plant is thought to occur (Smith and Read, 2008). Besides, vesicles, potentially important fungal
storage structures, are also developed by some AM fungal species.

2.5.2. AMF in Cu contaminated environments
In addition to the improvement in plant mineral nutrition and the importance that these fungi play in
agriculture, there are numerous studies that evidence the role of AMF in alleviating metal toxicity to
their host plants (Göhre and Paszkowski, 2006; Lingua et al., 2008). In the case of Cu and despite its
extensive history as principal component in several fungicides, AMF can grow and persist in Cu
contaminated agricultural soils (Ferreira et al., 2015). Besides, the high levels of Cu present in places
near to mining exploitation, there are important studies relate to the mechanisms that AMF use to cope
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toxic levels of Cu in the environment. With respect to the observed effects in the AMF structures, some
studies have showed morphological alterations in the extraradical mycelium of Rhizophagus
irregularis growing under in vitro conditions in association with root organ cultures in media with Cu
supplied at concentrations that are lethal to a majority of other organisms (Gonzalez-Guerrero et al.,
2008; Cornejo et al., 2013). This trend reflects its extremely adaptable character (Tamayo et al., 2014),
showing that AMF finely regulate the cytosolic Cu levels when confronted to excess Cu (GonzálezGuerrero et al., 2008). This ability of AMF to confer resistance to plants against metals has been
reported in several studies (Barea et al., 2002; Hildebrant et al., 2007; Janousková et al., 2005). As
example, Novoa et al., (2010) demonstrated that Glomus spp. is able to colonize in soil contaminated
with Cu (Catemu and Casablanca valleys, Chile), ensuring inoculum effectiveness on alfalfa growth,
and avoiding toxicity by excessive Cu in alfalfa plant tissues. Other works in the Puchuncaví Valley
in Chile, an area highly polluted with Cu, showed the resistance of native communities of AMF living
in symbioses with species of plants than survive in very degraded ecosystems (Meier et al., 2015).

2.5.3. The AMF symbiosis under Cu stress
Some biophysical determinations of the concentrations of PTE in roots indicate that plants colonized
by AMF contain considerably less metals in their roots than non-fungal control plants. Uptake of the
major part of PTE into the living compartments of the two symbiotic partners might be prevented by
the action of AMF, suggesting that the majority of pollutants are transferred to the cell walls and the
vacuoles of the fungi, (Bothe, 2011). Reinforcing, some AMF (some strains of Rhizoglomus
intraradices and Claroideoglomus claroideum) have shown a unique capability to accumulate Cu
precipitates into their spores (Cornejo et al., 2013). This behaviour is concomitant with the death of
the spore, but even at extreme Cu levels allow the survivor of some spores on the colony. AMF spore
numbers in metal-polluted soils can vary from 30-460 kg-1 soil (Leyval et al., 1995) up to more than
3900-20700 kg-1 soil (Zack et al., 1982). This variability has also been observed with respect to the
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richness and diversity of AMF communities which strongly depend on factors that exert a high
selectivity, including soil pollution level, type of metal, and host species involved (del Val et al., 1999).
Moreover, the Cu that reached the inside of the plant cells is deposited mainly into the inner root
cortical cells, where the fungal structures reside without translocating these elements to aerial parts
(Joner and Leyval, 1997; 2001). Nevertheless, other studies have shown that AMF promote
phytoextraction, causing an increase in metal translocation to the shoots (Davies et al., 2001; Khan et
al., 2000; Trotta et al., 2006). According to this model, AMF would promote phytoextraction when the
metal concentration in the soil is low, whereas phytostabilization is enhanced at high metal
concentrations (Meier et al., 2012a). To date, the main mechanisms present in the AMF to
cope the high Cu levels in the soil is the glomalin production (external), and a series of co-participative
mechanisms to control Cu homeostasis (Cu-transporters, Cu-MTs, Cu confinement in vacuole and Cu
accumulation in spores). These mechanisms will be discussed in greater depth below.

2.5.4. Glomalin
Glomalin is a glycoprotein produced and released by AM fungi into the soil, where it would aid in soil
aggregation. Commonly, glomalin is characterized according to the extraction method and
quantification as Glomalin-related soil protein (GRSP) (Rillig, 2004). A role for GRSP it is sticky
nature enables it to protect labile soil organic carbon through the formation of soil aggregates (Rillig
et al., 2003; Rillig, 2004; Wu et al., 2014). In addition, GRSP reduce Cu bioavailability in contaminated
soils as has been proposed based on its capability to sequester Cu (González-Chavez et al., 2004;
Cornejo et al., 2008b; Vodnik et al., 2008). Some studies have showed that the protein is predominantly
present in the fungal mycelium (80%) rather than secreted (Driver et al., 2005). On the other hand, the
description of the glomalin gene sequence revealed a high homology with putative heat shock protein
60 (Gadkar and Rillig, 2006), but still the molecular basis of the glomalin production is unknown.
Purin and Rillig (2007) raised a new hypothesis for glomalin function, hypothesizing that glomalin has
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a primary function in the living hyphae, and that its effects arising in the soil as a secondary
consequence. Reinforcing, heat shock proteins are stress-related proteins and the strong positive
correlation found between GRSP and Cu content in the soil (Cornejo et al., 2008a; Ferrol et al., 2009)
could be a response of the fungus at high soil Cu levels, which would be a determinant for the
overexpression of glomalin, contributing with a primary role of this protein protecting the fungus from
the damage produced by the Cu excess by repairing the fungal proteins and sequestering high Cu
amounts in the soil. Therefore, through the deposition of glomalin-Cu complexes, it would contribute
to reduce bioavailability of the contaminant in soil. This hypothesis of the location of glomalin at the
cell wall would explain the high affinity for Cu of the fungal walls.

2.5.5. Membrane Cu-transporters in AMF
When metal reserves are depleted, transporters contribute to the specific supply and distribution of the
needed cofactor before deficiency symptoms appear. They are also responsible for keeping cytosolic
Cu concentrations at low levels by means of the compartmentalization of Cu excess in the fungal
vacuoles (Ferrol et al., 2009). However, when the concentration of metal within the cell exceeds the
cell’s buffering capacity, transporters provide the route to expel excess cofactors before cytosolic
toxicity occurs (Nies, 2007). Related to this, Gonzalez Guerrero et al. (2007) identified the ABC
transporter GintABC1, and Benabdellah et al. (2009) a P-type Cu-ATPase in the AM fungus R.
intraradices growing under in vitro conditions. Both genes are transcriptionally up-regulated by Cu
and their gene products are likely localized in the fungal vacuoles. These transporters couple the
hydrolysis of ATP to the efflux of Cu in the case of GintABC1 either bound to a glutathione (GSH)like molecule, or as a free ion provided by a Cu-chaperone in the case of the Cu-ATPase. These
pathways point out at other levels of control of Cu homeostasis in AM fungi: the GSH homeostatic
mechanism, and the role of as yet unidentified Cu-chaperones involved either in Cu delivery to Cu-
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ATPases or to other Cu-proteins (such as Cu/Zn-SOD or cytochromes). Homeostasis may be also
achieved by altering transport mechanisms that take up metal ions. It remains unclear how Cu gets into
the fungus, although the most likely mechanism is via a member of an evolutionary conserved family
of Cu Transporter (Ctr1), none has been identified yet in Glomeromycota. Otherwise, studies of
Tamayo et al. (2014) identified in R. irregularis a transporter that it acquires Cu through the activity
of a transporter belonging to the CTR family of Cu transport proteins. These proteins are small and
highly conserved across all fungal species and mediate Cu transport into the cytoplasm, being the
methionine residues in the hydrophilic extracellular domain, and a MXXXM motif in the second
transmembrane domain, that probably coordinate Cu during the process of metal transport (Yuan et
al., 2011).

2.5.6. Sequester of Cu by AMF spores
For the first time, Cornejo et al. (2013) reported the visual detection of Cu accumulation in AMF
spores, which was corroborated by qualitative analytical methods. Being the mycelium of AMF
principally coenocytic, the accumulation of Cu salts (presumably into the vacuoles) in some spores
can represent an effective way to maintain the biochemical activity in the other fungal structures,
allowing the survival of the fungus even at extremely high Cu concentrations. However, more evidence
is needed to understand this curious process, as the type of Cu precipitate and the biochemical pathways
involve (Cornejo et al., 2013). Moreover, it is noticeable that the fungal wall of spores is comparatively
gross, and some studies indicates that can remain a long time in the soil (Aguilera et al., 2011), thus
this Cu compartmentalization in spores is not only an effective way to maintain the functionality into
the fungal colony, but also represents a good alternative to maintain significant quantities of precipitate
Cu (non-toxic) for a long time, promoting phytostabilization processes.

30

2.5.7. Confinement of Cu into the vacuoles
The conventional techniques employed did not allow us to discriminate if metals in the inner cortical
cells are deposited into fungal structures or plant (Gonzalez-Guerrero, 2005). However, more
sophisticated techniques showed that a strategy used by AM fungi to keep low cytosolic Cu
concentrations is the compartmentalization of Cu excess in the fungal vacuoles (Hall, 2002). In recent
studies using transmission electron microscopy and energy-dispersive X-ray spectroscopy, it was
possible to observe that upon exposure of the AM fungus R. intraradices to high concentrations of
either Cu, Zn, or Cd, the cytoplasmic concentrations of metals were kept low, whereas vacuoles had
the highest intracellular concentrations of all the analyzed metals (González-Guerrero et al., 2008).
This accumulation of metals in the AM fungal vacuoles implies the presence of several heavy metal
transporters involved in loading these organelles, as previously described. At the molecular level,
studies in R. irregularis showed than RiCTR2 transporter is highly homologous to the fungal vacuole
CTR2 transporters. This is found in the tonoplast and pumps Cu into the cytosol (Portnoy et al., 2001;
Puig and Thiele, 2002), postulating that AMF exposed a toxic Cu level can compartmentalize the
excess of metal in the vacuole remobilizing if sensing a deficiency (Tamayo et al., 2014).
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Table 2. Cu-tolerance mechanisms in arbuscular mycorrhizal fungi.
Mechanism involved

Mode of action

Reference

Glomalin

Glycoprotein produced by AMF, efficiently sequesters
different heavy metals, involved in HM sequestration
both at the hyphal cell wall and in the soil.

González-Chavez et al.
2002, 2004; Cornejo et al.,
2008a; Vodnik et al., 2008

Transporters

When the concentration of metal within the cell exceeds
the cell’s buffering capacity, transporters provide the
route to expel excess cofactors before toxicity occurs.
In R. irregularis has been identified RiCCC2 and
RiCTR2 transporters.

Nies, 2007; Tamayo et al.,
2014.

