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Abstract 

Due to its exceptional toxicity to all biological systems, cadmium (Cd) is a heavy metal (HM) 

frequently released into the environment by both natural and man-made sources and is 

particularly pervasive in soils competing with the plant for nutrient uptake. In contrast to 

organic pollutants, HMs are non-biodegradable and tend to accumulate in living organisms. 

For these reasons HMs and specifically Cd are dangerous even at low concentrations as they 

can result in micronutrient deficiencies. This impactful problem of HM pollution in 

environment is a significant risk to public health worldwide. Populus alba has been identified 

as a promising phytoremediator due to its ability to withstand various HMs, employing 

different tolerance and detoxification mechanisms, including the production of phytochelatins 

(PCn), which are cysteine-rich oligopeptides synthesized from glutathione (GSH) by the 

enzyme phytochelatin synthase (PCS). The principal mechanism of intracellular HMs 

detoxification involves the formation of PCn-HM complexes, which are then sequestered in 

the vacuole for detoxification.  

To investigate the thiol-peptides role in  Populus alba HM detoxification, we developed an 

HPLC-MS/MS method for quantifying GSH and PCn in plant matrices under CTRL and Cd2+-

stressed conditions. The first experimental setup provided the evaluation of biometric 

parameters, fluorescence and photosynthetic efficiency, and thiol-peptide quantifications in 

Populus alba plants exposed to high Cd2+ stressed conditions (50 and 100 μM CdSO4) in a 

woody plant solid medium with vitamins (pH 5.85) for two months. To assess short-term 

responses of Populus alba, a second set of experiments was conducted: one-month-old plants 

were transferred to Gamborg’s B5 liquid medium (pH 5.85) containing various concentrations 

of CdSO4 (5, 10, 20, 36 μM) for exposure durations of 24-48-72 hours. The plants' shoots and 

roots were sampled and analysed to assess GSH and PCn levels at different exposure times and 

Cd2+ concentrations. Concurrently, the growth medium was analysed to track the potential 

expulsion of GSH and PCn- Cd2+ complexes from the roots. Preliminary results indicated an 

increase in both intracellular and extracellular GSH and PCn concentrations, which correlated 

with longer treatment durations and higher Cd²⁺ concentrations. At the same time, to investigate 

whether thiol-peptide release observed in complex plants also occurs in simpler cellular 

organisms, we used immortalized Arabidopsis thaliana cells as a model. Cells were exposed 

to control conditions and varying concentrations of Cd²⁺ (10, 20, and 36 µM) for 48 and 72 

hours. Analytical evaluation of GSH and PCn demonstrated that eukaryotic cells effectively 

employ defence mechanisms against HM stress. Notably, at 20 µM Cd²⁺ after 48 hours, 



significant thiol-peptide production was observed both intracellularly and extracellularly. 

To investigate the release of thiol-peptides into the extracellular environment an inhibition 

study of hypothetical plasmalemma membrane PCn/ PCn- Cd2+ transporters was conducted. 

This study highlights a remarkable ability of Populus alba to tolerate Cd stress, through the 

investigation of its detoxification mechanisms. Notably, the focus on PCn revealed their dual 

role: not only they chelate Cd at the intracellular level, but they also contribute to the formation 

of an extracellular barrier, further protecting the plant from metal toxicity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1. INTRODUCTION 

 

1.1 Heavy metals and cadmium stress in plants 

Heavy metals (HMs) are elements characterized by an atomic number greater than 20, an 

atomic density exceeding 5 g/cm³, and metallic properties. Transition metals, like cadmium 

(Cd), mercury (Hg), and chromium (Cr), elements in the bottom left section of the periodic 

table like lead (Pd) and tin (Sn), and certain metalloids like arsenic (As) are essentially what 

are referred to as HMs. The latter can be broadly classified into two categories: essential and 

non-essential HMs. The first ones are necessary for living organisms to perform fundamental 

processes such as growth, metabolism and organ development. Therefore, HMs such as iron 

(Fe), zinc (Zn), copper (Cu), and cobalt (Co), function as cofactors that support redox and 

protein structure processes, making them crucial for plant growth and development. The non-

essential ones are dangerous because they can bind to a variety of functional groups in 

biomolecules, including amino, carboxylic acid, and sulphur-containing groups [1]. Moreover, 

they compete with the plant for nutrient uptake, they are dangerous even at low concentrations 

as they can result in macronutrient deficiencies [2]. Increased HMs buildup results in acute 

toxicity, growth inhibition, and ultimately plant death [2]. In contrast to organic pollutants, 

HMs are non-biodegradable and tend to accumulate in living organisms [3] and the pervasive 

problem of HM pollution in the environment is a significant risk to public health worldwide. 

Reports indicate that 20 million hectares of China's farmland, constituting roughly 20% of the 

nation's total agricultural area, are affected by HM pollution, notably Cd, Pb, As, and Hg. 

Within this affected area, 14,000 hectares are particularly afflicted by Cd contamination [1,4]. 

Groundwater, agricultural products, and crops alike will soon suffer the far-reaching 

consequences of the presence of Cd in soil [5]. Pollution of the environment by HMs can result 

from both natural processes and human activities. Among the latter, the primary artificial 

causes of soil contamination include farming practices, urban sprawl, industrial operations, 

mining activities [6] and the expansion of transport infrastructure [7]. Industrial operations 

contribute to ecological pollution since HMs and their numerous chemical combinations are 

frequently employed as catalysts in chemical reactions. Transportation wise, the emission of 

gases from tires, brakes, and gasoline fuel have shown to be the main contributors of Pb and 

Cd emissions to the air due to the increased traffic [8]. Mining activities, though less directly 

linked in some regions, can still impact soil quality indirectly. For instance, agricultural goods 

grown in roadside fields often exhibit higher levels of HM contamination than crops from other 



areas, likely due to atmospheric deposition of pollutants [9]. Additionally, mining operations 

themselves exacerbate soil pollution through windborne metal particles and the transportation 

of minerals, further degrading the surrounding environment [10]. The proximity to mines can 

amplify HM accumulation in soil, influenced by climatic factors that enhance metal 

mobilization [10,11]. The expanding trash mounds have a negative effect on the surrounding 

areas of mining and potentially transform some agricultural regions into wasteland [12]. 

Besides, one of the primary causes of ecological contamination of these areas is the water 

utilized in the mining process. People living close to mines suffer from a variety of autoimmune 

and non-autoimmune disorders that can be fatal due to toxic HMs in the surrounding soil [12]. 

Furthermore, human-induced soil modifications, such as the standard agricultural methods 

used in different areas, cause crops to take in HMs. The most common causes of liquid-induced 

HM environmental pollution are the application of phosphate fertilizers and the irrigation of 

agricultural lands with dirty water [13]. 

One trace element that is not necessary for biological systems yet is present in large quantities 

in the environment is Cd. Due to its exceptional toxicity to all biological systems, Cd is a HM 

frequently released into the environment by both natural and man-made sources [14]. For these 

reasons, it is considered a major metal pollutant [15,16]. Cd and its compounds are soluble, 

making them more mobile than other metals in environmental matrices. They also have high 

bioavailability, which makes them easily absorbable by plants. Once inside the plant, Cd can 

interfere with important physiological processes [17,18]. Given that Cd is highly toxic, this 

poses a significant risk to human health, leading to cancer and extensive environmental harm 

[19]. According to numerous studies, dumps often contain Cd levels exceeding the permissible 

limit in soil [20–23]. With a global mean of 0.36 mg/kg, Cd usually occurs in soils at amounts 

ranging from 0.01 to 1 mg/kg [16], and can be found in soil water at up to 5 μg/L [24] and 

groundwater at up to 1 μg/L [25]. Increases in Cd concentrations in soils and groundwater, 

which are crucial for preserving a wholesome food supply and clean drinking water, can come 

from both natural and man-made sources. The WHO Guidelines for Drinking-Water Quality 

recommend a maximum value of 3 μg/L for Cd. The potential for Cd accumulation in plants to 

transfer to humans via the food chain, causing serious harm, is a nowadays a considerable 

concern [26,27]. Due to competition with calcium (Ca) and other nutrients, chronic Cd 

poisoning, also known as itai-itai disease and initially identified in Japan in the early 20th 

century, results in renal tubular dysfunction, osteomalacia, and osteoporosis [28–30]. 

According to Khan et al. 2017 [30], Cd exposure is also linked to problems with glucose 

metabolism, lung and breast cancer, myocardial infarction, and heart failure. 



1.1.1 Effects of Cd in plants 

Crops, agricultural goods, and groundwater are significantly affected by Cd, [5] a trace element 

that is not necessary for plant growth, although it does accumulate in all sections of plants after 

absorption [2,31]. First signs of Cd toxic effects on plants include browning of the roots, a 

decrease in the number of lateral roots, and death of the tips of the roots due to inhibition of 

roots growth. Furthermore, accumulation of Cd could result in stem development retardation, 

terminal leaf chlorosis, and leaf curl [32,33].  

By substituting the sulphydryl groups of proteins and enzymes, Cd replaces the essential 

elements of enzyme active sites needed in biological reactions. It also modifies macromolecule 

conformation, causes protein denaturation, and deteriorates cell membranes. The plant defence 

system reacts to the entry of Cd into plant cells by accumulating proline [34–36], variations in 

the synthesis and levels of phytohormones [37–39], and the initiation of several signaling 

pathways, including the Ca-calmodulin pathway as well as the activation of various antioxidant 

enzymes [40,41].  

Cd significantly increases the production of reactive oxygen species (ROS) after binding with 

proteins and enzyme complexes which leads to oxidative stress [42,43]. Reactive nitrogen 

species (RNS) and ROS are byproducts of regular cellular metabolism, known to play two 

distinct roles in biological systems [44]. High ROS levels cause the cell to arrest and eventually 

become necrotic or apoptotic, whereas low ROS levels accelerate the cell cycle's progression 

[45]. The toxicity due to elevated ROS concentrations reflects the oxidation of proteins, DNA, 

and membrane lipids, as well as the breakdown of polyphenols, catecholamines, and thiols. 

Previous reports highlight ROS dual function in plant defence systems as a signalling molecule 

and as a source of toxicity [46,47]. According to multiple studies [48,49] these molecules are 

produced by the Fenton or Haber-Weiss reaction, respiratory burst oxidase homologs (also 

known as NADPH oxidases), and the inhibition of antioxidative enzymes, such as oxidases and 

peroxidases. The cell has evolved a sophisticated antioxidant system that may shield biological 

molecules from potentially hazardous, purely physiological, species-producing oxidative stress 

through both enzymatic and non-enzymatic methods. Proteins like catalase (CAT), glutathione 

peroxidase (GPx), ascorbic acid (Vitamin C), ϱ-tocopherol (Vitamin E), glutathione (GSH), 

carotenoids, flavonoids and others antioxidant agents are part of enzymatic defence system 

[50] (Figure 1). 



 

 

 

 

 

 

 

 

Figure 1. Toxic effects of Cd in plants. Induction of oxidative stress leading to ROS generation, resulting in cell 

membrane damage, protein oxidation, and degradation, with effects on gene expression. Cellular responses to 

Cd entry include activation of defence system, as well as chelation, sequestration, and translocation of the HM. 

 

 

 

 

 

 

 

 

 

 

 

 

 



1.2 Molecular responses and mechanisms against heavy metal toxicity  

Different plant species are affected by nutrient variance under Cd stress [15,51,52]. Certain 

molecular alterations control Cd mitigation, tolerance, and adaptation, including the 

overexpression of specific genes. It has been observed that the natural resistance and 

macrophage proteins (NRAMPs), the iron-regulated transporter-like proteins (IRTs), zinc-

regulated transporter-like proteins (ZIPs), the zinc-regulated transporter-like proteins (HMAs), 

and the metal tolerance or transporter proteins (MTPs) play roles in the uptake, translocation, 

and sequestration of Cd within plants [53]. Jia et al. 2019 [54] revealed that a high concentration 

of Cd (6.5 µM Cd) increases the expression of genes (SlQUA1 and SlPME1) associated with 

pectin synthesis in the cell walls of tomatoes, leading to an increase in pectin methyl esterase 

activity and ion binding sites, which counteracts Cd stress. Additionally, Song et al. 2017 [55] 

demonstrated that overexpression of AtFC1 in A. thaliana enhances Cd accumulation and 

tolerance under Cd exposure. Conversely, genes like HvIRT1 and HvNramp5 in barley [56] 

downregulate Cd uptake, while lower expression of HMA-A, HMA-B, IRT1, and ZIP1 in 

tobacco leads to reduced Cd accumulation [57]. Genes such as ZIP2, ZIP3, IRT1, HMA2, and 

HMA4 and CAX4, HMA3, MRP7, MTP3, and COPT5 are overexpressed in Pak choi (B. rapa) 

grown in sand artificially contaminated with 10 mg Cd Kg-1 [58]. Other studies on the response 

to Cd stress have been conducted in rape, A. thaliana, maize, rice, and other crops [59,60]. 

NcNramp1 was shown to be crucial for the process of plant absorption and accumulation of 

ionic form Cd2+ when transcriptome technology was used to examine N. caerulescens under 

Cd stress in various genotypes [61].  

As a result of the significant toxic impact on plant growth and development, plants have 

evolved a variety of tolerance and detoxification strategies to control the uptake, transportation, 

and accumulation of Cd and lessen its toxicity [62]. The plant root hairs, along with the cuticle 

and epidermis, produce protective tissue to keep Cd out [63]. They also release organic acids, 

including citric, malic, and lactic acids, which mix with Cd to form compounds that prevent 

Cd from passing through membranes. In order to reduce the quantity of Cd that migrates from 

the soil into the root, they also modify the pH and EH of the rhizosphere [64]. Furthermore, to 

reduce the toxicity of Cd to cell activity, Cd that does enter cells will be enriched in vacuoles. 

This enrichment occurs due to the ability of polysaccharides and proteins in the cell wall to 

bond with the metal and prevent it from entering the cell [65].  

Plants, particularly the hyperaccumulator ones, react in different ways to the toxicity of HMs, 

including Cd. HM chelation utilizing peptide ligands called phytochelatins (PCn) is one of the 



novel defence mechanisms [66]. These peptides are primarily composed of (c-Glu-Cys)n-Gly, 

with (2<n<11), although other PCn structures such as (c-Glu-Cys)n-Glu, (c-Glu-Cys)n-Ser, 

and (c-Glu-Cys)n-c-Ala have also been identified [67,68]. PCn are synthetized from GSH by 

the activation of the enzyme phytochelatin synthase (PCS), a γ‐EC dipeptidyl (trans)peptidase 

that is constitutively expressed in the plant cytosol [69–71]. Synthesized PCn can form a 

complex with Cd, referred to as a chelator-Cd complex. Intracellular Cd promotes PCS activity, 

and the subsequent metal-induced production of PCn allows the intracellular Cd detoxification 

[72]. Indeed, the PCn complex aids in transporting Cd from the cytosol into the vacuole, where 

it becomes inactive [73,74] (Figure 2).  

 

 

 

 

 

 

 

 

 

 

Figure 2. The Cd-PCn complex. Cd influx into cells induces overexpression of PCS and involves glutathione in 

PC2 formation, resulting in the synthesis of other PCn. This production of PCn leads to cadmium chelation, and 

the complex is transported to the vacuole for detoxification or removed from the cell via membrane transporters 

and efflux pumps. 

 

A study reports the exogenous presence of GSH to reduce Cd translocation to shoots and 

enhance Cd accumulation in B. campestris roots treated with 20 mM of Cd [40]. According to 

the authors, exogenous GSH promotes the synthesis of PCn by increasing Cd chelation and 

facilitating its translocation into the root vacuoles. In fact, recent studies [72,75–77] confirm 

that the exposure to Cd raises GSH levels in addition to activating the constitutively expressed 



enzyme PCS in M. polymorpha (MpPCS), which significantly increases the amount of PCn 

generated overall. Particularly, a detailed gene expression analysis confirmed the constitutive 

transcription of MpPCS, indeed Cd is able to induce the activity, but not the gene expression, 

of the enzyme [72]. As a result, PCn synthesis is essential for plant detoxification and tolerance 

to high Cd concentrations. Another notable instance is seen in rice plants, where PCn increase 

by 23% and 47%, respectively, in response to 1 and 2 mM Cd [78]. Similarly, B. auriculata 

treated with 125 mM of Cd showed similar outcomes [70]. In response to metallic 

micronutrients including Fe, Zn, Cu, and the hazardous element Cd, PCn activation has recently 

been found in tracheophytes (mostly in angiosperms), as well as bryophytes and charophytes 

[79–81]. Therefore, M. polymorpha may be a great model organism to study the cellular and 

molecular mechanisms involved in Cd detoxification. Studies examining how metal 

detoxifying mechanisms evolved from aquatic to terrestrial environments can benefit greatly 

from the study of bryophytes. Not to mention, these plants do not form strong hydrophobic 

barriers, have a very high surface/volume ratio, an elevated cation exchange capacity, and are 

hence more susceptible to unrestricted, seemingly uncontrolled metal absorption [18,82]. 

Consequently, bryophytes have been employed as a crucial biological monitoring system for 

metal environmental pollution because of their widespread distribution [82–84]. Additionally, 

a study conducted by Bellini et al. 2020 [85] examined the medium acidification of this 

liverwort and its thiol-peptide synthesis (GSH, PCn) following a 72 h exposure to Cd. The loss 

of selective permeability, a well-known property of biological membranes, can lead to swelling 

or shrinking of cell compartments due to HM-induced membrane damage or energy loss. 

Moreover, changes in chloroplast ultrastructure have been linked to HM concentrations in 

studies conducted both in field and in vitro on bryophytes [83,86]. L. riparium has been 

explored whether this moss could be suitable for biomonitoring in natural field conditions. 

