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ABSTRACT  

Plant resilience to abiotic stress represents a critical challenge for modern agriculture, as 

conditions such as drought and salinity severely compromise crop productivity in an 

increasingly unstable climate. Potato (Solanum tuberosum L.), one of the world’s most 

important food crops, provides a valuable model for investigating the biological 

mechanisms underlying stress adaptation. Its wild relative, Solanum commersonii, 

however, exhibits remarkable natural tolerance and offers a valuable system for 

understanding the genetic and regulatory factors that sustain resilience. In plant stress 

responses, an important role is played both by secondary metabolites, including 

anthocyanins involved in cellular protection, and by epigenetic mechanisms that 

modulate gene expression and contribute to adaptive plasticity. Integrating these levels is 

therefore central to deciphering plant resilience. Following an introductory chapter, the 

Chapter II examines the response of cultivated potato (S. tuberosum) to drought stress 

through a comparison of four genotypes with differing pigmentation (two anthocyanin-

rich and two non-pigmented). The plants were subjected to six days of water stress, 

followed by a rewatering phase on the seventh day. The results indicate that resilience is 

closely linked to the constitutive (preventive) accumulation of anthocyanins rather than 

their stress-induced synthesis. Molecular analysis reveals that a pre-existing pool of these 

pigments allows for a more flexible transcriptional response, mediated by the coordinated 

regulation of key genes such as DFR, AN1, and AN2, thereby optimizing oxidative 

protection. The Chapter III addresses an interspecific comparison between S. tuberosum 

(cv. Désirée) and the wild species S. commersonii (clone 1T) under prolonged salt stress 

(21 days), involving three increasing levels of salinity (0, 80, and 150 mM NaCl). The 

data highlight that the superior tolerance of S. commersonii appears to derive from greater 

regulatory plasticity sustained by targeted chromatin remodeling (gain of H3K4me3 and 

loss of H3K27me3) at key genes for antioxidant defense and phenylpropanoid 

metabolism, supported by ChIP-qPCR and complemented by qualitative locus-level 

ChIP-seq profiles (highest-quality replicate retained due to mapping constraints). 

Furthermore, the identification of the specific microRNA miRNA19 suggests a resource 

reallocation strategy toward defense, mediated by the repression of cell growth programs. 

The Chapter IV addresses heat stress and extends the investigation to heat stress memory 

(priming) in tomato (S. lycopersicum). The study demonstrates that priming establishes a 

transcriptional memory characterized by the anticipatory activation of thermotolerance-

related pathways, including those mediated by heat shock proteins (HSPs) and chloroplast 
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function. The results suggest that stress memory represents an additional layer of 

adaptation that can be exploited in combination with the use of wild relatives to develop 

potato cultivars with improved resistance to recurrent environmental stresses. Overall, 

this work demonstrates that enhanced stress tolerance emerges from the interplay between 

efficient metabolic pathways, dynamic transcriptional regulation, and advanced 

epigenetic control, providing new perspectives for breeding strategies aimed at improving 

crop resilience. 
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CHAPTER I  

General introduction  
Partially published in: Cimmino, Luca, et al. "Adaptable Alchemy: Exploring the 
Flexibility of Specialized Metabolites to Environmental Perturbations Through Post 
Translational Modifications (PTMs)." Plants 14.3 (2025): 489. 
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Introduction 
 

1.1 The potato (Solanum tuberosum) and its wild relatives 

The Solanaceae family represents one of the largest and most diverse groups of 

angiosperms, comprising about 3,000 species distributed across approximately 100 

genera (Olmstead et al., 2008). The highest concentration of diversity within this family 

is found in Central and South America, which represent the center of origin for many of 

its species. This family includes several crops of major agricultural and nutritional 

importance, such as tomato (Solanum lycopersicum), potato (S. tuberosum), and eggplant 

(S. melongena), as well as peppers (Capsicum spp.), ground cherries (Physalis spp.), and 

tobacco (Nicotiana spp.) (Motti, 2021). Widely cultivated ornamental species such as 

Petunia, Datura, and Atropa also belong to this family. In addition, several Solanaceae 

species, including tomato, tobacco, and petunia, serve as key biological models for 

studying plant development, stress responses, and hormonal regulation (Gebhardt, 2016). 

Thanks to their remarkable diversity, Solanaceae species provide an ideal model for 

comparative genomics, allowing the exploration of a wide range of genetic traits and 

evolutionary adaptations.  

Within this framework, the potato (S. tuberosum) is the most important Solanaceae 

worldwide and it is recognized as the first non-cereal crop in the world (it ranks fourth 

among staple foods after rice, wheat, and maize, FAO, 2021) in terms of production value, 

caloric contribution, and global food security. Its domestication began around 8000–5000 

BC in the Andes region of South America, particularly around Lake Titicaca, which lies 

at an elevation of 3,800 meters (12,500 feet) and forms the border between Bolivia and 

Peru. It is believed that humans began consuming wild potatoes from the humid coastal 

plains of South America about 13,000 years ago. Today, potato is a cornerstone of global 

agriculture. According to FAO data, global potato production reached approximately 383 

million tonnes in 2023, cultivated over an area of around 16.8 million 

hectares (FAOSTAT, 2024) (Figure 1B). This high output, combined with the crop’s 

short growing cycle and adaptability to diverse environments, contributes to its strategic 

role in global food security. The potato is not only consumed fresh but is also extensively 

used in processed food production. Moreover, it serves as an industrial source of starch 

and alcoholic beverages (Reddy et al., 2018). Potato tubers represent an important source 

of complex carbohydrates, fibers, vitamins, and bioactive compounds, including 

secondary metabolites of nutraceutical interest such as anthocyanins and other flavonoids 
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(Barbas et al., 2023). Its extensive cultivation across both developing and industrialized 

regions makes it particularly valuable for addressing the food needs of growing 

populations and supporting economic development (Varga & Đurović, 2023). 

 

Figure 1. Global distribution, productivity, and regional contribution of potato 
production in 2023. The upper panel shows a world map of potato production based on 
FAOSTAT 2023 data, highlighting major producing areas. The lower-left panel compares 
global harvested area and total production, illustrating overall productivity. The lower-
right panel presents the regional share of global potato output, with Asia accounting for 
the largest proportion (FAOSTAT 2024). 
 

Alongside the cultivated species, wild potato relatives within the genus Solanum represent 

a valuable genetic reservoir. They possess adaptive traits that have evolved in extreme or 

marginal environments, making them a key resource for breeding programs (Hawkes, 

1990; Jansky, 2010). Many wild species display remarkable tolerance to abiotic stresses 

such as drought, salinity, and high temperatures, as well as resistance to various biotic 

stresses. Their characterization and utilization help broaden the genetic base of  

cultivated potato, which is often limited by high genetic uniformity and reduced 

adaptability (Bradshaw & Bonierbale, 2010; Spooner et al., 2014). For example, S. 

chacoense and S. berthaultii exhibit high heat tolerance, making them valuable genetic 

resources for breeding thermotolerant cultivars (Smillie et al., 1983). Additional evidence 



 10 

for drought tolerance in wild Solanum comes from recent work showing that the wild 

species S. sisymbriifolium exhibits significantly better growth, biomass accumulation, 

and stomatal regulation under water stress compared to cultivated species (Kégbé et al., 

2024). Among the wild relatives of cultivated potato, S. commersonii (Figure 2) is one of 

the most extensively studied and well-characterized species.) It is a diploid (2n = 2x = 

24), tuber-bearing wild potato species belonging to the tertiary gene pool (1EBN), which 

is sexually isolated from cultivated potato but can be hybridized through unreduced 

gametes and bridge crosses (Jansky, 2006; Carputo et al., 1997). It is a wild, tuber-

producing potato species native to Central and South America. More specifically, S. 

commersonii is endemic to the coastal regions of Argentina, Uruguay, and southern 

Brazil, where it grows across a wide range of environments, including marshy areas, 

riverbanks, grasslands, and sandy soils (Hawkes, 1990; Aversano et al., 2021). It exhibits 

several resistance traits absent in the cultivated potato, including resistance to root-knot 

nematodes, soft rot, blackleg, bacterial and Verticillium wilt, Potato virus X, tobacco etch 

virus, common scab, and late blight. Particularly noteworthy is its tolerance to frost and 

its ability to cold-acclimate (i.e., to increase its freezing tolerance after exposure to non-

freezing low temperatures). In contrast, the cultivated potato is classified as frost-

sensitive and unable to cold-acclimate (Palta and Simon, 1993). Because of this broad 

resistance spectrum, S. commersonii has long been recognized as an important donor of 

agronomically valuable traits for potato improvement programs (Micheletto et al., 2000; 

Gonzalez et al., 2013). The importance of S. commersonii has been further reinforced by 

the fact that it was the first wild potato species whose genome was sequenced, providing 

fundamental insights into genome evolution, stress adaptation, and the genetic basis of 

biotic and abiotic stress tolerance in wild potato relatives (Aversano et al., 2015). 
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Figure 2. Morphological features of Solanum commersonii. Images showing the flower 
morphology with its characteristic purple corolla and yellow anthers, the root system and 
overall plant and the appearance of plants exposed to 150 mM NaCl salt stress. 

 

Today’s agronomic and environmental challenges make the study and use of these genetic 

resources increasingly urgent, particularly in the context of climate change, which is 

expected to intensify drought, heat and salinity in many potato-growing regions. In this 

context, the cultivated potato is particularly vulnerable, showing high sensitivity to these 

stress factors (Levy & Veilleux, 2007). As a “cool-climate” crop with relatively shallow 

roots and high-water demand, it is particularly vulnerable to fluctuations in water 

availability and temperature. Understanding how plants in general perceive and respond 

to these abiotic stresses at both the physiological and molecular level, including the 

protective role of secondary metabolites and the contribution of epigenetic regulation, is 

therefore essential for interpreting stress responses in potato and for exploiting the 

adaptive traits present in wild potato relatives. In this framework, the following sections 

outline the core mechanisms underlying plant responses to drought, salinity and heat, 
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providing the conceptual background for the stress-specific experimental chapters of this 

thesis. 

 

1.2 Abiotic stresses: physiological responses and core molecular mechanisms 

Abiotic stresses are among the main limiting factors for crop growth and productivity. 

Among these, salinity, drought, and high temperatures are particularly critical, leading to 

significant yield losses and threatening global food security (Boyer, 1982; Lesk et al., 

2016). In the context of climate change and rapid human population growth, the impact 

of these stresses is expected to become even more severe. The world’s population 

currently stands at 8 billion. According to the latest United Nations projections, this 

number could increase to about 8.5 billion by 2030 and 9.7 billion by 2050 (United 

Nations, 2023). Thus, meeting the rapidly growing global food demand represents a major 

challenge for agriculture under increasingly variable environmental conditions. Climate 

change and unsustainable agricultural practices are also intensifying key abiotic 

constraints: soil salinization (driven by factors such as intensive irrigation and seawater 

intrusion) reduces crop productivity, prolonged drought events limit water availability for 

agriculture, and more frequent heatwaves strongly affect plant physiological processes 

(Munns & Tester, 2008; Lesk et al., 2016; Hasanuzzaman et al., 2013). Many aspects of 

plant physiology are affected by abiotic stress conditions, which cause profound 

alterations in cellular processes. Some of these changes are non-adaptive and merely 

reflect stress-induced damage, such as alterations in membrane fluidity or protein 

structure caused by heat or cold, or disruptions in enzyme kinetics and molecular 

interactions due to toxic ions. Conversely, other changes are adaptive and enhance plant 

tolerance, including the repair of stress-induced damage, restoration of cellular 

homeostasis, and regulation of growth to adjust to new environmental conditions. 

Consequently, these mechanisms and the molecular networks that control them represent 

potential targets for genetic improvement of crop species (Zhang, 2020). 

In the following subsections, salinity, drought and heat stress are examined in more detail, 

with a focus on their general physiological effects and on the main molecular signaling 

and regulatory pathways involved in plant adaptation. 
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1.2.1 Salt stress 

Salinity represents a growing threat, particularly in arid and semi-arid regions. Soil 

salinity can be classified into two main categories: primary and secondary. Primary 

salinity develops naturally over long periods as a result of geological and atmospheric 

processes. Weathering of parent materials containing soluble salts releases sodium, 

calcium, and magnesium chlorides, together with sulfates and carbonates, with sodium 

chloride being the most soluble compound. In addition, so-called “cyclic salts,” consisting 

mainly of ocean-derived sodium chloride, are carried inland by wind and deposited on 

the soil through precipitation (Zhu, 2001). In contrast, secondary salinity is induced by 

human activities and today represents the most widespread form of agricultural 

salinization. It results from practices that disrupt the soil’s hydrological balance between 

the water supplied (by rainfall or irrigation) and that actually used by crops through 

transpiration. The main contributing factors include deforestation and the replacement of 

perennial vegetation with annual crops, which reduce the soil’s ability to regulate the 

water cycle, as well as irrigation systems that use saline water or have poor drainage, 

leading to salt accumulation in the rhizosphere (Szabolcs, 1974; Garg and Manchanda, 

2008; Shanker and Venkateswarlu, 2011). Excess salts cause osmotic imbalances that 

reduce water uptake and lead to toxic accumulation of ions, mainly sodium and chloride, 

thereby impairing enzyme activity and membrane stability. Moreover, salinity stress 

induces an increase in reactive oxygen species (ROS) production, causing oxidative 

damage to lipids, proteins, and DNA (Zhu, 2001). High concentrations of Na⁺ and Cl⁻ in 

the soil thus cause both osmotic and ionic stress, reducing the plant’s ability to absorb 

water and nutrients (Ismail et al., 2020; Ismail, 2014), and salt responses typically show 

an early osmotic phase followed by a slower ionic phase (Munns and Tester, 2008). The 

root is the first organ to come into direct contact with salt. Salinity stress significantly 

reduces root biomass and alters the distribution of components within the root system 

architecture, affecting the growth rate of both primary and lateral roots and inhibiting 

their formation. To cope with these adverse conditions, plants activate a variety of 

physiological and biochemical responses aimed at maintaining ionic homeostasis, proper 

osmotic potential, and the balance of ROS (Yang et al., 2018). 

At the molecular level, salinity is perceived by plants as a combination of osmotic and 

ionic stress, leading to rapid increases in cytosolic calcium (Ca²⁺) and ROS, as well as the 

activation of hormone signaling pathways, particularly abscisic acid (ABA) (Zhu, 2001; 

Deinlein et al., 2014). These early signaling events activate conserved ion regulatory 
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mechanisms, most notably the Salt Overly Sensitive (SOS) pathway, which plays a 

central role in Na⁺ extrusion and ionic homeostasis. In this pathway, the Ca²⁺ sensor Salt 

Overly Sensitive 3 (SOS3), also known as calcineurin B-like protein 4 (CBL4), and the 

protein kinase SOS2 (Salt Overly Sensitive 2, also known as CIPK24) interact to activate 

the plasma membrane Na⁺/H⁺ antiporter SOS1, reducing cytosolic Na⁺ levels and 

contributing to K⁺/Na⁺ homeostasis (Zhu, 2002; Deinlein et al., 2014). 

In addition to extrusion mechanisms, plants use vacuolar NHX-type Na⁺/H⁺ antiporters 

to sequester Na⁺ into vacuoles, reducing cytotoxic effects (Blumwald, 2000). The HKT 

(high-affinity K⁺ transporter) family contributes to salt tolerance by retrieving Na⁺ from 

the xylem stream and limiting its accumulation in the shoot, which is essential for 

protecting photosynthetically active tissues (Hauser & Horie, 2010; Almeida et al., 2013). 

These transport processes are tightly regulated by Ca²⁺-dependent protein kinases and 

CBL–CIPK signaling complexes, which integrate ionic and osmotic stress signals 

(Deinlein et al., 2014). 

Salinity also triggers transcriptional reprogramming via stress-responsive transcription 

factors such as NAC (NAM, ATAF1/2 and CUC2), MYB (myeloblastosis), WRKY 

(WRKY-type zinc-finger proteins) and AP2/ERF (APETALA2/ethylene-responsive 

factor) and DREB (dehydration-responsive element-binding) proteins, which regulate 

genes involved in osmoprotectant biosynthesis, ROS detoxification, membrane 

stabilization, and stress-protective proteins (Golldack et al., 2014; Ismail & Horie, 2017). 

These changes help maintain osmotic balance and minimize oxidative damage under 

saline conditions. Importantly, epigenetic mechanisms have emerged as key modulators 

of salt stress responses, involving DNA methylation, histone modifications, chromatin 

remodeling, and non-coding RNAs, which together influence gene expression, stress 

memory, and transgenerational tolerance (Singroha et al., 2022; Zhang et al., 2024; 

Arıkan et al., 2025). This regulatory landscape will be discussed in more detail in 

paragraph 1.5. 