Sequester in spores

Studies with G. intraradices in vitro and C. claroideum
in vivo evidenced that one of the fungal strategies to
survive in Cu-polluted environments is to
compartmentalize the excess metal in some spores
metabolically inactive.
The RiCTR2 transporter identified in R. irregularis is
highly homologous to the fungal vacuolar CTR2
transporters, postulating that AMF exposed a toxic level
of Cu compartmentalize the excess of metal in the
vacuole, mobilizing it when a deficiency exists.

Cornejo et al., 2013.

Confinement into
vacuoles

Gonzalez -Guerrero et al.,
2008; Tamayo et al., 2014.

2.6. Phytoremediation of Cu polluted soils using AMF: present situation and future trends
Although many plants develop effective mechanisms for removing metals from the soil their growth
is slow and small, thus leading to a long cycle of waiting to clean contaminated sites with Cu. At the
other hand, some fungi have a fast growth, which have been well demonstrated to accumulate high
levels of PTE, such as Hg (Chudzyński et al., 2011), Cd (Cao et al., 2012), Pb (Garcia et al., 2009),
and Cu, showing great potential to extract heavy metals from contaminated soil (Jing et al., 2012)
Besides, their role as plant growth promoters is well known, due to the nutritional contribution made
to plants, hence, improving their growth, health, and improving the physicochemical properties in the
(myco)rhizosphere. In this work, also has been highlighted their effective role as a key agent in the
capture of PTE, specifically contributing to the immobilization and extraction of Cu from highly
contaminated places. It is very attractive to develop programs to remediate soils contaminated with
this metal, because both mechanisms are enhanced using the plant-fungus symbiosis against excess of
Cu. However, it is vital to continue developing studies based on more deeply understanding of the
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processes by which the symbiosis plant/AMF able to cope with the harmful effects in the cell, and
therefore in the whole organism studies. For this reason, the use of molecular and bioinformatics tools
is proposed as the most appropriate way to fully understand the molecular mechanisms that occur in
the symbiosis and decidedly contribute to increase the tolerance of the metallophytes under stress by
Cu.
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“Antioxidant Responses of Phenolic Compounds and
Immobilization of Copper in Imperata Cylindrica, a Plant
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Environments”
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Abstract
This work examined the capability of Imperata cylindrica to respond, tolerate and accumulate
Cu when growing at high Cu concentration (300 mg kg-1 of substrate) at different times of exposure
(2, 14 and 21 days). The Cu accumulation in plants was examined by atomic absorption spectroscopy
(AAS) and Cu localized by Scanning Electron Microscopy-Energy Dispersive X-Ray spectroscopy.
Additionally, the phenolic compound identifications and concentrations were determined using liquid
chromatography coupled to mass spectrometry. Our results showed that root biomass decreased
significantly at high Cu levels, with a greater decrease at 21 days (39.8% less biomass in comparison
to control). The root showed 328 mg Cu kg-1 dry weight at 21 days of exposure to Cu, being the tissue
that accumulates most of the Cu. Lipid peroxidation was a clear indicator of Cu stress, principally in
shoots. The exposure to Cu significantly increased the synthesis of phenolic compounds in shoots
of plants exposed 21 days to Cu, where 5-caffeoylquinic acid reached the highest concentrations.
Our results support that I. cylindrica is a Cu accumulator plant in root organs with a medium level of
accumulation (between 200–600 mg Cu kg-1 biomass), which can tolerate the exposure to high Cu
levels by means of increasing the synthesis of phenolic compound in shoots, suggesting a potential
use as phytoremediation tool in Cu polluted environments.

Keywords: bioaccumulation; copper accumulation; copper mining; metallophyte; phenolic compounds
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3.1. Introduction
It is well known that mining is one of the most invasive activities causing environmental pollution
since it produces a large accumulation of potentially toxic elements (PTEs) in soils (Choppala et al.,
2012; Moore et al., 2018). As an example, in Chile copper (Cu) mining has generated overaccumulation of this element in areas surrounding Cu smelters, being one of the most available PTEs
in these soils (Ortiz et al., 2019). Although Cu is an essential micronutrient for plants, when it exceeds
the limits required by the plant it can be toxic for cellular functioning, principally by Cu-induced
increases in the tissue oxidation causing a multitude of nocuous effects in the main macromolecules
(membranes, nucleic acids and proteins) and even can induce cellular death (Berni et al., 2019; ElMeihy et al., 2019). The average concentration of Cu necessary for the proper functioning of plants
ranges from 5 to 30 mg kg-1 dry weight; however, these values depend on some factors such as the
characteristics of the soil where the plant is growing (Ravet et al., 2012; Jones et al., 2018). When Cu
concentration in the tissue is over these limits, the effects of Cu toxicity become visible and several
cellular processes are affected in the plant. At the landscape level, the Cu toxicity can generate losses
of plant diversity and functionality, leading to changes in soil characteristics and avoiding the plant
recruitment and establishment (Ginocchio, 2000; Cornejo et al., 2008a). It is known that prolonged
times of exposure to PTE triggers a variety of physico-chemical alterations in plant metabolism (Singh
et al., 2016), causing indirectly a selection of resistant/tolerant populations, which develop diverse
strategies of exclusion, accumulation, and stabilization of the PTE in their tissues, representing an
adaptive advantage that makes them candidates for further uses in the development of bioremediation
techniques for PTE-contaminated environments. Among the main intracellular mechanisms involved
in reducing the amount of metal, we highlight the chelation of PTE through amino acids, organic acids,
glutathione (GSH), or PTE-binding ligands, compartmentation within vacuoles, and upregulation of
the antioxidant response. In the latter, phenolic compounds are characterized by having various
functions in plants, highlighting its antioxidant capacity observed under different stress conditions
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(Selmar et al., 2017). Exposure to PTEs generates reactive oxygen species (ROS) and increases the
production of phenolic compounds in plants (Kisa et al., 2016). Phenols act as chelating metals through
hydroxyl and carboxyl groups and also inhibit lipid peroxidation by trapping alkoxyl radicals
(Michalak, 2006). Therefore, phenolic compounds exert their effects by scavenging ROS or avoiding
their generation (Mellen et al., 2008; Sreeramulu et al., 2009). The scavenging ROS activity of phenolic
compounds are determined by their chemical structure, type and number of functional groups
(Manquián-Cerda et al., 2018). Imperata cylindrica is a grass with a wide geographical distribution
including places with high concentrations of metals in soil (Fuente el al, 2016). This plant species also
inhabits the central Valley of the Valparaiso Region, Chile, place recognized by the great
environmental pollution originating mainly by the Cu smelting. Studies in I. cylindrica from Río Tinto
(Huelva, Spain), classified it as an iron (Fe) hyperaccumulator, finding concentrations of up to 2.3%
in its tissues, mainly in the root Rodriguez et al., 2005; Amils et al., 2007). Nevertheless, at the date,
there are very few antecedents about its capacity such as Cu accumulator, despite its wide distribution
in Cu-contaminated soils. Regarding its antioxidant activity mediated by phenolic compounds, only
two compounds have been identified from the shoots; trans-p-coumaric acid and tricin (Wang et al.,
2018). However, there are no studies evidencing its response, including phenolic compounds, to Cu
stress. As this species is a common inhabitant in strongly polluted environmental (Cornejo et al.,
2008a; Meier et al., 2012a), new antecedents could be useful to characterize other plants species to be
used in bioremediation. Therefore, the objective of this work was to evaluate the responses of I.
cylindrica under Cu stress and establish whether phenolic compounds play an important role in the
antioxidant response against Cu, together with the capability to accumulate Cu in its tissues.
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3.2. Materials and methods
3.2.1. Plant collection and experimental design
Rhizomes of I. cylindrica were collected in the Puchuncaví Valley (Central Chile, 32◦4603000 S,
71◦2801700 W), Valparaíso Region, Chile, about 1.5 km from the Ventanas smelter. The rhizomes
were cut and disinfected with 2% w/v chloramine-T solution for 5 min, then rinsed thoroughly with
distilled water. Sterile-inert substrate was used for sprouting rhizomes, which was composed of
sand and vermiculite (9:1; v/v). Plants were grown in a greenhouse for 6 months at 16/8 h light/dark
photoperiod at 25 ± 3/15 ± 3 ◦C day/night temperatures, and watering with sterile distilled water.
The substrate was washed and sterilized by autoclaving per three consecutive days and air-dried
for 24 h. After sterilization, the sand/vermiculite mixture was supplemented with an equivalent
to 200 mL of a solution 5.9 g L-1 of CuSO4·5H2O, which was allowed to equilibrate for 2 weeks at
room temperature, as described by Aponte et al. (2020b). This substrate represented the treatment with
a nominal equivalent of 300 mg Cu kg-1. For the control treatment, 200 mL of distilled water was added
to the substrate and let to equilibrate for 2 weeks. The assay compiled treatments with 300 mg Cu kg1

substrate and controls without Cu addition, which were performed in pots with three plants per pot

and four experimental units per treatment (n = 4). A basal fertilization of 18, 8 and 8 mg kg-1 of N, P,
and K, respectively, was applied to all plots using a commercial fertilizer (Vitasac 18-8-8, Anasac
Ambiental S.A., Región Metropolitana, Chile). After 6 months of growth the plants were incorporated
to the described treatments. To measure the exposure time effect to Cu on the antioxidant activity
in I. cylindrica, three sampling times were performed. The first at 2 days, the second at 14 days and
the third at 21 days after the Cu application. The treatments were kept in a greenhouse under the
conditions described above. After each sampling, plant roots were thoroughly rinsed in abundant
deionized water. Afterwards, plants were separated into roots and shoots. Half of each tissue was
stored at -80 ◦C for biochemical determinations and the other half dried at 60 ◦C in a forced air oven
for 48 h and weighed.
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3.2.2. Lipid peroxidation
Lipid peroxidation was assayed according to the modified method of Du and Bramlage (1992), based
on the levels of MDA as determined by the reaction given by thiobarbituric acid. Briefly, to 0.15 g of
fresh material of shoots and roots was added to 1 mL of 20% v/v trichloroacetic acid. Mixture was
heated at 95 ◦C for 30 min, cooled quickly on ice and centrifuged at 10,000× g for 10 min. The reaction
was measured in microplate spectrophotometer EPOCH (Bio Tek Instruments, Inc., Winooski, VT,
USA) where the absorbance was read at 440, 532 and 600 nm.

3.2.3. Cu concentration
Cu concentration in shoots and roots was measured using 1 g of dry plant material. The tissue was
crushed and converted into ashes in a furnace at 550 ◦C for 12 h, then digested using a H2O/HCl/HNO3
mixture (8:1:1; v/v/v). The Cu content was determined by atomic absorption spectroscopy (AAS;
Unicam SOLAAR, mod. 969, Cambridge, UK). Available Cu in the substrate was measured using 10
g of air-dried substrate with 20 mL of diethylenetriaminepentaacetic acid (DTPA) extractant solution
(5 mM DTPA, 0.1 M triethanolamine and 10 mM CaCl2, pH 7.3). The mix was shaking for 2 h. After,
the Cu in the extract was determined by AAS using external calibration.