Recent works showed that Cd exposure severely affected the amount of photosynthesis, PCn, 

GSH, and nitrogen metabolism in L. riparium plants. Nitrogen (N2) and Cd metabolism are 

known to be closely correlated [87–90]. N2 is typically associated with the abiotic stress 

response because it competes with essential reductants required for antioxidant responses, 

particularly in the presence of metals and metalloids [89,91]. High N2 levels promote the uptake 

of Fe, Zn, Cu, Ca, Hg, and other cations in certain plants [90]. Instead, the activity of glutamate 

dehydrogenase, another important enzyme involved in abiotic stress, is reduced because it 

serves as a substitute route for assimilating N and detoxifies excess NH4 that is produced under 

stressful circumstances [91,92]. On the other hand, several major crops such as rice, beans, 

peas, and corn exhibited reduced glutathione synthase (GS) activity in response to HM uptake 



[93,94]. Research conducted by Maresca et al. 2022 [95] demonstrated that L. riparium has a 

natural tendency to increase the occurrence of GS2 proteins. Cd exposure causes the metal to 

be chelated in the roots and transferred to the shoots via GSH and PCn [90]. Maintaining this 

chelation mechanism, which controls the amount of GSH and non-protein thiols, as well as the 

expression of PCS and GSH synthase genes, requires a sufficient absorption of N2 [90]. 

 

1.2.1 Role of GSH in mitigating Cd-induced abiotic stress 

Due to the implication of GSH in mitigating HM stress, which is linked to its involvement in 

PCn synthesis, it is relevant to deepen our understanding of GSH response during abiotic stress. 

Two ATP-dependent enzymes, glutamate-cysteine ligase (GSH1, previously known as γ-

glutamylcysteine synthetase) and GSH synthase (GSH2), sequentially synthesize GSH from its 

three amino acid building blocks [96]. The first enzyme, GSH1, conjugates Cys and Glu to 

produce the dipeptide γ-glutamylcysteine. The second step is catalysed by GSH2, which joins 

Gly to γ-glutamylcysteine to generate GSH. Growth and viability are restored when cytosol-

specific GSH2 is added to the seedling-lethal GSH2 mutant strains. Therefore, for normal plant 

growth, cytosolic production of GSH alone is sufficient [97]. Although both GSH1 and GSH2 

are relatively widely expressed in plant tissues, biotic stressors such as methyl jasmonate and 

high light [98], as well as abiotic stresses like HM [99,100], but not H2O2 or oxidative agents 

[99], increase transcriptional levels of both GSH1 and GSH2. Its homodimerization is therefore 

thought to increase enzyme stability by shielding sensitive regions [101]. Since the chloroplast 

is home to GSH1, the redox state of this organelle plays a crucial role in controlling the 

synthesis of GSH. Due to the inherent instability of oxygenic photosynthesis, chloroplasts are 

highly reactive to unfavourable environmental conditions, which subsequently provides quick 

responses to abiotic and biotic challenges [102]. The recognized function of GSH in 

maintaining intracellular redox homeostasis largely depends on the redox control of GSH 

biosynthesizing enzymes. Indeed, oxidative stress-induced metabolic circumstances create a 

demand for GSH and the production of its oxidated form GSSG, while also promoting GSH 

synthesis through the post-translational activation of GSH1. Consequently, elevated GSH 

levels establish a reducing environment, triggering a regulatory feedback loop to slow down 

GSH synthesis and decrease GSH1 activity. The activity of the sulphate assimilation pathway 

also influences GSH synthesis [103]. Cys serves as the initial organic product of sulphur 

assimilation in plants, and thus, its availability plays a crucial role in determining GSH 



production [103,104]. Consequently, several regulatory mechanisms influence the GSH 

biosynthesis process. Various environmental conditions and stresses impact the coarse control 

of GSH1 and GSH2 expression. Additionally, precursor availability affects the system's 

activity, and a redox mechanism that considers feedback information finely regulates GSH1 

activity. Currently, it remains uncertain whether a redox-coupling mechanism is necessary for 

the transformation of GSH1 from its oxidized to reduced form. The redox state of GSH, along 

with its cellular concentration, plays a critical role in mediating and finely regulating 

metabolism and stress responses. The flavoenzyme NADPH-dependent GSH reductase (GR) 

efficiently regenerates GSSG to GSH and permits recurrent redox cycling. In order to sustain 

fundamental functions in the cytosol, mitochondria, and chloroplast stroma in the light, GR 

contributes to the maintenance of a negative EGSH (i.e., high GSH/GSSG). Gill et al. 2013 

[105] conducted a thorough literature analysis about GR genes and found evidence that a 

variety of abiotic stressors, including exposure to HMs, including Cd, salt, drought, UV 

radiation, and cold temperatures, boost GR activity in many plant species. Moreover, several 

stress-tolerant plants exhibit significant GR activity [106]. Because of its effective ROS 

scavenging capacity, transgenic techniques to control GR activity in plants also demonstrate 

that increased GR activity significantly improves tolerance to oxidative stress brought on by a 

range of abiotic stimuli [105]. Two nuclear genes, GR1 (At3g24170) and GR2 (At3g54660), 

which both code for differently localized isoforms, are responsible for encoding GRs in A. 

thaliana. GR1 is more highly expressed in roots, while GR2 expression is more pronounced in 

photosynthetic tissues [98]. GR1 is localized in the cytoplasm, nucleus, and peroxisomes [107–

110] while GR2 targets mitochondria as well as chloroplasts [108]. 

 

 

 

 

 

 

 

 

 

 

 



1.3 Transporters involved in Cd detoxification 

There are various forms of Cd in soil, but many of them are not absorbed by plants [111]. For 

Cd to be absorbed, it must be available for uptake, which depends on the plant species, the 

physicochemical conditions of the soil, and the speciation of the metal [112,113]. 

A number of technologies have been developed to lower soil Cd levels. Phytoremediation, used 

by plants to absorb Cd and store it in easily harvested aerial sections of the plant, is one of the 

approaches [114]. The choice of appropriate plants that can grow in Cd-polluted soils and 

accumulate Cd in aerial parts is crucial to the effectiveness of phytoremediation. Over the past 

ten years, Cd hyperaccumulating plants have received attention [114], however, only a few 

plant species that can withstand high amounts of Cd have been identified, including A. halleri, 

N. caerulescens, and S. alfredii. 

Meighan et al. 2011 [115] found that herbaceous Cd hyperaccumulators had limited relevance 

for phytoremediation in Cd-polluted fields due to their slow development and low biomass 

output. The use of Populus species has been suggested as an alternative for phytoremediation 

because these woody species can be managed in short rotation coppicing plantations and are 

known for their fast growth and deep rooting systems [116–119]. 

Metal uptake is significantly influenced by root features such as surface area, size, and shape 

[113,120–124]. Furthermore, plants with thin, hairy roots have demonstrated high absorption 

and accumulation of metals [125]. In most cases, bivalent forms of trace elements are absorbed 

[126]. The same transporters that carry Ca, Fe, Mg, Cu, and Zn must carry Cd across root cell 

walls [15]. By passive transport (diffusion), Cd can move from the soil to plant roots through 

the cell walls [120,127]. Furthermore, studies have shown that Cd uses nonspecific membrane 

transport proteins (IRTs and ZIPs) and metal pumping ATPases to facilitate active transport 

across the plasma membrane of root cells [128,129]. Different transporters are used by plants 

to sequester metal ions inside organelles, whether in a free ionic state or as chelates. Plants can 

store extra metals in vacuoles when they are in neutral chelated forms. Long-distance 

transportation also makes use of chelated-metal forms. To lessen the harmful effects of metals, 

metal chelators can be proteins that bind to metals or other compounds such amino acids, their 

derivatives, or organic acids [130]. 

These metal chelators also exhibit antioxidant properties. By detoxifying metal ions, specific 

protein metal chelators like glutaredoxins (GRXs), metallothionins (MTs), and PCn, are 

essential in reducing the effects of metal stress-mediated oxidative damage [130]. Thereby, 

according to Kumar et al. 2020 [131], the overexpression of glutaredoxin CaGRX in chickpeas 



decreases the absorption of metal ions and boosts the ROS scavenging mechanism, thus 

mitigating metal stress. 

Transporters serve dual roles as receptors and transporters, known as transceptors, within the 

plant's sensory apparatus aimed at preserving metal homeostasis [132–135]. Transceptors have 

the capability to discern the availability of metal ions in soil and their scarcity within the 

cytosol, thereby orchestrating the regulation of metal ion uptake through low- or high-affinity 

transporters. This intricate process leads to a substantial decrease in metal ions, effectively 

maintaining metal homeostasis within plant cells through the expulsion and exclusion 

mechanisms facilitated by transporters. 

Among these transporters, Cd, Co, Fe, Mn, and Zn divalent ions are transported by IRT1. 

Within root cells, IRT1 acts as a transceptor within sensing and signaling mechanisms, 

prioritizing the sensing of Fe2+ above other ions. Additionally, IRT1 regulatory domain senses 

additional ions such as Co, Mn, and Zn, thereby inhibiting IRT1 function [132]. In a different 

study, CBL-interacting protein kinase 23 (CIPK23) phosphorylates the metal-bound IRT1, 

leading to ubiquitination by the IRT1 degradation factor 1 (IDF1) protein. This ubiquitination 

targets IRT1 for breakdown in the vacuole, effectively halting further metal absorption [136]. 

Wu et al. 2020 [137] discovered in their intriguing study on A. thaliana that the use of 

hydrogen-rich water accelerates the uptake of Cd. Elevated levels of Cd result in hydrogen 

production, which in turn triggers a cytosolic influx of Ca. Moreover, the activation of 

respiratory burst oxidase homolog protein D (RBOHD) by Ca elevation results in the 

production of ROS, primarily H2O2.  In the end, the induced-H2O2 can inhibit IRT1 transcripts, 

which will lessen the absorption of more Cd [137]. 

Another instance in which Cd stress is mitigated is shown in apple where the kinase salt overly 

sensitive 2-like1 (SOS2L1) phosphorylates the malate transporter aluminum-activated malate 

transporter 14 (ALMT14), enhancing its functionality [49]. Otherwise, a rice natural resistance-

associated macrophage protein 1 (OsNRAMP1) plasma-membrane localized Fe transporter 

which is involved in absorbing Cd is overexpressed, increasing the amount of Cd stored in 

leaves. Additionally, it was found that the expression of OsNRAMP1 is correlated with the 

amount of Cd found across different rice cultivars. Compared to the hyperaccumulating cultivar 

Sasanishiki, it was expressed up to two times greater in the Cd hyperaccumulating rice cultivar 

Habataki [138]. According to Lang et al. 2011 [139], B. juncea exhibits Cd tolerance through 

the involvement of two cation efflux transporters, BjCET3 and BjCET4, whose overexpression 

results in increased Cd-accumulation in the shoot without lowering plant biomass. 



Otherwise, in A. thaliana the gene AtNRAMP6 confers Cd tolerance by locating at the Golgi 

apparatus. By transferring the Fe contained in Golgi vesicles into the cytosol during Fe-

depletion, AtNRAMP6 overexpression plays a critical role in preserving intracellular Fe 

equilibrium [140]. Consequently, by compartmentalizing and redistributing metals to specific 

organelles including vacuoles, the endoplasmic reticulum, chloroplasts, and mitochondria, 

Golgi apparatus-localized metal transporters are necessary to maintain metal homeostasis of 

Fe, Cd, and Mn. 

Furthermore, plants utilize energy-dependent metal transport systems to expel or remove 

metals, primarily relying on HM ATPases (HMAs) and ABC (ATP-binding Cassettes) 

transporters. Typically, these transporters expel metals from root cells into the surrounding air 

or other sections of the plant, where they can accumulate harmlessly. The role of ABC 

transporters in the translocation and redistribution of metals has been extensively studied. Fu 

et al. 2019 [141] demonstrated that Cd treatment in rice promoted the expression of the G-type 

ABC transporter ABCG36. A loss-of-function mutant exhibited higher Cd concentration in its 

roots, suggesting that ABCG36 facilitates Cd translocation from roots to shoots. A interesting 

study revealed that P. tomentosa ABCG36 gene can be overexpressed to improve Cd tolerance 

in A. thaliana plants, suggesting that this transporter serves as a Cd extrusion pump [142]. In 

accordance with a different study, the A. thaliana ABC transporter pleiotropic drug resistance 

8 (AtPDR8) acts as a plasma membrane-localized Cd efflux pump, pushing Cd out of the 

cytosol and onto the cell's exterior, so providing HM stress tolerance [143]. In certain plants, 

only C-type ABC transporters (ABCCs) localize on tonoplasts and contribute to metal 

tolerance. According to Brunetti et al. 2015 [144] and Song et al. 2010 [145], tonoplast-

localized ABCCs in A. thaliana, such as AtABCC1, AtABCC2, and AtABCC3, facilitate the 

transport of PCn and its complexes with As, Cd, Mn, and Zn into the vacuole, thus enhancing 

metal tolerance. 

A recent study compared wild type (WT) P. alba clone Villafranca plants with trans-genic 

plants overexpressing an aquaporin (aqua1) in a hydroponic treatment with 10 μM Cd. 

PaHMA2, PaNRAMP1.3, PaNRAMP2, PaNRAMP3.1, PaNRAMP3.2, PaABCC9, and 

PaABCC13 gene expressions were evaluated revealing that the majority of the genes analysed 

exhibited a prompt transcriptional response in WT plants at 1-day post-treatment and 

adaptation at 60 days. Conversely, aqua1 plants showed a weaker transcriptional response 

along with a higher Cd content in the medial leaves. In conclusion, aqua1 overexpression in 

poplar enhanced Cd translocation, indicating that aqua1 plants are less sensitive to Cd. Given 

the significance of PaNRAMP3 in Cd compartmentalization, a different transcription of this 



gene in the WT line may account for this distinct response. Nevertheless, even after two months 

of treatment, Cd administration did not cause observable toxicity symptoms in WT and aqua1 

plants, demonstrating the remarkable resistance of this poplar species to Cd [146]. 

As part of a redistribution strategy, the HMA family of P1B-ATPases also serves as metal 

pumps, transporting metals into the xylem, phloem, and apoplast for transfer to other plant 

components including shoots and grains. Members of HMA family are essential for the 

mobilization of metal ions in a variety of plants, including Cu, Cd, and Zn. HvHMA1 is 

essential for scavenging Cu and Zn from the chloroplast to the cytosol in barley, facilitating 

their transport to areas of need [147]. To prevent their intracellular accumulation, HMA2 in A. 

thaliana expels excess cytosolic Zn, Cd, and other ions into the apoplast [148]. In response to 

Zn deficiency in the shoot, HMA2 and metal transporter protein 2 (MTP2) are stimulated to 

redistribute Zn from the root to the shoot [149]. Additionally, when cultivated in environments 

with high concentrations of metals, the HMA2 mutant exhibits raised intracellular Cd and Zn 

levels. 

AtHMA3, localized in tonoplasts, plays a role in storing Cd, Zn, Co, and Pb. According to 

Morel et al. 2009 [150], overexpression of AtHMA3 enhances resistance to metal stress and 

boosts Cd storage capacity. Furthermore, research by Sasaki et al. 2014 [151] observed that 

vacuolar sequestration of Cd in rice roots contributes to its accumulation. In a comparable way, 

GmHMA3 in soybeans is essential for Zn and Cd tolerance. Moreover a study on rice showed 

how it has the capability to diminish the quantity of Cd present in its grains by adjusting the 

Zn-to-Cd ratio via the mutation of OsHMA2 [152].  

Additionally, the endomembrane system includes the endoplasmic reticulum (ER), housing a 

spacious lumen utilized for the storage and utilization of metals for various purposes [153]. 

Within the ER membrane, there exist broad-specificity transporters for Cd, Cu, and Zn, which 

are occasionally observed to also localize on the plasma membrane. The endomembrane 

system's continuity as an element of the secretory way may be the cause of this shared location. 

For example, OsZIP1 in rice is situated at both the ER and plasma membrane, primarily in 

roots where Cd, Cu, and zinc levels are elevated. All the different aforementioned transporters 

are summarized in Table 1. 

 

 

 

 



Subfamily Name 
Subcellular  

localization 
Substrate 

IRT IRT1   Plasma membrane Fe, Co, Mn, Zn, Cd 

SOS SOS2L1* Plasma membrane Malate and malic acid 

ALMT ALMT14* Plasma membrane Malate and malic acid 

CET 
BjCET3   

Plasma membrane Zn, Co, Ni, Cd 
BjCET4   

RAMP 
OsNRAMP1   Plasma membrane Fe, Cd 

AtNRAMP6  Golgi Fe, Mn, Cd 

ABCG (PDR) 
PtABCG36   

Plasma membrane Pb, Cd 
AtPDR8  

ABCC 

AtABCC1  

Tonoplast 

PCn and its 

complexes with As, 

Mn, Zn, Cd 

AtABCC2  

AtABCC3  

HMA 

HvHMA1  Chloroplast Zn, Cd 

PaHMA2   
Plasma membrane 

 

AtHMA2   Zn, Cd 

AtHMA3   Tonoplast Zn, Co, Pb, Cd 

ZIP OsZIP1   
Endoplasmic reticulum 

and plasma membrane 
Zn, Cu, Cd 

Table 1. Main features of transporters implicated in Cd tolerance. *Not directly used for Cd transport. Cd 

presence enhances their functionality increasing Cd tolerance. 

 

 

 

 

 

 

 

 

 

 

 



1.4 Populus as a phytodecontaminating genus 

Poplar trees belong to the family Salicaceae within the order Malpighiales. Although the family 

includes 10 genera, the majority of species come from the Populus and Salix genera. 

The Populus gene pool is richest in the Sino-Japanese region and during the age of the middle 

Miocene, it migrated to the Himalayas. More than 100 approved names and 582 records of 

Populus species are available [154]. In their article, Naithani and Nautiyal 2012 [155] listed 44 

species of Populus in five sections: Leucoides, Turanga, Black Poplars (Aigeiros), Balsam 

Poplars (Tacamahaca), and White Poplars (Leuce). Nonetheless, the genus Populus is split into 

six sections and twenty-nine species, which are spread throughout the Northern Hemisphere 

and tropical Africa, according to Eckenwalder's  most widely accepted taxonomy [156,157]. 