 

1.2.2 Drought stress 

Drought is one of the most impactful stresses for potatoes, a crop with a relatively high-

water requirement. It causes loss of cellular turgor, stomatal closure, and reduced 

photosynthesis, leading to direct effects on growth and biomass accumulation. At the 

metabolic level, drought induces the accumulation of osmoprotectants such as proline and 

soluble sugars and activates antioxidant mechanisms to counteract excessive ROS 
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production (Chaves et al., 2003; Verslues et al., 2006). Water stress occurs when water 

loss from the plant system exceeds water uptake, resulting in reduced tissue water content, 

loss of turgor, decreased cell expansion, and disruption of various physiological 

processes. The first plant response to drought is a reduction in growth. Lower growth and 

productivity under drought conditions are mainly caused by altered plant water relations, 

decreased photosynthetic activity, oxidative stress, membrane damage, and, in some 

cases, inhibition of enzymatic activity (Batool et al., 2020). The degree of drought 

tolerance varies among plant species and cultivars, depending on their phenological stage 

and the duration of stress exposure (Ozturk et al., 2021). Initially, plants respond through 

morphological adjustments involving stomatal regulation, reducing both stomatal 

opening duration and aperture size to limit water loss. As water stress persists, 

photosynthetic damage occurs, which can become lethal under severe conditions. Under 

these damaging conditions, plants focus on maintaining osmotic adjustment, which is 

achieved through the biosynthesis and accumulation of osmoprotectants or osmolytes 

such as soluble proteins, sugars, and alcohols. It is important to note that the synthesis 

and accumulation of osmolytes are essential for maintaining lower water potentials and 

minimizing damage caused by water deficit in plants (Ozturk et al., 2021).	Drought stress 

induces extensive transcriptional reprogramming involving multiple gene networks. 

Microarray and transcriptome analyses show that drought-tolerant genotypes upregulate 

mitochondrial metabolism while repressing photosynthesis, alongside broad activation of 

transcription factors, kinases, redox genes, and osmotic adjustment pathways (Evers et 

al., 2010; Zhang et al., 2014; Yang et al., 2019). Among the regulatory mechanisms, 

abscisic acid (ABA) plays a pivotal role in coordinating drought-responsive gene 

expression: activation of the PYR/PYL/RCAR–SnRK2 module induces ABF, ABI5, 

WRKY, and HSP transcriptional programs, while ABA-dependent induction 

of DREB1A further enhances tolerance (Bhargava & Sawant, 2013; Chen et al., 2021; 

Muñiz García et al., 2012). ABA-independent pathways also contribute, with MYB/MYC 

and WRKY regulators controlling drought-inducible genes independently of ABA (Abe 

et al., 1997) and NAC transcription factors integrating signals across both pathways (Hu 

et al., 2006). 
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1.2.3 Heat stress 

Global warming has severely affected crop growth and yield, posing a serious threat to 

agricultural production and food security. By the middle of the 21st century, the annual 

maximum daily extreme temperature is expected to rise by approximately 1–3 °C (Field 

et al., 2012). High temperatures compromise membrane stability, protein functionality, 

and enzymatic activity. Protein denaturation reduces the efficiency of biochemical 

processes, while membrane instability increases electrolyte leakage and tissue 

dehydration. Plants respond by producing heat shock proteins (HSPs) and activating 

antioxidant systems to mitigate oxidative stress (Kotak et al., 2007; Mittler et al., 2012). 

Plants growing at temperatures above their optimal range for extended periods experience 

heat stress (Wahid et al., 2007). This stress can cause irreversible damage to plant growth, 

significantly reduce yield and quality in major food crops, and even lead to plant death 

(Fahad et al., 2017; Ni et al., 2018; Zafar et al., 2018). At the molecular level, 

photosynthetic efficiency is easily impaired by heat stress, leading to a shortened life 

cycle and reduced yield. Respiratory enzyme activities decline, resulting in energy 

shortages, while heat-induced movement of biomolecules disrupts plasma membrane 

homeostasis, severely altering its permeability and fluidity and causing ion and amino 

acid leakage. In general, when the optimal growth temperature of a plant is exceeded by 

5–10 °C, a burst of reactive oxygen species (ROS) occurs, leading to irreversible 

oxidative damage at the cellular level, particularly in photosystems I and II (Pucciariello 

et al., 2012; Zhao et al., 2020). Several studies in Arabidopsis thaliana have revealed a 

highly structured transcriptional network underlying the heat stress response (HSR). At 

the top of this hierarchy are the HsfA1 transcription factors, which function as master 

regulators indispensable for activating heat-responsive gene expression. Functional 

studies in tomato and Arabidopsishave shown that knockdown or knockout 

of HsfA1 genes severely compromises the induction of heat-responsive genes and leads 

to strong heat-sensitive phenotypes (Mishra et al., 2002; Yoshida et al., 2011; Liu et al., 

2011). HsfA1 factors directly regulate several core heat-responsive transcription factors, 

including DREB2A, HsfA2, HsfA7a, HsfBs, and MBF1C, thereby orchestrating the early 

phases of the HSR (Yoshida et al., 2011). Among these, HsfA2 acts as a major amplifier 

of the heat stress response. Plants lacking HsfA2 exhibit pronounced heat sensitivity and 

reduced expression of numerous HS-inducible genes, demonstrating its essential role in 

sustaining thermotolerance (Charng et al., 2007). Heat stress also generates a splicing 

variant of HsfA2 (S-HsfA2) that binds to and activates its own promoter, 



 17 

reinforcing HsfA2 induction through a positive autoregulatory loop (Liu et al., 2013).	
Together, these regulatory interactions define a hierarchical and dynamic transcriptional 

architecture that ensures precise modulation of plant heat stress responses. 

 

1.3 Solanum tuberosum and abiotic stress 

The cultivated potato is notoriously sensitive to salinity, drought, and heat, which greatly 

reduce both yield and tuber quality. Heat stress is considered the main environmental 

factor affecting potato growth, tuber yield, and quality (Levy et al., 2007). High 

temperatures lead to reduced photosynthetic capacity and starch accumulation as a result 

of inhibited carbon transport, CO₂ fixation, and chlorophyll degradation (Hancock et al., 

2014). In addition to limiting the plant’s metabolic efficiency, heat stress also negatively 

affects tuber quality traits, such as skin appearance (Molteberg et al., 2017). In contrast, 

several wild Solanum species exhibit greater adaptive capacity, reflecting evolutionary 

strategies developed in harsh environments (Carputo et al., 2003; Obidiegwu et al., 2015). 

Recent transcriptomic studies have begun to dissect the molecular basis of these responses 

in potato, revealing regulatory networks of ERF and deubiquitinase (DUB) genes 

involved in integrated responses to drought and heat (Li et al., 2024).  

Among the various abiotic stresses that compromise potato growth and productivity, 

salinity stress is one of the most critical and damaging. In potato, high salt concentrations 

in the soil cause a marked reduction in vegetative growth and yield. It has been reported 

that under treatment with 50 mM NaCl, plant growth decreases and tuber production is 

reduced by about 50%, while at 150 mM NaCl, growth is completely inhibited (Hmida-

Sayari et al., 2005). As discussed for plants in general, salinity in potato causes osmotic 

and ionic stress, leading to nutrient imbalances and membrane damage, with a consequent 

reduction in photosynthetic activity and efficiency of detoxification mechanisms against 

ROS. During the early stages of salt exposure, the physiological response involves 

stomatal closure and reduced leaf expansion; subsequently, the accumulation of toxic ions 

in older leaves induces premature senescence, reducing photosynthetic capacity (the 

“source”) and ultimately leading to leaf tissue death (Gholizadeh, 2017). In line with these 

observations, Efimova et al. (2018) showed that, under salinity conditions, plants of the 

cultivar Lugovskoi exhibit strong inhibition of growth processes, reduced chlorophyll a 

content, and suppression of stolon formation, indicating a low level of salt tolerance. 

Conversely, wild potato species generally display greater tolerance to abiotic stresses. 

However, intensive selection for high yield, tuber storability, pathogen resistance, and 
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optimal maturation time has progressively reduced salt tolerance in modern cultivars 

compared to their wild relatives. Another major environmental factor affecting potato 

productivity is drought, to which this species is highly sensitive, mainly due to its shallow 

root system, which limits access to deeper water reserves (Obidiegwu et al., 2015). The 

effects of drought on potato growth and development vary greatly depending on the 

specific canopy and root characteristics of each cultivar, as well as on abiotic factors such 

as stress duration, onset time (Jefferies and MacKerron, 1993), and severity (Stark et al., 

2013). Other elements, including soil moisture, nutrient availability (Saravia et al., 2016), 

and atmospheric evaporative demand (Jefferies and MacKerron, 1993), further influence 

plant responses. The potato’s developmental cycle comprises five main phenological 

stages: plant establishment, stolon initiation, tuber initiation, tuber bulking, and 

maturation (Obidiegwu et al., 2015). Water stress can reduce yield during several of these 

stages by affecting vegetative growth through reduced plant height, leaf number, and leaf 

size (Deblonde et al., 2001) and by decreasing photosynthetic capacity through reduction 

in chlorophyll content, leaf area index, and photosynthetic activity duration. Recent 

observations have also highlighted that deeper or denser root systems within moist soil 

layers improve water-use efficiency, suggesting morpho-functional traits that could be 

targeted in potato breeding (Chen et al., 2022). Beyond compromising vegetative growth, 

drought can also negatively affect the reproductive phase, shortening the growth cycle 

(Kumar et al., 2007) or reducing both the size (Schafleitner et al., 2009) and number of 

tubers produced (Eiasu et al., 2007). Moreover, water stress can worsen tuber quality by 

altering starch content and other compositional traits (Ekanayake et al., 1989). Recent 

studies have also shown that the combination of multiple stresses, such as drought and 

saline-alkaline conditions, can have a synergistically detrimental effect, leading to more 

than a 50% reduction in tuber yield over two consecutive growing seasons (Zhang et al., 

2022). 

 

1.4 Shared adaptive responses to abiotic stress 

Despite the differences among the three types of stress, some adaptive responses are 

shared: the synthesis of osmoprotectants, the activation of antioxidant enzymes and 

metabolites, including anthocyanins, and the regulation of hormones such as abscisic acid 

(ABA) and jasmonates represent key mechanisms for maintaining cellular homeostasis 

(Cutler et al., 2010). In this context, pathways of secondary metabolism, particularly the 

flavonoid and anthocyanin branches, play a central role in stress tolerance. In the 
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following section, particular attention is given to the role of secondary metabolites, 

especially anthocyanins, as key components linking environmental cues to plant stress 

responses. 
 

1.4.1 Anthocyanins and secondary metabolism in plant stress responses 

Anthocyanins are water-soluble pigments belonging to the flavonoid class, responsible 

for the red, purple, and blue hues of many plant organs. Beyond their aesthetic and 

ecological roles, related to pollinator attraction and seed dispersal, these molecules play 

essential protective functions in plants (Gould, 2004). They act as powerful antioxidants, 

contributing to the detoxification of reactive oxygen species (ROS), protecting tissues 

from ultraviolet-induced damage, and participating in the mechanisms of adaptation to 

environmental stresses (Chalker-Scott, 1999; Winkel-Shirley, 2002). At the same time, 

the growing interest in anthocyanins also stems from their nutraceutical properties, which 

make them compounds of great relevance for human health and industrial applications 

(He & Giusti, 2010).  

Anthocyanin biosynthesis is part of the broader phenylpropanoid pathway. Within the 

flavonoid biosynthetic pathway, related metabolites such as proanthocyanidins are also 

synthesized from epicatechin via anthocyanidin reductase (ANR), further expanding the 

range of phenolic compounds involved in plant defence (Villegas et al., 2016). This 

pathway involves numerous genes, which can be schematically divided into structural, 

modifying, and regulatory genes. The structural genes located upstream in the pathway, 

such as phenylalanine ammonia-lyase (PAL) and 4-coumarate-CoA ligase (4CL), are later 

classified as early biosynthetic genes (EBGs) and late biosynthetic genes (LBGs). The 

early biosynthetic genes include chalcone synthase (CHS), a key enzyme in the pathway, 

chalcone isomerase (CHI), flavanone 3 hydroxylase (F3H), and flavonoid 3’,5’ 

hydroxylase (F3’5’H). The LBGs are further divided into biosynthetic and modifying 

genes. The biosynthetic LBGs comprise dihydroflavonol 4 reductase (DFR), 

anthocyanidin synthase/leucoanthocyanidin dioxygenase (ANS/LDOX), and UDP 

glucose flavonoid glucosyltransferase (UFGT). The modifying genes include 

methyltransferases (MT), O-methyltransferases (OMT), and anthocyanin acyltransferases 

(AT) (Figure 3). 
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Figure 3. The pathway of anthocyanin biosynthesis. PAL, phenylalanine ammonia lyase; 
C4H, cinnamate 4-hydroxylase; 4CL, 4-coumarate CoA ligase; CHS, chalcone synthase; 
CHI, chalcone isomerase; F3H, flavanone 3-hydroxylase; F3′H, flavonoid 30 
hydroxylase; F3′5′H, flavonoid 3050hydroxylase; FLS, flavonol synthase; DFR, 
dihydroflavonol 4-reductase; ANS, anthocyanidin synthase; UFGT, UDP-galactose 
flavonoid 3-O-galactosyltransferase; OMT, O-methyl transferase. (Yanyun Ma et al., 
2021). 

The entire biosynthetic pathway is regulated by the transcription factor genes MYB, 

bHLH, and WD40, which modulate the expression of structural genes. These 

transcription factors assemble into a single regulatory complex known as MYB–bHLH–

WD40 (MBW) complex, enhancing their combined effect (Goswami et al., 2018). The 

expression of MYB genes, mainly belonging to the R2R3 MYB family, and bHLH genes 

is largely specific to pigmented tissues. In contrast, the expression of WD40 genes, which 

are involved in stabilizing the MBW complex, is similar in both pigmented and non-

pigmented tissues (Koes et al., 2005). The MYB, bHLH, and WD40 transcription factors 

regulate the expression of late structural genes by binding to specific cis-acting elements 

in their promoter regions. The MBW complex is formed through the interaction of MYB, 

which is influenced by both evolutionary and environmental factors, with the N-terminal 

200 amino acids of bHLH, which in turn interacts with the subsequent 200 amino acids 

of WD40. The MBW complex is further divided into MREs (MYB Recognition 
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Elements) and BREs (bHLH Recognition Elements), which bind to the promoter region 

of the ta 

 

Figure 4. Simplified model of the action of the MBW complex in anthocyanin 
biosynthesis (Huimin Liu et al., 2021). 

Beyond their developmental and ecological roles, anthocyanins and other flavonoids are 

strongly inducible under abiotic stress. Several studies have shown that anthocyanin 

biosynthesis is strongly influenced by environmental conditions. Abiotic stresses such as 

salinity, drought, and heat can induce an increase in the accumulation of these pigments, 

which act as integral components of the plant’s defense strategies (Nakabayashi et al., 

2014). Although anthocyanins are secondary metabolites, they are classified as 

specialized plant metabolites (SPMs) because of their central protective role in stress 

adaptation. In response to abiotic stress, the content of polyphenols and flavonoids 

increases, promoting plant adaptation to unfavorable environments (Sharma et al., 2019). 

It has been observed that the flavonoid content increases under drought stress in wheat 

cultivars (Ma et al., 2014). In Arabidopsis thaliana, Serrano et al. (2019) reported a strong 

increase in the flavonoid naringenin. Anthocyanins are often overexpressed upon 

exposure to cold, compensating for the reduced protective effect of ascorbic acid by 

performing an antioxidant function (Xie et al., 2012). In apple, for example, cold stress 

enhances the expression of the DFR and UFGT genes in the flavonoid biosynthetic 

pathway (Zhou et al., 2020). Prolonged exposure to light has also been reported to affect 

anthocyanin levels (Ban et al., 2007), and these pigments also serve as a defense 

mechanism against UV-B radiation (Isah and Yadav, 2019). A recent review (Sun et al., 

2023) has highlighted that anthocyanin accumulation represents a crucial adaptive trait 

under drought and salinity, contributing to ROS scavenging and membrane stabilization.  
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Figure 5. Schematic representation of plant responses to abiotic and biotic stresses. 

Taken together, these observations support a model in which the phenylpropanoid and 

flavonoid pathways, regulated by the MBW complex and other transcriptional networks, 

integrate environmental cues and contribute to antioxidant defense, membrane protection 

and overall stress tolerance. This general framework provides the basis for understanding 

species-specific roles of anthocyanins, including those in potato. 