3.2.4. Cu Localization in plant tissues
In order to localize the Cu-bound to the shoot and root tissues, plants with 21 days of growth were
observed by Variable Pressure Scanning Electron Microscope (VP-SEM), with transmission module
STEM SU-3500 (Hitachi, Tokyo, Japan). The presence of Cu was verified by Energy Dispersive XRay Spectrometer Detector (EDX), QUANTAX 100 (Bruker, Karlsruhe, Germany) with BSE detector
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in transversal sections of shoot and root (rhizome). The analyses were carried out in the Scientific and
Technological Bioresource Nucleus (BIOREN), Universidad de La Frontera, Temuco, Chile.

3.2.5. Identification and quantification of phenolic compounds
Half a gram of frozen shoots (−80 ◦C) was pulverized with liquid nitrogen and mixed with 1.5 mL of
a solution of methanol/formic acid (97/3; v/v), subjected to an ultrasonic bar for 60 s, followed by
orbital agitation for 15 min at room temperature. Then, a centrifugation step at 4000× g for 10 min was
necessary to obtain the extract. All the extracts were dried in a rotary evaporator and re-suspended in
1 mL of the mobile phase (water:acetonitrile:formic acid; 92:3:5; v/v/v). Quantification of phenolic
compounds was carried out in a Shimadzu HPLC system (Tokyo, Japan) equipped with a quaternary
LC-20AT pump with a DGU-20A5R degassing unit, a CTO-20A oven, a SIL-20a autosampler and an
UV-vis diode array spectrophotometer (SPD-M20A), according to the described by Santander et al.,
(2020). HPLC-DAD system coupled to a mass spectrometer (QTrap LC/MS/MS 3200 Applied
Biosystem MDS Sciex system (Foster City, CA, USA)) was used to obtain the identity assignments
(Parada et al., 2019).

3.2.6. Total phenols and antioxidant activity determinations
Total phenol concentration was determined by the Folin-Ciocalteu method as described by
Singleton and Vitic (1965), with minor modifications, in the same extract described above. Gallic acid
was used as the standard. The reagents were added in the following order: 10 µL of gallic acid or
sample, 0.5 mL of water, 50 µL of Folin–Ciocalteau reagent, 200 µL of 20% w/v sodium carbonate
and completed to a volume of 1.5 mL with ultrapure water. The reaction was incubated to 20 ◦C by
30 min and then the absorbance was measured at 750 nm in microplate spectrophotometer EPOCH
41

(BioTek Instruments, Inc., Winooski, VT, USA). Antioxidant activity was determined by Cupric Ion
Reducing

Antioxidant

Capacity

(CUPRAC)

and

2,2-diphenyl-1-picrylhydrazyl

(DPPH)

methodologies, according to the described by Parada et al., (2019). The results were expressed as
Trolox equivalents (TE). All antioxidant activities were performed in microplate spectrophotometer
EPOCH (BioTek Instruments, Inc., Winooski, VT, USA).

3.2.7. Statistics
For the study, a completely randomized 3 × 2 factorial design with four replicates was established
with three exposure times (2, 14 and 21 days), and without Cu or with 300 mg Cu kg -1. Data sets
were analyzed by means of analysis of Variance (ANOVA) of one or two ways. Ln transformation
was used when the data sets were not meeting the ANOVA assumptions (homoscedasticity and
normality); nevertheless, all results are expressed in their original scale of measurement. Tukey’s
multiple range test was used to compare the means of the treatments at 21 days (phenolic compounds).
Subsequently, data sets were also subjected to principal component (PC) analyses. Variability in the
means was expressed as the standard error and a p < 0.05 was considered statistically significant. The
IBM SPSS statistic software v. 22.0 was used for all procedures.

3.3. Results
3.3.1. Biomass production
The interaction between the factors time and Cu supply showed no significant difference for
the shoot or root dry matter production (Figure 1A), being only responsive to the applied Cu doses.
The addition of 300 mg kg-1 of Cu reduces the production of root dry matter in 30% compared to
treatment without application of Cu at 21 days (Figure 1A). However, the Cu application to the
42

substrate of I. cylindrica did not generate a significant effect on the production of shoot dry matter
(Figure 1A).

Figure 1. Dry matter and lipid peroxidation of Imperata cylindrica (A) Dry matter production in shoots
and roots; (B) Lipid peroxidation in shoots and roots. Where, control (without Cu applied) and
treatment (300 mg Cu kg-1 substrate). Different lowercase letters indicate statistic difference according
Tukey’s multiple range test (p < 0.05). Data are expressed as mean ± SE, n = 4.

3.3.2. Lipid peroxidation
The exposure to Cu has a higher effect in the shoot lipid peroxidation than in roots (Figure 1B),
producing a strong increase in the malondialdehyde (MDA) content for the three Cu exposure times,
compared to the controls, ranging from 43% at 2 days and reaching a 108% of increase at 21 days
(Figure 1B). In addition, there was a significant increase in the amount of MDA at 14 and 21 days with
respect to two days of metal exposure. Meanwhile, the roots of I. cylindrica only showed an increase
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in MDA levels at 14 and 21 days of Cu exposure, with 80.3 and 84 nmol MDA g−1 fresh weight (FW),
respectively (Figure 1B).

3.3.3. Cu concentration in plant and Cu available in substrate
There was no significant interaction between the factors for the Cu content in the shoots and roots. The
Cu content in the shoots was 2.8 times higher in plants grown in the treatment with 300 mg of Cu kg−1
(Figure 2A). Meanwhile, in the roots of plants cultivated in the treatment with addition of Cu the
contents of Cu were 9 times higher than in the control treatment, at 21 days after Cu exposure (Figure
2A). Additionally, the highest levels of Cu in the roots were observed at 21 days after Cu supply in the
treatment, with 328 mg Cu kg−1 dry weight (Figure 2A). In the treatment without Cu application and
in the treatment with 300 mg Cu regardless of the exposure time, 80% and 94% on average Cu was
retained in the root system of the plants. Meanwhile, the electronic microscopy images coupled to
energy-dispersive x-ray (EDX) only were able to evidence the Cu presence in the rhizome of plants
exposed to Cu (Figure 3H), apparently in the surface of cell walls into the vascular system and cortical
parenchyma cells. The presence of Cu was unappreciable by the used methods both in non-Cu supplied
treatments (Figure 3G) as well as in the shoot organs (Figure 3C, D). The Cu available in the substrate
showed low concentrations in the controls, between 1.43–1.54 mg Cu kg−1 substrate, while in the
treatments with Cu addition were observed values between 95.4–121.2 mg Cu kg−1 substrate and a
significant decrease in the metal content, especially at latter sampling stages (Figure 2B).
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Figure 2. Copper concentrations (A) Cu accumulation in shoots and roots of Imperata cylindrica; (B)
Cu content available in substrate. Where, control (without Cu applied) and treatment (300 mg Cu kg-1
substrate. Different lowercase letters indicate statistic difference according Tukey’s multiple range test
(p < 0.05). Data are expressed as mean ± SE, n = 4.
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Figure 3. Scanning electron microscopy (SEM) and energy-dispersive x-ray (EDX) analysis of I.
cylindrica after 21 days of growth. (A) Transverse cutting of shoot under control condition, and (B)
Transverse cutting of shoot under stress condition (300 mg Cu kg−1 substrate). (E) Transverse cutting
of root (rhizome) under control condition, and (F) Transverse cutting of root (rhizome) under stress
condition (300 mg Cu kg−1 substrate). Elemental localization by EDX analysis: (C) Transverse cutting
of shoot under control condition, and (D) Transverse cutting of shoot under stress condition (300 mg
Cu kg−1 substrate). (G) Transverse cutting of root (rhizome) under control condition, and (H)
Transverse cutting of root (rhizome) under stress condition (300 mg Cu kg−1 substrate) (previous page).
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3.3.4. Quantification and identification of phenolic compounds in shoot
A total of ten phenolic compounds were registered and quantified (Supplementary Materials
Figure S1), of which six could be tentatively identified by mass spectrometry, corresponding to two
hydroxycinnamic acid derivatives: 5-caffeoylquinic acid (peak 1) and caffeoylquinic acid isomer
(peak 2); three anthocyanin: cyanidin-3-hexoside (peak 3), cyanidin-3-malonylglucoside (peak 5) and
cyanidin-derivative (peak 7); and one flavon: orientin (peak 4) (Table 1). The other four compounds
(peaks 6, 8, 9A, 9B and 10) according to their spectroscopic information as Diode-Array Detection
(DAD) spectra and fragmentation pattern seems to be phenolic compounds but could not be identified.
In addition, in the majority of compounds the concentrations were higher in the Cu treatment, respect
to control, except for three unidentified compounds and caffeoylquinic acid isomer that showed no
significant differences (Table 2). Moreover, 5-caffeoylquinic acid was the compound identified in
higher concentrations both in the treatment as in the control with values of 1715 µg g-1 FW and
1387 µg g-1 FW, respectively (Table 2).
Table 1. Identification of phenolic compounds from Imperata cylindrica shoots by HPLC-DAD-ESIMS/MS after 21 days of growth.

Group

Compound

ʎ
max

1
2

tR
(min)
5.5
6.6

HCADs
HCADs

5-caffeoylquinic acid
caffeoylquinic acid isomer

324
323

3

8.8

Anthocyanin

cyanidin-3-hexoside

515

4

12.5

Flavon

Orientin

348

5

12.6

Anthocyanin

cyanidin-3-malonylglucoside

516

6

13.4

* Flavonoid
glycosides

*

348

7

14.0

Anthocyanin

cyanidin-derivative

517

*

345

417.6

358.3; 328.2; 400.3; 298.3

*

348

575.7

326.2; 298.3; 412.3; 430.3

*

349

575.7

412.3; 474.3; 298.3; 338.2; 309.2

*

346

431.6

358.3; 328.1; 298.2; 285.2

Peak

8

15.7

9A

18.1

9B

18.3

10

19.3

* Flavonoid
glycosides
* Flavonoid
glycosides
* Flavonoid
glycosides
* Flavonoid
glycosides

[M + H]+

[M - H]-

Product ions

353.5
353.6

191.2
191.2

449.8

287.5
447.6

357.3; 327.3; 430.3; 297.4; 287.3

535.7

287.2
549.7

400.3; 370.4; 460.4; 490.4; 430.3

621.8

HCADs: Hydroxycinnamic acid derivatives.