Poplars are distributed across a wide range of latitudes, and the same species is found in 

different climatic regions. This broad geographic distribution suggests that poplar plants can 

withstand a wide variety of environmental conditions, making them good candidates for stress 

tolerance experiments [158]. In the case of unfavourable climatic conditions, such as low 

temperatures, poplars reproduce vegetatively, even when sexual reproduction is inhibited 

[158]. This trait allows for easy propagation of poplar plants, either through cuttings or by 

using in vitro micropropagation. 

 

Table 2. Populus species, their common name and distribution. 



Table 2 displays the common name and distribution of all 29 Populus species, highlighting 

Populus alba species, taken as subject of this thesis work. 

Populus includes forest tree species that are economically significant. It is cultivated worldwide 

as a dominant pioneer species in riparian habitats [159] and for controlling soil erosion on 

degraded lands [160]. It meets the demands of energy production, pulp and paper, fiber, and 

wood products. As a keystone species for various microbes, herbivores, and insects, Populus 

species also play an important role in supporting biodiversity [161,162]. Additionally, Populus 

species are used for carbon sequestration and bioenergy production, similar to other fast-

growing trees like Salix and Robinia pseudoacacia [163]. Approximately 130 secondary 

metabolites have been isolated and identified from species in the genus Populus, which also 

has therapeutic uses. Several isolated compounds and plant extracts from Populus have 

demonstrated interesting biological activities, including antioxidant, anti-inflammatory, 

antimicrobial, neuroprotective, and anticancer properties [164–168]. Additionally, previous 

reviews have focused on the molecular aspects of Populus [169], biofuel production [170], and 

identified phytocompounds of Populus, highlighting their potential role in forest biorefineries 

and bioproducts.  

Before delving into how Populus can participate in phytoremediation processes, it is important 

to clarify that phytoremediation refers to the use of green plants to extract, sequester, and 

detoxify pollutants. Phytoremediation utilizes many mechanisms including degradation (rhizo-

degradation, phytodegradation), accumulation (phytoextraction, rhizofiltration), dissipation 

(phytovolatilization), and immobilization (hydraulic control and phytostabilization) to degrade, 

remove, or immobilize the pollutants [171]: 

 Rhizodegradation: the breakdown of contaminants through the biological activity of 

organisms in the rhizosphere (bacteria and fungi). Microbial communities are 

supported and increased by the presence of roots. Contaminants that typically undergo 

rhizodegradation include total petroleum hydrocarbons, polycyclic aromatic 

hydrocarbons, pesticides, chlorinated solvents and polychlorinated biphenyls. 

 Phytodegradation: absorption and transformation of contaminants through plant 

processes. Substances involved in this process include chlorinated solvents, benzene, 

toluene, ethylbenzene, xylene, pesticides, and phenols. 

 Phytoextraction: some plant species can extract and accumulate contaminants, 

translocating them to the roots and/or aerial parts. HMs and radionuclides are involved 

in this phytoremediation process. 



 Phytovolatilization: the contaminant is absorbed by the plant, potentially modified in 

its chemical form, and released from the leaves into the atmosphere through 

transpiration. The contaminants considered in this process include mercury, selenium, 

silver, arsenic, chlorinated solvents, and tert-butyl methyl ether. 

 Evapotranspiration: precipitation is intercepted by the leaves, and water absorption 

and transpiration by the plant allow for hydraulic control in the site contaminated by 

all water-soluble pollutants. 

 Phytostabilization: absorption and accumulation in the roots, precipitation, or 

immobilization in the root zone, particularly of substances such as HMs. 

Plants exhibit varying degrees of tolerance to HMs, either by excluding them or by 

accumulating and storing them in specific organs, tissues, modified cells (trichomes), and 

subcellular compartments (vacuoles). Some species are classified as hyperaccumulators 

because they can accumulate large amounts of HMs. Despite herbaceous such as A.halleri, N. 

caerulescens and S. alfredii are able to tolerate high Cd concentrations [172,173] these Cd 

hyper-accumulators display slow growth and little biomass production, the applicability of 

these plants for phytoremediation in Cd-polluted fields is limited [174]. Alternatively, due to 

their rapid growth and high biomass poplar trees have been suggested as possible candidates 

for phytoremediation applications [158,175–177], and various cultivars have already been 

screened in metal tolerance trials [119,178–180]. According to previous research, poplar trees 

exhibit varying levels of Cd accumulation in their bark, roots, and leaves [181–184]. Typically, 

the Cd concentration in the aerial parts of poplar plants does not exceed 100 μg/ g, which is the 

threshold for Cd hyperaccumulators [185]. Nonetheless, in temperate zones, poplars can 

produce substantial aboveground biomass within a single growing season [119,186]. 

Consequently, compared to herbaceous hyperaccumulators, the total Cd accumulated in the 

aerial parts of poplar plants remains significantly higher [119,186]. These findings suggest that 

poplar trees hold potential for the phytoremediation of Cd. 

Indeed, these Salicaceae species are known not only for their ability to accumulate HMs but 

also for their capacity to grow in contaminated areas [175]. Another beneficial aspect of 

phytoremediation to consider is the management of poplar plantations through short-rotation 

coppice systems [187]. Poplars are well-suited for short-rotation harvesting due to their ease of 

propagation, and their genome has been fully sequenced [188]. They are also easily used in 

genetic engineering and can be replicated in vitro. It has been shown that intraspecific genetic 

dissimilarity can lead to varied HM tolerance in different clones of the same poplar species 



[189]. Tolerance to Cd among various poplar species is thought to vary greatly. However, little 

is known about this characteristic in many poplar species [190]. Physiological and molecular 

analyses of poplar plants' responses to Cd exposure have been conducted [182,190–194]. 

He. J et al 2013 [195] in one of their study examined Cd accumulation, translocation, and 

biological stress and defence responses as the basis for Cd tolerance in their study, using six 

Populus species with different growth traits and water-use efficiency [196]. Poplar plants were 

subjected to either 0 or 200 μM CdSO4 for 20 days in pots filled with sand. The physiological 

mechanisms behind the differences in Cd tolerance among the six poplar species were 

examined. The hypothesis is that they differ in their levels of Cd tolerance, and that these high 

levels of tolerance are due to well-coordinated physiological adjustments and transport 

activities into different plant tissues. To investigate this hypothesis, the six poplar species were 

analysed for photosynthetic pigments, soluble sugars and starch, reactive oxygen species (O2
•− 

and H2O2), free proline and soluble phenolics, Cd concentrations, Cd amount per plant, bio-

concentration factors, and translocation factors. The assessment and selection of poplar plants 

for the phytoremediation of Cd-polluted soils are discussed in relation to Cd tolerance and the 

underlying physiological mechanism. 

However, Populus alba L. clone Villafranca is considered tolerant to high concentrations of 

HMs. Di Lonardo et al. 2011 [119] testing in an in vitro experiment the response to Cd, Zn, As 

and Cu of four Populus alba clones found that the clone Villafranca was the most tolerant 

accumulating the higher amount of HMs. 

For these reasons this project focused on  Populus alba clone Villafranca. 

 

 

Figure 3. White poplar (Populus alba) illustration adopted by © DEA PICTURE LIBRARY. 



1.5 Analytical method for qualitative and quantitative characterization of thiol-peptides 

in plants 

High-Performance Liquid Chromatography coupled with Tandem Mass Spectrometry (HPLC-

MS/MS) is a highly effective analytical method used in chemistry, biology, laboratory 

medicine, and biochemistry for detailed analysis of compounds in complex mixtures. This 

technique combines a liquid chromatography system with a tandem mass spectrometer to 

achieve a precise separation, identification, and quantification of components. In HPLC, a 

high-pressure liquid mobile phase separates compounds based on their interactions with both 

the mobile phase and a stationary phase, typically within a chromatographic column. This 

interaction leads to the separation of different compounds. 

 

1.5.1  High-Performance Liquid Chromatography  

HPLC is a liquid chromatography method performed under high operational pressures, which 

can reach up to thousands of bars in ultra-high performance liquid chromatography (UHPLC) 

systems. 

In actual use, separation takes place in the stationary phase, the core component of the HPLC 

system, after analytes are dissolved in an appropriate liquid mobile phase and pushed through 

it. The stationary phase is housed in a chromatographic column densely packed with solid 

particles, which interact with the target molecules due to their size, surface coating, and 

porosity. Each compound has a unique retention time (tR) based on its interactions with the 

eluent and the adsorbent material. Typically, a compound with a stronger affinity for the 

stationary phase (or lower affinity for the mobile phase) will elute later from the column. On 

the other hand, an analyte with a lower affinity for the stationary phase will elute with a shorter 

tR. The compound's chemical structure, its physical-chemical characteristics, including 

polarity, and the features of both the stationary and mobile phases all influence the type of 

interactions that occur. As a result, choosing the right stationary phase and mobile phase are 

essential to attaining the best possible selectivity for separating the different components of a 

mixture [197]. Siloxane and different alkyl (C8 or C18) or aryl groups frequently used surface 

coating of the silica particles in reverse stationary phases (RP), contrasting with earlier methods 

that used silica or alumina as the stationary phase. The interaction between the analytes and the 

stationary phase is handled by the terminal section of the cross-linking group. Hydrophilic 

interaction liquid chromatography (HILIC) is another separation method that has been 

extensively utilized for polar profiling in metabolomics investigations . 



An RP column was utilized in this work, precisely a Kinetex ® 2.6 µm XB-C18, 100Å, 100 x 

3 mm column. The 2.6 µm particle size of this column uses core-shell technology, combining 

a solid core with a porous outer layer to enhance separation efficiency, reduce band broadening, 

and deliver sharper peaks with lower backpressure than fully porous particles. The XB-C18 

stationary phase, modified with C18 alkyl chains and di-isobutyl side chains, offers excellent 

chemical stability and selectivity for both polar and non-polar analytes. Its low ligand density 

enhances hydrogen bonding, making it ideal for thiol-peptide separation. Additionally,  the 

100Å pore size is ideal for analyzing small to medium-sized molecules like thiol-peptides, 

while the 3 mm internal diameter strikes a perfect balance between sensitivity and solvent 

consumption. 

 

 

1.5.2 Mass spectrometer 

The general framework followed by all mass spectrometers includes an ion source, a mass 

analyser (or a series of mass analysers), and a detector. MS converts the analyte molecules to 

a charged (ionized) state, with subsequent analysis of ions and any fragment ions generated 

during the ionization process, obtaining a spectrum in which metabolites are represented 

according to their masses to charge ratio (m/z) [198,199]. Ionization techniques can be 

categorized into two main groups: hard and soft techniques. These groups differ from each 

other based on the amount of residual energy transferred to the molecules. Focusing on soft 

ionization, nowadays electrospray ionization (ESI), developed by John Fenn and his 

collaborators and published in 1985 [200] and optimized by Andries Bruins [201,202] , is one 

of the most widely used. 

ESI is achieved by introducing the samples into a metallic capillary maintained at 3-5 kV, 

where a stream of nitrogen nebulizes the sample at the tip of the capillary, forming a 

homogeneous spray of charged droplets. The capillary is typically oriented orthogonally or off-

axis relative to the mass spectrometer’s entrance to minimize noise from neutral droplets. The 

droplets are rapidly evaporated through the application of heat and dry nitrogen, transferring 

their electrical charge to the analytes. In the ionization chamber, where the ion source is located, 

intact molecular ions are produced and then transferred to the mass analyser region via various 

ion optics, such as skimmers, focusing lenses, and multipoles. These components are designed 

to focus the ion stream and maintain a stable trajectory. The mass analyser sorts and separates 

the ions based on their mass-to-charge ratio (m/z). The separated ions are then directed to the 

detector systems, which measure their concentration and display the results on a chart called a 



mass spectrum. Since ions in the gas phase are highly reactive and short-lived, their formation 

and manipulation occur under high vacuum conditions. Thus, the ion optics, analyser, and 

detectors are maintained at very high vacuum levels (typically between 10−3 and 10−6 torr). 

The ion source is kept at atmospheric pressure, and a continuous pressure and voltage gradient 

from the source to the detector aids in moving the ions through the analyser to the detector. 

 

 

 

Figure 4. ESI mechanism (adapted from Banerjee S. and Mazumdar S., 2011 [203]). 

 

There are two primary ionization modes: positive (POS) and negative (NEG). Positive ion 

mode (ESI+) is often favoured because it generally results in more compounds ionizing 

effectively. However, negative mode tends to produce lower background noise. Some 

metabolites are only detectable in negative mode, while others are only observed in positive 

ion mode. Consequently, employing both ionization modes provides more thorough coverage 

of the biological molecules. 

A variety of ions can be produced by the source, such as mobile phase components, positive or 

negative charged molecules, adducts that result from combining with other molecules (mostly 

Na+, K+, and NH4
+ adducts in positive ions, or Cl-, HCOO-, CH3COO-, and OH- adducts in 

negative mode), and fragment ions in the rare occurrence that in-source fragmentation takes 

place. Ion separation can be carried out using a variety of analysers, each of which uses a 

different technique depending on its m/z. These consist of the time-of-flight mass analyser, 

Fourier-transform ion cyclotron resonance and Orbitrap analysers, quadrupole mass analyser, 

and quadrupole and linear ion trap mass analysers [204,205]. 

The choice between a triple quadrupole mass spectrometer and a high-resolution mass 

spectrometer depends on the specific goals of the analysis. Targeted studies benefit from the 

sensitivity and specificity of triple quadrupole MS, while untargeted or exploratory studies 



benefit from the comprehensive capabilities and accurate mass measurements provided by 

high-resolution MS. The quadrupole excels in quantifying known compounds with high 

sensitivity and specificity [204]. 

The quadrupole linear ion trap analyser consists of four parallel metal rods (Figure 5A); a 

combination of constant and varying (radio frequency) voltages allows the transmission of a 

narrow range of m/z values along the axis of the rods. By varying the voltages over time, it is 

possible to scan across a range of m/z values, resulting in a mass spectrum. Quadrupole 

analysers typically operate at unit mass resolution, meaning that the mass accuracy is usually 

within 0.1 m/z. Ions specifically selected by the quadrupole are called resonant and pass 

through the rods of the quadrupole following a sinusoidal pattern, ions not compatible with the 

selected voltages values are deflected and diverted from the ion path (Figure 5B). Additionally, 

introducing an inert gas into the ion trap can promote the fragmentation of ions. A notable 

feature of these ion trap analysers is their ability to repeatedly fragment and isolate ions before 

generating the final mass spectrum, which is known as MSn capabilities. Additionally, a 

quadrupole mass filter (QMF) can function as a trapping system, either alone or in combination 

with a linear ion trap (LIT). When QMF and LIT are integrated into a single device, it is called 

a QTrap mass analyser [30,31]. 

 

Figure 5. Quadrupole photo (A, reported by sciex.com content) and its schematic functioning representation (B, 

reported by Schmidt [206]. 
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1.5.3 Tandem Mass Spectrometry: bases and principles 

Tandem mass spectrometers incorporating various combinations of mass analysers have been 

developed and used in targeted metabolomic. A common combination is based on three 

quadrupoles in series (triple quadrupole mass spectrometer), the first of which (Q1) selects the 

precursor ion, the second (Q2), which basically is a collision cell, induces fragmentation, while 

the third (Q3) isolates and detects the specific product ions, allowing for precise quantification 

(Figure 6B). The advantage of tandem MS is the significantly increased specificity of the 

analysis compared to single-stage mass analysis. Fragmentation within the collision cell 

typically occurs using an inert gas such as Ar or N2, a process known as collision-induced 

dissociation (CID). One of the possible operative modes, termed the "product ion scan," 

involves selecting an ion with a specific m/z value in Q1 and then fragmenting it in Q2. The 

quadrupole Q3 then scans and detects all the resulting fragment ions. A second operative mode, 

known as the "precursor ion scan", targets a specific fragment ion in Q2, while Q1 scans across 

a range of m/z values to identify the corresponding precursor ion. Another frequently used 

mode is the "neutral loss scan", in which both Q1 and Q3 scan ions within a selected m/z range, 

with a constant mass offset between the two quadrupoles. This mode identifies all 

fragmentations that result in the loss of a specific neutral fragment. Moreover, in tandem MS, 

the first and third quadrupoles can be simultaneously stepped to different m/z values, allowing 

for the creation of panels of precursor/product ion pairs. This enables the specific detection of 

a large number of targeted analytes. This process, known as multiple reaction monitoring 

(MRM), is commonly used in LC-MS assays [204]. In our experimental work, we specifically 

used a triple quadrupole mass spectrometer, particularly a Sciex API 4000 mass spectrometer 

(Figure 6A), which is capable of generating MS/MS experiments. 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Sciex API 4000 mass spectrometer external (A, adapted by www.myco-instrumentation.com) and 

internal (B) representations of the ion pathway. 
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1.5.4  Analytical attempts to thiol-peptides characterization and relative issues  

Both GSH and PCn are highly susceptible to spontaneous oxidation, which can lead to 

erroneous analytical results in their quantification and characterization [207]. Furthermore, 

GSH, γ-glutamylcysteine (γ-EC), PCn, and their derivatives are amphoteric, highly polar, and 

lack strong chromophores. These properties make their quantification challenging using 

conventional analytical techniques [208]. Such techniques often involved RP HPLC, coupled 

with either pre-column derivatization using monobromobimane or post-column derivatization 

with 5,5-dithiobis(2-nitrobenzoic acid) (DTNB, Ellman's reagent) [209,210]. 

Although thiol-peptide derivatization is advantageous as it increases the stability of these 

compounds, the derivatizing reagents can react with any thiol group, making the process time-

consuming and not specifically selective for PCn and related peptides. This lack of specificity 

often renders the method unsatisfactory for HPLC analysis [208,211]. Furthermore, some 

derivatization methods may overestimate thiol-peptides by detecting non-thiol compounds. 

Berlich et al. 2002 [212] in their study demonstrated that coumarins identified under the basic 

pH conditions of the Ellman test could produce false-positive post-column Ellman reactions. 

To address these challenges, a previous study developed an isotope labelling combined with 

LC-ESI-MS/MS method using a derivatization strategy to detect PCn in plant samples without 

losing selectivity and sensibility [213]. However, derivatization complicates sample 

preparation, is time-consuming, and may compromise assay accuracy, making it preferable to 

avoid when not strictly necessary. Additionally, the choice of derivatizing agent can 

significantly affect outcomes. 