 

1.4.2 Anthocyanins in potato: composition and regulation 

Potatoes are an important source of dietary energy, containing not only primary 

metabolites (carbohydrates) but also a wide variety of secondary metabolites, among 

which phenolic compounds play a significant role. As a staple food for the global 

population and a primary dietary component for certain ethnic groups, the potato has 

increasingly become the focus of research over recent decades, with several agronomic 

and genetic improvement strategies explored for its biofortification (De Lapeleire et al., 

2018). Unlike other Solanaceae species, such as eggplant (S. melongena) and tomato (S. 

lycopersicum), the potato contains all six major anthocyanins (Pg, Cy, Dp, Pn, Pt, and 

Mv), which contribute to its wide phenotypic diversity. In red-fleshed tubers, 

pelargonidin-3-(p-coumaroylrutinoside)-5-glucoside is the predominant anthocyanin, 

while lower levels of peonidin-3-(p-coumaroylrutinoside)-5-glucoside and pelargonidin-

3-(trans-feruloyl-rutinoside)-5-glucoside are present. In purple-fleshed tubers, petunidin-

3-(p-coumaroyl-rutinoside)-5-glucoside is the main anthocyanin. Additionally, malvidin, 

peonidin, and delphinidin 3-(p-coumaroylrutinoside)-5-glucosides have been identified 

in different purple-fleshed cultivars (Lachman et al., 2009). The main anthocyanins in 

colored-flesh potatoes are derived from the 3,5-diglucosides of cyanidin and, to a lesser 

extent, from peonidin conjugated with p-hydroxybenzoic acid, ferulic acid, or caffeic acid 



 23 

(Kim et al., 2012). Although distinct from Ipomoea batatas, coloured-flesh potatoes 

similarly accumulate high levels of acylated anthocyanins, which contribute to pigment 

stability and potential health benefits.  

 

Figure 6. Different colored-flesh potato (Solanum tuberosum L.) cultivars characterized 
by a high anthocyanin content. The cultivars Scano di Montiferro, Violet Queen, Magenta 
Love, Double Fun, Blu Star, and Salad Blue display color variations resulting from 
differences in the composition and distribution of anthocyanins within the tubers. In 
particular, petunidins and malvidins are the predominant pigments in purple-fleshed 
varieties (Violet Queen, Blu Star, Salad Blue), whereas peonidins and pelargonidins 
prevail in red to pink varieties (Magenta Love). 

In potato, the transcriptional control of anthocyanin biosynthesis largely conforms to the 

general MBW regulatory model described above but involves species-specific regulators. 

In particular, the R2R3-MYB transcription factor StAN1, in combination with bHLH and 

WD40 partners, forms an StAN1–bHLH–WD40 complex that activates late biosynthetic 

genes in a tissue-specific manner. Recent transcriptomic analyses confirmed the central 

role of the StAN1-bHLH-WD40 complex in tissue-specific induction, particularly in 

tuber eyes, where defense-related genes are co-expressed (Tang et al., 2023), suggesting 

a functional link between anthocyanin accumulation and stress-responsive pathways in 

potato. This dual role as a determinant of tuber pigmentation and as a potential mediator 

of stress adaptation makes potato anthocyanins an ideal trait for investigating the interplay 

between secondary metabolism, abiotic stress responses and, as will be discussed later, 

epigenetic regulation. 
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1.5 Epigenetic regulation via histone modifications and its role in metabolite 

adaptation to environmental stress 

Epigenetics focuses on heritable changes in gene expression that occur without altering 

the underlying DNA sequences (Gallo-Franco et al., 2020). Epigenetic mechanisms 

encompass nucleosome positioning, DNA methylation, histone variants and 

modifications, and small RNAs, collectively defining the epigenome (Duan et al., 2018). 

Histone modifications warrant specific attention, as they involve chemical changes to the 

N-terminal tails of the histone proteins that play a key role in DNA packaging and gene 

expression regulation. They involve chemical changes that protrude from the nucleosome 

core, including acetylation, methylation, phosphorylation, ubiquitination, and 

glycosylation. These modifications establish specific epigenetic states that enable the 

genome to adapt to environmental changes (Zhang et al., 2008; Li et al., 2021). By 

altering chromatin accessibility and the recruitment of transcriptional regulators, histone 

marks can modulate not only genes directly involved in stress perception and signaling, 

but also those controlling primary and secondary metabolism, thereby contributing to 

metabolic plasticity under fluctuating environmental conditions. However, while certain 

aspects of histone modifications, such as methylation/demethylation and 

acetylation/deacetylation, have been studied, particularly for their influence on 

transcription by controlling the accessibility of transcription factors to DNA (Kumar et 

al., 2021; Zhang et al., 2018), their broader role in the epigenetic regulation of plant stress 

responses and metabolite-based adaptation to stress remains largely unexplored. A review 

by Liu et al. 2022 provides a comprehensive overview of the dynamics of DNA 

methylation and histone modifications in plant responses to abiotic stresses, offering 

insights into the epigenetic mechanisms involved. Building on this framework, the 

following subsections focus first on major classes of histone marks, methylation and 

demethylation (1.5.1), acetylation (1.5.2), histone variants and less well-known post-

translational modifications (1.5.3) and then on how these modifications can function as a 

memory of stress-induced metabolic reprogramming, even across generations (1.5.4), 

with particular emphasis on their role in the epigenetic regulation of stress responses and 

metabolite adaptation in S. tuberosum (1.5.5). 
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Figure 7. Epigenetic modifications in plants in response to abiotic stress. Schematic 
representation of different epigenetic mechanisms activated upon exposure to heat, cold, 
or drought stress. These include histone-based chromatin regulation (acetylation, 
methylation, ubiquitination, etc.), cytosine methylation and RNA-directed DNA 
methylation, RNA interference mediated by siRNA, miRNA, and lncRNA, as well as 
histone and histone-modifying proteins acting at the protein level. Image adapted from 
Singroha, G., & Sharma, P. (2019). Epigenetic modifications in plants under abiotic 
stress. In R. Meccariello (Ed.), Epigenetics. IntechOpen. 
https://doi.org/10.5772/intechopen.84455 

 

1.5.1 Histone methylation and demethylation 

Histone methylation and demethylation can either repress or activate gene expression, 

depending on the modification site. Methylation of lysine 4 on histone 3 (H3K4me3) and 

methylation of lysine 36 on histone 3 (H3K36/me3) promote transcription by opening 

chromatin, whereas methylation at lysine 9 (H3K9me2) and lysine 27 (H3K27me3) 

compacts chromatin and represses transcription (Kumar et al., 2021). Conversely, 

demethylation at these sites has opposite effects: removing methyl groups from 

H3K4me3 typically represses, while demethylating H3K9me2 or H3K27me3 activates 

gene expression by eliminating repressive methylation marks (Bhadouriya et al., 2020). 

These modifications are crucial for regulating developmental genes and for influencing 
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metabolite production in response to environmental stresses. For example, light exposure 

in apple (Malus domestica), leads to demethylation of histone H3K27me3, enhancing 

transcription of genes like MdMYB10 and MdMYB1 and promoting anthocyanin 

production (Bai et al., 2016). Similarly, the JMJ25 gene, a histone H3K9 demethylase 

from Populus trichocarpa, is known to suppress anthocyanin biosynthesis. Its expression, 

induced under dark conditions, suggests a stress-response mechanism where plants 

conserve energy by reducing secondary metabolites like anthocyanins. ChIP-qPCR 

assays confirmed the role of JMJ25 in dynamically demethylating H3K9me2 at the 

MYB182 chromatin (Fan et al., 2018). In A. thaliana, JMJ15, which encodes an H3K4 

demethylase, enhances salt tolerance. Overexpression of this gene results in shortened 

plants and increased lignin in stems, which contributes to their salt resistance (Yung et 

al., 2021; Shen et al., 2014). Recently, research has increasingly focused on the 

divergence of chromomethylases and their role in plant adaptation to environmental 

stresses. For example, the divergence between CMT2 and CMT3, two chromomethylases, 

has allowed them to specialize in distinct functions, contributing to DNA methylation 

regulation. Jiang et al. (2024) demonstrated that CMT2 interacts with the modified histone 

H3K9me to guide CHH methylation in heterochromatic regions, contributing to 

transposon silencing and genome stability. Additionally, CMT2 has an N-terminal region 

that regulates its stability under thermal stress, suggesting a possible role of these 

epigenetic mechanisms in plant responses to challenging environmental conditions. 

 

1.5.2 Histone acetylation 

Histone acetylation, such as that occurring at lysine residues H3K9 and H3K27, generally 

enhances gene expression by making chromatin more open and accessible to transcription 

factors. For example, salt stress induces acetylation of histone H3K9 in the promoter 

region of stress-responsive genes, contributing to their activation in plants like maize (Zea 

mays) and black cottonwood (P. trichocarpa) (Li et al., 2019; Li et al., 2023). In salt-

stressed maize, plant response is accompanied by increased levels of global histone H3 

acetylation at K9, which has been shown to control the increase in cell wall proteins such 

as expansins and the plasma membrane proton pump (Li et al., 2014). In contrast, 

deacetylation typically represses gene expression, highlighting a dynamic regulation of 

chromatin states in response to environmental conditions. Further studies have 

highlighted the role of histone acetylation in response to other stresses. For example, 

drought stress leads to a reduction in H3K9ac, which is associated with the 
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downregulation of genes involved in the synthesis of flavonoids and abscisic acid (ABA), 

both of which are crucial for plant stress responses. Treatment with the histone 

deacetylase inhibitor trichostatin A (TSA) attenuated these effects, enhancing gene 

expression linked to flavonoid and ABA synthesis, thus improving drought tolerance (Li 

et al., 2023). Additionally, UV-B irradiation increases H3K9 acetylation at flavonol 

metabolic pathway genes, enhancing their activity (Figure 8). This response can be 

modulated by treatment with the PAMP flg22 peptide, a bacterial immune response 

elicitor, which suppresses H3K9 acetylation and represses flavonol gene expression. 

Similar regulatory patterns have been observed in hemp (Cannabis sativa), where 

expression levels of Histone Acetyltransferase (HAT) genes significantly change in 

response to various abiotic stresses (e.g., cold and salt), impacting the synthesis of 

cannabinoids. Suppression of these HATs through treatment with the inhibitor PU139 has 

been shown to negatively impact cannabinoid production, highlighting the critical role of 

histone acetylation in managing plant responses to environmental stress (Cheng et al., 

2023). A recent study by Yu et al. (2024) explores the role of lysine acetylation of the 

histone acetyltransferase adaptor protein ADA2 as a metabolic control mechanism that 

connects cellular acetyl-CoA levels to chromatin modifications in plants. Acetyl-CoA, a 

key metabolite in cellular metabolism, acts as a donor for acetyl groups in histone 

acetylation reactions. Research reveals that specific lysine residues on ADA2 are 

acetylated in response to fluctuations in acetyl-CoA levels, acting as a “sensor” to regulate 

histone acetyltransferase (HAT) activity. Indeed, when acetyl-CoA levels rise, ADA2 

acetylation increases, boosting HAT activity and histone acetylation, which opens 

chromatin and activates stress-responsive genes. Conversely, lower acetyl-CoA levels 

reduce ADA2 acetylation, restricting HAT activity and chromatin accessibility. 
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Figure 8. Abiotic factors trigger post-translational modifications (PTMs) in plants, 
influencing chromatin structure and gene expression. An example of anthocyanin 
biosynthesis is presented: on the left, acetylation (Ac) opens chromatin, allowing 
transcriptional activation of the MBW complex and downstream enzymes 
(DFR, ANS, UGT), leading to anthocyanin production. On the right, methylation (Me) 
condenses chromatin, inhibiting transcription of the same biosynthetic pathway, 
preventing anthocyanin accumulation. This highlights how PTMs, such as acetylation and 
methylation, regulate chromatin dynamics in response to environmental stimuli. 
Cimmino et al 2025 Created in BioRender: https://BioRender.com/k98j551 (accessed 
on 2 December 2024). 
 

1.5.3 Histone variants and less well-known PTMs 

Recent studies have revealed an additional layer of complexity: histone variants such as 

H2A.Z can interact with histone modifications to further modulate gene activity. H2A.Z 

is a variant of the histone H2A, evolutionarily conserved, that integrates into nucleosomes 

and plays key roles in gene regulation and chromatin stability. The H2A.Z variants differ 

from canonical H2A at many positions throughout the primary sequence, with the main 

differences observed in the carboxy-terminal α-helix included in the docking domain. 

Specifically, in wild-type Arabidopsis plants SW1, the expression of anthocyanin 

biosynthesis genes is inhibited through the incorporation of H2A.Z into the nucleosomes 

of these genes. This incorporation hinders the accumulation of H3K4me3, a mark 



 29 

associated with active transcription, and ultimately suppresses the expression of 

anthocyanin biosynthesis genes (Cai et al., 2019). Similarly, in mutants with defects in 

H2A.Z deposition (arp6/pie1/hta9 hta11), an elevation in H3K4me3 levels is observed. 

This increase is linked to enhanced expression of anthocyanin biosynthesis genes, causing 

accumulation of such pigments in these mutants (Cai et al., 2019). These findings 

underscore the intricate interplay between histone variants and modifications in 

regulating key metabolic pathways, suggesting that answers to these and related questions 

may clarify the mechanisms underlying metabolic regulation in plants.  

Other less well-known histone modifications involve the covalent addition of molecules, 

such as phosphate groups, ubiquitin, and SUMO, which can influence gene expression 

and stress responses depending on the histone modifications site. For example, 

phosphorylation of histone H3 at Serine 10 (H3S10) is associated with transcriptional 

activation, whereas other phosphorylation events on histone H3 (e.g., H3S28ph and 

H3T3ph) can show context-dependent effects on chromatin state in plants, including 

during stress responses and cell-cycle transitions. Ubiquitination of histone lysine 

residues can act as a marker for both activation (e.g., H2Bub with H3K4me3) and 

repression (e.g., H2Aub with H3K27me3). In upland cotton (Gossypium hirsutum), 

ubiquitination has also been linked to the regulation of organ size (Wang et al., 2022). 

SUMOylation, in contrast, plays a role in responses to environmental stresses, as shown 

by the increased SUMO signals associated with chromatin during heat stress (Han et al., 

2021).  

Small RNAs (such as microRNAs, siRNAs, and phased siRNA (phasiRNA/tasiRNA) 

play a crucial role in modulating post-translational modifications (PTMs) and epigenetic 

regulation. These RNAs not only act as intermediaries in gene expression regulation but 

also closely interact with proteins involved in RNA methylation, such as plant m⁶A 

regulators (e.g., the Arabidopsis writer components MTA/MTB/FIP37 and AlkB-family 

demethylases such as ALKBH9B/ALKBH10B, with m⁶A “readers” including ECT 

proteins), serving as “readers”, “writers”, and “erasers”. For instance, these proteins are 

subjected to phosphorylation and ubiquitination influencing their catalytic activity, 

stability, and subcellular localization and, consequently, the modifications on methylated 

RNAs. Small-RNA pathways can intersect with RNA-modification and chromatin 

regulators (directly or indirectly), contributing to dynamic regulatory circuits that tune 

gene expression during stress acclimation. For example, stress-activated signaling (e.g., 

via kinases and ubiquitin ligases) may modulate the assembly/activity of the plant m⁶A 
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writer complex (MTA/MTB/FIP37) and thereby reshape m⁶A patterns on specific 

transcripts, with potential impacts on plant developmental programs (e.g., meristem 

activity) and abiotic-stress responses (Chen et al., 2023). Despite advancements in 

understanding these mechanisms, the role of these PTMs in metabolite biosynthesis under 

stress remains unclear, highlighting the need for further studies to elucidate their 

involvement in transcriptional control during plant adaptation to abiotic stresses. It would 

be interesting to further investigate how these modifications contribute to long-term gene 

expression changes in response to various environmental stresses. Understanding this 

could clarify how plants utilize epigenetic mechanisms for adaptive resilience. 