287.5

*Not identified
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Table 2. Concentrations of phenolic compounds from Imperata cylindrica shoots by HPLC-DAD.
Control condition (without Cu applied) and treatment (300 mg Cu kg-1 substrate).
ug g-1 FW

N°
compound

Phenolic compound

1

5-caffeoylquinic acid

1387.1 ± 107.1b

1715.0 ± 136.3a

2

caffeoylquinic acid isomer

217.6 ± 9.3a

247.1 ± 45.4a

3

cyanidin-3-hexoside

13.3 ± 2.3b

33.3 ± 7.3a

4

Orientin

242.6 ± 39.3b

395.5 ± 78.8a

5

cyanidin-3-malonylglucoside

30.9 ± 4.0b

72.3 ± 13.4a

6

*

113.7 ± 24.1a

142.7 ± 18.1a

7

cyanidin-derivative

24.5 ± 4.0b

46.1 ± 8.7a

8

*

101.1 ± 23.9b

146.2 ± 25.9a

9A and 9B

*

391.9 ± 7.8a

389.8 ± 76.5a

10

*

60.7 ± 11.1a

71.2 ± 10.4a

2583.4 ± 0.02b

3259.2 ± 0.05a

Total phenols

Control

Treatment

* Not identified. Different lowercase letters indicate a difference. Data are expressed as mean ± SE, n = 4.

3.3.5. Total phenols in shoot and antioxidant activity
The content of total phenols measured by the Folin Ciocalteau method evidenced a significantly
higher accumulation of these compounds in the shoot of I. cylindrica when growing under Cu stress
(2.87 mg g-1 FW in the control and 3.4 mg g-1 of FW in the treatment) (Figure 4A). Meanwhile, the
sum of the phenolic compounds identified by chromatography showed the same significant difference
as the quantification by Folin Ciocalteau method (Table 2), where the differences between the
concentrations determined by HPLC and spectrophotometric method could be explained for the
presence of polymeric compounds. Antioxidant activity by DPPH in shoots of I. cylindrica after 21
days of Cu exposure did not show significant changes (Figure 4B). Otherwise, the antioxidant capacity
by CUPRAC showed greater activity in the treatment with Cu applied, reaching 0.811 µmol g-1 TE
compared to 0.663 µmol g-1 TE in the control (Figure 4B).
48

Figure 4. Total phenols and antioxidant activity in phenolic extract of Imperata cylindrica shoots. (A)
Total phenols by Folin Ciocalteau, after 21 days of Cu exposure. (B) Antioxidant activity
determination by DPPH and CUPRAC after 21 days of Cu exposure. Control condition (without Cu
applied) and treatment (300 mg Cu kg−1 substrate). Different lowercase letters indicate statistic
difference according Tukey’s multiple range test (p < 0.05). Data are expressed as mean ± SE, n = 4.

3.3.6. Multivariate analysis
The principal components (PC) analysis evidenced the formation of two highly independent
groups in accordance with the distribution of experimental variables in the two PCs. Detailing,
PC1 explained 63.1% and PC2 12.2% of the total experimental variance (Figure 5). PC1 was positively
influenced by the Cu content in plant and substrate, lipid peroxidation, antioxidant activities (DPPH
and CUPRAC), the production of total phenols by both Folin and HPLC methods, and all the
phenolic compounds quantified, with the exception of compound 9A and 9B. Otherwise, it was
negatively related only to biomass production, and compound 9A and 9B production. PC2 was also
positively related with Cu content in plant and substrate, antioxidant activities (DPPH and CUPRAC),
production of total phenols by Folin and HPLC, production biomass, production of 5-caffeoylquinic
acid, caffeoylquinic acid isomer, compound 6, compound 9A and 9B and compound 10. Regarding
the two groups of experimental units, the first corresponded with the samples treated with 300 mg Cu
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kg-1, which are grouped together with the Cu accumulation in shoot and substrate, the synthesis of
phenolic compounds and the antioxidant activity of these compounds. Meanwhile, the second group
included the control samples, which were grouped together with the biomass production.

Figure 5. Principal component analysis (PCA) with scores for the respective association between Cu
exposure during 21 days on I. cylindrica shoot and their variables analyzed. Control conditions
(without Cu applied) and treatment (300 mg Cu kg−1 substrate). The mean value was used in each
situation.
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3.4. Discussion
Plants can produce alterations in the root system in response to high levels of Cu in the soil solution.
The root constitutes the first line of defense against Cu in the rhizosphere, and the initial
characterization of Cu toxicity is the hindrance of root elongation and growth (Tsay et al., 1995).
Higher Cu concentration can reduce the rate of cell division in the root apex, consequently reducing
root length and increasing the number of lateral roots, impairing all root growth (Potters et al., 2007;
Guimarães et al., 2016). Here, we clearly appreciated that from the 2nd day of Cu supply there was a
negative effect on the root growth, which was reflected in a reduced production of biomass. This effect
was maintained in the following days of Cu exposure (14 and 21), further accentuating the difference
respect to the control non-Cu supplied. Therefore, the root growth could be a better predictor of Cu
damage than shoot biomass. The reduction of root growth can be changed by the root exudation of
organic ligands (phenolic compounds, organic acids, phytosiderophores) that can complex with the
free Cu species in solution reducing Cu availability to plants absorption (Meier et al., 2012a; MontielRozas et al., 2016; De Conti et al., 2018), changing the plant defense mechanism. Plant cells have
evolved a myriad of adaptive mechanisms to manage excess of metal ions and utilize detoxification
mechanisms to prevent their participations in unwanted toxic reactions. Initially, plants prevent or
reduce the Cu uptake by restricting the metal ion flux from rhizosphere to the apoplast through binding
them to the cell wall, chelating to cellular exudates or by inhibiting long distance transport (Manara,
2012; Yin et al., 2015). However, when present at elevated concentrations, cells activate a complex
network of storage and detoxification strategies, such as chelation of metal ions with phytochelatins
and metallothioneins into the cytosol, trafficking, and sequestration into the vacuole by influx trough
membrane transporters (Zhao et al., 2011). The results of Cu content in the plant showed that most of
Cu accumulated in I. cylindrica is stored in root organs, and this process of uptake occurs within a few
hours after the contact with the Cu ions. Besides, the Cu content in the root increases across time
(Figure 2B), reaching values that allows classifying I. cylindrica as a potential phytostabilizer of Cu,
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with medium accumulation (200–600 mg Cu kg-1) in root organs (Gonzalez et al., 2008). On the other
hand, the localization by means of SEM-EDX of Cu accumulated in rhizomes, showed that this
element was found mainly at the level of the cortical cylinder and parenchyma cells, very similar to
those reported by Fuentes et al. 2015, where I. cylindrica hyperaccumulated Fe in this same tissue.
This accumulation response has been widely observed in other plant species such as Chloris gayana,
Cucumis sativum and some Eucalyptus species exposed to Cu, in which higher Cu accumulation in
root than shoot is probably due to a fast absorption by the roots and its slow translocation to shoot
(Nada et al., 2006). Moreover, this behaviour is similar to other species that cohabit with I. cylindrica
in the Cu-contaminated environment from Puchuncaví Valley, as Oenothera picensis (Cornejo et al.,
2008a; 2017; Meier et al., 2011; 2015a). Also, previous studies have shown how I. cylindrica inhabits
soils with more than 300 mg kg-1 of Cu available (Cornejo et al., 2008a) and how its accumulating
capacity in the root increases according to the amount of Cu applied to the soil, at least between a range
of 450–780 mg kg-1 of Cu in soil (Meier et al., 2012a). Although these reference values are a first
approximation, the range of Cu levels in which I. cylindrica can be used in bioremediation seems to
be much broader than the explored so far. Besides, data from Meier et al. (2012a), showed that its
combined use with arbuscular mycorrhizal fungi can increase their bioaccumulation in root. These
antecedents make evident the existence of mechanisms of Cu stabilization or accumulation in the I.
cylindrica root organs, which deserve to be deeply analyzed to allow its continuous grow in an
environment with noticeable Cu amounts, especially if bioremediation programs are planned. On the
other hand, the Cu available in substrate support the observed rate of plant Cu accumulation, since
over the days there is less Cu available in substrate, concomitantly with an increase of Cu in root
tissues. Toxic concentrations of Cu are well recognized for the increase of redox processes, which
triggers the formation of ROS and could become attached to the sulfhydryl groups of cell membrane
or induce lipid peroxidation resulting in the membrane damage and the production of free radicals in
different plant organelles (Chen et al., 2012). The measurement of MDA, a product of lipid
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peroxidation, is routinely used as an index of lipid peroxidation under stress conditions (Pandey et al.,
2009). In this case, the Cu addition to growth substrate of I. cylindrica originated a clear increase of
the lipid peroxidation in shoots and this effect was present in all the sampling times. Otherwise, in the
root there was only an effect at 14 days after applying Cu, which would indicate that the shoot is more
susceptible to the Cu presence than the root. Thereby, lipid peroxidation could be a good stress
indicator for Cu in shoots, with a fast response. Phenolic composition of root organs (mainly rhizomes)
from I. cylindrica has been previously reported where mainly flavones were detected (Xuan et al.,
2013); however, only p-coumaric acid and tricin have been previously reported in shoots (Wang et al.,
2018). It is noticeable that phenolic compounds as anthocyanins or hydroxycinnamic acids are main
responsible of the antioxidant activity (Ruiz et al., 2018), also playing an important role in the
protection of tissues to cope with the damage induced by ROS. As previously mentioned, here we
identified six signals of phenolic compounds; however, according to the reported by Yang et al.,
(2014), the other not-identified metabolites corresponded to flavonoid glycosydes (subtypes of
flavonoid O-glycosides, detected in peaks 6, 8, 9A, 9B and 10). Interestingly, the 5-caffeoylquinic acid
presented a high production with respect to the other phenolic compounds analyzed. Similar results
have been observed in studies by Ercoli et al. 2021 where 5-caffeoylquinic acid was the most abundant
HCADs in flesh potatoes fresh and cooked. This chlorogenic acid is also one of the most abundant
acids in the green fruit of coffee, considered as a good source of phenolic acids (Costa et al., 2020).
Moreover, the chlorogenic acids (5-caffeoylquinic acid and caffeoylquinic acid isomer) belongs to the
group of non-colored compounds, which respond to measurements as CUPRAC, where there was a
greater antioxidant activity of this type of compounds in plants under Cu stress.