For a more efficient and practical alternative, analysis without derivatization is often preferred. 

HPLC-ESI-MS/MS enables accurate quantification of multiple analytes with reduced risk of 

false positives; however, challenges remain due to variability in ionization efficiency and 

concentration across different sample matrices, even under consistent HPLC conditions [214]. 

ESI ionization may also cause matrix-dependent signal suppression that varies between 

samples [215]. To mitigate these effects, the use of stable isotope-labeled internal standards 

that coelute with the analytes is recommended. These standards improve quantification 

accuracy by compensating for ion suppression and matrix effects. 

Notably, external standard methods are suboptimal for measuring PCn, because they fail to 

account for matrix effects and analyte loss during extraction [211,216,217]. Matrix 

composition significantly influences ESI efficiency, which impacts HPLC-MS/MS 

performance, particularly in complex matrices like plant samples. 



Stable isotope-labeled internal standards have been employed in limited studies. For example, 

Liu et al. 2015 [213] developed a quantitative profiling method for PCn using ω-

bromoacetonylquinolinium bromide (BQB) and BQB-d7 as isotope-labeling reagents, while 

Simmons et al. 2009 [207] described a method using glycine-13C2-GSH as an internal standard. 

The critical biological roles of thiol-peptides in plants necessitate sensitive and accurate 

analytical techniques for their simultaneous detection and quantification. A recent study 

focusing on the plant model A. thaliana (Brassicaceae) introduced a robust HPLC-ESI-MS/MS 

method for measuring GSH, γ-EC, and PCn in roots and shoots. To enhance quantification 

accuracy, this method employs a rapid and straightforward extraction protocol using an 

appropriate reducing agent to prevent PCn oxidation, coupled with isotope-labeled internal 

standards for GSH and PCn [218]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2.  PURPOSE OF THE PROJECT 

 

The purpose of this project is to investigate the detoxification mechanisms in a Cd-tolerant 

plant, Populus alba, to gain a deeper understanding of its strategies for HM detoxification. 

Expanding knowledge in this field could have valuable applications for the remediation of soils 

contaminated by HMs, an issue of significant concern within European Union environmental 

policies. 

Cd is a highly toxic trace element that is unnecessary for biological systems but widely present 

in the environment due to natural and industrial sources [14]. Consequently, it is regarded as a 

significant environmental pollutant [15,16]. Cd and its compounds are soluble, making them 

more mobile than other metals in environmental matrices. HMs, particularly Cd, represent 

significant dangers to plant health, causing toxicity, growth inhibition, and oxidative stress. 

According to numerous studies, dumps often contain Cd levels exceeding the permissible limit 

in soil [20–23] . With a global mean of 0.36 mg/kg, Cd usually occurs in soils at amounts 

ranging from 0.01 to 1 mg/kg [16] and soil water up to 5 μg/L [24] and groundwater up to 1 

μg/L [25]. This research focuses on Populus alba as a potential solution for soil 

decontamination, given its ability to produce PCn, cysteine-rich peptides synthesized from 

GSH by the enzyme PCS. PCn plays a crucial role in detoxifying HMs by forming complexes 

that are sequestered in plant vacuoles. 

To achieve this, the project aims to: 

1. Optimize the preanalytical extraction and analytical method: improve the 

preanalytical step by performing  an additional cleaning step to overcome matrix effect 

complications in MS.  By  HPLC-MS/MS method GSH and PCn were quantified in 

Populus alba (shoots, roots and growing media) under varying conditions of Cd stress. 

This involves assessing the impact of different Cd2+ concentrations on PCn production 

and its accumulation in plant tissues. 

2. Evaluate the response to prolonged Cd stress in Populus alba: testing resistance, 

consequences, and responses induced by high HM concentrations over extended 

exposure times. 

3. Investigate the role of intra and extracellular thiol-peptides in HM toxicity in 

Populus alba under short-term Cd conditions: conduct experiments to determine 

Populus alba response mechanisms against Cd2+ through PCn formation. This includes 



analysing both intracellular and extracellular PCn levels at different exposure times and 

Cd2+ concentrations, as well as monitoring the expulsion of GSH, PCn or PCn- Cd2+ 

complexes from the roots into the growth medium.  

4. Investigation study of transporters involved in the secretion of thiol-peptides in 

Populus alba adult plants:  plant cells employ a variety of transporters to preserve 

metal homeostasis. Different transporters are used by plants to sequester metal ions 

inside organelles, whether in a free ionic state or as chelates. An inhibition study of 

hypothetical of (Cd) thiol-peptide transporter was performed. Sodium orthovanadate 

was selected as inhibitor due to its tetrahedral ion structure analogy to phosphorus ion. 

of both P-type ATPase and ABC transporters, glibenclamide has only been 

demonstrated to inhibit ABC transporter [219]. 

Overall, this project aims to explore the detoxification mechanisms of Populus alba under Cd 

stress, focusing on the role of thiol-peptides in HM detoxification. By integrating analytical 

and biological approaches, the study contributes to advancing phytoremediation strategies for 

Cd-contaminated environments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3. MATERIALS AND METHODS 

 

3.1 Plant material and growth conditions 

Populus alba Villafranca clone plants were grown in vitro on Woody Plant Medium (WPM, 

Duchefa Biochemie, Haarlem, Netherlands) containing vitamins, 0.7 % agar and 20 g/L 

sucrose in water (H2O, deionized using a Milli-Q system, Millipore Corp., USA). The WPM 

solid medium was adjust to 5.86 pH, autoclaved at 120°C for 20 min to obtain a sterile solution, 

and placed in plastic pots until solidification. The internodes were cut from an adult Populus 

alba plant, embedded in the solid soil, and the containers were closed with caps equipped with 

special filters that allow gas exchange with the external environment (Figure 7). The seedlings 

were propagated every two months using single internodes and then placed in growth chambers 

at a temperature of 25°C with a photoperiod of 16 hours light / 8 hours dark. 

 

 

 

Figure 7. In vitro Populus alba plants on WPM growth medium. 

 

Populus alba plants grown in control (CTRL) condition and in stressed condition as well. 

Before explaining the different treatments, the common shoots and roots extraction method 

was deepen. 

After the treatment timing, leaves, stems and roots were separated, collected in 2 mL eppendorf 

tubes and stored at -80°C.  

 

 

 



3.2 Extraction method of GSH and PCn from vegetal tissues 

At the time of extraction, samples were frozen using liquid nitrogen (N2) and homogenized 

(MM200, Retch, Haan, Germany), using two agate grinding balls (5 mm diameter) to facilitate 

mechanical cell lysis at a vibrational frequency of 30 Hz for 1 min.  

The extraction of samples involved a specific extraction buffer containing 

diethylenetriaminepentaacetic acid (DTPA ≥ 99%) 6.3 mM, 5% p/p sulphosalicylic acid, tris(2-

chloroethyl)phosphate (TCEP ≥ 99%) 2 mM , ethylenediaminetetraacetic acid (EDTA ≥ 99%) 

and analytes labelled internal standards (glycine-13C2-GSH and glycine-13C2,
15N-PC2, 200 ng/ 

mL for both). TCEP, EDTA, DTPA, were all supplied by Sigma-Aldrich, Saint Louis, MO, 

USA. GSH, PC2,PC3, PC4 and the internal standards glycine-13C2-GSH and glycine-13C2,
15N-

PC2 were purchased from AnaSpec Inc., Fremont, CA, USA. 

After the addition of the extraction buffer, samples were vortexed for 5 min and cooled down 

in ice, for three times. Then, the homogenates were centrifuged for 20 min at 4 °C at 10000 x 

g, the supernatants were removed and re-centrifuged under the same conditions. The extracts 

were filtered using a low thiols retention syringe filters (Minisart RC4 0.45 μm, Sartorius Italy 

S.r.l.) and the obtained filtrates were washed two times using 1.5x volume of normal butanol 

(n-BuOH, LC-MS grade). GSH and PCn quantification was performed by the injection of the 

extracted samples to HPLC-MS/MS system (Figure 8). 

 

 

Figure 8. Extraction pathway to perform GSH and PCn analysis. 



Before this final washing step, various additional biochemical methods were attempted to 

purify the sample, improve the accuracy of the analysis, reduce matrix effects, and keep the 

instrumentation cleaner. One of the tested approaches included solid-phase extraction 

cartridges (SPE), operating with weak anion exchange (WAX), weak cation exchange (WCX), 

or hydrophilic lipophilic balance (HLB, Bond Elute). HLB cartridges were supplied by Waters 

S.p.A. (MI, Italy); WCX, WAX and Bond Elute cartridges were sourced from Agilent 

Technologies (Santa Clara, CA, USA).The SPE process included: 

1. Conditioning, where the solid phase was wetted with MeOH, H2O, or sample buffer. 

2. Sample loading. 

3. Washing and elution, with solvent selection dependent on the cartridge and analyte 

properties. 

Washing solvents tested included formic acid (FA), ammonium hydroxide (NH4OH) solutions, 

and biological buffers like potassium phosphate (K2HPO4) or potassium acetate (CH3COOK). 

These methods did not yield satisfactory results. 

Other strategies, such as esterification of the target analytes and modification of the extraction 

buffers, were also attempted. Particularly, 50 µL of 1 ug/mL internal standards solution was 

added to 1 mL of MeOH and dried under nitrogen flux at room temperature. Subsequently, 100 

µL of butanol in 3M HCl was added, and the solution was shaken for 1 hour. After drying, 200 

µL of H2O and 200 µL of ethyl ether were added, vortexed and centrifuged at 14000 rpm for 

30 sec. The organic phase was removed and the washing procedure repeated. Solvent was  

finally evaporated under nitrogen flux at room temperature and 50  µL of MeOH was added to 

evaluate derivatized thiol-peptides by MS injection. 

 Several buffer formulations were also tested to evaluate the most effective. These included 10 

mM of DTPA and 200ng/mL of  internal standards that were added to two biological common 

buffers TRIS-HCl or HEPES containing two different reducing agent such as β-

mercaptoehanol and TCEP, both at 20 mM. These solutions were added to the vegetal 

materials, homogenized at 5500 RPM for 20 sec, centrifuged at 14000 rpm  for 15 min at 4 °C, 

filtered with 0.45 µm filters, and analysed by HPLC-MS/MS. TCEP was identified as the 

optimal reducing agent, and further experiments were conducted to determine the ideal 

concentration (2, 5, 10, 20 mM) in a buffer containing TRIS-HCl (5 mM DTPA, 200 ng/mL 

labelled GSH and PC2). Results showed 2 mM TCEP as the most effective. The extraction 

buffer (TRIS-HCl vs aqueous buffer) and the sample-to-buffer ratio (1:3, 1:6, 1:10, 1:20) were 



also compared starting from 50 mg of vegetal matrix and following the same extraction 

procedure.  

Moreover, to enhance sample cleaning, washing steps using n-butanol (n-BuOH) were 

implemented. The solvent was selected due to its polarity, which removes water-soluble polar 

molecules while remaining separable from H2O. n-BuOH was purchased from Sigma-Aldrich 

(Saint Louis, MO, USA). When mixed with H2O, n-BuOH formed an upper phase that was 

removed. However, this step introduced the limitation of azeotropic mixture formation, which 

could alter the phase ratio. Washing volumes of 1.5x, 2x, and 3x of the extract volume were 

tested. The extracted matrices, washed once or twice, were injected into the HPLC-MS/MS 

system, and the GSH and PCn peak areas were compared.  

Additional filtration techniques using I-Phree cartridges (obtained from 

Phenomenex ,Torrance, CA, USA) or Amicon filters (supplied by Sigma-Aldrich, Saint Louis, 

MO, USA), as well as precipitation attempts, were explored but were found to be ineffective 

compared to the liquid-liquid extraction technique. 

Figure 9 summarizes all attempts to clean the vegetal matrices. 

 

 

Figure 9. Attempts to purify the vegetal extract. 

 

 

 

 

 

 

 

 



3.3 Quantification method of thiol-peptides by HPLC-MS/MS 

Once extracted, 20 µL of each sample was injected into HPLC-MS/MS system: an Agilent 

1290 Infinity UHPLC system (Santa Clara, CA, USA), including a thermostated autosampler, 

a binary pump, and a column oven, coupled to an AB Sciex API 4000 triple quadrupole mass 

spectrometer (Concord, ON, Canada), equipped with a Turbo-V ion spray. A ten-port switching 

valve (Valco Instruments Co. Inc., Huston, TX, USA) was used as a divert valve to discard 

both head and tail of the HPLC runs. The instrumentation also included an Agilent 1260 

quaternary HPLC pump, which supplied the mass spectrometer when the eluent from the 

column was diverted to waste. Chromatographic separation was performed by a RP 

Phenomenex (Torrance, CA, USA) Kinetex 2.6 μm XB-C18 100 Å, 100×3 mm HPLC column, 

protected by a C18 3mm ID security guard ULTRA cartridge System control, data acquisition 

and processing were carried out by an AB Sciex Analyst® version 1.6.3 software [218]. 

Ten standard solutions  ranging  from 1 to 1000 ng/ mL (1, 2, 5, 10, 20, 50, 100, 200, 500, and 

1000 ng/mL) containing GSH, PC2-3-4 were used each day to create calibration curves. The 

working solution was serially diluted with 2 mM TCEP to create each solution. Then, the 

appropriate concentrations of either glycine-13C2,
15N-GSH or glycine-13C2,

15N-PC2 were 

added, bringing the total concentration of both internal standards to 200 ng/mL. 

The analytical method used was validated in the literature [218] and involves an HPLC method 

with a gradient run between the aqueous phase (solvent B), consisting of H2O + 0.1% FA, and 

the organic phase (solvent A), containing ACN + 0.1% FA (Table 3). The flow rate was set to 

300 µL/min, with a quaternary pump operating at 100 µL/min of 50:50 MeOH: H2O for the 

entire 14-minute run (Table 3). Figure 10 represented the selected reaction monitoring (SRM) 

chromatogram of each analyte. 

ACN (LC-MS grade), ultra-pure H2O (LC-MS grade), MeOH (LC-MS grade), FA (MS 

grade≈98%) were all supplied by Sigma-Aldrich (Saint Louis, MO, USA). 

 

 

Table 3. HPLC run conditions [218]. 

 

 



SRM mode was used for MS/MS analysis. The SMR transitions, along with the corresponding 

operating parameters such as declustering potential (DP) collision energies (CEs),collision cell 

exit potential (CXP) , is provided in the table below (Table 4A). Further operative parameters 

include IonSpray voltage (IS), Gas Source 1 (GS1), Gas Source 2 (GS2), source Temperature 

(TE), Collision Gas (CAD) Nitrogen, Curtain Gas (CUR); Entrance Potential (EP), Prefilter 

(ST), and Focusing Lens 1 (IQ1), all listed in Table 4B. 

 

A          B 

 

Table 4. Operating parameters of SRM method: mass transitions and relative conditions (A) imported by Bellini 

et al 2019 [218]. 

 

 

IS 5.5 kV 

GS1 45 arbitrary units 

GS2 35 arbitrary units 

TE 600 °C 

CAD 6.3 mPa 

CUR 10 arbitrary units 

EP 10 V 

ST -15.4 V 

IQ1 -10.6 V 



 

Figure 10. SRM chromatograms of a representative shoot extract of A. thaliana in the time-range of 0–10 min 

[218]. 

 

 

 

 

 

 

 

 

 

 

 

 



3.4 Experimental setup for the evaluation of Populus alba response under Cd2+ hight 

stressed conditions 

The experimental setup included two-month-old P. alba plants grown under solid WPM control 

conditions (0 µM CdSO₄) and in Cd²⁺ contaminated WPM media (50 and 100 µM CdSO₄). As 

described in section 3.1, the plants were grown in plastic containers with caps equipped with 

special filters and then placed in growth chambers at a temperature of 25°C, with a photoperiod 

of 16 hours light / 8 hours dark.  

Cd is typically found in soil at concentrations ranging from 0.01 to 1 mg/kg, with a global 

average of 0.36 mg/kg. Through weathering processes, Cd levels can increase to as much as 5 

μg/L in soil water and up to 1 μg/L in groundwater. In aqueous solutions, Cd predominantly 

exists as the divalent ion Cd²⁺, which becomes more mobile under oxic and acidic conditions 

[220]. However, less than 2% of Cd in the environment is usually in a bioavailable form [221]. 

Consequently, Cd treatments exceeding 20 µM represent severe contamination, far exceeding 

natural background levels. 

For each treatment, three biological replicates were prepared, with each replicate represented 

by a single container holding five P. alba plants. 

At the end of the experimental period, approximately 100 mg of roots, stems, and leaves from 

each condition were sampled and stored at -80°C for thiol-peptides quantitative analysis 

(section 3.4.3). Some P.alba control and stressed plants were used for biometric analysis 

(section 3.4.1) and for the evaluation of fluorescence and photosynthetic efficiency (section 

3.4.2). 

 

3.4.1 Biometric analysis 

Photos of control and treated plants were obtained and processed with ImageJ software 

(National Institutes of Health, Bethesda, MD, USA). The biometric data for P. alba were 

evaluated by analysing stem length, primary root length, and leaf area. The same plants were 

then weighed to consider their fresh weight (FW) and subsequently dried overnight in an oven 

at 60 °C to determine the dry weight (DW). The dry matter percentage was then calculated 

using the formula (FW · 100) / DW. 

 

3.4.2  Fluorescence and Photosynthetic efficiency 

Photosynthetic efficiency was evaluated by analysing the transient stages of chlorophyll 

fluorescence (OJIP transients) by JIP test [222]. This technique calculates a large number of 



parameters, providing detailed information on the structure and functionality of Photosystem 

II (PSII) and the efficiency of photosynthetic electron transport. Operating on the principle of 

continuous excitation, a Handy PEA fluorimeter (Hansatech Instruments Ltd, Norfolk, UK) 

was used to perform in vivo fluorescence analyses on P. alba leaves.  