 

1.5.4 Histone modifications serve as a memory for metabolic adaptation, even across 

generations 

The retention of molecular experiences, often referred to as “stress priming”, allows 

plants to recall past stress episodes and utilize the stored information for more efficient 

adaptation to new conditions (Turgut-Kara et al., 2020; Ling et al., 2018). The term 

“priming” has gained prominence, signifying that mild exposure to stress can activate 

plant stress responses, enabling faster and stronger reactions upon subsequent stress 

occurrences. This adaptive mechanism involves the establishment of an epigenetic 

memory that plays a crucial role in helping plants overcome future stress challenges (Ding 

et al., 2012; Ling et al., 2018; Gully et al., 2019). The duration of memory varies 

depending on the type of environmental exposure. Cold memory induced by vernalization 

can last until reproductive growth, while most stress-induced memories will be short-term 

if the stress does not recur. These signals not only modulate plant response to the 

surrounding environment but can also be maintained during plant development or leave 

an inheritable epigenetic imprint across generations. Indeed, memory can be divided into 

two main categories: somatic memory and transgenerational memory. The former 

involves epigenetic changes in an organism that occur in response to environmental 

stress. Evidence shows that PTMs play a key role in regulating somatic stress memory, 

particularly in relation to primary and secondary metabolism. For example, in meadow 

foxtail (Alopecurus pratensis), plants subjected to repeated waterlogging and drought 

stress demonstrated enhanced recovery. Indeed, they displayed higher levels of Rubisco 

content, antioxidative enzymes (POX, SOD), and chlorophyll b, all indicators of long-

term drought stress memory (Lukic et al., 2020). These responses are tightly regulated by 

histone modifications. Under cold stress, Arabidopsis plants showed reduced H3K27me3 
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deposition at specific cold-responsive genes such as COR15A and GALACTINOL 

SYNTHASE 3 (GOLS3), which regulate the biosynthesis of raffinose oligosaccharides 

(RFOs). This reduction persisted even after the stress, suggesting that H3K27me3 may 

function as an epigenetic marker for stress memory (Kwon et al., 2009). Similarly, 

drought memory in rice was associated with increased H3K4me3 levels observed at key 

genes involved in proline biosynthesis, crucial for stress tolerance (Ding et al., 2012). 

This indicates that histone modification is involved in plants’ ability to “remember” and 

respond more effectively to future drought events during their life cycle. Salt stress also 

induces changes in the distribution of H3K27me3 marks, influencing somatic stress 

memory. This alteration allows the release of previously repressed genes, such as HKT1, 

enabling them to respond more effectively and rapidly to future salt stress episodes (Sani 

et al., 2013). Additionally, the maintenance of elevated levels of H3K4me3 at the locus 

of Δ1-pyrroline-5-carboxylate synthetase 1 (P5CS1), a key enzyme involved in proline 

synthesis during recovery after salt stress, further reinforces the role of histone 

modifications in establishing salt stress memory and ensuring better recovery from such 

conditions (Feng et al., 2016). Transgenerational memory, on the other hand, involves the 

transmission of epigenetic modifications across generations. It is a less well-studied and 

more elusive phenomenon compared to somatic memory. However, its comprehension 

and interpretation are less explored. Lukić et al. (2022) demonstrated that maternal stress 

experiences, such as drought or waterlogging, can precondition offspring to respond 

better to similar stress, with higher biomass and phenolic compounds production. This 

suggests a possible link between epigenetic marks, including PTMs, and metabolite 

regulation in stress response. Although research shows that histone modifications can 

influence secondary metabolite biosynthesis under stress (Table 1), it remains uncertain 

whether this regulation forms a memory of prior biosynthetic states. Further investigation 

into how PTMs store information about metabolite production could unlock opportunities 

to enhance the production of important compounds in agriculture and medicine. 
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Figure 9. Epi-priming for crop resilience towards abiotic stresses. Retained epigenetic 
memory helps in plant sustenance under subsequent stress, making the plant 
epigenetically primed. This figure was created with Biorender.com. Downloaded from 
https://academic.oup.com/jxb/advance-article/doi/10.1093/jxb/erab337/6327780 by 
Indian Agricultural Research Institute Library (IARI) user on 24 October 2021 
 
 
Table 1. Summary of histone modifications and PTMs in different plant species and their 
influence on secondary metabolite production under abiotic stress conditions.  
 
Histone 
modification 

Plant  
species 

Secondary 
metabolites 

Histone 
mark 

Abiotic 
stressor 

Reference 

Demethylation M. domestica Lignin H3K4me3 Salt Bai et al., 2016 

Acetylation A. thaliana Flavonol H3K9ac UV-B  Gully et al., 2019 

Demethylation Populus spp. Anthocyanin H3K9me2 Dark  Kumar et al., 2023 

Methylation A. thaliana Anthocyanin H3K4me3 - Li et al., 2014 

Acetylation Cannabis 
sativa 

Cannabinoid H3K9ac Cold/salt  Jiang et al., 2024 

Deacetylation Hippophae 
rhamnoides 

Flavonoids 
and (ABA) 

H3K9ac 
deacetylated 

Drought  Shen et al., 2014 
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1.5.5 Epigenetic regulation of stress responses in Solanum tuberosum 

In the Solanum genus, a growing number of studies highlight the central role of 

epigenetics in regulating stress responses. In potato, for example, the inhibition of DNA 

methylation through zebularine accelerates tuber induction by acting on key genes 

involved in photoperiod and hormone pathways (Xu et al., 2021). Similarly, methylation 

of the promoter of the OMT30376 gene, involved in anthocyanin modification, has been 

identified as the cause of color differences between purple and red tubers (Liu et al., 

2022). This example demonstrates how reversible epigenetic modifications can modulate 

complex physiological processes that are highly dependent on environmental conditions 

and can directly influence the biosynthesis of secondary metabolites, linking epigenetic 

variation to visible phenotypes.  

Additional studies show that abiotic stress, particularly cold, induces bivalent histone 

modifications (H3K4me3 and H3K27me3) on genes activated during stress exposure 

(Zhou et al., 2024). The simultaneous presence of activating and repressive marks 

suggests a flexible regulatory mechanism that enables genes to respond rapidly to 

environmental changes. Recent evidence also indicates that drought priming can cause 

stable changes in the methylome of potato clones, promoting faster transcriptional 

responses and improved performance during later growth stages (Hernández et al., 2023), 

reflecting a form of stress memory based on epigenetic modulation. In parallel, small 

RNA atlases generated under salt stress conditions have identified miR408 and miR169a 

as key regulatory nodes involved in lignification and ion homeostasis, confirming the role 

of small RNAs as crucial components of the epigenetic response to stress (Wang et al., 

2022).  

Recent work further demonstrates that in potato epigenetic regulation under stress extends 

beyond DNA methylation and small RNAs, involving dynamic regulation of DNA 

methyltransferases and demethylases in response to temperature, and likely integration of 

chromatin‑remodeling and histone‑modification pathways. For instance, under 

high‑temperature stress, cultivars differing in heat tolerance show differential expression 

of CMT and DRM DNA methyltransferases and demethylases; the heat‑tolerant genotype 

shows upregulation of demethylases and RdDM pathway components that correlate with 

expression changes of tuberization regulators (e.g., StSP6A, StBEL5) (Dutta et al., 2022). 

This suggests that active DNA demethylation and small-RNA–directed methylation 

pathways may underlie acclimation of potato to heat stress via epigenetic reprogramming 

of developmental regulators. 
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Moreover, genome‑wide analyses across plants indicate that epigenetic mechanisms 

(DNA methylation dynamics, histone modifications, chromatin remodeling, and small 

RNAs) act as an integrated network modulating gene expression under diverse abiotic 

stresses (drought, salinity, heat), and recent reviews propose that similar mechanisms 

operate in potato and other major crops (Abdulraheem et al., 2024; Yang et al., 2025). 

Therefore, epigenetic regulation provides a versatile, multilayered and reversible 

interface between environmental signals and gene expression, which could be exploited 

to improve stress resilience in potato. The overall picture emerging from this body of 

evidence is that the link between epigenetics, stress regulation and secondary metabolism 

is strong, suggesting that epigenetic modulation represents a promising strategy to 

improve stress resilience in potato and other Solanaceae crops (Chen et al., 2025). 

 

1.6 Aim of the thesis 

Understanding how plants respond and adapt to abiotic stress is essential for improving 

crop resilience and productivity in the context of increasingly rapid climate change. In 

this scenario, S. tuberosum L. represents not only a globally important food crop but also 

a model species for investigating metabolic and molecular stress responses. Among its 

wild relatives, S. commersonii is of particular interest because it exhibits notable tolerance 

to several abiotic stresses and displays distinctive morpho-physiological traits that make 

it a valuable comparative system for studying mechanisms of environmental adaptation. 

Anthocyanins, glycosylated and water-soluble flavonoids that accumulate mainly in the 

vacuoles, play a key role in protecting plant cells thanks to their antioxidant capacity, 

osmoprotective functions and involvement in signaling pathways. Alongside these 

metabolic components, higher regulatory layers such as regulatory RNAs and histone 

modifications also contribute significantly to shaping gene expression patterns during 

stress responses, dynamically influencing chromatin accessibility and transcriptional 

activity. To reconstruct how anthocyanin metabolism and multiple levels of gene 

regulation contribute to abiotic stress responses, this work follows a progressive and 

integrated approach across three experimental chapters, each focused on a different stress 

and combination of Solanum species and methodological depth (Figure 10).  

 

• In Chapter II, the study focused exclusively on cultivated S. tuberosum cultivars 

and on drought stress to evaluate their physiological responses to drought and to 
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understand how intraspecific genetic variability affects tolerance to water deficit. 

Four cultivars differing in tuber pigmentation and anthocyanin content (two 

yellow-fleshed, non-pigmented and two anthocyanin-rich genotypes) are 

compared under controlled water deficit and recovery. The aim here is to (i) 

evaluate how intraspecific genetic variability in anthocyanin accumulation 

influences drought responses at the whole-plant level, (ii) characterize associated 

changes in primary and secondary metabolism, and (iii) assess the expression of 

key genes of the phenylpropanoid/anthocyanin pathway and stress-related 

markers. This chapter, therefore, provides a first, “classical” layer of information 

on the role of anthocyanin-rich genotypes in S. tuberosum drought tolerance, 

based on detailed physiology and targeted gene expression rather than genome-

wide approaches. 

• Building on these results, Chapter III broadens the perspective to salinity stress 

and interspecific comparison and introduces next-generation sequencing to 

explore regulatory networks. Here, the salt-susceptible S. tuberosum cv. Désirée 

is compared with the wild salt-tolerant S. commersonii clone 1T under prolonged 

salt stress. The objective is to (i) dissect contrasting salt-stress phenotypes through 

gas-exchange measurements, pigment quantification and biochemical stress 

biomarkers, and (ii) determine how these physiological differences are 

underpinned by transcriptomic and epigenetic reprogramming. RNA sequencing 

(RNA-seq) is used to identify differentially expressed genes and enriched 

pathways, with particular attention to anthocyanin biosynthesis, phenylpropanoid 

metabolism and major stress-responsive processes. In parallel, small RNA 

sequencing is employed to characterize regulatory RNAs (microRNAs and 

siRNAs) potentially involved in post-transcriptional control, while ChIP-seq and 

ChIP-qPCR are used to map and validate key histone modifications associated 

with stress-responsive and anthocyanin-related genes. Together, these datasets 

provide a multilayered view of how metabolic, transcriptional and epigenetic 

regulation jointly contribute to the superior salt resilience of S. commersonii 

compared with cultivated potato.  

• Finally, Chapter IV evaluated the role of priming in stress memory under an 

additional abiotic stress that is particularly harmful for crop productivity, heat 

stress. The analysis was extended beyond cultivated potato to another Solanaceae 

species, S. lycopersicum. The experiment was originally conceived as a 
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comparative analysis including S. tuberosum cv. Désirée; however, technical 

limitations in the potato datasets (uneven survival and suboptimal RNA quality) 

prevented a robust genome-wide analysis. Consequently, this chapter presents and 

discusses in detail the results obtained in tomato, which becomes the model 

system for investigating heat-stress priming. The heat-stress priming experiment 

presented in this chapter was carried out during a six-month research stay in the 

laboratory of Prof. Moussa Benhamed (Chromatin and Development, Université 

Paris-Saclay), where I established and performed the priming protocol in both 

potato and tomato. Priming-induced transcriptional changes were investigated in 

order to understand how stress memory influences gene expression regulation and 

to provide insights useful for the genetic improvement of plants, ultimately aimed 

at enhancing resistance to abiotic stresses. In particular, RNA-seq and network-

based analyses are used to identify transcriptional programs and regulatory 

modules associated with priming-induced stress memory, including those related 

to hormone signaling, heat-shock responses and secondary metabolism. 

Overall, this thesis presents a comprehensive and integrated framework for understanding 

plant responses and adaptation to abiotic stress within the genus Solanum (Figure 10) By 

moving from drought in cultivated potato (Chapter II, targeted physiological and 

molecular analyses), to salinity in cultivated vs. wild Solanum with combined 

transcriptomic and epigenetic profiling (Chapter III), and finally to heat-stress priming in 

tomato using genome-wide expression analyses (Chapter IV), this work progressively 

incorporates additional biological complexity and methodological resolution. In this 

perspective, flavonoid metabolism, wild-species-derived traits and stress priming emerge 

as fundamental resources for the development of crops with enhanced resilience to 

environmental stresses, while regulatory RNAs and histone modifications provide key 

mechanistic links between environmental cues, gene expression and metabolic 

adaptation. 
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Figure 10. Schematic representation of the multi-layered approach adopted in this thesis. 
Intraspecific stress profiling of different S. tuberosum cultivars under drought (Chapter 
II) and interspecific comparison between S. tuberosum cv. Désirée and the wild species S. 
commersonii under salt stress (Chapter III) are combined with epigenomic analyses, 
including small RNA sequencing, ChIP-seq and ChIP-qPCR, within the salt-stress 
experiment (Chapter III). In addition, stress memory responses were investigated in the 
Solanaceae crop S. lycopersicum under heat stress (Chapter IV) to evaluate how 
transcriptional and epigenetic priming contribute to enhanced stress resilience. This 
integrated strategy was used to investigate how phenotypic traits, gene expression, and 
epigenetic regulation contribute to stress resilience, with particular focus on the role of 
anthocyanins, wild species-derived adaptive mechanisms and stress memory. 
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CHAPTER II  

Physiological, molecular and metabolic responses to drought stress 

reveal anthocyanin- and phenylpropanoid-related adaptation in 
Solanum tuberosum 
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ABSTRACT 

Drought is one of the major abiotic constraints limiting potato (Solanum tuberosum L.) 

productivity, profoundly affecting photosynthesis, redox homeostasis, and secondary 

metabolism. Anthocyanins, powerful antioxidants derived from the phenylpropanoid 

pathway, have often been associated with enhanced abiotic stress tolerance, yet their 

functional contribution to drought resilience in cultivated potato remains only partially 

understood. In this study, we analyzed the physiological, metabolic, and molecular 

responses of four potato cultivars differing in tuber pigmentation (Agata, Désirée, Blue 

Star, Violet Queen) subjected to a 6-day drought treatment followed by rewatering (day 

7). Gas-exchange measurements were combined with targeted LC–MS metabolite 

profiling and qRT-PCR expression analyses of key genes in the phenylpropanoid and 

anthocyanin biosynthetic pathways. At the physiological level, pigmented cultivars 

displayed greater stability during the early phase of stress (T4, day 4), showing no 

significant reductions in photosynthesis or transpiration, unlike light-fleshed genotypes. 

At the peak of stress (T6, day 6), all cultivars exhibited an approximately 80% decrease 

in gas-exchange parameters; however, pigmented varieties recovered more rapidly after 

rewatering, whereas Agata showed incomplete restoration of photosynthetic activity. 

Metabolically, drought triggered a genotype-dependent reprogramming: Blue Star 

strongly activated the phenylpropanoid pathway, accumulating chlorogenic acid and 

redirecting part of the anthocyanins toward more methoxylated and stable forms, along 

with an increase in polyamines. In contrast, Violet Queen displayed a progressive 

reduction of pigments, compensated by the accumulation of non-pigmented phenolics. 