Among the

compounds identified, cyanidins were also an important group. This group of anthocyanins have been
described as responsible for the red coloring on leaves of diverse higher plants (Lee et al., 2018;
Aguilera et al., 2020), probably playing the same role in the evident reddish coloration in shoots of I.
cylindrica. At the same time, anthocyanins are pigments recognized for their protective role against
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UV radiation and excessive light, and it has been observed that their biosynthesis is stimulated by
environmental stresses such as drought, attack by pathogens and insects (Steyn et al., 2002). In this
study, Cu supply also generated an overproduction of cyanidines in shoots, suggesting that effectively
I. cylindrica uses the biosynthesis of these compounds as a mechanism of protection against oxidative
stress. Excessive concentrations of Cu in plant tissues influence the photosynthetic complex
biosynthesis by reducing photosynthetic pigment content such as chlorophyll and carotenoids and
change the chloroplast structure and thylakoid membrane composition (Cambrollé et al., 2013; 2015);
therefore, the largest production of cyanidins can reduce this damaging effect to the photosynthetic
complex caused by high concentrations of Cu. Content of total phenols by both methods, Folin
Cicolteau and HPLC-DAD, also showed a greater synthesis of such compounds in shoots when Cu
was added to the substrate. Similar results were obtained by Sruthi and Puthur (2019), who also
reported an increase in the phenol content in Brugueira cylindrica exposed to increasing Cu
concentrations. Additionally, the PC analysis clearly showed an association between treatment with
Cu and the synthesis of phenolic compounds, demonstrating that in general these compounds would
be a combat route against the stress produced by Cu in the metabolism of the plant. Therefore, plants
with adaptations aimed to produce phenolic compounds in high amounts can be good candidates to be
used in phytoremediation of Cu-contaminated environments, since only a few quantity of Cu hyperaccumulators plant species have been described at the time, which justify the preferential use of
phytostabilization for Cu-contaminated environments.

3.5. Conclusions
The Cu presence across the time caused a decrease in the biomass production especially in root
organs of Imperata cylindrica. Interestingly, this tissue exhibited a marked capability to accumulate
Cu at medium-high rates, which can support its use in phytoremediation initiatives in Cu-contaminated
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environments. Cu also showed a strong effect on the lipid peroxidation of shoots, which was increased
over time, this parameter being a good indicator of the Cu effect on shoots of I. cylindrica. On the
other hand, the analysis of phenolic compounds in shoots revealed the presence of hydroxycinnamic
acids, anthocyanins and flavons, compounds with great antioxidant capacity that demonstrate that
I. cylindrica possess an interesting set of defense mechanism against Cu stress, probably allowing its
use even at extreme Cu contamination levels.
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Abstract
The metallophyte Imperata cylindrica inhabits copper (Cu) polluted soils in large areas from Central
Chile. Here, we subjected clonal vegetative plantlets to 300 mg Cu kg−1 of substrate for 21 days to
identify the main molecular pathways involved in the response to Cu stress. Transcriptomic analyses
were performed for shoots and roots, with and without Cu supply. RNA-Seq and de novo transcriptome
assembly were performed to identify the gene response associated with molecular mechanisms of Cu
tolerance in I. cylindrica. De novo transcriptome revealed a total of 200,521 transcripts (1777 bp)
comprising ~91% complete ultra-conserved genes in the eukaryote and Plantae database. The
differentially expressed genes (DEGs) in roots were 7386, with 3558 of them being up-regulated and
the other 3828 down-regulated. The transcriptome response in shoots was significantly less, showing
only 13 up-regulated and 23 down-regulated genes. Interestingly, DEGs mainly related with actin and
cytoskeleton formation, and to a minor degree, some DEGs associated with metal transporters and
superoxide dismutase activity in root tissues were found. These transcriptomic results suggest that
cytoskeleton could be acting as a mechanism of Cu-binding in the root, resulting in a high Cu tolerance
response in this metallophyte, which deserve to be analyzed ultra-structurally. Our study contributes
to reinforcing the potential of I. cylindrica as a candidate plant species to be used as a phytoremediation
agent in Cu-contaminated environments.

Keywords: Cu tolerance; Cu toxicity; De novo transcriptome; Metallophyte; RNA-Seq.
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4.1. Introduction
Soil degradation originating from exacerbated mining activity has become a global environmental
problem (Chandrasekaran et al., 2015; Aponte et al., 2020b), which need to be solved in the short term.
In Chile, Copper (Cu) mining has produced a strong deleterious impact, with large areas of soils
contaminated with potentially toxic elements (PTEs), which highlights large amounts of Cu (Cornejo
et al., 2008a; Gonzalez et al., 2008; Meier et al., 2012b). Although Cu is an essential micronutrient for
plants and this limit is above 20–30 mg kg−1 (Marschner, 2011), high concentrations in cells can be
extremely toxic. The Cu toxicity is due to its ability to alter the enzyme activity and protein
functionality, and also by inducing the deficiencies of other nutrients, but mainly by the generation of
oxidative damage in the main macromolecules (Yruela, 2005). Moreover, at the rhizosphere Cu can
disrupt soil characteristics and the microbiota properties, producing a loss of ecological functionality
(Ginocchio, 2000; Ortiz et al., 2019; Silambarasan et al., 2020). Despite the above, there are some
plant populations capable to survive in soils with high levels of PTEs, known as metallophytes. These
species can survive under high Cu soil levels; therefore, they can be implemented in phytoremediation
processes (Vara and Oliveira, 2003; Ginocchio, 2004). Among metallophyte naturally growing in Cucontaminated soils in central areas from Chile, Imperata cylindrica is a common inhabitant in the
Puchuncaví Valley, which is a place recognized as one of the highest metal-polluted sites in the
country. This species has been characterized in other latitudes as an iron hyperaccumulator (Rodríguez
et al., 2005; Amils et al., 2007); nevertheless, its Cu tolerance capacity has not been deeply studied.
Imperata cylindrica is a perennial grass widespread in some regions of Asia and other latitudes
worldwide, being used for animal feed, roofing traditional houses, erosion control and also medicinal
purposes (Chikoye et al., 2000; Villaseñor and Lamadrid, 2006). I. cylindrica preferentially propagates
through vegetative rhizomes (MacDonald, 2004). This species has become an invasive weed to crops;
however, in the last decades, the great potential of perennial grasses has also been evaluated as a raw
material for use in the generation of biofuel and bioenergy, due to the fast growth and low cost of
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maintenance (Syarif et al., 2018). Some previous studies have shown the ability of I. cylindrica to
exude high levels of low molecular weight organic acids (Meier et al., 2012a) and accumulate this
element in its rhizomes over 300 mg Cu kg−1 of dry weight. Moreover, a recent study through scanning
electron microscopy and energy dispersive X-ray spectrometer detector confirmed the preferential Cu
accumulation in root organs by I. cylindrica (Vidal et al., 2020).
Among the principal mechanisms of Cu tolerance in plants, highlights are translocation by means of
membrane transporters and specialized chaperones (Peñarrubia et al.,2015), immobilization in the cell
wall (Silver and Misra, 1988), complexation with chelating agents (phytochelatins, metallothioneins,
amino acids, and organic acids in the cytosol) (Petit and van de Geijn, 2004; Sharma and Dietz, 2006),
and sequestration into vacuole, principally in root organs (Bernal et al., 2006). However, to know and
deeply understand the mechanisms involved in the Cu tolerance by metallophytes can be an interesting
way to improve biotechnological process as phytoremediation of Cu-contaminated environments. In
the last decade, the use of Next Generation Sequencing (NGS) technologies has become widespread
and has contributed to the characterization of the response to various types of stress in all kinds of
organisms (Peng et al., 2015; Guan et al., 2018). This revolutionary approach allows obtaining great
volume of information from the nucleotide sequence of an individual, being able to shows its gene
expression response. The survival of an organism under different environmental stressors is mainly
due to its ability to adapt, and this crucial role is mostly fulfilled by the process of gene regulation (Jia
et al., 2012; Puglisi et al., 2012). Based on the above, in this study, we aimed to characterize the Cu
tolerance response of I. cylindrica by means of the shifts in its transcriptome and glimpse the molecular
mechanisms of Cu-root accumulation based on the gene response. This knowledge can provide
relevant information when considering the use of this species in Cu-phytoremediation needed for
extent surfaces in north and central Chile, where Cu mining is the most important economic activity.
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4.2. Material and methods

4.2.1. Plant material and experimental design
Rhizomes of I. cylindrica were collected in the Puchuncaví Valley (Central Chile, 32°4603000 S,
71°2801700 W), Valparaíso Region, Chile, about 1.5 km from the Ventanas Cu-smelter. The rhizomes
were cut and disinfected with 2% w/v chloramine-T solution for 5 min, then rinsed thoroughly with
distilled water. Sterile-inert substrate was used for sprouting rhizomes, which was composed of sand
and vermiculite (9:1; v/v). Plantlets were grown in a greenhouse for 6 months at 16/8 h light/dark
photoperiod, at 25 ± 3/15 ±3 °C day/night temperatures, and watering with sterile distilled water. The
substrate was washed and sterilized by autoclaving per three consecutive days and air-dried for 24 h.
After sterilization, the sand/vermiculite mixture was supplemented with the equivalent to 200 mL of a
solution of 5.9 g L−1 of CuSO4·5H2O, which was allowed to equilibrate for 2 weeks at room
temperature, as described by Aponte et al. (2020b). This substrate represented the treatment with a
nominal equivalent of 300 mg Cu kg−1. For the control treatment, 200 mL of distilled water were added
to the substrate and let to equilibrate for 2 weeks. The assay compiled treatments with 300 mg Cu kg−1
substrate and controls without Cu addition, which were performed in pots with three plants per pot and
four experimental units per treatment (n = 4). A basal fertilization of 18, 8, and 8 mg kg−1 of N, P, and
K, respectively, was applied to all plots using a commercial fertilizer (Vitasac 18-8-8, Anasac
Ambiental S.A., Santiago, Chile). After 6 months of growth, the plants were incorporated to the
described treatments. To measure the genetic response associated to Cu tolerance mechanisms in I.
cylindrica, the controls and treatments were grown in a greenhouse under the conditions described
above for 21 days after the Cu application, based on previous reports by Vidal et al. (2020). After this
period, the plants were harvested, separated into shoots and root organs (roots and rhizomes), weighed,
and immediately frozen at −80 °C for further RNA extraction.
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4.2.2. Cu localization in plant tissues
In order to localize the Cu-bound to the shoot and root tissues, plants with 21 days of growth were
observed by Variable Pressure Scanning Electron Microscope (VP-SEM), with transmission module
STEM SU-3500 (Hitachi, Tokyo, Japan). The presence of Cu was verified by Energy Dispersive X
Ray Spectrometer Detector (EDX), QUANTAX 100 (Bruker, Karlsruhe, Germany) with BSE detector
in transversal sections of shoot and root (rhizome). The analyses were carried out in the Scientific and
Technological Bioresource Nucleus (BIOREN, Universidad de La Frontera, Temuco, Chile).
Additionally, root and shoot tissues were dried, grounded, converted into ashes, and digested in a mix
of dH2O:concentrated HCl:concentrated HNO3, 8:1:1 v:v:v, and the Cu was measured by atomic
absorption spectroscopy (AAS; Unicam SOLAAR, mod. 969, Cambridge, UK).