The instrument’s photometric sensor measures only photons re-emitted as fluorescence by 

chlorophylls, thanks to a filter that excludes wavelengths below 700 nm.  For each treatment, 

three replicates were used, with each replicate consisting of two seedlings, and measurements 

were taken on two leaves per seedling. Treated plants and controls were placed on Petri dishes 

(Ø 90 mm). Subsequently, the leaves were darkened with leaf clips for 30 minutes (Figure 11) 

by closing the central shutter, to ensure that the major non-photochemical de-excitation 

processes were deactivated. After the acclimatation at the darkness the leaves surface were 

illuminated for one second with an LED light source that irradiated the plant with saturating 

light levels (up to 3000 μmol · m⁻² · s⁻¹) at 650 nm. The calculated parameters (JIP test) provide 

an accurate overview of the photochemical process. 

 

Figure 11. P.alba leaves acclimated at the darkness using leaf clips. 

 

3.4.3 Extraction and quantification of intracellular thiol-peptides  

For each treatment (0, 50, 100 µM Cd2+) 100 mg of roots, stems and leaves were extracted as 

described in 3.2 chapter. Particularly 300 µL (1:3 weight (mg): volume (μL)) of extraction 

buffer were used.  After the vortex/cooling steps the homogenates were centrifuged for 20 min 

at 4 °C at 10000 x g, the supernatants were removed and re-centrifuged under the same 

conditions. The extracts were filtered using a low thiols retention filters (Minisart RC4 0.45 

μm, Sartorius Italy S.r.l.) and 20 µL were injected and analysed by HPLC-MS/MS method as 

explained in 3.3 section. 

 



3.5  Experimental setup for evaluating responses to short-term and low-concentration 

Cd2+ exposure 

To replicate a reliable simulation of real plant stress conditions in the environment, a lower Cd 

concentration was chosen for plant treatments. HMs are more bioavailable to plants in liquid 

media compared to solid media. Therefore, working with liquid media, it was possible to reduce 

the treatment time to 24, 48, and 72 h of exposure. A hydroponic experimental setup was 

initially considered, but due to laboratory constraints this, could not be implemented. However, 

for the brief treatment durations, the setup described below was deemed acceptable. 

Additionally, the liquid form of the medium and the absence of sucrose allowed for the HPLC-

MS/MS analysis of extracellular analytes released from the root system. 

 

3.5.1 Extraction and quantification of intracellular and extracellular thiol-peptides  

Populus alba Villafranca plants were grown for one month in WPM medium containing 

vitamins, 0.7 % agar, and 20 g/L sucrose (pH 5.86). The growth chamber was set to 25 °C with 

a photoperiod of 16 hours light and 8 hours dark. Plastic pots with caps equipped with special 

filters were used to allow gas exchange with the external environment. Each container 

accommodated five Populus alba internodes. After the growth period, each plant was gently 

removed from the solid medium, ensuring the roots were not damaged, and transferred to a 

single tube containing 3 mL of Gamborg's B-5 Basal Medium with vitamins (pH 5.86, adjusted 

with HCl and KOH) as shown in Figure 12. These steps required sterile conditions and a great 

deal of precision in placing the plant in a single tube: no leaves or stems should come into 

contact with the liquid; only the roots needed to be submerged in the medium. In this way, any 

thiol derivatives found in the extracellular environment originated solely from the root system. 

Eight single sterile tubes were located in the plastic pots with caps equipped with the filters, 

and left in the growth chamber for the time of the treatments (24-48-72 h). Cd stressed 

conditions provide the addition of CdSO4 solution at the medium to achieve 5-10-20-36 µM 

Cd2+ concentrations.  



                       

 

Figure 12. P.alba one month old plants treated with or without Cd2+ , in B5 liquid medium, located in a grown 

chamber for 24-48-72 h. 

For sampling, shoots from every 2-3 plants were pooled, to obtain a weight of 50-100 mg for 

each sample, and roots were similarly pooled, creating 3 biological replicates for each 

experimental condition, stored at -80°C until the extraction. At the same time, the media from 

2-3 plants were pooled and filtered using a 0.45 µm filter, and each pool provided one 

biological replicate of 1 mL, resulting in 3 replicates for each treatment (Figure 13), stored in 

1.5 mL tube at -80°C as well. 

                      

Figure 13. Sampling scheme to obtain 3 biological replicates of shoots, roots, and media for each experimental 

conditions. 



Shoots and roots were extracted as described in section 3.2, and 20 µL of extracted were 

injected to HPLC-MS/MS with the method described in 3.3 section. Meantime, the liquid 

media were lyophilized using a freeze dryer and 20 µL were injected after reconstitution in 

62.5 µL of H2O, with glycine-13C2-GSH and glycine-13C2,
15N-PC2 used as internal standards. 

This volume ensured a 16-fold concentration of the sample, which was necessary to obtain 

visible chromatographic peaks corresponding to GSH, PC2, PC3, and PC4. For the quantitative 

analysis, a calibration curve was prepared with 10 different dilution levels in the extraction 

buffer for the solid matrices, and another curve in B5 solvent for media quantification. Notably, 

PC3 and PC4 originate from PC2 and are typically difficult to detect due to their low 

concentrations. Figure 14 summed up the experimental design. 

             

 

 

 

 

Figure 14. Workflow from control P. alba plants to Cd²⁺ stressed treatments and subsequent thiol-peptide 

analysis. 

3.5.2 Fluorescence and photosynthetic efficiency  

A preliminary evaluation of photosynthetic efficiency on control and Cd2+ stressed plants 

treated in liquid media was performed. Only three plant as control and three plants under 36 

µM Cd2+ stressed condition were selected. For the measurements each plant was gently 

transferred into a petri disk containing its treatment medium to maintain the conditions. Two 

leaves per plant were subjected to the analysis of fluorescence transients. As described in 3.4.2 

section, the measurement data were then subjected to the JIP test [222], providing detailed 

information on the structure and functionality of PSII and the efficiency of photosynthetic 

electron transport. To perform in vivo fluorescence analyses P.alba leaves were acclimated to 

the darkness and then were illuminated for one second with an LED light source that irradiated 

the plant with saturating light levels at 650 nm by a Handy PEA fluorimeter. 
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3.6 Experimental setup for the inhibition study of thiol-peptides transporters  

 

To further investigate the mechanisms behind GSH and PCn release, potentially mediated by 

the plasma membrane of poplar root cells, an inhibition study targeting hypothetical (Cd-) 

thiol-peptide complex transporters was conducted. 

The Populus alba plants were grown for one month in WPM medium, as described in sections 

3.1 and 3.5. Similarly, the plants were gently removed from the solid medium to be treated in 

the liquid medium. For this study, the selected conditions included a control (0 µM), 20 µM, 

and 36 µM Cd²⁺, with exposure times of 48 and 72 h. To perform the inhibition study, the same 

experimental design was repeated, with the addition of an inhibitor molecule to the treatment 

medium. Specifically, sodium orthovanadate (Na3VO4, purchased from Sigma-Aldrich, Saint 

Louis, MO, USA) was selected as the inhibitor due to its tetrahedral ion structure, which is 

analogous to the phosphorus ion. Indeed, enzymes involved in phosphotransferase or 

phosphohydrolase reactions could accept vanadate ion as an analog of inorganic phosphate. 

While vanadate inhibits both P-type ATPases and ABC transporters, glibenclamide has only 

been demonstrated to inhibit ABC transporters [219,223,224]. Initially, a first inhibition 

attempt was made using 500 µM of Na3VO4 according with the literature [219], later extending 

the study to include 250 µM and 125 µM concentrations. For glibenclamide, a concentration 

of 100 µM was selected as the inhibition condition based on its use in previous studies reported 

in the literature [219]. Before distributing the medium into individual tubes, it was important 

to check the pH to avoid introducing an additional variable to the experiment. The acidity of 

B5 medium should be adjusted with HCl to reach a pH of approximately 5.86. Figure 15 

summarizes all tested conditions: thiol-peptides were evaluated at extracellular and 

intracellular levels, in CTRL and Cd2+ stressed conditions for 48 and 72 h as exposure times. 

 



 

 

 

 

 

 

 

 

 

 

Figure 15. Experimental setup of the inhibition study involving sodium orthovanadate and glibenclamide as 

inhibitors at different concentrations, and subsequently intracellular and extracellular evaluation of thiol-

peptides at several Cd2+ stressed condition. 

 

Sample were collected following the Figure 13 procedure to obtain 3 biological replicates for 

each condition. The extraction of intracellular thiol-peptides was performed as described in 

section 3.2 and the obtained extracts were injected into HPLC-MS/MS system with 3.3 section 

methodology. At the same time treatments media were filtered with 0.45 µm filters, 

lyophilized, 16-fold concentrated, added with glycine-13C2-GSH and glycine-13C2,
15N-PC2 as 

internal standards and injected into the HPLC-MS/MS system as well as the tissue extracts. 

The quantification of GSH, PC2, PC3 and PC4 was performed by AB Sciex Analyst® version 

1.6.3 software. 

 

 

 

INHIBITION STUDY 



3.7 Experimental setup for cell culture  

To better study thiol-peptide release as a defence mechanism against HM stress, immortalized 

Arabidopsis thaliana cells (a model organism) were implicated, under Cd2+ stressed and control 

conditions.  

Arabidopsis thaliana cells were grown in a sterile suspension culture in 50 mL of Murashige 

& Skoog Medium (MS, Duchefa, Haarlem, BH, Netherlands) including micro- and macro-

nutrients, vitamins, 0.8%  agar, and 3%  sucrose. Medium pH was measured and adjusted to 

5.5, then the medium was autoclaved for 20 min at 120 °C. Before use, alpha-naphthaleneacetic 

acid (NAA)  0.5 mg/L and kinetin 0.05 mg/L were added to the medium. The suspension 

culture was weekly split into fresh MS medium. A suspension volume of 5 mL was transferred 

into a sterile tube and treated with 0, 10, 20 µM CdSO4, as in Figure 16,  and incubated in 

constant shaking  for 48h and 72h at 25°C with a photoperiod of 16 hours light / 8 hours dark. 

 

 

Figure 16. A.thaliana cell cultures in CTRL condition and under Cd2+ stressed conditions. 

 

After the exposure period, each treatment was transferred to a falcon tube and centrifuged for 

5 minutes at 1000 rpm. The supernatant was filtered using a 0.20 µm filter, and 700 µL of the 

medium was lyophilized and resuspended in 28 µL of H₂O containing ¹³C₂,¹⁵N-GSH (final 

concentration of 200 ng/mL) to achieve a dilution factor of 25. For the evaluation of 

extracellular release of thiol-peptides, 20 µL of the sample was injected into the HPLC-MS/MS 

system using the analytical method described in chapter 3.3. 

The resulting pellet was weighed, transferred to a 1.5 mL Eppendorf tube, and stored at -80°C 

for 1 hour to induce a thermal shock. To analyse intracellular thiol-peptides, the extraction 

buffer (as described in section 3.2) containing GSH as an internal standard (final concentration 

of 200 ng/mL) was added to resuspend the pellet. The sample was then vortexed and 

homogenized at 5500 rpm for 20 seconds. The homogenate was centrifuged for 10 min at 14000 

rpm at 4 °C and filtered using a 0.45 µm filter to minimize thiol retention. 

CTRL 
10 µM 

Cd2+ 

20 µM 

Cd2+ 



Various volumes of extraction buffer were tested to identify the optimal ratio for analysis, and 

a 1:10 ratio (mg of fresh sample weight per mL of extraction buffer) was found to be the most 

effective. The resulting cell lysate was analysed using HPLC-MS/MS. 

 

 

 

 

 

 

 

 

3.8 Statistical analysis 

The data obtained from thiol-peptide quantifications and reported in sections 3.4.3, 3.5, and 3.6 

as well as the biometric analysis in subsection 3.4.1 and results of fluorescence and 

photosynthetic efficiency parameters in subsection 3.4.2 were all subjected to a statistical 

analysis. 

The data analysis was performed using the commercial software GraphPad Prism 9.0.2 

(GraphPad Software Inc., San Diego, CA, USA). Specifically, a one-way ANOVA followed 

by Tukey’s multiple comparisons test was applied to analyse significant differences in 

biometric and photosynthetic efficiency data. Similarly, the comparison of the percentage 

distribution of shoots, roots, and growth media across the treatments in the inhibition study 

also utilized one-way ANOVA followed by Tukey’s multiple comparisons test. For the 

evaluation of intracellular and extracellular thiol-peptides, as well as all absolute quantified 

data from the inhibition study, a two-way ANOVA followed by Tukey’s multiple comparisons 

test was performed, too. Differences were considered significant at p < 0.05. 

 

 

 

 

 

 

 

 

 



4. DISCUSSION AND RESULTS 

 

4.1 Pre-analytical extraction method improvement 

Several attempts were made to improve extraction efficiency of thiol-peptides, reduce the 

matrix effect, increase the method accuracy, and prevent the dust deposition inside the 

instrumentation, which can progressively reduce the instrument sensitivity. 

The  results confirmed that the use of SPE procedures with WCX, HPL, WAX, and Bond Elute 

cartridges did not improve the extraction method, also due to the low solid-phase extraction 

recovery rates of the target analytes that were below 10%, with a significant loss of HPLC-

MS/MS signals. 

An esterification attempt was made to render the target analytes less polar and thus more easily 

extractable from the aqueous plant matrix. However, the derivatization reaction involving ethyl 

ether presented several challenges, primarily regarding reaction completeness, and 

consequently yield. Specifically, the reaction resulted in the formation of three distinct 

products, visible in MS: monoesterified, diesterified, and triesterified forms. This limitation 

led to the exclusion of this approach, since it increased both extraction time and costs, without 

significant advantages. 

Other approaches were explored to improve either selectivity or analyte’ extraction efficiency, 

aimed by a reduction in analytical background noise and potential increase in signal intensity. 

To this end, various buffer combinations were tested and compared. Table 5 shows the peak 

areas obtained for each test using HPLC-MS/MS. From these results, it was evident that TCEP 

performed better than β-mercaptoethanol as a reducing agent for our extraction system. The 

use of TRIS-HCl or HEPES buffers did not seem to produce significant differences. 

To determine the optimal concentration of the reducing agent and prevent rapid oxidation of 

thiol-peptides, different concentrations of TCEP were tested, as shown in Table 6. Once again, 

the reported peak areas confirmed that 2 mM, already used in the method described in the 

literature [218]was the optimal concentration. No significant differences were observed with 

higher TCEP concentrations, and increasing the amount would only lead to unnecessary 

material consumption. 

 

 



 GSH peak 

area (counts) 

PC2 peak 

area (counts) 

PC3 peak 

area  (counts) 

PC4 peak 

area (counts) 

TRIS-HCL (10 mM)+ 

β-mercaptoethanol         

(20 mM) 

1.42E+07 1.66E+05 1.39E+04 NA 

HEPES (10 mM)+ 

β-mercaptoethanol 

(20 mM) 

1.61E+07 1.9E+05 2.27E+04 NA 

TRIS-HCL (10 mM)+ 

TCEP (20 mM) 

3.85E+07 7.94E+05 5.29E+04 3.26E+04 

TRIS-HCL (10 mM)+ 

TCEP (20 mM) 

3.36E+07 6.39E+05 3.39E+04 2.29E+04 

 

Table 5. Attempts to modify the extraction buffer: involvement of β-mercaptoethanol or TCEP in TRIS HCl or 

HEPES solution: comparison between peak areas obtained by HPLC-MS/MS analysis and quantification. 

 (NA = not available peak area). 

 

 GSH peak 

area (counts) 

PC2 peak 

area (counts) 

PC3 peak 

area  (counts) 

PC4 peak 

area (counts) 

TRIS-HCL (10mM)+ 

TCEP (2 mM) 

2.49E+07 6.77E+05 2.58E+04 1.58E+04 

TRIS-HCL (10mM)+ 

TCEP (5 mM) 

1.78E+07 6.76E+05 2.80E+04 1.15E+04 

TRIS-HCL (10 mM)+ 

TCEP (10 mM) 

1.19E+07 5.71E+05 2.43E+04 1.23E+05 

TRIS-HCL (10 mM)+ 

TCEP (20 mM) 

8.27E+06 6.26E+05 2.31E+04 1.04E+04 

 

Table 6. Attempts to modify the extraction buffer: the comprehension of right TCEP concentration. 

 

To determine whether the use of TRIS HCl provided any advantages over the initial buffer and 

to understand the differences in using varying amounts of buffer, several trials derived from 

the same matrix pool were compared: four trials of 50 mg (A, B, C, D) were extracted using 

the standard aqueous buffer and four (E, F, G, H) using TRIS HCl. All buffers were 



supplemented with TCEP (2 mM) and DTPA (6.3 mM). The results showed that while both 

buffer systems produced signals of similar magnitude, the trials using the standard buffer (A, 

B, C, D) yielded slightly more intense peaks. Therefore, the classic buffer described in the 

literature [218]  proved to be the better choice. 

Regarding the amount of buffer, different ratios of sample fresh weight (mg FW) to buffer 

volume (µL) were tested: 1:3 (A), 1:6 (B), 1:10 (C), and 1:20 (D). Additionally, the effect of 

one versus two washing steps was evaluated. As shown in Table 7, using a larger buffer volume 

resulted in an increased signal, likely due to better extraction of thiol-peptides or, at the very 

least, a reduction in matrix effects because of the greater dilution. At the same time, in terms 

of quantification, the addition of an extra washing step did not significantly enhance the signal 

but visibly improved the sample’s clarity and transparency. This allowed for the injection of 

cleaner samples, thereby optimizing the performance and maintenance of the HPLC-MS/MS 

system. 

 

 GSH 

(nmol/gFW) 

PC2 

(nmol/gFW) 

PC3 

(nmol/gFW) 

PC4 

(nmol/gFW) 

D 2 washing steps 15.06 19.96 13.96 3.92 

C 2 washing steps 9.19 9.65 6.75 1.52 

B 2 washing steps 5.41 6.47 4.52 0.99 

A 2 washing steps 2.41 6.72 4.50 1.11 

D 1 washing step 15.77 19 13.29 3.17 

C 1 washing step 9.67 9.96 6.97 1.8 

B 1 washing step 5.39 6.69 4.68 1.13 

A 1 washing step 2.45 4.78 3.34 0.59 

D 9.48 15.55 10.88 2.83 

C 5.84 5.87 4.11 1.03 

B 4.54 5.55 3.89 1.02 

A 2.8 4.49 3.14 0.67 

 

Table 7. Comparison of peak areas obtained from the extraction of P.alba pool matrix using  different ratios of 

sample fresh weight (mg FW) to buffer volume, along with the effect of 0, 1, or 2 washing steps. 