Consistent with these metabolic trends, qRT-PCR analyses revealed that, once pre-

existing anthocyanin reserves were depleted, Blue Star mounted a broad and coordinated 

transcriptional activation at T6, strongly inducing both regulatory and structural genes of 

the phenylpropanoid and anthocyanin pathways. Conversely, Agata maintained a weak 

and poorly responsive expression profile, in line with its reduced ability to cope with 

water deficit. Overall, our data support the hypothesis that anthocyanins contribute not 

only to antioxidant protection but also to metabolic plasticity under drought, enabling a 

more effective acclimation strategy in pigmented potato cultivars. These findings 

highlight the potential of anthocyanin-associated traits as targets for breeding drought-

resilient potato varieties. 
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2.1 Introduction 

Potato (Solanum tuberosum L.) is one of the most important food crops worldwide, 

representing a cornerstone of global food security. Originating from the Andes, this 

species has spread to over 150 countries, becoming the third most consumed food crop 

after rice and wheat. Its wide geographic adaptability and high caloric productivity per 

unit of land and water make potato a strategic crop in both developed and developing 

countries (Hill et al., 2021). In addition to its high carbohydrate content, potato provides 

essential nutrients such as vitamin C, potassium, fiber, and antioxidant compounds that 

enhance their nutritional value (Chourasia et al., 2021). However, increasing climate 

variability and rising global temperatures are jeopardizing both the productivity and 

nutritional quality of potato by altering its physiological and metabolic balance (Rezaei 

et al., 2023). Irregular climatic conditions, combined with high evaporation rates and 

inefficient water management, are exacerbating water scarcity in agricultural soils, 

leading to a growing frequency and intensity of drought events (Obidiegwu et al., 2015; 

Gervais et al., 2021). Plant responses to drought stress are extremely complex and involve 

multiple levels of regulation. At the physiological level, water scarcity strongly affects 

key processes such as transpiration and photosynthesis. Under water deficit conditions, 

the photosynthetic apparatus undergoes structural and functional modifications that alter 

the source–sink balance, ultimately influencing plant growth and development (Sarwat & 

Tuteja, 2017). Although root water uptake is essential for photosynthesis and biomass 

accumulation, most of the absorbed water is lost through transpiration. Stomata play a 

pivotal role in balancing CO₂ assimilation and water loss by regulating gas exchange. 

Under drought conditions, stomatal closure represents the primary adaptive response, 

reducing transpiration and limiting dehydration (Yang et al., 2021). However, water 

deficit also promotes excessive accumulation of reactive oxygen species (ROS), leading 

to chlorophyll degradation and a decline in photosynthetic efficiency (Abd El-Mageed et 

al., 2018; Duo et al., 2018). In S. tuberosum, water deficit causes a marked reduction in 

plant growth and tuberization due to its shallow root system and limited capacity to 

extract water from deeper soil layers (Hill et al., 2021). Yield losses can reach 50–80% 

in the most sensitive genotypes, particularly when drought occurs during the early stages 

of tuber formation (Nasir et al., 2022). Declining leaf water potential induces stomatal 

closure and cell turgor loss, which in turn inhibit growth and disrupt metabolic 

homeostasis (Lal et al., 2022). In parallel, drought triggers a profound metabolic 

reprogramming, including the accumulation of osmoprotectants, sugars, amines, and 
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amino acids such as proline, which are essential for maintaining cellular osmotic potential 

and turgor during dehydration (Singh et al., 2015; Van Oosten et al., 2016). At the 

biochemical level, drought stress enhances ROS production, causing oxidative damage to 

membranes, proteins, and nucleic acids. To mitigate these effects, potato plants activate 

a complex antioxidant defense system composed of enzymatic components such as 

superoxide dismutase (SOD), catalase (CAT), and peroxidases (POD), along with non-

enzymatic antioxidants such as ascorbate and phenolic compounds (Da Ros et al., 2020). 

Transcriptomic analyses have shown that drought-tolerant genotypes differentially 

regulate genes involved in carbohydrate metabolism, hormonal signaling, and redox 

homeostasis (Yang et al., 2019; Aliche et al., 2022). These molecular responses are often 

accompanied by the activation of secondary metabolism, particularly the 

phenylpropanoid and flavonoid pathways (Da Ros et al., 2020). The phenylpropanoid 

pathway plays a key role in abiotic stress defense, leading to the synthesis of phenolic 

acids, flavonoids, lignins, and anthocyanin compounds known for their antioxidant, 

photoprotective, and structural properties (Sharma et al., 2019; Dabravolski & Isayenkov, 

2023). During drought stress, potato plants frequently exhibit enhanced activation of this 

pathway, resulting in the accumulation of phenolic compounds in both leaves and tubers 

(Aliche et al., 2022). Among these metabolites, anthocyanins, red, purple, or blue 

flavonoid pigments derived from the phenylpropanoid pathway, act as potent antioxidants 

and photoprotective agents. They neutralize ROS, stabilize cellular membranes, and 

protect the photosynthetic apparatus by filtering excessive light, thereby reducing 

photoinhibition associated with stomatal closure (Cirillo et al., 2021). Enhanced 

anthocyanin biosynthesis has been correlated with improved drought tolerance. The 

accumulation of phenylpropanoid-derived compounds is also linked to improved osmotic 

adjustment, as anthocyanin-rich genotypes typically display higher levels of compatible 

solutes such as proline and soluble sugars, which help maintain water balance and 

metabolic stability under dehydration (Dabravolski & Isayenkov, 2023). In this chapter, 

we explore the relationship between anthocyanin accumulation and enhanced drought 

resilience in cultivated S. tuberosum genotypes through physiological, metabolic, and 

molecular analyses. To this end, we subjected four cultivated potato genotypes to a 7-day 

drought stress treatment: two yellow-fleshed, non-anthocyanin-producing genotypes 

(Agata and Désirée) and two anthocyanin-rich genotypes (Blue Star and VQ). The 

drought response was monitored at two time points, after 4 days and 6 days of stress, 

while day 7 corresponded to the rewatering phase. By investigating these mechanisms in 
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potato, we aim to deepen our understanding of stress-responsive, anthocyanin-related 

genes associated with drought adaptation and tolerance. 

 

2.2 Materials and Methods 
2.2.1 Plant materials  

The plant material used in this study was obtained from the germplasm bank of the Plant 

Genetics and Biotechnology Section of the Department of Agriculture at the University 

of Naples Federico II. Specifically, four cultivated potato varieties were used: Agata, 

Désirée  Violet ueen  and Blue Star.  

Figure 1. The plant material used: A) Blue Star; B) Violet Queen; C) Agata; D) 
Désirée. 

 

2.2.2 Drought Stress Setup 

The drought stress experiment was conducted in collaboration with Prof. Albino Maggio 

and Dr. Valerio Cirillo from the Biology and Plant Production section of the Department 

of Agriculture at the University of Naples Federico II. For the drought stress experiment, 

four cultivated potato genotypes were selected: Agata, Bluestar, Désirée, and Violet 

Queen. After complete saturation of the pots, water stress was imposed by stopping 

irrigation (start of stress, T0) for the treated plants, until a drastic reduction in stomatal 

conductance values was observed (6th day, last day of stress, T6). Subsequently, all plants 

were well irrigated to allow full recovery (rewatering, T7).  

 

2.2.3 Physiological analysis 

Throughout the duration of the experiments, gas exchange analyses were performed using 

the portable photosynthesis and fluorometry system LI-COR 6800 (LI-6800). The data 

collected by the LI-6800 were then analyzed to derive parameters related to 
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photosynthetic activity: photosynthetic capacity, expressed in μmol of CO₂ m⁻² s⁻¹, and 

transpiration, expressed in μmol of H₂O m⁻² s⁻¹.  

 
2.2.4 Quantification of Expression of Anthocyanin genes under drought stress 

Total RNA was extracted using the Sigma-Aldrich kit following the manufacturer’s 

instructions. The analysis of different expression levels of anthocyanin and 

phenylpropanoid genes was carried out on the cDNA extracted from the four study 

varieties (Agata, Désirée, Violet Queen, and Blue Star). Real-time PCR was performed 

using the RotorGene 6000 instrument (Corbett Life Science). The QuantiFast SYBR 

Green PCR Kit from Qiagen was used for all reactions, following the protocol 

instructions. To calculate the relative expression levels, fluorescence values were 

analyzed using the RQ Manager software (Applied Biosystems, Foster City, CA, USA). 

Specifically, a relative quantification of the genes was performed using the 2^-∆∆CT 

method (Livak and Schmittgen, 2001). The CT values of the experimental samples were 

compared to a control sample (control genotype or untreated sample), and the fold change, 

which is the ratio of expression levels between the two conditions, was calculated using 

the formula: Fold change = 2^(-∆∆CT). 

2.2.5 Metabolite analysis LC-MS 

The liquid chromatography (LC) analysis was carried out at the Department of Chemical 

Sciences, University of Naples Federico II, in the Mass Spectrometry Laboratory directed 

by Professor Angela Amoresano. LC was performed on an LC Eksigent operating with a 

column Halo C18 2.7 μm 90A 1 × 50 mm (Munich, Germany) at a temperature of 45 °C. 

The elution was performed during a total run of 8.5 min at a flow rate of 40 μL/min using 

a mobile phase A containing 0.1% formic acid and 5 mM ammonium formate in water 

and a mobile phase B consisting of 0.1% formic acid and 5 mM ammonium formate in 

ACN. The gradient table for the LC run provided the following gradient: 0–1 min at 1% 

B; 1–3 min at 12% B; 3–6 min at 20% B; 6–8 min at 99% B; and 8–8.5 min at 1% B. The 

MS analysis was performed on a 4000 QTRAP from AB Sciex (Darmstadt, Germany), 

equipped with an electrospray ionization source and a hybrid triple quadrupole LIT (linear 

ion trap) designed for qualitative and quantitative purposes. The analyses were carried 

out in the positive and negative (7) and positive MRM ion mode as reported in 

Supplementary Table 1 (Table S1). Electrospray source parameters such as curtain gas 

(CUR), collision gas (CAD), ion spray voltage (IS), and source temperature (TEM) were 

set to be 20.0 psi, 5 psi, 4.5 kV, and 380.0 °C, respectively. According to Pinto (7) et al. 
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and Lo Piccolo (9) et al., quantitative analyses were performed by using the external 

standard method, and calibration curves were realized in the 1–500 pg/μL range of 

concentrations. (7−9) The interpretation of the targeted data was realized using Skyline 

software 20.2.0.343 version (MacCoss Lab, Department of Genome Sciences, UW). By 

importing the .wiff files, the software was used to process the multireplicate data obtained 

for the standards and the samples. The chromatographic peaks corresponding to each 

compound were identified, and the peak areas were extracted and interpolated on 

calibration curves, accordingly to structural homology, to obtain the compound 

concentration expressed as μg/g of fresh weight (FW). 

 
2.3 Results  
2.3.1 Effects of drought stress on physiological parameters  

To assess drought stress adaptation in S. tuberosum, physiological traits were 

characterized under drought stress experiment.  Several experimental points were chosen 

where gas exchanges were analyzed for each plant present in the greenhouse. Specifically, 

photosynthesis (Figure 1), transpiration (Figure 2) and relative water content (RWC) 

(Figure 3) parameters were evaluated at four days from the start of the stress (T4), the last 

day of stress (T6), the day of re-watering (T7), and at the destructive sampling (T11). 
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Figure 1. Graphical representation of gas exchange analysis in the in vivo water 
experiment. The figure illustrates the photosynthesis rate, expressed in µmol of CO₂ m² 
s⁻¹, for the potato varieties Agata (AGA), Blue Star (BS), Désirée (DES), and Violet 
Queen (VQ), measured under both control (CT) and water stress (ST) conditions. 
Measurements were taken at three key points in the experiment: 4 days after the start of 
stress (A), the last day of stress (B), and after rewatering (C), as well as data from 
destructive analyses (D). The graph displays the mean values along with the respective 
standard errors. Differences between stress treatment and control for each genotype were 
analyzed using a t-test, with significant differences indicated by an asterisk (*), where * 
represents p < 0.05, ** represents p < 0.01, and *** represents p < 0.001. 
 

 

 

At the first experimental point, four days after the onset of stress (T4) (Figure 1A), there 

was a decrease in the average photosynthesis values in stressed plants of the Agata and 

Désirée varieties, with reductions of 51% and 60%, respectively. There was no 

statistically significant decrease in the anthocyanin rich varieties Blue Star and Violet 

Queen. At the second experimental point, six days after the onset of stress, which was 

also the last day of the experiment (T6) (Figure 1 B), there was a statistically significant 

decrease in stressed plants across all four varieties. Specifically, there was an average 

decrease of 80%. At the third experimental point, the day of re-watering (T7) (Figure 1C), 

all varieties resumed their photosynthetic activity, including the stressed ones, except for 

Agata. Results from the t-test indicate that this variety did not fully recover its 

photosynthetic activity, as a statistically significant difference of 31.5% was observed 

between stressed and control plants (Figure 1C). At the fourth experimental point, 

corresponding to the final day of the experiment (T11) (Figure 1D), the photosynthetic 

response was the same as observed at the third experimental point (T7). The Agata variety 

was the only one that did not fully recover its photosynthetic activity, with an approximate 

13% decrease in average photosynthesis values. 
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Figure 2. Graphical representation of transpiration analysis in the in vivo water 
experiment. The figure illustrates the transpiration rate, expressed in µmol of H₂O m² s⁻¹, 
for the potato varieties Agata (AGA), Blue Star (BS), Désirée (DES), and Violet Queen 
(VQ), measured under both control (CT) and water stress (ST) conditions. Measurements 
were taken at three key points in the experiment: 4 days after the start of stress (A), the 
last day of stress (B), and after rewatering (C), along with data from destructive analyses 
(D). The graph displays the mean values along with the respective standard errors. 
Differences between stress treatment and control for each genotype were analyzed using 
a t-test, with significant differences indicated by an asterisk (*), where * represents p < 
0.05, ** represents p < 0.01, and *** represents p < 0.001. 
 

The analysis of transpiration in the experimental samples mirrored, for the first three 

experimental points, what was observed for photosynthesis. At the first experimental 

point, four days after the onset of stress (T4) (Figure 2A), there was a decrease in the 

average transpiration values in the stressed plants of the Agata and Désirée varieties, with 

a reduction of 62.5%. There was no statistically significant decrease in the purple-fleshed 

varieties Blue Star and Violet Queen. At the second experimental point, six days after the 

onset of stress, which was also the last day of the experiment (T6) (Figure 2B), there was 

a statistically significant decrease in transpiration in the stressed plants across all four 

varieties, averaging about 70%. At the third experimental point, the day of re-watering 

(T7) (Figure 2C), all varieties were able to resume their transpiration activity well, 

including the stressed ones, except for Agata, which experienced a 33% decrease in 

average transpiration values in the stressed plants. Results from the t-test indicated that 
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the Agata variety did not fully recover its transpiration activity, as a statistically 

significant difference was recorded between the stressed and control plants. At the fourth 

experimental point (T11) (Figure 2D), all varieties were able to fully regain their 

transpiration activity. 

Figure 3. Graphical representation of RWC (Relative Water Content) analysis. The figure 
shows the relative water content (RWC) for the potato varieties Agata (AGA), Blue Star 
(BS), Désirée (DES), and Violet Queen (VQ), measured under both control (CT) and 
water stress (ST) conditions. Measurements were taken at three key points in the 
experiment: 4 days after the start of stress (A), the last day of stress (B), and after 
rewatering (C). The graph displays the mean values along with the respective standard 
errors. A t-test was used to compare each stressed genotype with its respective control 
condition, with significant differences indicated by an asterisk (*), where * represents p 
< 0.05, ** represents p < 0.01, and *** represents p < 0.001. 
 

RWC analyses were conducted on all varieties under control and stress conditions at three 

experimental points: four days after the onset of stress (T4), on the last day of stress (T6), 

and at the time of re-watering (T7). A t-test was performed comparing each treated 

genotype with its respective control condition. Data analysis revealed that at four days 

after the onset of stress (Figure 3A) and at the time of re-watering (Figure 3C), no 

statistically significant differences were found in any of the varieties. In the second 

experimental point, on the last day of stress (Figure 3B), a statistically significant decrease 

in RWC was observed in the Agata and Violet Queen varieties, with reductions of 16% 

and 12%, respectively. 
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2.3.2 Secondary metabolite profiling during stress conditions 

To evaluate the production, accumulation, and modulation of secondary metabolites 

between the fourth (T4) and sixth (T6) day of treatment under stress conditions (ST) (Tab. 

1), a mass spectrometric analysis was performed to quantify several metabolites 

belonging to the phenylpropanoid, polyamine, and anthocyanin pathways. Among these 

were chlorogenic, ferulic, and cinnamic acids, flavonoids such as naringenin and 

quercetin, anthocyanins (delphinidin-, malvidin-, and petunidin-glucosides), and 

polyamine-derived compounds including spermidine, spermine, putrescine, and N-

caffeoylputrescine, in four S. tuberosum genotypes (Aga, Désirée, Blue Star, and Violet 

Queen) subjected to water stress. 
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Table 1. Quantification of major phenolic, flavonoid and anthocyanin in four S. tuberosum genotypes (Aga, Désirée, Blue Star, and Violet 
Queen) subjected to water stress. Values represent the mean of two biological replicates measured on the fourth (T4) and sixth (T6) day of 
treatment under control (CT) and stress (ST) conditions. Concentrations of phenolic and flavonoid compounds (chlorogenic, ferulic, cinnamic 
acids, naringenin, quercetin) and anthocyanins (delphinidin-, malvidin-, and petunidin-glucosides) are expressed as mg gallic acid equivalents 
(GAE) per 100 g of fresh weight. 
  