4.2.3. RNA-extraction, sequencing and De novo transcriptome assembly
Total RNA was extracted from frozen samples of shoots and roots using E.Z.N.A® Total RNA Kit
(Omega Bio-Tek, Norcross, GA, USA), according to the manufacturer’s instructions. A total of 16
RNA extractions (two tissues [shoot and root] × two treatments [with and without Cu] × four biological
replicates) were performed, and the products were sent to Macrogen Inc, Korea, for sequencing. The
quality and quantity in all the RNA extractions were checked using an Agilent Technologies 2100
Bioanalyzer (USA), where an RNA Integrity Number (RIN) value greater than or equal to 7 was
adequate to perform the cDNA library construction. For each total RNA sample, a library of cDNA
was constructed using TruSeq stranded kit (Illumina Inc., San Diego, CA, USA). Fifteen libraries were
sequenced in an Illumina NovaSeq 6000 platform for 150 cycles in paired-end mode. The resulting
FASTQ files containing the sequencing output were processed with NGSQC Toolkit (Patel and Jain,
2012) to evaluate the overall quality of the reads. This tool was also used to remove adaptors and reads
with a low content of high-quality bases, where sequences with less than 70% of high-quality bases
were removed from downstream analyses, being defined as high-quality the bases with a q-score higher

62

than 30. Due to the lack of a reference genome for I. cylindrica, we used a de novo approach using
Trinity v2.9.1 for reconstructing the transcriptome. It uses de Bruijn graphs to reconstruct transcripts
and their variants using an extensive K-mer search strategy (Grabherr et al., 2011). To assess assembly
integrity, a set of conserved orthologous contained in the Embryophyta OrthoDBv9 database were
queried by similarity search to I. cylindrica assembled transcripts using BUSCO (Simao et al., 2015).

4.2.4. Differential gene expression analysis
The relative abundance of each sample was calculated using RSEM v1.2.26 (Li and Dewey, 2011) and
merged in a matrix. It was analyzed using Bioconductor package DESeq2 (Love et al., 2014), where a
significant variation in gene expression was defined by a False Discovery Rate (FDR) lower than 0.01
and a minimum fold change (FC) of 4.

4.2.5. Transcriptome annotation analysis
All resulting genes were aligned into the UniProt/SwissProtKB database using BLAST+ with an evalue of 1 × 10−10 as the threshold. Functional annotation and ontology assignments were performed
using the PANTHER classification system (Mi et al., 2019) with gene lists obtained from blast results
(top hit) aligned with reference proteome database (version 2018_4) from EMBL.

4.3. Results
4.3.1. Biomass production and localization of Cu in tissue
The Cu applied in the growth substrate of I. cylindrica plants generated a significant decrease in the
fresh biomass production in both shoots and roots compared to the control conditions (Figure 1 A,B)
after 21 days of the treatment. Moreover, the Cu accumulated was two to four times higher in the
treatment with Cu addition, compared with the control without Cu addition (Figure 1 C,D). The Cu
localization in tissue of I. cylindrica through scanning electron microscopy (SEM) coupled to Energy-
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dispersive X-ray analysis (EDX) spectra allowed us to identify the presence of Cu in root tissues of
plants exposed to treatment with this metal (Figure 2). On the contrary, the presence of Cu in shoots
was not visualized irrespective of the Cu treatment.

Figure 1. Biomass production (g fresh weight per experimental unit) of Imperata cylindrica (A) shoots
biomass, (B) root biomass; and Cu accumulation in (C) shoot and (D) root. –Cu, treatment without Cu
applied, and +Cu treatment with addition of 300 mg Cu kg−1 substrate. Different lowercase letters
indicate differences according to t-tests for independent samples (p < 0.05). Data are expressed as
mean ± SE, n = 4.
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Figure 2. Scanning electron microscopy (SEM) in transversal sections of Imperata cylindrica shoot
(A) without Cu addition, (B) Energy-dispersive X-ray (EDX) spectra without Cu addition, (C) SEM
of shoot with Cu addition (300 mg kg−1), and (D) EDX spectra with Cu addition. SEM in longitudinal
sections of I. cylindrica root (E) without Cu addition, (F) EDX spectra without Cu addition, (G) SEM
of root with Cu addition (300 mg kg−1), and (H) EDX spectra with Cu addition.

4.3.2. Illumina sequencing and De novo transcriptome assembly
To characterize the transcriptome responses of I. cylindrica under Cu stress, 15 cDNA libraries were
sequenced, including eight constructed from shoots and seven from roots. A total of 371,336 paired65

end reads were obtained. The reads were trimmed and filtered to remove low-quality reads, resulting
in a total of 347,207 high-quality reads (HQR). The HQR were concatenated to assembly the I.
cylindrica transcriptome using the Trinity software. The resulting contigs were clustered to remove
those highly redundant (>95% similarity), being identified 200,521 contigs with an N50 value of 1918
bp (Table 1). The transcripts obtained were aligned to the SwissProt database, being obtained 117,238
annotated genes, corresponding to 58% of the total I. cylindrica contigs. To estimate the quality of the
I. cylindrica transcriptome, we searched a set of highly-conserved orthologous genes on the
Benchmarking Universal Single-Copy Orthologs (BUSCO) database. A yield of 1375 BUSCO genes,
1259 complete (91.5%), 85 fragmented (6.2%), and 31 missed (2.3%) genes were found in the I.
cylindrica transcriptome (Table 2).

Table 1. De novo transcriptome assembly of Imperata cylindrica by RNA-Seq.
Metric I. cylindrica Transcriptome
Trinity transcripts
200,521
Trinity “genes”
113,137
GC (%)
50
Contig N50 (bp)
1918
Median contig length (bp)
978
Average contig (bp)
1377
Total assembled bases
276,047,337
Blastx Hit SwissProt
(58%) 117,238

Table 2. Validation of the de novo transcriptome assembly of Imperata cylindrica.
Summary BUSCO Statistics
Complete BUSCOs
1259
Complete and single-copy BUSCOs
560
Complete and duplicated BUSCOs
699
Fragmented BUSCOs
85
Missing BUSCOs
31
Total BUSCO genes *
1375
* Database: embriophyte_odb10.

91.5%
40.7%
50.8%
6.2%
2.3%
100.0%
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4.3.3. Multivariate analysis
The PCA analysis evidenced the formation of three highly independent groups according to the
distribution of the samples, where the shoot and root samples were separated by PC1, which explained
71.6% of the variation in the samples. Moreover, PC2 only separated the root samples according to the
Cu treatment, explaining 9.1% of the total experimental variability. The first group included the
samples of shoots both with and without Cu treatment, the second group collected the control root
samples, while the third group included the root samples supplied with Cu (Figure 3).

Figure 3. Principal Component Analysis of Imperata cylindrica in shoots and roots samples. The
control treatment was established without Cu addition, while the treatment consisted in the addition of
300 mg Cu kg−1 substrate.

4.3.4. Differential expression analysis
The differential expression analysis, which compared the control condition with the Cu addition,
showed a high contrast in the response of the root organs regarding the shoots. In roots, a total of 7386
genes were differentially expressed, of which 3558 were up-regulated and 3828 down-regulated.
Noticeably, in shoots, only 36 genes were differentially expressed, of which 13 were up-regulated and
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23 down-regulated. A gene ontology analysis was performed with all differentially expressed genes
(DEG) in the plant. This analysis classified the genes based in their functions on three general groups:
(i) molecular function, (ii) biological process, and (iii) cellular component. Within the first group, only
“structural molecule activity” presented a higher number of up-regulated than down-regulated genes.
The other categories showed a higher number of down-regulated genes, highlighting “catalytic
activity” and “transporter activity.” The genes associated with biological processes presented a higher
number of down-regulated genes in all the subgroups. These results were evidenced mainly in the
categories of “cellular process,” “metabolic process,” and “localization.” Finally, the group of cellular
components concentrated the largest number of DEGs, where all the categories had more downregulated than up-regulated genes (Figure 4).
A second analysis was performed to group the DEGs according to the class of protein to which they
belong. According to the protein analysis through evolutionary relationships (PHANTER)
classification system, the largest number of genes up-regulated in I. cylindrica corresponded to
“translational protein,” “metabolite interconversion enzyme,” “protein modified enzyme,”
“cytoskeletal protein,” and “transporter.” Otherwise, the down-regulated genes were a larger group
than the up-regulated, with “metabolite interconversion enzyme” and “translational protein” being the
most abundant (Figure 5). The search of DEGs in I. cylindrica shoots in the SwissProt database yielded
only one up-regulated gene; cysteine-rich receptor-like protein kinase 10. Among the down-regulated
gene group were noticeable the protein sulfur deficiency-induced 1, phosphate transporter PHO1-3,
inorganic phosphate transporter 1–11, vacuolar iron transporter homolog 1, pectin acetylesterase 7,
and bidirectional sugar transporter Sweet3a (Table 3). In the case of DEGs explored in root organs,
many genes with described functionality were obtained, both for up-regulated and down-regulated
genes (Table 4). We focused on those genes involved in Cu and metal tolerance response processes.
Among them are superoxide dismutase (SOD) [Cu-Zn], SOD [Cu-Zn] 2, and SOD [Fe], mainly
associated with the response against oxidative stress. Probable copper-transporting ATPase HMA5
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and Hephaestin-like protein were also identified, both involved in the process of Cu ion transport.
Additionally, a great number of genes involved in the cytoskeleton conformation (over 70) were upregulated, with the most abundant being actin-1, actobindin-A, coactosin, and tubulin beta chain. On
the contrary, among the down-regulated genes, several genes were involved both in the Cu and metal
tolerance response and in the cytoskeleton conformation, namely: SOD [Mn] mitochondrial;
extracellular SOD [Cu-Zn]; Cu transport protein ATOX1; Actin, muscle; Actin; Actin-1; and Actin87E (Table 4).

Figure 4. Gene ontology distribution in de novo transcriptome of Imperata cylindrica according to
level 1 categories: Cellular Component (CC), Biological Process (BP), and Molecular Function (MF).
Genes are differentially expressed in treatment compared to control conditions.
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Figure 5. Distribution of differentially expressed genes according to the protein analysis through
evolutionary relationships (PHANTER) classification system in plants of Imperata cylindrica. The
bars show the number of genes encoding for each functional class. Genes are differentially expressed
in treatment with Cu addition (300 mg Cu kg−1 substrate) compared to control condition without Cu
addition.
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Table 3. Differential expressed genes (DEGs) in shoots of Imperata cylindrica plants growing under
Cu stress conditions (300 mg kg−1) with respect to the control condition (without Cu).