 

 



To establish the importance of washing steps as a confirmed part of the extraction procedure, 

it was necessary to evaluate their impact on analytical recovery. The analytical procedure 

applied prior to the washing steps had already been assessed by Bellini et al. 2019 [218], who 

compared the peak areas of internal standards spiked before and after extraction. In shoot 

extracts, the recovery rates were 91.02% for glycine-13C2,
15N-labelled GSH and 83.90% for 

glycine-13C2,
15N-labelled PC2. In root extracts, recovery rates were 73.78% for glycine-

13C2,
15N-labelled GSH and 88.96% for glycine-13C2,

15N-labelled PC2. 

To further evaluate the washing steps, analytical results for treatments A, B, C, and D 

(described in Table 7) were compared using a pooled matrix of shoot and root extracts of P.alba 

plants spiked with 200 ng/mL of labeled internal standards. The samples were subjected to 

either no washing, one washing step, or two washing steps. The ratio between the peak areas 

of washed and unwashed samples is shown in Table 8. The results showed that recovery of 

thiol-peptides was approximately 80% after one washing step. With an additional washing step, 

the clarity of the extract noticeably improved, and recovery remained around 60–70%, 

confirming that these additional cleaning steps can be safely incorporated into the extraction 

procedure without significant loss of analyte. 

 

 GSH-IS 

peak area 

washed sample/not 

washed ratio % 

PC2-IS 

peak area 

washed sample/not 

washed ratio % 

D 1.26E+06  1.17E+05  

D 1 washing step 9.66E+05 76.67 8.81E+04 75.30 

D 2 washing steps 7.60E+05 60.32 7.45E+04 63.68 

C 1.43E+06  1.27E+05  

C 1 washing step 1.22E+06 85.31 7.59E+04 59.76 

C 2 washing steps 1.00E+06 69.93 7.70E+04 60.63 

B 1.94E+06  9.22E+04  

B 1 washing step 1.65E+06 85.05 9.85E+04 106.83 

B 2 washing steps 1.30E+06 67.01 5.40E+04 58.57 

A 1.72E+06  4.69E+04  

A 1 washing step 1.39E+06 80.81 4.42E+04 94.24 

A 2 washing steps 1.06E+06 61.63 3.22E+04 68.66 

Table 8. Labeled-Internal standards Peak area obtained from HPLC-MS/MS analysis of pool-matrix P.alba 

extracts subjected to either no washing, one washing step, or two washing steps. Percentage of peak area ratio 

between not washed or washed samples were reported. 



4.2 Populus alba response under Cd2+ high stressed condition  

 

4.2.1 Biometric analysis  

Populus alba seedlings were harvested two months after the start of the Cd treatment in order 

to measure biometric parameters. The effects of exposure to 50 μM and 100 μM Cd²⁺ on 

seedling growth were examined using a number of growth indicators, such as leaf area, stem 

length, root length, leaf number, and dry weight percentage. 

No significant differences were observed across treatments for any of the measured parameters. 

plants exposed to 50 μM Cd²⁺ showed a slightly larger leaf area of 2.1 cm² (Figure 17A), while 

plants exposed to both concentrations of Cd showed a stem length of 5.8 cm in control plants 

and decreased to 5 cm in plants exposed to both concentrations of Cd (Figure 17B). At both 

Cd concentrations, the treated plants' root length rose marginally to 5.2 cm from the control 

plants' 4.6 cm (Figure 17C). The number of leaves dropped from 10 in the control group to 8 

in both Cd-treated groups (Figure 17D). Lastly, the percentage of dry matter was 15% in 

controls, remained nearly constant at 16% in plants treated with 50 μM Cd²⁺, but dropped to 

11% in those treated with 100 μM Cd²⁺ (Figure 17E). 

 

Figure 17. Leaf area (A), stems length (B), roots length (C), number of leaves per plant (D), and dry matter (E) 

measured in P. alba samples treated with 0 (CTRL), 50, and 100 μM Cd²⁺. Values are presented as mean ± SE. 

The abbreviation "ns" indicates no significant differences between different concentrations and organs (one-way 

ANOVA followed by Tukey’s test, p < 0.05). 
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In conclusion, the exposure to 50 μM and 100 μM Cd²⁺ did not result in significant alterations 

to growth parameters under the experimental conditions. However, slight changes in specific 

indicators, such as a reduction in root length and dry matter content, may suggest early-stage 

physiological responses to Cd stress that do not yet impact overall growth. This indicates that 

P. alba exhibits a certain level of tolerance to moderate Cd exposure over the time as reported 

in previous studies [119,183]. The absence of toxic effects could be attributed to the plant's 

ability to detoxify Cd. As reported by Di Lonardo et al. 2011 [119], the concentration of Cd in 

the shoots exceeded levels generally considered toxic for plants. Based on the lack of 

significant effects from our treatments, the results suggest that poplars may tolerate and 

accumulate high levels of HMs without adverse effects.  

 

4.2.2 Fluorescence and photosynthetic efficiency  

In order to observe the photochemical efficiency variation  in relation to physical conditions, 

the in vivo analysis of fluorescence is conducted after treatment with Cd. The analysis of 

transient fluorescence stages (OJIP transients) is commonly used to evaluate the efficiency of 

photosynthesis. Following results were obtained following the JIP test [222], a method that 

allows the calculation of numerous parameters and provides detailed insights into the 

composition and functionality of PSII, as well as the efficiency of the photosynthetic electron 

transport chain. 

The Handy-PEA fluorimeter recorded parameters categorized into fluorescence technical 

parameters, energy flux parameters, and specific energy flux parameters related to each 

reaction center, summarized in Table 9. 

 

Fluorescence Technical Parameters 

Parameter Meaning 

FV = FM ‒ FO Maximum variable fluorescence 

Vt = (Ft ‒ FO) / FV Relative variable fluorescence 

M0 = (ΔV/Δt)0 ≈ 4(F0.3ms – F0.05ms) / 

FV 

Initial slope (in ms⁻¹) of the fluorescence 

rise in the O-J phase 

Specific Energy Fluxes (per active PSII) 

Parameter Meaning 

ABS/RC = (M0/VJ)/φP0 Apparent antenna size per active PSII 



TR0/RC = M0/VJ Maximum exciton flux captured per active 

PSII 

ET0/RC = (M0/VJ)/φE0 Electron flux transferred from QA⁻ to PQ 

per active PSII 

RE0/RC = (M0/VJ)/φR0 Electron flux transferred from QA⁻ to the 

final acceptors of PSI per active PSII 

DI0/RC = ABS/RC ‒ TR0/RC Energy flux dissipated in processes other 

than electron capture per active PSII 

Phenomenological Energy Fluxes (per CS - cross-section) 

Parameter Meaning 

ABS/CS0 ≈ FO and ABS/CSM ≈ FM Photon flux absorbed (CS) per leaf analysed 

TR0/CS = (TR0/ABS) × (ABS/CS) Maximum exciton flux captured per leaf 

analysed 

ET0/CS = (ET0/ABS) × (ABS/CS) Electron flux from QA⁻ to PQ per leaf 

analysed 

RE0/CS = (RE0/ABS) × (ABS/CS) Electron flux from QA⁻ to the final 

acceptors of PSI per leaf analysed 

RC/CS = (RC/ABS) × (ABS/CS) Number of active PSII reaction centers per 

leaf analysed 

ABS/CS0 ≈ FO and ABS/CSM ≈ FM Photon flux absorbed (CS) per leaf analysed 

  

Table 9. Specific energy and phenomenological energy fluxes parameters and fluorescence technical 

parameters, evaluated for the fluorescence and photosynthetic efficiency. 

The data obtained did not reveal any significant statistical differences across the experimental 

conditions as shown in Figure 18.  

Once again the plant's capacity to store and detoxify Cd may be the reason for the lack of 

harmful consequences. Previous studies on poplar plants exposed to Cd have demonstrated that 

proteins involved in the Calvin cycle and light-dependent photosynthetic reactions were 

significantly affected by short-term Cd treatment (≤14 days). However, the impact of Cd on 

photosynthesis and the abundance of Calvin cycle proteins was less pronounced under long-

term exposure (up to 56 days) [192]. These findings suggest that poplars may have the ability 

to adapt to Cd over extended periods, mitigating the negative effects on growth and 

photosynthesis. 



 

 

Figure 18. JIP-test parameters performed on P. alba samples treated with 0 (CTRL), 50, and 100 μM Cd²⁺: 

technical parameters (A), phenomenological energy fluxes at time 0 (B), specific energy fluxes (C), and 

phenomenological energy fluxes at the final time (D). Values are presented as mean ± SE. The abbreviation "ns" 

indicates no significant differences between different concentrations and organs (one-way ANOVA followed by 

Tukey’s test, p < 0.05). 

 

 

4.2.3 Intracellular thiol-peptides quantification  

Upon entering the cytosol, Cd²⁺ ions are chelated by thiol-peptides, such as PCn, to mitigate 

their toxic effects [225]. To explore the role of the PCS enzyme and the PCn it generates in Cd 

detoxification, the qualitative and quantitative levels of PCn and GSH were assessed. To 

perform this thiol-peptides analysis, samples from the three organs (leaves, stems, and roots) 

of Populus alba were extracted and analysed by HPLC-ESI-MS/MS method explained in 3.3 

section. Figure 19 shows the reference chromatographic run of analytes solution concentrated 

500 ng/mL.  

A B 
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Figure 19. Chromatogram of standard mixture (500 ng/mL) of GSH, PC2, PC3, PC4 analytes in extraction 

buffer. 

Referring to intracellular GSH (Figure 20), in both leaves and stems, its concentration was 

around 5 nmol/g FW without significant differences among the various conditions. However, 

in roots, a significant increase in intracellular GSH was observed with increasing Cd 

concentrations. The GSH concentration rose from 5 nmol/g FW in the controls to a maximum 

of approximately 12 nmol/g FW in samples treated with 100 µM Cd²⁺. 

 

Figure 20. Intracellular GSH content in the three organs (leaves, stems, and roots) of P. alba samples treated 

with 0 (CTRL), 50, and 100 μM Cd²⁺, expressed as nmol/g FW. Values are presented as mean ± SE. Different 

letters indicate significant differences between different concentrations and organs (two-way ANOVA followed 

by Tukey’s test, p < 0.05). 

Leaves Stems Roots

0

5

10

15

20

G
S

H
 (

n
m

o
l 

g
-1

F
W

)

CTRL

50 μM Cd2+

100 μM Cd2+

a

a
a

a
a

a

ab

bc

c

G
S

H
 n

m
o

l/
g

 F
W

 



The data obtained from the analysis of total intracellular PCn (Figure 21) showed no significant 

differences in the leaves among control samples, which had a concentration of 1 nmol/g FW, 

samples treated with 50 µM Cd²⁺ (5 nmol/g FW), and those treated with 100 µM Cd²⁺ (13 

nmol/g FW). In the stems, there were no differences between the control samples and those 

treated with 50 µM Cd²⁺, which reached concentrations of 2 nmol/g FW and 12 nmol/g FW, 

respectively. However, a significant increase was observed in samples treated with 100 µM 

Cd²⁺, reaching a concentration of 25 nmol/g FW. Finally, roots did not showed significant 

differences in terms of total PCn between control samples and those treated with 50 µM Cd²⁺, 

which reached concentrations of 3 nmol/g FW and 14 nmol/g FW, respectively. A notable 

increase was observed in samples exposed to 100 µM Cd²⁺, with concentrations rising to 90 

nmol/g FW. 

It is noteworthy that the increase in total intracellular PCn was primarily attributed to the 

production of PC2 across all Cd treatments, while PC3 and PC4 contributed only marginally. 

Specifically, PC2 was the only PCn detected in the controls, with concentrations of 0.5 nmol/ 

g FW in leaves, 1 nmol/g FW in stems, and 2 nmol/g FW in roots. Samples treated with 50 µM 

Cd²⁺ reached concentrations of approximately 4 nmol/g FW in leaves and 10 nmol/g FW in 

stems and roots. The concentration of PC2 significantly increased in all three organs in samples 

treated with 100 µM Cd²⁺, reaching approximately 15 nmol/g FW in leaves, 17 nmol/g FW in 

stems, and 34 nmol/g FW in roots. PC3 and PC4 generally exhibited lower concentrations than 

PC2, and were absent in the controls of all three organs. With 50 µM Cd²⁺, PC3 and PC4 levels 

were low, ranging from 0.5 to 2.5 nmol/g FW across tissues. At 100 µM Cd²⁺, PC3 rose to 2, 

7, and 18 nmol/g FW in leaves, stems, and roots, respectively, while PC4 reached 2 and 6 

nmol/g FW in leaves and stems, and 38 nmol/g FW in roots. 

 

 

 



 

Figure 21.Total intracellular PCn content in the three organs (leaves, stems, and roots) of P. alba samples 

treated with 0 (CTRL), 50, and 100 μM Cd2+, expressed as nmol/g FW. Values are reported as mean ± SE. 

Different letters indicate significant differences between different concentrations and organs (two-way ANOVA 

followed by Tukey’s test, p < 0.05). 

 

The results reveal an increase in total PCn production in stems and roots treated with 100 μM 

Cd²⁺, with PC2 being the most prevalent, alongside lower levels of PC3 and PC4. Notably, 

even under control conditions, PC2 was synthesized, suggesting a constitutive role for PCS as 

previously proposed by Degola et al. 2014 [80]. In contrast, PC3 and PC4 were absent in 

controls but increased under higher Cd stress, likely reflecting their enhanced chelating 

efficiency due to more thiol groups, as reported by Kneer and Zenk 1997 [226]. In studies 

conducted on the model organism A. thaliana, data suggest that PCn overproduction may 

provide an advantage in tolerating high Cd concentrations, especially when the initial levels of 

PCn are insufficient to sequester all the available Cd. Consistently, we also observe in P.alba 

an increase in PCn levels with higher Cd exposure in our experiments. This upward trend in 

PCn synthesis in roots is further supported by a study conducted by Di Lonardo et al. 2011 

[119], which investigated three clones of P. alba. The findings revealed that roots were 

significantly more affected by metal toxicity than shoots highlighting the critical role of PCn 

in root tissues under Cd stress. An increase in PCn levels in the roots suggests a 

correspondingly higher concentration of Cd in these tissues. This indicates that P. alba may 

employ a metal exclusion or non-translocation strategy, retaining Cd within the roots to prevent 

its movement to stems and reproductive tissues. In conclusion, the findings highlight the 

adaptability of Populus alba to Cd stress, with differential PCn production reflecting the plant's 

strategic response to varying levels of HM  toxicity. This underscores the importance of PCn 

diversity in enhancing the plant’s tolerance to Cd. 

 



4.3 Populus alba under Cd2+ short-term and lower stressed condition: role of thiol-

peptides  

An experimental setup was designed to explore the potential role of thiol-peptides under Cd-

lower stressed conditions. In detail, based on our previous research conducted on different plant 

species (Appendix), this study aims to investigate whether thiol-peptides  could contribute to 

extracellular detoxification as well as in the intracellular one.  

 

4.3.1 Intracellular content and extracellular release of thiol- peptides in Populus alba 

Shoots showed an increased content of GSH as the increasing concentration of Cd, at least after 

24 and 48 h. On the contrary, after 72 h of treatment the presence of GSH did not exhibit any 

significant increment with the increasing of Cd concentration. The GSH levels in shoots 

showed a significant increase when comparing treatments with Cd²⁺ at 24 h versus 48 h 

particularly regarding 36 µM Cd²⁺ and 10 µM Cd²⁺ (p< 0.001) concentrations and at significant 

decrease at 24h and 48 h versus 72 h, specifically at higher concentrations of 20-36 µM Cd²⁺ 

(Figure 22A). These results are reminiscent of trends in other species studied and cited by 

Bellini et al. [85,227] suggesting the usage of GSH as a direct ligand for Cd sequestration, in 

addition to as a precursor for PCn synthesis.  

In roots, intracellular GSH levels demonstrated a moderate increase with higher Cd 

concentrations and prolonged exposure times, as shown in Figure 22B. The most notable 

differences were observed when comparing 24 h and 72 h exposures: under 36 µM Cd²⁺, a 

more pronounced increase was recorded, from 19.02 to 37.40 nmol/g FW. 

Regarding the extracellular response, a progressive upward trend in GSH levels was observed 

over time. Specifically, the 36 µM Cd²⁺ treatment showed a significant difference between 24 

h versus 48–72 h of exposure, with GSH levels increasing from 13.3 nmol/g FW to 29.8 nmol/g 

FW, reaching 33.58 nmol/g FW over time (Figure 22C). The FW considered for the 

extracellular evaluation is the fresh weight of the corresponding root system inside each 

medium. 

 



 

Figure 22. Intracellular content in shoots (A) and roots (B) and extracellular presence (C)  of GSH at 0 (CTRL), 

5,10, 20, 36 µM Cd2+   after 24-48-72 h as exposure times. Values are means ± SE (n = 3). Different letters 

indicate significant differences (two-way ANOVA followed by Tukey’s test, p < 0.05). 

 

The intracellular/extracellular ratio was assessed to analyse the relationship between the 

synthesis and release of GSH under varying Cd²⁺ concentrations over time. The ratio suggests 

that the magnitude of intracellular and extracellular levels remains consistent, indicating that 

the quantity released extracellularly is substantial and noteworthy (Table 10). 

 

 CTRL 5uM Cd2+ 10 uM Cd2+ 20 uM Cd2+ 36uM Cd2+ 

24h 2.32 1.27 1.42 1.24 1.42 

48h 0.59 1.30 1.61 0.98 0.75 

72h 0.83 2.72 1.53 1.19 1.11 

Table 10. Intracellular/extracellular GSH ratio calculated for each treatment. 