    GENOTYPE AGA DES BS VQ 

Condition/Time point CT T4 CT T6 ST T4 ST T6 CT T4 CT T6 ST T4 ST T6 CT T4 CT T6 ST T4 ST T6 CT T4 CT T6 ST T4 ST T6 

Chlorogenic acid 2,724 ± 
0,0849 

0,1710 ± 
0,0311 

1,387 ± 
0,0834 

0,2250 ± 
0,0297 

5,330 ± 
0,3210 

6,660 ± 
0,1810 

5,907 ± 
0,1874 

3,7780 
± 

0,1867 

3,7760 ± 
0,1725 

0,2710 ± 
0,0198 

0,3615 ± 
0,0262 

4,4150 ± 
0,1379 

0,2600 ± 
0,0354 

0,1690 
± 

0,0297 

1,5780 ± 
0,3140 

0,2330 ± 
0,0156 

Delphinidin- 
Glucoside 

0,0135 ± 
0,0021 

0,0255 ± 
0,0007 

0,0880 ± 
0,0014 

0,0120 ± 
0,0000 

0,0515 ± 
0,0049 

0,0080 ± 
0,0000 

0,0310 ± 
0,0028 

0,0385 
± 

0,0007 

0,0525 ± 
0,0035 

0,0225 ± 
0,0021 

0,0750 ± 
0,0014 

0,0075 ± 
0,0007 

0,0740 ± 
0,0014 

0,0390 
± 

0,0014 

0,0625 ± 
0,0007 

0,0325 ± 
0,0021 

Ferulic acid 0,0380 ± 
0,0028 

0,1985 ± 
0,0049 

0,1825 ± 
0,0078 

0,2880 ± 
0,0071 

0,2035 ± 
0,0106 

0,1595 ± 
0,0007 

0,1960 ± 
0,0127 

0,2000 
± 

0,0000 

0,1835 ± 
0,0120 

0,3075 ± 
0,0205 

0,2110 ± 
0,0028 

0,1770 ± 
0,0099 

0,1710 ± 
0,0028 

0,1800 
± 

0,0127 

0,1815 ± 
0,0078 

0,2820 ± 
0,0099 

Naringenin 0,0135 ± 
0,0007 

0,0085 ± 
0,0007 

0,0190 ± 
0,0000 

0,0270 ± 
0,0000 

0,0130 ± 
0,0014 

0,0795 ± 
0,0035 

0,0530 ± 
0,0042 

0,0125 
± 

0,0007 

0,0380 ± 
0,0000 

0,0530 ± 
0,0014 

0,0305 ± 
0,0007 

0,0510 ± 
0,0028 

0,0355 ± 
0,0007 

0,0490 
± 

0,0028 

0,0305 ± 
0,0007 

0,0220 ± 
0,0014 

Quercetin 0,0020 ± 
0,0000 

0,0040 ± 
0,0000 

0,0070 ± 
0,0000 

0,0020 ± 
0,0000 

0,0060 ± 
0,0000 

0,0030 ± 
0,0000 

0,0050 ± 
0,0000 

0,0050 
± 

0,0000 

0,0065 ± 
0,0007 

0,0030 ± 
0,0000 

0,0035 ± 
0,0007 

0,0030 ± 
0,0000 

0,0070 ± 
0,0000 

0,0050 
± 

0,0000 

0,0055 ± 
0,0007 

0,0060 ± 
0,0000 

Cinnamic acid 0,0135 ± 
0,0007 

0,0085 ± 
0,0007 

0,0185 ± 
0,0007 

0,0270 ± 
0,0000 

0,0130 ± 
0,0000 

0,0805 ± 
0,0021 

0,0510 ± 
0,0057 

0,0125 
± 

0,0007 

0,0370 ± 
0,0014 

0,0505 ± 
0,0021 

0,0325 ± 
0,0007 

0,0530 ± 
0,0057 

0,0350 ± 
0,0028 

0,0485 
± 

0,0021 

0,0305 ± 
0,0021 

0,0190 ± 
0,0057 

Malvidin-glucoside 0,0135 ± 
0,0021 

0,0265 ± 
0,0021 

0,0855 ± 
0,0007 

0,0125 ± 
0,0007 

0,0520 ± 
0,0042 

0,0080 ± 
0,0000 

0,0315 ± 
0,0021 

0,0385 
± 

0,0049 

0,0535 ± 
0,0078 

0,0225 ± 
0,0049 

0,0810 ± 
0,0071 

0,0080 ± 
0,0000 

0,0835 ± 
0,0035 

0,0365 
± 

0,0035 

0,0570 ± 
0,0057 

0,0325 ± 
0,0007 

Petunidin-glucoside 0,0130 ± 
0,0028 

0,0085 ± 
0,0007 

0,0185 ± 
0,0021 

0,0270 ± 
0,0014 

0,0115 ± 
0,0007 

0,0775 ± 
0,0064 

0,0530 ± 
0,0042 

0,0135 
± 

0,0007 

0,0385 ± 
0,0021 

0,0520 ± 
0,0042 

0,0330 ± 
0,0014 

0,0580 ± 
0,0000 

0,0355 ± 
0,0021 

0,0490 
± 

0,0099 

0,0335 ± 
0,0049 

0,0210 ± 
0,0057 
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In Agata and Désirée, anthocyanins were present at very low levels, with concentrations 

expressed as mg gallic acid equivalents (GAE) per 100 g fresh weight. In Agata, 

delphinidin-glucoside decreased from 0.088 mg GAE 100 g⁻¹ FW at T4 to 0.012 mg GAE 

100 g⁻¹ FW at T6 (−86%), as did malvidin-glucoside, which declined from 0.0855 mg 

GAE 100 g⁻¹ FW at T4 to 0.0125 mg GAE 100 g⁻¹ FW at T6 (−85%). In contrast, 

petunidin-glucoside increased from 0.0185 mg GAE 100 g⁻¹ FW at T4 to 0.027 mg GAE 

100 g⁻¹ FW at T6 (+46%). In Désirée, anthocyanins remained at similarly low but 

relatively stable levels: delphinidin-glucoside decreased from 0.0515 mg GAE 100 g⁻¹ 

FW at T4 to 0.0385 mg GAE 100 g⁻¹ FW at T6 (−25%), malvidin-glucoside decreased 

from 0.052 mg GAE 100 g⁻¹ FW at T4 to 0.0385 mg GAE 100 g⁻¹ FW at T6 (−26%), 

while petunidin-glucoside showed a modest increase from 0.0115 mg GAE 100 g⁻¹ FW 

at T4 to 0.0135 mg GAE 100 g⁻¹ FW at T6 (+17%). Free polyamines (Appendix, 

Chapter II: Table A1), quantified using spermidine and spermine as external standards 

and expressed as mg polyamine equivalents per 100 g fresh weight, showed an overall 

trend toward accumulation in Désirée and a slight reduction in Agata over time. In Agata, 

spermidine decreased from 0.1619 mg 100 g⁻¹ FW at T4 to 0.1471 mg 100 g⁻¹ FW at T6 

(−9%), whereas in Désirée it increased from 0.2041 mg 100 g⁻¹ FW at T4 to 0.2726 mg 

100 g⁻¹ FW at T6 (+34%). A similar pattern was observed for spermine, which slightly 

decreased in Agata (from 0.0509 to 0.0495 mg 100 g⁻¹ FW; −3%) and increased in 

Désirée (from 0.0691 to 0.0930 mg 100 g⁻¹ FW; +35%). Putrescine accumulated 

markedly in both genotypes, increasing from 0.0830 mg 100 g⁻¹ FW at T4 to 0.810 mg 

100 g⁻¹ FW at T6 in Agata (+875%) and from 0.2718 to 0.6085 mg 100 g⁻¹ FW in Désirée 

(+124%). N-caffeoylputrescine increased in Agata from 0.00032 mg 100 g⁻¹ FW at T4 to 

0.00886 mg 100 g⁻¹ FW at T6 (+2669%), while it decreased in Désirée from 0.00799 to 

0.00556 mg 100 g⁻¹ FW (−30%). In the pigmented genotypes Blue Star and Violet Queen, 

drought stress induced a more complex response. In Blue Star, chlorogenic acid increased 

sharply from 0.380 mg GAE 100 g⁻¹ FW at T4 to 4.317 mg GAE 100 g⁻¹ FW at T6 

(+1036%), suggesting an enhanced phenylpropanoid metabolism. Conversely, in Violet 

Queen a marked decrease was observed, from 1.800 mg GAE 100 g⁻¹ FW at T4 to 0.222 

mg GAE 100 g⁻¹ FW at T6 (−88%).  
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Anthocyanins displayed opposite trends in the two pigmented genotypes: in Blue Star, 

both delphinidin-glucoside and malvidin-glucoside decreased from 0.074 mg GAE 100 

g⁻¹ FW at T4 to 0.008 mg GAE 100 g⁻¹ FW at T6 (−89%), whereas petunidin-glucoside 

increased from 0.034 mg GAE 100 g⁻¹ FW at T4 to 0.058 mg GAE 100 g⁻¹ FW at T6 

 

Figure 4. Anthocyanin pigment content in Blue Star at different time points under control 
and stress conditions. Quantification of delphinidin-glucoside, malvidin-glucoside, and 
petunidin-glucoside expressed as mg GAE 100 g⁻¹ fresh weight (FW) in Blue Star plants 
grown under control (CT) and stress (ST) conditions at two time points (T4 and T6). Bars 
represent mean values ± standard deviation 
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Figure 5. Anthocyanin pigment content in Violet Queen at different time points under 
control and stress conditions. Quantification of delphinidin-glucoside, malvidin-
glucoside, and petunidin-glucoside expressed as mg GAE 100 g⁻¹ fresh weight (FW) in 
Blue Star plants grown under control (CT) and stress (ST) conditions at two time points 
(T4 and T6). Bars represent mean values ± standard deviation. 
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In Violet Queen, by contrast, all pigments progressively decrease: delphinidin-glucoside 

drops from 0.062 mg GAE 100 g⁻¹ FW at T4 to 0.034 mg GAE 100 g⁻¹ FW at T6 (−45%), 

malvidin-glucoside from 0.053 mg GAE 100 g⁻¹ FW at T4 to 0.033 mg GAE 100 g⁻¹ FW 

at T6 (−38%), and petunidin-glucoside from 0.030 mg GAE 100 g⁻¹ FW at T4 to 0.025 

mg GAE 100 g⁻¹ FW at T6 (−17%) (Figure 5). Among the non-pigmented phenolics, 

ferulic acid remains relatively stable in Blue Star, decreasing slightly from 0.209 mg GAE 

100 g⁻¹ FW at T4 to 0.184 mg GAE 100 g⁻¹ FW at T6 (−12%), but increases in Violet 

Queen from 0.187 mg GAE 100 g⁻¹ FW at T4 to 0.275 mg GAE 100 g⁻¹ FW at T6 (+47%), 

whereas cinnamic acid shows only minor variations. Polyamines increase markedly in 

Blue Star: spermidine rises from 0.074 mg 100 g⁻¹ FW at T4 to 0.130 mg 100 g⁻¹ FW at 

T6 (+76%), spermine from 0.025 mg 100 g⁻¹ FW at T4 to 0.045 mg 100 g⁻¹ FW at T6 

(+80%), and putrescine from 0.062 mg 100 g⁻¹ FW at T4 to 0.077 mg 100 g⁻¹ FW at T6 

(+24%), indicating a reinforcement of the polyamine-based antioxidant system 

concurrent with the decline in anthocyanin pigments. 

2.3.4 Analysis of gene expression involved in anthocyanin/phenylpropanoids 
biosynthesis in potato varieties under drought stress. 

To investigate the molecular response of potato genotypes to drought stress, we 

assessed whether drought induces transcriptional changes in key anthocyanin 

biosynthesis, including dihydroflavonol 4-reductase (StDFR), anthocyanin regulator 1 

(StAN1), anthocyanin regulator 2 (StAN2), MYB anthocyanin transcriptional repressor 

(StMYBATV), Inducer of Silencing of Anthocyanins in Cell Cultures (StISAC) and with a 

regulatory effect also on phenolamide production (D’Amelia et al., 2025). Leaf samples 

were collected at two experimental time points, T4 (fourth day after stress onset) and T6 

(end of the stress period), to evaluate the temporal dynamics of gene activation and 

compared to the respective controls. 
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Figure 6. Relative expression of the StDFR, StAN1, StAN2, StMYBATV, StISAC, StHQT, 
StHCT, and StCV89 genes in the Agata, Désirée, Blue Star, and Violet Queen potato 
varieties at four (T4) and six (T6) days after the imposition of drought stress. Gene 
expression is shown as log2 fold change (log2 FC) values, calculated from fold changes 
relative to the control, without further scaling, allowing direct comparison of expression 
levels between genes and samples. The color scale ranges from +2 (red) to −2 (blue), 
representing higher or lower log2 FC values, respectively. 

 

At T4, Agata and Désirée showed a moderate induction of the transcription factors StAN1 

(1.17 and 0.31 log2 FC, respectively) and StAN2 (0.53 and -5.96 log2 FC), whereas the 

structural gene StDFR displayed only slightly induced. In the pigmented genotypes (Blue 

Star and Violet Queen), no clear activation of the anthocyanin structural and regulatory 

genes was detected: only Violet Queen showed a slight increase in StAN1 (0.92 log2 FC), 

while StAN2 (-0.42 log2 FC) and StDFR (-6.32 log2 FC)	remained low. However, in Blue 

Star, an early activation of the phenylpropanoid pathway was observed, with higher 

relative expression of StHQT (0.82 log2 FC) and StHCT (0.93 log2 FC), indicating a 
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metabolic response aimed at reinforcing antioxidant defenses. At T6, corresponding to 

the late phase of stress, the transcriptional response became more pronounced, 

particularly in the pigmented genotypes. Blue Star exhibited a strong and coordinated 

induction of both regulatory and structural anthocyanin biosynthetic genes: StAN1 (3.39 

log2 FC), StAN2 (1.89 log2 FC), StMYBATV (3.07 log2 FC), and StDFR (2.61 log2 FC), 

along with an increase in phenylpropanoid-related genes StHQT (1.24 log2 FC), StHCT 

(1.26 log2 FC), and StCV89 (3.99 log2 FC). Désirée also showed increased relative 

expression of StDFR (1.51 log2 FC), StMYBATV (2.65 log2 FC), and StCV89 (4.72 log2 

FC), while Agata displayed consistently low values for all genes (StDFR (0.33 log2 FC); 

StAN1 (-0.59 log2 FC); StAN2 (-4.26 log2 FC); StMYBATV (-1.68 log2 FC); StCV89 (-

1.16 log2 FC)), confirming its limited ability to adapt to water stress. Violet Queen, 

despite its naturally high pigment content, exhibited only a slight increase in StDFR (-

1.25 log2 FC) and low expression of StAN1 (0.42 log2 FC) and StAN2 (-4.34 

log2 FC) (Figure 6). Overall, this trend suggests that the pigmented genotypes Blue Star 

and Violet Queen may perceive drought stress with a certain delay, potentially due to the 

presence of pre-existing anthocyanin pools that contribute to cellular protection and 

osmoregulation, resulting in a delayed activation of the biosynthetic machinery. 

 

2.4 Discussion 
Adverse environmental conditions activate complex molecular mechanisms in plants, 

triggering regulatory cascades that support their adaptation to stress (Zhu, 2016). Among 

these, temperature and water availability represent two key variables capable of 

profoundly modulating secondary metabolism, particularly the biosynthesis of 

anthocyanins. Drought stress is an important environmental factor influencing the 

metabolism of these pigments in a wide range of plant species, often with direct 

consequences on the quality of fruits and vegetables and, consequently, on their economic 

value for producers and retailers. Efficient resource use is a fundamental requirement for 

plant survival under unfavorable environmental conditions. In such contexts, plants rely 

on their phenotypic and metabolic plasticity to optimize adaptive responses (Cirillo et al., 

2021). Anthocyanin biosynthesis is often activated in response to various abiotic stresses, 

including high light intensity, low temperatures, and drought. These pigments are 

hypothesized to act as light screens, reducing photooxidative damage (Agati et al., 2021; 

Zhao et al., 2022). However, pigment-based photoprotection may entail a physiological 

cost, manifested as reduced photosynthetic efficiency under mild or moderate stress, 
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suggesting that the balance between benefit and limitation depends on light intensity and 

water availability. In our drought stress experiment, conducted on four cultivated potato 

S. tuberosum cultivars (Agata, Désirée, Violet Queen, and Blue Star) with different 

anthocyanin contents, it was observed that the pigment-rich genotypes (Blue Star and 

Violet Queen) exhibited greater drought tolerance during acute stress phases (T4–T6) and 

a faster recovery after rewatering (T7) compared to the low-pigment genotype (Agata). 