Gene Encoding for

Ontology

Cysteine-rich receptor- MF: ATP binding
like protein kinase 10
(GO:0005524)
Protein SULFUR
BP: regulation of
DEFICIENCYsulfur utilization
INDUCED 1
(GO:0006792)
BP: cellular
Protein SULFUR
response to sulfur
DEFICIENCYstarvation
INDUCED 1
(GO:0010438)
PB: phosphate ion
Phosphate transporter
transport
PHO1-3
(GO:0006817)
BP: phosphate ion
Inorganic phosphate
transport
transporter 1–11
(GO:0006817)
BP: intracellular
Vacuolar iron
sequestering of
transporter homolog 1
iron ion
(GO:0006880)
MF: hydrolase
GDP-L-galactose
activity
phosphorylase 2
(GO:0016787)
BP: cell wall
Pectin acetylesterase 7
organization
(GO:0071555)
MF: sugar
transmembrane
Bidirectional sugar
transporter
transporter SWEET3a
activity
(GO:0051119)
PB: rRNA
RNA exonuclease 4
processing
(GO:0006364)

FPKM Control FPKM Treatment

Fold Change (FC)

p-Value

0

233.66

10.61

7.80 × 10−22

76.03

1.06

−5.11

9.00 × 10−5

1817.86

229.38

−7.69

2.70 × 10−11

98.79

11.16

−4.92

1.80 × 10−4

2162.05

269.6

−4.69

4.30 × 10−4

44.07

0

−7.57

5.70 × 10−11

9153.18

1541.18

−6.73

1.80 × 10−8

211.39

13.83

−4.44

1.10 × 10−3

104.55

3.94

−4.58

6.40 × 10−4

53.93

5.02

−4.65

4,9 × 10−4

FPKM = Fragments per kilobase of transcript per million mapped reads. FC = Fold Change, based on the log2 FC value.
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Table 4. Differentially expressed genes (DEG) related to Cu-tolerant mechanisms in roots of Imperata
cylindrica plants growing under Cu stress conditions (300 mg kg−1) with respect to the control
condition (without Cu).
Gene Encoding for
Superoxide dismutase [Mn],
mitochondrial
Extracellular superoxide
dismutase [Cu-Zn]

Ontology

PB: removal of superoxide
radicals (GO:0019430)
PB: removal of superoxide
radicals (GO:0019430)
PB: removal of superoxide
Superoxide dismutase [Cu-Zn]
radicals (GO:0019430)
PB: removal of superoxide
Superoxide dismutase [Cu-Zn] 2
radicals (GO:0019430)
MF: superoxide dismutase
Superoxide dismutase [Fe]
activity (GO:0004784)
BP: cellular copper ion
Copper transport protein ATOX1
homeostasis (GO:0006878)
BP:copper ion transport
Hephaestin-like protein
(GO:0006825)
Probable copper-transporting
BP:detoxification of copper
ATPase HMA5
ion (GO:0010273)
BP:protein transport
Protein NBR1 homolog
(GO:0015031)
ABC transporter C family member BP: transmembrane transport
8
(GO:0055085)
CC: cytoskeleton
Actin, muscle
(GO:0005856)
CC: cytoskeleton
Actin
(GO:0005856)
CC: cytoskeleton
Actin-1
(GO:0005856)
CC: cytoskeleton
Actin-87E
(GO:0005856)
CC: cytoskeleton
Actin-1
(GO:0005856)
MF:actin binding
Actin-related protein 2
(GO:0003779)
MF:actin binding
Actobindin-A
(GO:0003779)

FPKM
FPKM Fold Change
Control Treatment
(FC)

p-Value

94.74

0

−4.08

6.79 × 10−4

77.17

0

−3.82

1.62 × 10−3

0.55

25.13

3.90

1.3 x10−3

6.68

82.63

4.36

2.5 × 10−4

12.32

82.56

4.17

5.0 × 10−4

47.45

0

−3.53

4.07 × 10−3

2.68

36.63

5.17

9.6 × 10−6

1.72

23.09

3.95

1.1 × 10−3

9.18

100.88

7.02

5.0 × 10−10

5.41

34.58

3.88

1.3 × 10−3

92.68

3.17

−4.37

2.34 × 10−4

7459.58

1584.51

−4.14

5.38 × 10−4

162.63

18.93

−3.80

1.72 × 10−3

1441.51

0.49

−6.70

3.39 × 10−9

13.44

218.38

4.98

2.2 × 10−5

0.55

46.29

6.28

4.0 × 10−8

5.49

234.97

6.19

6.6 × 10−8

FPKM = Fragments per kilobase of transcript per million mapped reads. FC = Fold Change, based on the log2 FC value.
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4.4. Discussion
High levels of Cu affect key processes in plant development and growth, including the
uptake of micro- and macronutrients, the reduction of pigment contents altering the
photosynthesis process, and root expansion (Lillo et al., 2019; Zhang and Li, 2019).
However, some plant species have a wide range of mechanisms to deal with metal stress
and stop or at least diminish its deleterious effects on cellular processes (Shabbir et al.,
2020). Our study evidenced a noticeable difference in the transcriptomic response of root
organs in comparison to shoot tissues in I. cylindrica growing under Cu stress conditions.
Our results support that the root and rhizome are the main organ responsible for the
tolerance to toxic Cu levels. Moreover, the PC analysis evidenced the homogeneity in the
root organs according to the Cu treatment, which allowed it to separate into two clearly
defined groups for Cu supply and control condition. This also supports the further
homogeneity in the shoot samples irrespective of the Cu treatment (Figures 2 and 3).
These results are in agreement with previous report by Vidal et al. (2020), where high
concentrations of Cu (> 300 mg kg−1 DW) were reported in root organs of I. cylindrica,
compared to values about 10-fold lower in shoot tissues. The Cu uptake and accumulation
firstly occurs at a great magnitude in the root organs, therefore producing a low rate of
translocation to shoots (Zlobin et al., 2017; Ghazaryan et al., 2019). Previous reports on
Elsholtzia splendens and Bambusoideae plants showed that the majority of absorbed Cu
is accumulated nearby the root rhizodermis as a layer (Blanche et al., 2014; Xu et al.,
2014). Meanwhile, other studies in Oryza sativa and Commelina communis evidenced a
major Cu accumulation in the vascular tissues at the root level (Shi et al., 2011; Lu et al.,
2017). Here, DEGs in shoots suggested that high levels of Cu in I. cylindrica rhizosphere
generate principally a down- regulation of genes involved in transport processes. Among
them is the gene encoding for protein sulfur deficiency-induced 1, involved in the
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utilization of stored sulfate under sulfur-deficient conditions (Howarth et al., 2009).
Additionally, genes encoding for phosphate transporter PHO1–3, inorganic phosphate
transporter 1–11, were downregulated. In the case of genes encoding for phosphate
transporters, plants can induce the overproduction of these membrane proteins to facilitate
the introduction of inorganic phosphate (Pi) from the rhizosphere and thus satisfy
biological demand during signaling and energy processes (Lira et al., 2019). In addition,
gene encoding for vacuolar iron transporter homolog 1 was also down regulated in the
Cu treatment. These results suggest that excess of Cu in plants produces an alteration in
the transport of other essential nutrients mainly in the shoots. Noticeably, in the Cu time
exposure here used (21 days) typical deleterious damages (such as chlorosis, necrosis,
and death, among others) associated to nutrient deficiency were not observed. The
architecture of this species could be in part responsible for this visual observation, since
the presence of rhizomes can allow the preferential Cu accumulation in underground
tissues and concomitantly act as a source of nutrients for the functioning of the shoots.
However, this hypothesis must be further studied, including a series of chemical,
morphological, omics, and ultrastructural tools to decipher whether the acquisition of
nutrients by the plant increased or decreased under Cu stress.
Exposure to toxic Cu levels induces the formation of reactive oxygen species (ROS)
inside plant cells, which leads to an imbalance in redox homeostasis (Ameh and Sayes,
2019; Jaime-Pérez et al., 2019). The accumulation of ROS generates increasing oxidation
of tissue components that can switch on a multitude of damaging effects, including injury
of membranes, nucleic acids, proteins, and carbohydrates (Shahid et al., 2014), finally
causing the death of the organism (Quartacci et al., 2001; Marschner, 2011). However,
plants can face these negative effects through intracellular mechanisms, being the
antioxidant mechanisms the first line of action against this stress.
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A response of down-regulated and up-regulated genes with SOD function was evidenced
in the root transcriptome of I. cylindrica when the Cu treatment was used in the substrate.
The presence of SOD is a common response to oxidative stress in all the plants, where
these antioxidant enzymes act in the control over cellular level of free radicals (Apel and
Hirt, 2004; Gong et al., 2019), decreasing the cellular damage caused in this case by the
Cu ions excess and alleviating Cu toxicity (Buapet et al., 2019). The down-regulated
genes here found were the SOD [Mn], which codifies for an enzyme with mitochondrial
localization, and the extracellular SOD [CuZn]. Contrastingly, the SOD up-regulated
genes identified by Cu addition were the cytosolic SOD [Cu/Zn] and the chloroplastic
SOD [Fe] (Basu et al., 2001). These results suggest the presence of an efficient
mechanism of regulation involving both an intra- and extra-cellular level, mainly
associated with the Cu localization, which could be mediated by the damage generated in
each individual organelle. Meanwhile, contrarily to the regulation of ion transporter genes
that occurred in shoots, in I. cylindrica root was evidenced a variety of these up-regulated
genes, and only one down-regulated gene was identified. Genes encoding for Hephaestinlike protein and ABC transporter C family member 8 were part of this group. Hephaestinlike protein may function as a ferroxidase and may be involved in Cu transport and
homeostasis; moreover, ABC transporter belongs to a large protein family that in plants
are involved in the transport of a range of essential and PTEs (as Cu+2, Zn+2, Cd+2,
Pb+2) across cell membranes (Yruela, 2005; Gronberg et al., 2016; Ghazaryan et al.,
2019). The Probable copper-transporting ATPase HMA5, in turn, plays a key role in
transmembrane Cu transport and is specifically induced by Cu in plants (Andrés-Colás,
et al., 2006). Moreover, studies in Oryza sativa demonstrated that this gene is involved in
the loading of Cu to the xylem in roots and other organs (Deng et al., 2013), playing a
key role in the Cu accumulation in root organs, which agrees with other observations by
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Vidal et al. (2020). The joint up-regulation of these genes demonstrated their importance
in the Cu detoxification process in the plant roots, since these transporters take Cu ions
from the soil, further distributing among plant organs and finally compartmentalize into
subcellular organelles in the cell (Xie et al., 2015).
Among the DEGs in the root, an abundant group was formed by genes associated with
the conformation and regulation of the cytoskeleton. This battery of genes included: actin,
actin-1, actin-87E, actin related protein 2, and actobindin-A, among more than 100 other
genes involved in structural function in the cell. Actin is the protein constituting the
cytoskeleton microfilaments. Exposure to higher Cu levels can interfere with tyrosine
phosphorylation of actin molecules, which is one of mechanisms of actin filaments
depolymerization (Fagotti et al., 1996). Meanwhile, the cytoskeletal microtubules
composed are dynamic and their polymerization/depolymerization cycles are affected by
many factors, such as temperature, drugs, metallic ions presence, or even other
compounds able to increase the ROS as herbicides (Schroer, 2001; Rodríguez-Serrano et
al., 2014; Hepler and Hush, 2016). Studies about the effect of metals on the conformation
of the mussel hematocyte cytoskeleton suggested that metals such as Cd and Cu could
directly bind to cytoskeleton proteins followed by denaturation (Matozzo et al., 2001).
Another study by Jia et al. (2020) showed how the Cu-oxide nanoparticles altered the
cytoskeleton conformation in roots of Arabidopsis thaliana. In this case, the Cunanoparticles could conjugate with actin protein, inhibiting actin polymerization and
concomitantly promoting its depolymerization. These antecedents could explain the high
number of DEGs associated with the cytoskeleton, which would initially be acting as a
target site of Cu-binding and then would be fragmented. The latter can generate the need
for resynthesize these molecules and to ensure the structural and functional integrity of
the cell. In this way, Xu et al. (2009) concluded that although the cytoskeleton is primarily
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responsible for Pb/Cu-associated toxicity in plants, it can also be responsible for the
tolerance. To date, there are few studies examining the behavior of the cytoskeleton
against high concentrations of Cu in plants, but this behavior can represent a target
mechanism to search in potential plants oriented to the remediation by using PTEphytostabilization. For this reason, it is necessary to continue investigating and
integrating molecular and microscopic techniques to elucidate whether the cytoskeleton
is indeed acting as an (indirect) mechanism of Cu tolerance, but also representing an
efficient mechanism for the PTE stabilization in root organs of metallophyte.