 

 

 



Concerning the analytical evaluation of intracellular PCn, Figure 23 A shows a general increase 

in nmol/g FW in shoots associated with 20 and 36 μM Cd²⁺ concentrations over time. Focusing 

on a single time point, after 72 hours, exposure to 36 μM Cd²⁺ results in a significant PCn 

content, reaching up to 5.7 nmol/g FW. Regarding PCn in roots and specifically PC2, an 

augmented presence was underlined at 20 and 36 μM Cd2+ stressed conditions comparing 24 h 

vs 48 h and 72 h treatments. The 20 μM Cd²⁺ treatment caused a time-dependent increase in 

PCn levels, rising from 12.6 nmol/g FW at 24 h to 23.5 nmol/g FW at 48 h, and ultimately 

reaching 34.0 nmol/g FW at 72 h. Similarly, the 36 μM Cd²⁺ treatment led to significant 

increases, starting from 18.6 nmol/g FW at 24 h, climbing to 38.8 nmol/g FW at 48h, and 

reaching a peak of 65.6 nmol/g FW at 72 h. Results also spotlighted in roots a significant 

increase of PCn between 20-36 μM Cd2+ groups, both at 48 h and 72 h timepoints (p < 0.0001). 

Comparing the effects of different Cd concentrations within the same time point, it was 

observed that after 24 h, only the treatments with the highest Cd concentrations showed 

significant differences compared to the control. In contrast, after 48 and 72 h , more significant 

differences emerged—not only between the controls and the treatments but also among the 

different Cd²⁺ concentrations (Figure 23B). 

At the extracellular level, the extrusion of PCn became significant when comparing 24 h or 48h 

treatments to the 72 h treatment. After 72 h, the increase in PCn was clear, with significant 

differences observed among the treatments under varying Cd²⁺ stress levels (Figure 23 C).PCn 

level after 72 hours starts at approximately 2 nmol/g FW in the CTRL and 5 µM Cd treatments, 

reaching 4.26 nmol/g FW in the 20 µM Cd treatment and 6.25 nmol/g FW at the highest Cd 

concentration of 36 µM." 

It is important to highlight that the total PCn values were calculated as the sum of PC2, PC3, 

and PC4, with PC2 having the greatest weight in the calculation. PCn with a higher degree of 

polymerization may be more efficient under high-intensity Cd stress due to the greater number 

of thiol groups in their structure, which provides these peptides with a stronger metal-chelating 

capacity [226]. Indeed, as demonstrated by our results, higher Cd concentrations led to an 

increase in PC3 and PC4 levels, which were absent in the control. In our experiments,  PC3 

and PC4 are absent not only in the CTRL treatments but also in shoots Cd2+ treated, confirming 

a higher synthesis of these oligomers in roots than in shoots. Figure 24 shows the roots 

intracellular PC2-3-4 distribution and the relative extracellular medium concentration. 



 

Figure 23. Intracellular content in shoots (A) and roots (B) and extracellular presence (C)  of PCn at 0 (CTRL), 

5,10, 20, 36 µM Cd2+   after 24-48-72 h as exposure times. Values are means ± SE (n = 3). Different letters 

indicate significant differences (two-way ANOVA followed by Tukey’s test, p < 0.05). 

Figure 24. Intracellular (in roots, A, B, C) and extracellular (D, E, F) phytochelatin oligomers PC2-3-4 (nmol/g 

FW) at 0 (CTRL), 5,10, 20, 36 µM Cd2+   stressed condition, after 24-48-72 h as exposure times. Values are 

reported as mean ± SE (n = 3). Different letters indicate significant differences (two-way ANOVA followed by 

Tukey’s test, p < 0.05).  

A B 

C 



The intracellular/extracellular ratio was analysed for PCn amount as well. The results indicate 

that the proportion between intracellular and extracellular levels remains quite stable, 

highlighting that the amount released into the extracellular space is significant and relevant for 

further investigation. 

 

 CTRL 5uM Cd2+ 10 uM Cd2+ 20 uM Cd2+ 36uM Cd2+ 

24h 2.23 7.82 9.49 6.21 11.32 

48h 1.97 10.39 7.96 9.90 10.04 

72h 3.43 4.62 5.12 8.00 10.50 

Table 11. Intracellular/extracellular PCn ratio calculated for each treatment. 

 

The results obtained in this study align closely with existing literature, highlighting the 

correlation between increased Cd concentration in the treatment medium and a corresponding 

rise in intracellular Cd levels. For instance, Dai et al. 2013 [228]  investigated the effects of Cd 

exposure on growth and GSH content in Populus × canescens plants treated with 0, 10, 30, and 

70 μM CdSO₄. Their findings revealed that Cd accumulation increased proportionally with 

external Cd concentrations, with roots showing significantly higher Cd levels compared to 

bark, wood, and leaves. Notably, Cd exposure led to a marked decline in GSH content across 

tissues, alongside a proportional increase in PCn synthesis. This trend was particularly 

pronounced in roots, where PCn production was consistently higher than in other tissues. These 

data collectively suggest that Cd in Populus × canescens roots predominantly exists in the form 

of Cd-PCn complexes. Similarly, studies on hydroponically grown Populus × euramericana 

cv. ‘Neva’ and Populus nigra × Populus ussuriensis under Cd stress conditions demonstrated 

significant increases in Cd content in roots, shoots, bark, and wood with rising Cd 

concentrations [229]. This trend mirrors our findings in P. alba, although the low Cd transfer 

from roots to shoots observed in these studies—and in our experiments—may be attributed to 

the short duration of the metal exposure [230]. Likewise, in our P. alba liquid treatment 

experiments, a limited exposure time appeared insufficient to enable substantial metal 

accumulation in aerial plant parts. This interpretation aligns with our observation of lower PCn 

accumulation in shoots, further supporting the hypothesis of restricted Cd translocation to 

aboveground tissues. 



This observation in P. alba parallels findings in other plants with high Cd tolerance. For 

instance, in Indian mustard (Brassica juncea L. Czern.), Cd exposure significantly increased 

GSH content, likely replenishing the pool used for PCn synthesis. GSH levels rose markedly 

in both roots and shoots under Cd stress, while Cd²⁺-stressed tissues contained PC2, PC3, and 

PC4 oligomers. However, the relative amounts of these oligomers differed between organs. 

Similarly to our findings in P. alba, Cd exposure in B. juncea led to a generalized increase in 

all PCn oligomers, corroborating previously reported trends for GSH and total PCn production 

[231]. Bellini et al. 2023 [72] further demonstrated that Cd exposure activates the constitutively 

expressed PCS enzyme, driving a significant increase in PCn synthesis and concurrently 

enhancing GSH levels. This suggests that GSH synthesis exceeds its consumption for PCn 

production, allowing it to support additional detoxification pathways [72,232,233]. These 

findings underline the dual functionality of GSH in maintaining cellular homeostasis while 

contributing to Cd detoxification. 

Concerning the extracellular release of thiol-peptides, our findings align with studies on the 

liverwort M. polymorpha. In this model, both GSH and PCn have been shown to chelate Cd in 

the cytosol, enabling its detoxification through vacuolar sequestration, likely mediated by 

tonoplast transporters of the type-C ABC subfamily. Notably, Cd, GSH, and PCn were also 

detected extracellularly, pointing to a potential novel role for these molecules in Cd 

detoxification via a pH-dependent mechanism. This dual role—facilitating intracellular 

detoxification while also contributing to extracellular metal handling—broadens our 

understanding of the multifaceted functions of GSH and PCn in metal stress responses [72]. 

The present study builds on this foundation, proposing a new hypothesis regarding thiol- 

peptides as both intracellular and extracellular detoxifying agents. Extensive studies on GSH-

Cd²⁺ complexes have illustrated the highly dynamic coordination chemistry of GSH and PCn 

[234–236]. Supporting this hypothesis, research on white lupin (Lupinus albus) revealed a 

diverse array of PCn variants enriched in the exudates of arsenic-treated plants, suggesting the 

deployment of detoxification metabolites directly into the rhizosphere. Intracellularly, arsenic 

detoxification in plants primarily involves the formation of As(III)-PC complexes [237]. 

Furthermore, there is evidence that As(III)-(PC₂)₂ complexes are released from roots, providing 

a mechanism for arsenic exclusion akin to vacuolar sequestration. 

Together, these findings strongly support the hypothesis that thiol-peptides serve as dual-

function detoxifying agents, mediating both intracellular compartmentalization and 



extracellular expulsion of metal complexes. This dual role highlights the versatility of thiol-

peptides in enabling plants to tolerate and adapt to HM stress in diverse environmental contexts. 

Thus, both in bryophytes and in tracheophytes, an intriguing new role played by thiol-peptides 

as intracellular and extracellular Cd-detoxifying agents, might now be assumed. Future studies 

will concentrate on the complex path through the plasma membrane, particularly on metal-thiol 

transporter inhibition mechanisms. Overall, these studies could help us understand the main 

mechanisms underpinning various phytomonitoring technique, and accordingly help improve 

them from an applied standpoint as well. 

An analytical consideration must be highlighted among the obtained results. The HPLC-

MS/MS analysis is influenced by the sample matrix, which explains the differences observed 

between intracellular and extracellular evaluations, even at the methodological level. 

Specifically, one key factor to keep in mind during the identification of analyte peaks and their 

corresponding areas under the curve is the retention time shift observed when comparing 

HPLC-MS/MS injections of shoot-root extracts with those of the treatment medium. 

Particularly, GSH shows a tR of 2.81 minutes related to the injected buffer for the intracellular 

evaluation, which shifts to 2.36 minutes when analysing the medium. Similarly, the PCn also 

exhibit retention time shifts: PC2 tR changed from 8.11 to 7.72 minutes. 

Furthermore, a preliminary experiment to study the photosynthetic efficiency and fluorescence 

was also perform on a few group of CTRL and 36 µM Cd2+ under 72h exposure time. These 

preliminary data suggests that low concentrations of Cd2+ may have positive effects on poplar 

plantlets. A treatment with 36 µM Cd2+ for 72 h positively influenced the light reactions of 

photosynthesis, as shown by the analysis of fast fluorescence transients (OJIP) in dark-

acclimated leaves. The elaboration of the data by the JIP test [222] yielded the results that are 

summarized in Figure 25 reporting the parameters that were significant different between 

treated and control plants. Apparently, the treated plants exhibited a higher content of the 

primary quinone acceptor QA (as suggested by the greater Area and FM values). The 

parameters that are referred to CS (both CSO and CSM) are the phenomenological energy fluxes 

and provide information on the energy fluxes per excited cross section of PSII. Their overall 

increase in treated plants demonstrated that Cd2+ enhanced the flow of energy through the 

whole photosynthetic electron transport chain. This may be the reason of the higher value of 

PIABS, a parameter that expresses the potential for energy conservation from exciton to the 

reduction of intersystem electron acceptors. Positive effects of a low Cd2+ concentration on the 

light reactions of photosynthesis were not unexpected, because they had been already 



demonstrated in multiple species [238,239] our results are only preliminary evidence, but they 

deserve further investigation. 

 

 

 

Figure 25. JIP-test technical parameters performed on P. alba samples treated with 0 (CTRL), and 36 μM Cd²⁺, 

both under 72 h of treatment.  

 

 

4.3.2 Response in A.thaliana colture cells 

After treating immortalized Arabidopsis thaliana cells with 0 (CTRL), 10, and 20 µM Cd²⁺, 

cell lysates were extracted as described in 3.7 section to evaluate intracellular thiol-peptides. 

Additionally, the growth media were analysed using HPLC-MS/MS to assess extracellular 

thiol-peptides. In this experiment, no calibration curve was used for absolute quantification; 

instead, the ratio between the analyte of interest and its isotopically labeled internal standard  

was employed to ensure accurate data interpretation. It is important to note that the matrix in 

this case differs from those analysed previously, potentially influencing results. Therefore, 

spiking the internal standard prior to the extraction process—both intracellular and 

extracellular—is fundamental. Any loss or anomalous behaviour of the unlabeled analytes 

would similarly affect the internal standard. Using the analyte-to-internal standard ratio related 

to the grams of treated cells helps to mitigate errors or variability among replicates.  

The experiment, conducted in triplicate, confirmed the presence of thiol-peptides both 

intracellularly and extracellularly. Notably, the intracellular content and release of thiol-

peptides into the growth medium increased in the presence of Cd²⁺ compared to controls. Table 

12 highlights GSH data, which were particularly relevant for preliminary studies investigating 

thiol-peptide transporter proteins. From the data, it is evident that 10 µM Cd²⁺ is sufficient to 

   

   

 

   

   

    

  

       

       

             

       

       

      

                

        



induce an increase in thiol-peptides. However, at higher Cd²⁺ concentrations, a decrease in 

GSH levels was observed, consistent with findings from other studies on different plant species 

[77,85]. 

 

  Treatment I II III 

 

 

 

Cell 

Lysates 

 

48 h 

CTRL 9.52 12.08 25.47 

10 µM Cd2+ 110.14 65.79 136.73 

20 µM Cd2+ 12.77 27.64 24.07 

 

72h 

CTRL 97.68 NA NA 

10 µM Cd2+ 12.78 86.78 60.10 

20 µM Cd2+ 14.45 9.72 14.43 

 

 

 

Media  

 

48h 

CTRL 81.45 29.22 101.12 

10 µM Cd2+ 16.54 28.66 183.30 

20 µM Cd2+ 83.86 23.10 74.98 

 

72h 

CTRL 30.18 9.49 NA 

10 µM Cd2+ 62.01 16.40 14.74 

20 µM Cd2+ 5.34 6.01 8.92 

Table 12. Values of (GSH/IS-GSH) per gram of pelleted A. thaliana immortalized cells, corresponding to 48- 

and 72-hour treatments with 0 (CTRL), 10, and 20 µM Cd²⁺ concentrations in both cell lysates and the 

respective treatment media. NA = values not available due to detection issues. 

 

Given the experimental conditions, where Cd²⁺ is more bioavailable and the cells—unlike a 

more complex organism such as a whole plant—are more directly exposed to metal absorption, 

prolonged exposure times (up to 72 hours) did not visibly damage the cells but did lead to 

alterations in their metabolism. These metabolic changes were associated with reduced GSH 

levels, possibly due to the formation of interfering molecules that also exacerbate the existing 

matrix effect, thereby influencing the analytical process. The aim of this attempts was to 



demonstrate that even in cell cultures, mechanisms of synthesis and, importantly, extrusion of 

thiol-peptides similar to those observed in Populus alba plants are employed under comparable 

conditions. Building on these results, future research could focus on identifying plasma 

membrane transporters involved in the transport of GSH or thiol-peptides more broadly. 

Immunoprecipitation studies on cells treated for 48 h with 0 and 10 µM Cd²⁺ would provide 

valuable insights. MS analysis of gel bands containing the proteins of interest could further 

enrich this study and answer key biological questions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



4.4 Inhibition study of thiol-peptides transporters: intracellular and extracellular 

evaluation of GSH and PCn   in response to Glibenclamide and Sodium 

orthovanadate inhibition ability. 

An inhibition study targeting putative (Cd-) thiol-peptide complex transporters was conducted 

to better understand the mechanisms underlying the release of GSH and PCn, which may be 

mediated by the plasma membrane of poplar root cells. 

As known from the literature, the major class involved in the transport of HMs and their 

potential complexes are ABC transporters. For example, members of the ABCC family are 

localized in the tonoplast and are therefore implicated in the vacuolar compartmentalization of 

metals and other substances. The vacuolar import of PCn–Cd complexes is mediated by ATP-

binding cassette (ABC)-type transporters [240], transmembrane proteins that utilize ATP to 

translocate various substrates across membranes. 

ABC-type proteins have a characteristic modular structure consisting of two basic components: 

a hydrophobic transmembrane domain (TMD), typically composed of six membrane-spanning 

α-helices, and a cytosolic nucleotide-binding domain (NBD) responsible for ATP binding. The 

two TMDs dimerize to form the substrate-binding cavity [241,242]. 

Additionally, the G-type ABC transporter PDR8 from A. thaliana has been implicated in the 

extrusion of Cd²⁺ ions or Cd conjugates across the plasma membrane of root epidermal cells 

[143]. Numerous studies have investigated the role of ABC transporters in the translocation 

and redistribution of metals. In rice, Cd treatment was shown to increase the expression of the 

G-type ABC transporter ABCG36, as reported by Fu et al. 2019 [141]. Higher Cd 

concentrations were observed in the roots of a loss-of-function mutant, indicating that ABCG36 

facilitates the translocation of Cd from roots to shoots. Interestingly, an intriguing study [142] 

demonstrated that overexpression of the ABCG36 gene from P. tomentosa in A. thaliana 

enhanced Cd tolerance. This suggests that the transporter functions as a Cd extrusion pump. 

To inhibit ABC transporters, and more broadly, possible ATPase-driven plasma membrane 

transporters, the literature identifies potential molecules such as glibenclamide and sodium 

orthovanadate. Orthovanadate, in particular, is effective due to its ability to mimic phosphate 

groups, allowing it to be easily recognized by the transporter. 

Different treatments with or without inhibitors, in control and Cd2+ stressed conditions, were 

performed in P.alba plants and an HPLC-MS/MS analysis was performed on both the media 

and the plant extracts from shoots and roots, enabling quantification of the nmol/g FW of thiol-



peptides. What was expected from this study was a reduction in extracellular thiol-peptide 

content in the presence of inhibitory molecules. 

Regarding glibenclamide, no inhibition was observed, even after 72 h of treatment. 

Furthermore, when analysing the absolute values of GSH and phytochelatins (PC2, PC3, PC4), 

an unexpected pattern was noted: a lower-than-expected content of PC2, accompanied by 

increased levels of higher oligomers such as PC3 and PC4. These findings suggest that 

glibenclamide does not selectively inhibit plasmalemma transporters and could have some 

implication in the synthesis and metabolism of intracellular PCn. Consequently, the 

investigation proceeded with the second inhibitor, sodium orthovanadate. 