These differences were evident in photosynthetic parameters, transpiration rates, and 

relative water content (RWC), as well as in the expression patterns of genes involved in 

the phenylpropanoid/anthocyanin pathway. At the peak of stress (T6), all genotypes 

showed a sharp decrease in photosynthetic and transpiration rates, averaging about 80%. 

This decline not only reflects the direct impact of water deficit on physiological activity 

but could also be partly attributed to the cost of pigment photoprotection: the presence of 

anthocyanins can reduce photosynthetic efficiency under mild or moderate stress, 

reinforcing the idea that the trade-off between advantage and limitation strongly depends 

on light intensity and water availability (Agati et al., 2021; Zhao et al., 2022). These 

observations were consistent with increasing evidence linking anthocyanin accumulation 

to antioxidant, photoprotective, and osmoregulatory functions during drought stress (Li 

et al., 2023; Cirillo et al., 2021; Dabravolski & Isayenkov, 2023). At the transcriptomic 

level, the data revealed divergent adaptive strategies among cultivars. In low-anthocyanin 

genotypes such as Agata and Désirée, the early activation of the transcription factors 

StAN1 and StAN2 at T4, accompanied by the downregulation of StDFR, suggests an 

initial attempt to stimulate the anthocyanin biosynthetic pathway without achieving 

effective pigment accumulation. Since DFR (dihydroflavonol 4-reductase) is a key 

enzyme in anthocyanin biosynthesis, as shown in Ipomoea batatas, where IbDFR 

expression is tightly linked to pigment accumulation and its suppression in DFRi plants 

markedly reduces pigmentation in leaves, stems, and roots (Wang et al., 2013), its low 

expression during the early phases of stress suggests a potential metabolic bottleneck. 

This block may prevent effective anthocyanin production despite upstream transcriptional 

activation, reflecting an incomplete or inefficient response at T4, possibly due to post-

transcriptional control or limited availability of phenolic precursors (Payyavula et al., 

2012; Bao et al., 2022). In contrast, Blue Star and Violet Queen, characterized by a higher 

pre-existing pigment “background,” did not show an immediate activation of the 

anthocyanin pathway in the early stress phases but instead maintained a more stable 

transcriptional profile. These cultivars appear to initially exploit the anthocyanins already 
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accumulated in the tissues as a first line of antioxidant and osmoregulatory defense. It is 

tentative to speculate that under prolonged stress, once pigment reserves are depleted, 

these varieties activate the coordinated transcription of regulatory and structural genes, 

indicating a threshold-type response in which de novo anthocyanin synthesis is triggered 

only beyond a critical drought level. In agreement with the transcriptomic data, 

metabolomic analysis confirmed that both Blue Star and Violet Queen showed a marked 

reduction in anthocyanin concentration from T4 to T6, reflecting the consumption of 

these pigments as part of the antioxidant and osmoregulatory response to drought. In the 

subsequent phase (T6), once these reserves are depleted, both cultivars activate 

alternative protective pathways, as evidenced by the accumulation of polyamines and 

non-pigmented phenolic acids, including chlorogenic, ferulic, and cinnamic acids. Blue 

Star, however, does not limit its response to the activation of secondary antioxidant 

pathways, but shows clear metabolic reprogramming at T6, characterized by the 

reactivation of the anthocyanin biosynthetic pathway and a selective increase in petunidin 

glucoside. This trend suggested a metabolic redirection toward more methoxylated and 

stable anthocyanin forms, consistent with the upregulation of AN1, AN2, and DFR. This 

interpretation is in line with observations in transgenic plants, where under prolonged 

stress, the synthesis of new anthocyanins is not immediately activated; instead, plants 

tend to consume pre-existing pigments to neutralize ROS, leading to the degradation of 

anthocyanic coloration (Naing et al., 2017). Such behavior suggests that during extended 

stress periods, the available anthocyanin pool may not be sufficient to ensure long-lasting 

protection, thereby stimulating the expression of genes involved in their biosynthesis or 

in complementary metabolic routes, such as those responsible for the synthesis of proline 

and other antioxidants. Similarly, several studies have highlighted the role of phenolic 

compounds, including phenylpropanoids, flavonoids, and other phenolics, in neutralizing 

reactive oxygen species and improving drought tolerance (Sharma et al., 2019; Kumar et 

al., 2020; Li et al., 2020). The overexpression of AN1 in tobacco has also demonstrated 

that the activation of the anthocyanin pathway not only enhances pigmentation but also 

leads to profound morpho-physiological and metabolic changes, such as higher water 

content, accumulation of compatible sugars and amino acids, and improved drought 

tolerance (Cirillo et al., 2021). From a metabolic perspective, StAN1, like other R2R3-

MYB activators of anthocyanin biosynthesis, can redirect the flux of the phenylpropanoid 

pathway toward the anthocyanin branch at the expense of other phenolics such as lignin 

precursors, thereby interfering with the formation of secondary cell walls (Cirillo et al., 
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2021). This suggests that anthocyanin accumulation involves a broader metabolic 

adjustment, potentially mediated by additional regulatory factors. Moreover, it has been 

reported that anthocyanins can induce systemic acquired resistance (SAR) signals 

mediated by cryptochromes, suggesting that plants can temporarily modulate light 

perception and redistribute photosynthates from growth-related processes, such as 

cellulose and lignin synthesis, toward stress response pathways like the production of 

amino acids, non-structural sugars, and anthocyanins. 

2.5 Conclusion 

Experimental evidence presented in this study indicates that the presence of anthocyanins 

in vegetative tissues of potato is associated with enhanced adaptation to drought stress. 

In a previous study by Cirillo et al. (2021), using transgenic tobacco plants over 

accumulating anthocyanins, these pigments were shown to act as modulators of leaf light 

perception, representing an effective mechanism by which plants adapt to stressful 

environments. In the present work, we confirm this hypothesis and further demonstrate 

that it is specifically the constitutive (preventive) accumulation of anthocyanins, rather 

than their stress-induced synthesis, that has the greatest impact on stress tolerance. While 

drought stress activates the phenylpropanoid pathway, our results suggest that this 

activation alone is not sufficient to confer protection. We also analyzed the molecular 

regulation of anthocyanin-related genes in potato, revealing that an effective stress 

response is not driven by the mere activation of the phenylpropanoid pathway, but rather 

requires a coordinated, genotype-dependent regulation of both structural and regulatory 

genes, as evidenced by the distinct expression patterns of DFR, AN1, AN2, and MYBATV. 

In particular, transcriptomic data indicate that, presumably, the presence of a pre-existing 

pool of anthocyanins allows a delayed transcriptional activation under prolonged stress 

conditions, promoting metabolic flexibility and contributing substantially to drought 

resilience. 
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CHAPTER III 
Multilevel phenotypic, transcriptomic and epigenetic regulation shapes 
salt stress resilience in Solanum commersonii 
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ABSTRACT 

Salt stress is one of the major limiting factors for potato productivity and exerts strong 

selective pressure on the evolution of resilience traits in wild Solanum species. In this 

study, we analyzed physiological, biochemical, transcriptomic, epigenetic, and small 

RNA–mediated responses to salinity in Solanum tuberosum cv. Désirée and the salt-

tolerant wild species Solanum commersonii clone 1T, exposed to 0, 80, and 150 mM 

NaCl for 21 days. Désirée exhibited a marked reduction in photosynthesis, stomatal 

conductance, and photosynthetic pigment content under severe salinity, indicating 

progressive impairment of the photosynthetic apparatus and limited antioxidant capacity. 

In contrast, S. commersonii maintained greater physiological stability, more efficient 

osmotic adjustment, reduced lipid peroxidation, and increased accumulation of protective 

metabolites. RNA-seq analysis of leaves and roots revealed a strong enrichment of 

antioxidant and secondary metabolic pathways in S. commersonii, with prominent 

activation of phenylpropanoid and flavonoid biosynthesis and up-regulation of key genes 

involved in anthocyanin production, ROS detoxification, and membrane stabilization. 

Integration of transcriptomic data with histone modification profiling (H3K4me3 and 

H3K27me3, by ChIP-qPCR and locus-level qualitative ChIP-seq at selected stress-

responsive loci) revealed a coordinated epigenetic reorganization in S. 

commersonii under severe salinity, characterized by enrichment of the activating 

H3K4me3 mark and reduction of the repressive H3K27me3 mark at key stress-responsive 

loci. In contrast, Désirée showed less defined epigenetic dynamics, frequent co-

occurrence of H3K4me3 and H3K27me3 signals at several loci, and a more 

heterogeneous small RNA mediated response (including miRNA/siRNA), with limited 

additional activation of adaptive pathways under high salinity. Overall, these results 

demonstrate that the superior resilience of S. commersonii arises from the integration of 

stable physiological performance with finely coordinated transcriptomic, epigenetic, and 

post-transcriptional regulation, confirming the value of wild Solanum species as a 

strategic genetic resource for improving salt tolerance in cultivated potato. 
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3.1 Introduction 
Soil salinity affects nearly 800 million hectares worldwide, corresponding to over 6% of 

the Earth’s land surface (Munns and Tester, 2008). Cultivated potato is moderately 

sensitive to salt, with damage thresholds between 15 and 30 mM NaCl that significantly 

reduce growth and yield (Mass and Hoffman, 1977; Yaycili and Alıkamanoǧlu, 2012). 

Increases in Na⁺, Cl⁻ and SO₄²⁻ alter soil structure and physico-chemical properties, 

impairing water and nutrient uptake. Sensitive cultivars typically exhibit reductions in 

fresh and dry biomass, leaf yellowing and premature senescence (Jaarsma et al., 2013; 

Akhtar et al., 2015), while even relatively tolerant cultivars, such as Kennebec, suffer 

yield losses under severe salinity. Salt stress diminishes photosynthesis, transpiration, 

stomatal conductance, leaf area and relative water content (Odemis and Caliskan, 2014; 

Akhtar et al., 2015). At concentrations above 120 mM, genes encoding photosystem 

subunits and Calvin cycle enzymes become strongly downregulated (Legay et al., 2009). 

At the cellular level, Na⁺ and Cl⁻ accumulate in parenchyma cells, promoting lipid 

peroxidation, delaying sprout emergence and leading to tubers with lower dry matter 

content and reduced numbers per plant (Odemis and Caliskan, 2014). Additionally, the 

accumulation of simple sugars and non-structural carbohydrates in leaves further 

contributes to the reduction in tuber biomass.  

As outlined in Chapter I, plants cope with salinity through conserved mechanisms such 

as ion homeostasis modulation (e.g., SOS pathway and Na⁺/H⁺ antiporter), osmotic 

adjustments via compatible solutes, and activation of antioxidant systems and 

flavonoid/anthocyanin-based defenses. Alongside phenotypic and transcriptional 

responses, increasing evidence indicates that plant adaptive plasticity to abiotic stresses 

is also regulated by epigenetic mechanisms, which modulate gene expression without 

altering the underlying DNA sequence (Kooke and Keurentjes, 2015). Although 

numerous transcriptomic studies have documented profound environment-induced 

changes in gene expression, the regulatory mechanisms orchestrating these responses 

remain only partially understood (Yadav et al., 2018). Epigenetic mechanisms such as 

histone modifications, DNA methylation and the action of small RNAs play a central role 

in the fine regulation of gene expression in response to environmental stresses, including 

salinity. In particular, the histone modifications H3K4me3 and H3K27me3 represent 

antagonistic epigenetic states, generally associated with transcriptional activation and 

repression (Zhang et al., 2009; Makarevitch et al., 2013; Steffen and Leonie, 2014). 

Beyond their canonical roles, recent evidence indicates that stress conditions can induce 
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the formation of bivalent chromatin states, characterized by the coexistence of H3K4me3 

and H3K27me3 at the same gene loci. This configuration, observed for example 

in Arabidopsis during cold stress, allows flexible control of gene expression by 

maintaining genes in a “poised” state and enabling rapid activation or repression in 

response to environmental cues (Wang et al., 2024). In parallel, microRNAs and small 

interfering RNAs contribute to the fine regulation of gene expression both at the post-

transcriptional level, through the degradation of target transcripts, and at the 

transcriptional level via mechanisms such as RNA-directed DNA methylation (RdDM). 

Small RNA pathways have been shown to be extensively remodeled under abiotic stress 

conditions, modulating genes involved in oxidative, hormonal and osmotic responses and 

thereby contributing to cellular adaptation (Sunkar et al., 2007; Khraiwesh et al., 2012). 

In addition to these physiological and transcriptional responses, Chapter I has highlighted 

that plant adaptive plasticity to abiotic stress is also controlled by epigenetic mechanisms, 

including DNA methylation, histone modifications (notably H3K4me3 and H3K27me3) 

and small RNAs which reshape chromatin and fine-tune stress-responsive gene 

expression. Building on that framework, the present chapter specifically examines how 

these epigenetic layers contribute to salt-stress responses in potato. 

In the present chapter, the emphasis is therefore placed on how these general strategies 

are implemented in potato and how they differ between cultivated and wild Solanum 

species. Indeed, the latter species represents an invaluable genetic resource for improving 

tolerance to abiotic stresses, providing an opportunity to broaden the narrow genetic base 

of cultivated potato, constrained by domestication and vegetative propagation (Hawkes, 

1990; Huamán et al., 2000; Bradshaw and Ramsay, 2005). Among these, S. 

commersonii is one of the best studied for its ability to withstand sub-zero temperatures 

and activate cold acclimation processes, as well as for its enhanced tolerance to abiotic 

stresses (Aversano et al., 2015). Specifically, we compare S. tuberosum cv Désirée with 

the stress tolerant S. commersonii integrating physiological, biochemical, transcriptomic 

and epigenetic data	to dissect multilevel determinants of salt resilience. 

 

3.2 Materials and Methods  
3.2.1 Plant materials  

The plant material used in this study was obtained from the germplasm bank of the Plant 

Genetics and Biotechnology Section of the Department of Agriculture at the University 

of Naples Federico II. Specifically, one cultivated potato variety and one wild potato were 
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used: Désirée and S. commersonii clone 1T (PI243503, originally provided by the IR-1 

Potato Introduction Project, Sturgeon Bay, WI, USA). These genotypes were obtained 

from an in vitro genetic stock maintained in a growth chamber at 7 °C on MS salts 

(Murashige and Skoog, 1962), supplemented with 10 g/L sucrose and 8 g/L agar at pH 

5.8. Several cycles of micropropagation of explants taken from the stock were required 

to obtain enough plants for each genotype in order to carry out the planned observations 

and analyses. The cycles were conducted in a growth chamber at 24 °C with a 12 h light–

dark hoto eriod. 

 

3.2.2 Salt stress setup 

Salt stress experiments were conducted in collaboration with Prof. Albino Maggio and 

Dr. Valerio Cirillo from the Biology and Plant Production section of the Department of 

Agriculture at the University of Naples Federico II. Plants of the wild genotype cmm1T 

and the cultivated genotype cv. Désirée were obtained from in-vitro propagated plants 

transferred to the greenhouse as uniform plant material for the stress assay. A factorial 

experimental design was adopted with two genotypes (cmm1T and Désirée) and three 

different NaCl concentrations (0 mM, 80 mM, and 150 mM). Salt stress was imposed for 

21 days, with NaCl supplied to reach the desired final concentrations, while control plants 

received the same conditions without added NaCl (0 mM). Two sampling time points 

were selected for the downstream analyses: 11 days after the beginning of the salt 

treatment (T11, mid-stress), and 21 days (T21, end of the stress). 
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3.2.3 Phenotyping and stress biomarker analysis 

Throughout the duration of the experiments, gas exchange analyses were performed using 

the portable photosynthesis and fluorometry system LI-COR 6800 (LI-6800). The data 

collected by the LI-6800 were then analyzed to derive parameters related to 

photosynthetic activity: photosynthetic capacity, expressed in μmol of CO₂ m⁻² s⁻¹, and 

transpiration, expressed in μmol of H₂O m⁻² s⁻¹. In addition, four stress biomarkers 

(malondialdehyde, total phenolic compounds, soluble sugars and proline) were quantified 

with the Rainbow protocol as described in López-Hidalgo et al. (2021).  