4.5. Conclusion
Differential expression analysis using the de novo transcriptome of Imperata cylindrica
plants growing under Cu stress generated the identification of a large number of genes
involved in the Cu tolerance response, especially in root organs. Our results strongly
support the importance of the root organs of I. cylindrica as the main responsible for Cu
tolerance and as a sink that ultimately produces the metal bioaccumulation. Moreover,
some genes with structural function in the cytoskeleton are also proposed as an interesting
mechanism for reducing the Cu toxicity, presumably through the Cu-binding to actin
microfilaments and microtubules. The latter is especially important if phytostabilization
programs are planned using Cu-tolerant metallophytes, in which case I. cylindrica
emerges as an ideal candidate. Nevertheless, more in-deep studies are necessary to
validate this hypothesis.
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CHAPTER V
“General discussion and concluding remarks”
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5.1. General discussion and future perspectives
In the north and central region of our country large areas of soil are Cu-contaminated, due
to the mining exploitation (Aponte el al., 2020b). Despite Cu is an essential micronutrient
for plants, although it is also potentially toxic above supra-optimal levels. The high Cu
concentrations in soil reported by various authors (Cornejo et al., 2008a; Gonzalez et al.,
2008) have generated an impoverishment in the vegetation cover, limiting the presence
of plant species that inhabit this ecosystem. Nevertheless, the analysis of the response of
Cu tolerance in metallophyte plants represents a current great opportunity to acquire
sufficient knowledge to be used in future bioremediation plans of Cu-contaminated
environments, especially considering the endemic or native metallophyte flora.
According to these assumptions and the need to find a solution to the serious problems of
soil contamination by PTEs, we studied the response to Cu stress and the molecular
mechanisms associated to Cu tolerance in Imperata cylindrica, a metallophyte widely
distributed in the Puchuncaví valley.
Several studies have characterized the main mechanisms of Cu tolerance in plants,
highlighting the antioxidant response and the metalloproteins how the most common
response to Cu stress (Shabbir et al., 2020). Here, we firstly analyzed the Cu accumulation
in I. cylindrica plants growing under Cu stress and evaluated the antioxidant response of
phenolic compounds in shoots. Our records showed that the plants exposed to 300 mg kg1

Cu in substrate accumulate a rate of 328 mg Cu kg-1 dry weight in root organs after 21

days of Cu supply. This high rate of Cu accumulation in roots was concomitant with a
low translocation to shoots, keeping the concentrations in the aerial zone within a range
of 20-30 mg kg-1 (Marschner, 2011), near to optimal conditions for most plant species,
presumably as a strategy to avoid damaging photosynthetic functions. This behavior has
been also reported in other species such as maize and Arabidopsis thaliana, where the Cu
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uptake of oxide nanoparticles also caused a slight Cu accumulation in shoot (Wang et al.,
2012; Jia et al., 2020). Otherwise, the antioxidant response of phenolic compounds in I.
cylindrica shoots it allowed us to identify 6 compounds, including anthocyanins,
flavonoids and hydroxycinnamic acids. As remarkable result, the quantification of these
compounds in the treatment with Cu supply, showed a significant increase in most of
them, demonstrating that the overproduction of phenols would be acting as an effective
antioxidant mechanism in response to Cu-stress. In addition, a great production of 5caffeoylquinic acid was evidenced in shoots with and without Cu treatment. This
hydrocinamic acid with great antioxidant power has also been studied for its ability to
inhibit protease-type enzymes. Undoubtedly, these results strengthen our interest in the
implementation of I. cylindrica as Cu-phytostabilizing agent and generate special
attractive in its aerial tissue, which could eventually be cut and used in other processes
thanks to its high content of 5-caffeoylinic acid. This characterization also helps us to
define the sampling time where the response to Cu stress was most evident in the as a
proxy for the next step using transcriptomic tools. Under the study conditions, this time
was 21 days after the Cu supply.
Further, in the second study the genetic response of I. cylindrica exposed to Cu
stress was explored. Using RNA-Seq techniques shoots and roots of I. cylindrica exposed
by 21 days to an initial supply of 300 mg Cu kg-1 in the substrate were sequenced and
analyzed. The results showed a significant number of differentially expressed genes
(DEG) in roots (7386) in contrast to the shoots, where the DEG were significantly less
(36). These data support our previous results regarding the Cu accumulation in root
organs; reinforcing, the roots of I. cylindrica is the target site mostly used for Cu
accumulation irrespective of the stress response by the plant, which exerts a strong
antioxidant response even at the shoots. Undoubtedly, this great difference in the response
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to Cu-stress in I. cylindrica tissues may be associated with that the rhizomes generate a
great growth in volume and unfold underground in the soil, generating the development
of new shoots, precisely this exploration characteristic at the rhizosphere level, could be
the one that allows it to act as the first barrier against damage by excess Cu, allowing a
great rate of accumulation and only a low translocation to the aerial part that would be
highly affected mainly at the photosystem level. This accumulation of EPTs in roots and
rhizomes of I. cylindrica has been previously reported for Fe where also the translocation
rate to aerial tissue was significantly lower (Fuentes et al., 2015).
The DEGs analysis showed that among the up-regulated and down-regulated
genes in the roots, some genes with superoxide dismutase function and metal transporters
were found, both belonging to tolerance mechanisms in plants widely described and
previously mentioned in chapter II. Besides, interestingly highlights a very abundant
group formed by genes associated with the conformation and regulation of the
cytoskeleton. This battery of genes included Actin-1, Actin-related protein 2, ActobindinA, Coactosin, Gelation factor, Myosin-2 heavy chain, Tubulin beta chain and Tubulin
beta-1 chain, among other 100 genes involved to structural function at the sub-cellular
level. Similar results were shown in Arabidopsis thaliana roots exposed to Cu oxide
nanoparticles, where the actin cytoskeleton network was strongly affected (Jia et al.,
2020). In general, our results showed that effectively high Cu concentration in the growth
substrate will generate an up-regulation of genes related to Cu tolerance in plants of I.
cylindrica, mainly superoxide dismutase genes and metals transporters in roots tissue.
However, the transcriptome analysis also revealed a marked up-regulation of
cytoskeleton conformation genes in roots tissue. This finding leads us to presume that the
interaction of Cu with the components of the cytoskeleton is of first level of importance,
which is supported by the high levels of Cu detected in the vascular cells in roots using
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X-ray fluorescence coupled to SEM (Vidal et al., 2020). On the other hand, and contrary
to expectations, genes coding for metallothioneins or phytochelatins were not found
among the genes differentially expressed in root or shoot, these results could be due to a
non-existent annotation of these genes in the databases for this species and
phylogenetically close species to I. cylindrica.
Undoubtedly, it is necessary to follow deeply investigating the behavior of the
cell-root cytoskeleton to verify at the ultrastructural level the results displayed by the
differential expression analysis in plants of I. cylindrica. Furthermore, it would be
interesting to analyze the response of Cu-tolerance in the plant subjected to higher
concentrations of other potentially toxic metals, since in the natural environmental
conditions it is assumed the presence of multi-contamination. Likewise, it would be
remarkable to study the use of AM fungi as an inoculant for plants of I. cylindrica, since
as has been verified in several studies, these microorganisms can enhance the
performance in the plant, increasing their phytostabilization capacity in addition to having
their own tolerance mechanisms against at high concentrations of Cu (Meier et al.,
2012b). In addition, this quality of I. cylindrica, Cu-phytostabilizing at the root level,
makes this species an ideal candidate in the approach of new technologies such as the
rhizofiltration of PTEs in soilless systems, thanks precisely to its efficient radical
development. These systems, which can increase the efficiency of water-usage while
maintaining its quality, should be more intensively implemented in any scale to support
bioremediation an including more environmentally sustainable tools (Agung-Putra and
Yuliando, 2015). Definitely, these studies could contribute in an important way to
reinforce our results and eventually allow restoring either in the short or long term the
quality of soils damaged by the Cu accumulation, especially in the current Chilean
scenario, where the Cu production still remains as the most important economic activity.
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5.2. Concluding remarks
- Our research showed that Imperata cylindrica metallophyte is a Cu-phytostabilizator
specie, being the roots and rhizomes the main organs of accumulation. Moreover, the rate
of Cu accumulation in the root, under our experimental conditions allows us to classify I.
cylindrica as a species with a medium level of Cu accumulation.
- The transcriptomic analysis here performed revealed that the genes associated with Cu
tolerance mechanisms in plants encoded mainly superoxide dismutase enzymes and metal
transporters in I. cylindrica roots.
- The cytoskeleton could be the primary mechanism responsible of Cu-binding in the root
resulting in an efficient Cu-tolerance response in this metallophyte specie.
- This thesis project contributes to the search for potential endemic or native plant species
as possible phytostabilization tools to be used in the restoration of several Cu
contaminated environments in large areas from north and central Chile.
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