As a first observation, it is important to note the significant toxicity associated with the inhibitor 

at a concentration of 0.500 mM. While shoots showed no visible or organoleptic damage, the 

roots appeared to suffer, with root hairs progressively blackening over time. This condition 

worsened noticeably after 48 h and became severe after 72 h of treatment. Consequently, the 

experiment was adjusted to focus on lower inhibitor concentrations, specifically 0.250 mM and 

0.125 mM, for both shoots and roots. Additionally, the extracellular thiol-peptide presence in 

the treatment media was evaluated. 

In terms of absolute extracellular values, expressed in nmol/g FW for the root system, the 

higher presence of thiol-peptides under Cd stressed conditions compared to the control, as 

detailed in chapter 4.3, was confirmed. In the presence of sodium orthovanadate and Cd, GSH 

exhibited a decrease at 0.125 mM inhibitor concentration. Specifically in controls, after 72 h, 

GSH levels dropped from approximately 16.1 to 3.9 nmol/g FW under 0.125 mM of inhibitor 

and to 9.1 nmol/g FW under 0.250 mM (Figure 26 A,B). 

In Cd-treated samples, GSH levels decreased from 11.03 to 8.3 nmol/g FW after 48 h and from 

26.4 to 9.3 nmol/g FW after 72 h (Figure 26A). Also at higher inhibitor concentrations (0.250 

mM), there was a decrease of GSH levels that rose to 6.7 nmol/g FW after 48 h and 7.8 nmol/g 

FW after 72 h (Figure 26B). 

Regarding absolute values of PCn, particularly in samples treated with Cd²⁺ in combination 

with sodium orthovanadate, an inhibition effect was observed after 72 h at both inhibitor 

concentrations (Figure 26 C,D). However, unlike GSH, this inhibition did not follow a clear 

trend. The data suggest that this inhibitor demonstrates a certain degree of selectivity toward 

GSH, while the inhibition of PCn appears more random. 

 

 



 

Figure 26: Inhibition study on P.alba plasmalemma transporters: GSH values (nmol/g FW of root system) 

obtained by HPLC-MS/MS analysis of extracellular thiol-peptides at 0 (CTRL) and 36 µM Cd2+ without 

inhibitor and with sodium orthovanadate 0.125mM (A) or 0.250 mM (B). PCn values (nmol/g FW of root 

system) obtained by HPLC-MS/MS analysis of extracellular thiol-peptides at 0 (CTRL) and 36 µM Cd2+ without 

inhibitor and with sodium orthovanadate 0.125mM (C) or 0.250 mM (D). Values are reported as mean ± SE (n = 

3). Different letters indicate significant differences (two-way ANOVA followed by Tukey’s test, p < 0.05). 

 

 

Given that the presence of Cd induces higher thiol-peptide synthesis and extracellular efflux, a 

comparative analysis was performed to assess their distribution across shoots, roots, and the 

extracellular media. In Figure 27, the relative percentages of GSH in shoots, roots, and media 

are shown, with 100% representing the total sum of these three compartments. 

From Figure 27A, it is evident that after both 48 and 72 h of treatment, the percentage of GSH 

in the media decreases in the presence of the inhibitor. Simultaneously, GSH levels in shoots 

increase more than in roots, suggesting the possibility of thiol-peptide translocation within the 

plant. 

The inhibition percentages, summarized in Table 13, further clarify the observed trends: the 

percentage of inhibition does not appear to be concentration-dependent, as no significant 

increase in inhibition is observed between 0.125 mM and 0.250 mM of the inhibitor. On the 

contrary, longer exposure times seem to have a greater influence on the % inhibition of GSH: 



after 72 h, the inhibition effect became more pronounced, with up to 70% inhibition observed, 

compared to the 40% after 48 h. 

The inhibition percentages were calculated as: 

%Inhibition = 100 −
Absolute GSH or PCn values (inhibited treatment)

Absolute GSH or PCn values(not inhibited treatment)
 

 

 

Figure 27. Relative percentages of GSH (A) and PCn (B) in shoots, roots, and media, with 100% representing 

the total sum of these three compartments, under 36 µM Cd2+ stressed condition maintained for 48 and 72 h, 

with or without sodium orthovanadate (0.125-0.250 mM). Values are reported as mean ± SE (n = 3). The 

comparison of the percentage distribution of shoots, roots, and growth medium across different conditions was 

performed. Different letters indicate significant differences and the abbreviation "ns" indicates no significant 

differences (one-way ANOVA followed by Tukey’s test, p < 0.05). 

 

 

 

 

Exposure time Inhibitor concentration GSH % of inhibition  PCn % of inhibition 

 

48h 

0.250 mM 38.85 ± 3.2 0.00 ± 0.0 

0.125 mM 40.3 ± 5.5 34.00 ± 4.3 

 

72h 

0.250 mM 71.89 ± 7.5 24.80 ± 8.0 

0.125 mM 78.34 ± 5.9 45.50 ± 8.8 

Table 13. GSH and PCn inhibition % calculated as 

%Inhibition = 100 −
Absolute GSH or PCn values (inhibited treatment)

Absolute GSH or PCn  values(not inhibited treatment)
 for each treatment condition (± percentage 

error): 48-72h as exposure time, 0.125 -0.250 mM as sodium orthovanadate concentration. 



These results highlight sodium orthovanadate’s impact as an inhibitor, with a pronounced 

selectivity for GSH. The observed decrease in extracellular GSH levels in the presence of the 

inhibitor, alongside increased levels in shoots, suggests a disruption in GSH efflux and a 

potential redirection of thiol-peptides within the plant system. Moreover, based on our results, 

it seems that GSH and PCn/Cd-PCn complexes may not utilize the same plasma membrane 

transporters for extrusion. Further investigation is needed to clarify the mechanisms involved, 

particularly in relation to PCn transport. These findings pave the way for future studies 

exploring the biological pathways and molecular targets affected by this inhibitor. 

Alternatively, Cd²⁺ may utilize other efflux mechanisms, with the metal potentially being 

released either as a complex with PCn via specific transporters or in its free form. PCn, whether 

chelated with the metal or not, could also be transported through alternative efflux pathways 

involving other protein transporters. One hypothesis is that aquaporins might play a role in this 

transportation process [243]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



5. CONCLUSION 

The results of this study highlight significant advancements and insights into pre-analytical 

extraction methods, thiol-peptide quantification, and plant responses to Cd2+ stress. The 

optimization of the extraction protocol demonstrated that while methods such as SPE and 

derivatization were ineffective, adjustments in buffer systems, reducing agents, and washing 

steps significantly improved sample clarity and analytical accuracy without compromising 

recovery rates. The addition of washing steps notably enhanced sample quality, making the 

extraction procedure more reliable and compatible with HPLC-MS/MS analysis. 

Exploring long-term effects of Cd exposure, biometric analysis of Populus alba seedlings 

revealed limited alterations in growth parameters under Cd stress, suggesting a degree of 

physiological resilience. Minor changes, such as increased root length and decreased dry matter 

at higher Cd concentrations, indicate early responses to Cd exposure. This tolerance, coupled 

with findings from in vivo fluorescence analyses, further supports the hypothesis that P. alba 

can accumulate Cd without showing significant photosynthetic or growth impairments in the 

short term. These results align with prior studies, highlighting a potential metal exclusion 

strategy that sequesters Cd within roots to mitigate systemic toxicity. 

Overall, this research not only refines the analytical methodology for thiol-peptide detection 

but also contributes to understanding the physiological and biochemical mechanisms 

underlying Cd stress tolerance in P. alba. The results of this study demonstrate the pivotal role 

of intracellular thiol-peptides, particularly PCn and GSH, in the detoxification of Cd in Populus 

alba. While GSH levels remained stable in leaves and stems, a significant increase in roots 

under higher Cd concentrations suggests its crucial role in early defence mechanisms. PCn 

production, predominantly driven by PC2, was significantly elevated in stems and roots at 100 

µM Cd²⁺, indicating a dose-dependent response to HM stress. These findings underscore P. 

alba’s capacity to deploy differential and organ-specific responses to mitigate Cd toxicity, 

affirming the importance of thiol-peptide diversity in HM tolerance. 

The presented findings concerning a short-term Cd2+ stress highlight the critical role of thiol- 

peptides, particularly GSH and PCn, in managing HM stress across diverse plant systems. In 

Populus alba, both intracellular content and extracellular release of GSH and PCn were 

enhanced under Cd stress, demonstrating their importance in Cd detoxification and 

homeostasis. Similar trends were observed in Marchantia polymorpha, where thiol-peptides 

responded dynamically to excess Zn, Cu, and Fe, further supporting their dual role as 

intracellular and extracellular detoxifying agents[227]. These mechanisms appear conserved 

across bryophytes and tracheophytes, emphasizing their evolutionary significance. In 



Arabidopsis thaliana cell cultures, Cd exposure also induced thiol-peptide synthesis and 

release, reinforcing their general role in HM tolerance. Collectively, these findings contribute 

to understanding the physiological and molecular strategies plants use to cope with HM stress, 

with implications for phytomonitoring applications. 

This study provides important insights into the extracellular transport of thiol-peptides and the 

effects of transport inhibitors on their synthesis and release under Cd²⁺ stress. Evidence 

suggests that ABC transporters, particularly those localized in the plasma membrane and 

tonoplast, mediate the transport of GSH, PCn, and their respective metal complexes. Inhibition 

studies identified sodium orthovanadate as a putative inhibitor of thiol-peptide transporters, 

specifically targeting GSH transport. The significant decrease in extracellular GSH levels and 

its accumulation in shoots in the presence of sodium orthovanadate suggests a disruption in 

GSH efflux and potential redirection within the plant system. However, PCn inhibition 

appeared less pronounced and lacked a consistent trend, highlighting possible differences in 

the transport mechanisms or selectivity of the inhibitor. 

The study further underscores the complexity of thiol-peptide transport and the potential 

involvement of other pathways, including aquaporins or alternative transporter proteins, in 

managing Cd²⁺ stress. The findings also emphasize the need for further exploration of the 

molecular targets and pathways involved in thiol-peptide transport and metal detoxification. 

Understanding these processes will enhance our knowledge of plant detoxification strategies 

and inform future applications in phytoremediation and stress tolerance improvement. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



APPENDIX 

 

Intracellular and extracellular presence of thiol-peptides in response to Cd stress in Marcantia 

polimorpha 

Given the critical role of PCn and GSH in detoxification, I participated in the investigation of 

PCn in Marchantia polymorpha—a liverwort considered a key species in the phylogeny of land 

plants. The study focused on M. polymorpha gametophytes grown under physiological levels, 

deprivation, and excess of three essential metal micronutrients: Zn, Cu, and Fe. Specifically, 

gametophytes were exposed to 80 μM or 200 μM Zn, 80 μM or 200 μM Cu, and 200 μM or 

300 μM Fe for 24 and 72 hours. 

This research provided valuable biological insights, which guided the direction of this PhD 

project. It paved the way for addressing the same questions initially posed for M. polymorpha 

in the context of P. alba, transitioning from a study on bryophytes to one on a tracheophyte 

model. 

Concerning the result obtained from our recent study on M. polymorpha at both tested 

concentrations and throughout the experiment, in vivo treatments with excess Zn markedly 

increased PCn production. PCn levels peaked at 24 and 120 h at a concentration of 80 μM. In 

samples treated with 200 μM Zn, PCn biosynthesis was lower at 24 h but higher at 14 and 72 

h compared to those treated with 80 μM Zn (Figure 28A). Analysis of the various PCn 

oligomers produced in response to both Zn concentrations revealed that PC2 was the most 

prevalent oligomer small amounts (~0.05 nmol/g FW) of higher-order PCn oligomers were 

detected, with synthesis observed as early as 6 h after treatment initiation (Figure 29 A,B). 

Figure 28B shows in vivo PCn concentrations in response to excess Cu, along with 

corresponding control levels. Similar to Zn treatments, PC2 was the most abundant oligomer 

produced in response to Cu exposure, while PC3 and PC4 were present in lower amounts 

(between ~0.05 and 2 nmol/g FW) (Figure 29 C,D). Higher-degree oligomers were found in 

smaller quantities, with PCn synthesis detectable as early as 6 h post-treatment. PCn levels in 

samples treated with 80 μM Cu diverged from control only after 24 h of metal exposure, 

decreasing thereafter and approaching control values. In contrast, 200 μM Cu caused a 

significant rise in PCn levels as early as 6 h after treatment onset, with concentrations 

consistently remaining above control at approximately 20 nmol/g FW. 

In contrast, after 14 h of exposure to 300 μM Fe, the first discernible rise in PCn was noted. 

After that, the PCn levels were continuously greater than the control's, fluctuating around 12 



nmol/g FW before reaching a final peak at 120 h, when they were roughly 28.5 ± 1.8 nmol/g 

FW (Figure 28C). Similar to Zn and Cu treatments, a rise in PC2 concentration was the main 

cause of the increase in total PCn after exposure to Fe. Additionally, PC3 and PC4 were 

synthesised, but at very low amounts (less than 0.9 nmol/g FW) (Figure 29 E,F). 

 

 

 

 

Figure 28. In vivo concentrations of phytochelatins (PCn, nmol/g FW) in Marchantia polymorpha 

gametophytes exposed for 6, 14, 24, 72, and 120 h to 80 μM (light blue bars) or 200 μM (blue bars) Zn (A) and 

to 80 μM (beige bars) or 200 μM (orange bars) Cu (B) and to 200 μM (pink bars) or 300 μM (amaranth bars) Fe 

(C). Values are reported as mean ± SE. Different letters indicate significant differences between different 

concentrations and organs (two-way ANOVA followed by Tukey’s test, p < 0.05) [227]. 
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Figure 29. In vivo phytochelatin oligomers PC2-3-4 (nmol/g FW) in Marchantia polymorpha gametophytes 

exposed for 6, 14, 24, 72, and 120 h and to 80 μM (light blue bars, A) or 200 μM (blue bars, B) Zn and to 80 μM 

(beige bars, C) or 200 μM (orange bars, D) Cu and to 200 μM (pink bars, E) or 300 μM (amaranth bars, F) 

Fe.Values are reported as mean ± SE. Different letters indicate significant differences between different 

concentrations and organs (two-way ANOVA followed by Tukey’s test, p < 0.05) [227]. 

 

In conclusion, Excess Zn, Cu, and Fe raised the concentrations of PCn in gametophytes, while 

starvation lowered them. However, PCn were detected also when plants were supplied with 

physiological levels of these micronutrients, thus proving their constitutive presence. This 

observation essentially confirms what has been previously demonstrated in other 

photoautotrophic species [77,80,81,85].  

 

Excess Zn in in vivo treatments caused extracellular release of PCn, following a pattern similar 

to that observed with Fe (Figure 30 A,E). However, for Zn, only the highest concentration (200 

µM) had a significant effect. In contrast, both Cu doses triggered a relatively rapid extracellular 

release of PCn, which was prominent 24 h after treatment initiation and appeared to plateau by 

A B 

C D 

E F 



72 h (Figure 30C). The extracellular release of PCn was also observed under exposure to 200 

and 300 µM Fe, though it became noticeable only after 72 h (Figure 30E). Additionally, 

extracellular GSH release exhibited a pattern similar to that of PCn across all treatments (Figure 

30). However, the quantities of thiol-peptide released varied significantly, especially for Zn 

and Fe (Figure 30 A,B,E,F), where GSH levels in the growth medium were an order of 

magnitude higher than those of PCn. In contrast, for Cu, the extracellular levels of GSH and 

PCn were comparable.  

 

 

Figure 30. Extracellular concentrations of phytochelatins (PCn, nmol/g FW) in the ms ½ growth medium, 

where Marchantia polymorpha gametophytes were exposed for 24 and 72 h to 80 μM (light blue bars) or 200 

μM (blue bars) Zn (A); 80 μM (beige bars) or 200 μM (orange bars) Cu (C); 200 μM (pink bars) or 300 μM 

(amaranth bars) Fe (E). Extracellular concentrations of GSH (nmol/g FW) in the MS ½ growth medium, where 

M. polymorpha gametophytes were exposed for 24 and 72 h to 80 μM (light blue bars) or 200 μM (blue bars) Zn 

(B); 80 μM (beige bars) or 200 μM (orange bars) Cu (D); 200 μM (pink bars) or 300 μM (amaranth bars) Fe (F). 

Values are means ± SE (n = 3). Different letters indicate significant differences (two-way ANOVA followed by 

Tukey’s test, p < 0.05) [227]. 
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Lastly  this study showed that excess Cu, Fe, and Zn triggered the release of PCn and GSH into 

the growth medium, supporting the idea that these thiol-peptides function as extracellular 

detoxifying agents [72]. The presence of PCn and GSH in the growth media of plants treated 

with metal(loid)s has been widely reported, further suggesting their role in extracellular 

detoxification [72,243]. For instance, exudates from Lupinus albus (white lupin) plants 

exposed to As contained significant levels of PCn and GSH derivatives, which may either 

prevent As uptake into the root system or facilitate the exudation of As complexed with thiol-

peptides from the root symplasm into the surrounding environment [243]. Similarly, Oryza 

sativa (rice) was found to have an As efflux system at the plasma membrane, based on the 

activity of certain ABC transporters [244]. 

This study's findings do not allow for a definitive conclusion on whether complexation of 

excess Zn, Cu, and Fe by GSH and PCn occurred extracellularly, preventing entry into cells, 

or intracellularly before their release into the growth medium. However, based on current data 

and previous studies using Cd [72], we believe the first hypothesis is more plausible: metal 

elements may be complexed intracellularly and sequestered in the vacuole, with excess metal-

bound thiol-peptides released extracellularly. 

Interestingly, gametophytes exposed to Cu quickly released PCn and GSH into the growth 

medium, with PCn concentrations exceeding those observed following Zn and Fe treatments 

and nearing GSH concentrations. This rapid release aligns with reports that thiol-peptides are 

potent Cu chelators [245,246]. The faster release of GSH compared to PCn could reflect an 

effective mechanism for binding and neutralizing Cu toxicity. 

Given all results obtained on M. polymorpha, it was decided to extend our research to in vitro 

P. alba plants, which were also subjected to HM stress, particularly Cd. Our study aims to 

investigate the hypothesis of a dual role of thiol-peptides in both intra and extracellular 

detoxification in P. alba.  
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