 

3.2.4 Quantification of expression of genes under salt stress 

The analysis of different expressions of genes was carried out on the cDNA extracted 

from the 2 study species. Real-time PCR was performed using the RotorGene 6000 

instrument (Corbett Life Science). The QuantiFast SYBR Green PCR Kit from Qiagen 

was used for all reactions, following the protocol instructions. To calculate the relative 

expression levels, fluorescence values were analyzed using the RQ Manager software 

(Applied Biosystems, Foster City, CA, USA). Specifically, a relative quantification of the 

genes was performed using the 2-∆∆CT method (Livak and Schmittgen 2001). The CT 

values of the experimental samples were compared to a control sample (control genotype 

or untreated sample), and the fold change, which is the ratio of expression levels between 

the two conditions, was calculated using the formula: Fold change = 2^(-∆∆CT). 

 

3.2.5 RNA and small RNA sequencing 

Total RNAs were extracted and purified from both leaves and roots using the Spectrum™ 

Plant Total RNA kit (Sigma-Aldrich) following the manufacturer’s instructions. RNA 

quality was assessed with a Nanodrop spectrophotometer (Thermo Fisher Scientific, 

USA). For S. commersonii, RNA library preparation and transcriptome sequencing were 

performed by Novogene Co., LTD (Beijing, China), while for S. tuberosum cv. Désirée 

the same procedures were carried out by Sequentia Biotech SL (Barcelona, Spain). Small 

RNA libraries were prepared using the Small RNA Sample Preparation Kit. Sequencing 

adapters were ligated to the 5′ and 3′ ends using T4 RNA Ligase 1 and T4 RNA Ligase 2 

(truncated). Ligated fragments were reverse-transcribed to cDNA, PCR-amplified, and 

size-selected by PAGE. Library concentration and insert size were evaluated with Qubit 

2.0 and Agilent 2100 and quantified by qPCR. Qualified libraries were sequenced at 

Sequentia Biotech SL (Barcelona, Spain). Raw reads were provided in FASTQ format, 
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and base quality was expressed as Qphred = –10 log₁₀(P), where P represents the 

probability of an incorrect base call. 

 

3.2.6 RNA-seq data processing and differential expression analysis 

RNA-Seq libraries were sequenced by Novogene (for S. commersonii) and Sequentia 

Biotech (for S. tuberosum cv. Désirée), following their standard internal pipelines. Raw 

sequence quality was assessed using FastQC, and adapter removal and quality trimming 

were performed according to the providers’ workflows. Clean reads were aligned to the S. 

tuberosum reference genome (DM v6.1), and gene-level count matrices were generated. 

Differential expression analysis was carried out in R using the DESeq2 package. Data 

were normalized using the DESeq2 internal normalization method, and differentially 

expressed genes (DEGs) were identified using thresholds of |log2FC| ≥ 1 and FDR ≤ 0.05. 

Functional enrichment analyses (GO and KEGG) were performed using clusterProfiler, 

while graphical visualizations (heatmaps, PCA, bar plots) were generated with ggplot2 to 

Figure 2. Workflow of RNA-Seq data analysis performed on S. commersonii and S. 
tuberosum. The analysis pipeline includes data quality control (QC), read mapping to the 
reference genome, and novel transcript prediction. Gene expression levels were 
quantified and used for differential expression analysis between control and salt-stressed 
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samples. Functional enrichment analyses were performed on the resulting gene sets, 
including Gene Ontology (GO) and KEGG pathway enrichment, as well as protein–
protein interaction and gene set enrichment (GSEA) analyses. Correlation analysis was 
also conducted to identify co-expressed genes and potential regulatory relationships. 
 
 

3.2.6 Small RNAs identification 

Raw FASTQ reads underwent a pre-processing procedure using Trimmomatic v0.39 

(Bolger et al., 2014) to eliminate adapter sequences and reads shorter than 16 nucleotides. 

Q30 of raw and trimmed reads was calculated using q30 script 

(https://github.com/dayedepps/q30). miR-PREFeR pipeline (Lei and Sunn, 2014) was 

used to predict miRNAs. First, the process-reads-fasta.py script was run to collapse 

identical fasta reads and to rename them depending on the sample they came from. This 

step produced fasta. processed files, which were then mapped on the S. tuberosum v6.1 

reference genome using the bowtie-align-reads.py script. The resulting bam files were 

used as input for the miR_PREFeR.py script to predict mature miRNAs. The sequence of 

the mature miRNAs was then compared to sequences deposited in miRBase 

(https://www.mirbase.org) using the stand-alone version of blastn (Camacho et al., 2009). 

Specifically, the makeblastdb tool was employed to build a blast database with miRBase 

sequences, followed by the execution of blastn with parameters max-target-seq 1 and e-

value 1e-5. miRNAs found to match sequences in miRbase were classified as “known 

miRNAs”, while those that did not find a match were classified as "novel miRNAs. 

 

3.2.4 Statistical analyses and differential expression testing 

MiRNAs with an expression level lower than 1 count per million (cpm) and a coefficient 

of variation (cv) cutoff greater than 0.5 were filtered out. The raw expression counts of 

the retained small RNAs were then normalized using the TMM method (Trimmed Mean 

of M-values) with the Bioconductor package HTSFilter (Rau et al., 2013). The TMM-

normalized values were subsequently utilized to construct a Principal Component 

Analysis (PCA) of the replicates using the R package FactoMineR (Lê et al., 2008). 

Differential expression analysis was performed using the Bioconductor package edgeR 

(Robinson et al., 2010), which fits a negative binomial generalized linear model (glm) to 

model read counts for each small RNA, estimates the dispersion (i.e., biological variation 

between replicates), and conducts statistical tests for differential expression. In this 

analysis, the Likelihood Ratio Test (LRT) was employed. For each species, a total of six 

pairwise comparisons (3 in leaf + 3 in root) were performed among the three salt 
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treatments (0 mM vs 80 mM; 0 mM vs 150 mM; 80 mM vs 150 mM) in both leaves and 

roots, resulting in six total contrasts per species. An adjusted p-value threshold (false 

discovery rate, fdr) of 0.05 was applied to identify significantly Differentially Expressed 

Small RNAs (DESs). 

 

3.2.7 Target genes prediction 

The web server psRNATarget (https://www.zhaolab.org/psRNATarget) with default 

parameters was used to predict 200 putative target genes for each DES in each 

comparison. Only putative targets exhibiting an inverse relationship with DEGs were 

selected (i.e., up-regulated sRNA - down-regulated mRNA, and vice versa). The function 

of these targets was predicted through GO and KEGG enrichment analysis using 

g:Profiler (https://biit.cs.ut.ee/gprofiler/gost). 

 

3.2.8 Chromatin immunoprecipitation (ChIP) assay 

Approximately 2 g of plant tissue (minimum 1 g) were crosslinked with 37% 

formaldehyde under vacuum, and the reaction was quenched with glycine. Samples were 

washed, air-dried, ground in liquid nitrogen and stored at –80 °C. Nuclei were isolated by 

sequential extraction and centrifugation using three extraction buffers, followed by lysis 

in nuclei lysis buffer. Chromatin was sheared by sonication using a Bioruptor (high 

power, 20 cycles of 45 s ON/15 s OFF at 4 °C), yielding fragments of 100–300 bp, as 

verified by gel electrophoresis. After centrifugation, an aliquot was saved as input, and 

the remaining chromatin was diluted and pre-cleared with magnetic beads. 

Immunoprecipitation was performed by overnight incubation at 4 °C with specific 

antibodies. Bead–chromatin complexes were washed sequentially with low-salt, high-

salt, LiCl and TE buffers, and chromatin was eluted. Reverse crosslinking was carried out 

overnight at 65 °C, followed by Proteinase K treatment. DNA was purified by phenol-

based extraction, ethanol-precipitated, washed, and finally resuspended in nuclease-free 

water. 

 

3.2.9 ChIP-qPCR analysis 

ChIP-derived DNA was diluted 1:10 with nuclease-free water and directly used as a 

template for real-time quantitative PCR (qPCR). Reactions were performed using the 

QuantStudio™ 7 Flex Real-Time PCR System (Applied Biosystems) with the QuantiFast 

SYBR Green PCR Kit (Qiagen), following the manufacturer’s instructions. Each reaction 
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was run in triplicate using gene-specific primers designed to amplify regions associated 

with H3K4me3 and H3K27me3 enrichment, and fluorescence values were analyzed with 

the RQ Manager software (Applied Biosystems, Foster City, CA, USA). Ct values from 

immunoprecipitated (IP) DNA and input controls (1:10 dilution) were used to calculate 

enrichment, expressed as % Input according to the formula: 

% Input = (2^(-ΔCt)) × 100 where ΔCt = Ct(IP) – Ct(Input) + log₂(dilution factor).  

To correct for non-specific background, values were normalized against mock-

immunoprecipitated controls, and fold enrichment was determined using the ∆∆Ct 

method (2−ΔΔCt)(2−ΔΔCt). 

 

3.3 Results 
3.3.1 Physiological and biochemical responses to salt stress in Solanum commersonii 

clone 1T and Solanum tuberosum cv. Désirée 

To dissect how salt stress affects whole-plant performance in the two genotypes, we first 

analyzed photosynthesis, stomatal conductance and intercellular CO₂ (Section 3.3.1.1), 

then chlorophyll and carotenoid contents (Section 3.3.1.2), and finally stress biomarkers 

(MDA, total phenolics, free amino acids and soluble sugars) (Section 3.3.1.3). 

 

3.3.1.1 Photosynthesis, stomal conductance and intercellular CO2 rates 

To evaluate salt stress responses in the in vivo experiment, physiological traits related to 

gas exchange were measured under three salinity conditions (0, 80 mM, 150 mM) across 

two experimental timepoints: mid-stress progression (T11) and the end of the stress 

period (T21). Measurements of photosynthesis, transpiration, stomatal conductance, and 

intercellular CO₂ were collected in the greenhouse at both time-points to capture the 

dynamic physiological adjustments of the plants (Figure 1). 

 



 80 

 
Figure 1. Photosynthetic rate (A-B), stomatal conductance (C-D), intercellular CO₂ 
concentration (E-F) and transpiration (G-H) in leaves of S. commersonii clone 1T and S. 
tuberosum cv. Désirée under control (0 mM) and salt stress conditions (80 and 150 mM 
NaCl) at two time points: 11 days after stress onset (T11) and after 21 days of treatment 
(T21). Photosynthetic rate is expressed in μmol CO₂ m⁻² s⁻¹, stomatal conductance in mol 
H₂O m⁻² s⁻¹, intercellular CO₂ concentration in μmol CO₂ mol⁻¹ air and transpiration in 
mol H₂O m⁻² s⁻¹. The graphs display mean values ± SE (n = 3). Statistical differences 
between stressed (ST) and control (CT) plants were determined using a t-test (p < 0.05, 
*p < 0.01, **p < 0.001). 
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After 11 days of exposure, Désirée maintained stable photosynthetic activity under 

moderate salinity (13.96 mmol CO₂ m⁻² s⁻¹ at 80 mM), while a significant reduction was 

observed at 150 mM (7.40 mmol CO₂ m⁻² s⁻¹) (Fig. 1-A). This decrease was accompanied 

by a marked decline in stomatal conductance from 0.37 to 0.25 and 0.08 µmol H₂O m⁻² 

s⁻¹ at 80 and 150 mM, respectively, and by a reduction in intercellular CO₂ from 319 to 

241 mmol mol⁻¹, suggesting that gas-exchange limitation was primarily due to stomatal 

closure. Consistently, transpiration rate decreased from 4.90 mmol H₂O m⁻² s⁻¹ in control 

plants to 3.94 and 1.57 mmol H₂O m⁻² s⁻¹ at 80 and 150 mM NaCl, respectively (Fig. 1-

C). In contrast, S. commersonii showed no major changes in photosynthetic parameters 

compared to the control; transpiration showed a slight increase at 80 mM (2.88 to 3.26 

mmol H₂O m⁻² s⁻¹) and a decrease at 150 mM (to 1.47 mmol H₂O m⁻² s⁻¹). 

After 21 days of treatment, both genotypes exhibited a general decline in photosynthetic 

performance, which was more pronounced under high salinity (Fig. 1-B). In Désirée, 

photosynthetic rate decreased from 10.19 mmol CO₂ m⁻² s⁻¹ in control plants to 9.68 

mmol CO₂ m⁻² s⁻¹ at 80 mM and 4.54 µmol CO₂ m⁻² s⁻¹ at 150 mM, accompanied by a 

strong reduction in gs (from 0.23 to 0.04 µmol H₂O m⁻² s⁻¹) and Ci (from 309 to 232 µmol 

mol⁻¹). In line with these trends, transpiration declined from 3.16 µmol H₂O m⁻² s⁻¹ in 

control plants to 1.90 µmol H₂O m⁻² s⁻¹ at 80 mM and 0.79 µmol H₂O m⁻² s⁻¹ at 150 mM. 

Similarly, S. commersonii showed a reduction in photosynthesis and stomatal 

conductance at 150 mM after 21 days; transpiration changed from 1.28 µmol H₂O m⁻² s⁻¹ 

in control plants to 1.38 µmol H₂O m⁻² s⁻¹ at 80 mM and 0.92 µmol H₂O m⁻² s⁻¹ at 150 

mM (Fig. 1-D). 

Overall, these patterns indicate that cv. Désirée is markedly more salt-sensitive than S. 

commersonii. In Désirée, the sharp decreases in photosynthetic rate, stomatal 

conductance, intercellular CO₂ and transpiration, especially at 150 mM NaCl, show that 

photosynthesis is mainly limited by stomatal closure and associated gas-exchange 

restriction. In contrast, S. commersonii maintains gas exchange much more effectively, 

with only minor changes at 80 mM and a comparatively milder decline at 150 mM, 

consistent with a higher physiological tolerance to salt stress. 

 

3.3.1.2 Chlorophyll and carotenoid content 

At the end of the 21-day salt treatment, the levels of chlorophyll a (Chl a), chlorophyll b 

(Chl b), and carotenoids were quantified in leaves of S. commersonii and S. tuberosum 

cv. Désirée (Figure 2). Chlorophyll is the primary pigment in plants, whose main role in 



 82 

photosynthesis is to capture solar energy and facilitate CO2 fixation for carbohydrate 

 

Figure 2. Graphical representation of photosynthetic pigment content (chlorophyll a, 
chlorophyll b, and carotenoids) in leaves of S. commersonii and S. tuberosum cv. Désirée 
after salt stress treatments (80 mM and 150 mM NaCl) and in the control (CT) at the end 
of the stress period (21 days). Pigment quantification was performed following the 
RAINBOW protocol. The t-test compares each stressed (ST) condition with its respective 
CT (*p < 0.05). The graph displays mean values and standard errors. 
 

In Désirée, a progressive reduction of all pigments was observed with increasing salinity. 

After 21 days, Chl a content decreased significantly from 0.216 µg mg⁻¹ FW in control 

plants to 0.186 µg mg⁻¹ FW at 80 mM and 0.138 µg mg⁻¹ FW at 150 mM NaCl. Chl b 

followed a similar trend, showing a significant decline already at 80 mM NaCl (from 

0.109 to 0.092 µg mg⁻¹ FW) and a further decrease at 150 mM (0.070 µg mg⁻¹ FW). 

Carotenoid levels also dropped markedly under salt stress, from 0.040 µg mg⁻¹ FW in the 

control to 0.032 µg mg⁻¹ FW at 80 mM and 0.023 µg mg⁻¹ FW at 150 mM. These 

significant reductions indicate that prolonged salinity negatively affected the 

photosynthetic apparatus of Désirée, likely through chlorophyll degradation and impaired 

pigment synthesis. Conversely, S. commersonii exhibited an opposite trend, with 

increased pigment content at moderate salinity. After 21 days at 80 mM NaCl, both Chl 

a and Chl b showed significant increases compared to control values (Chl a: from 0.182 

to 0.259 µg mg⁻¹ FW; Chl b: from 0.100 to 0.132 µg mg⁻¹ FW), whereas at 150 mM levels 

returned close to control. Carotenoid content also rose significantly at 80 mM (from 0.024 
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to 0.039 µg mg⁻¹ FW) and remained slightly above control values at 150 mM (0.031 µg 

mg⁻¹ FW). Overall, salt stress caused a marked loss of photosynthetic pigments in cv. 

Désirée, whereas S. commersonii increased or maintained chlorophylls and carotenoids, 

highlighting the greater photosynthetic resilience of the wild species. 

 

3.3.1.3 Stress biomarkers 

At the end of the salt treatment (21 days), four stress biomarkers were analyzed according 

to the RAINBOW protocol in S. commersonii and S. tuberosum cv. Désirée exposed to 

 

Figure 3. Graphical representation of the rainbow analysis for four of the main stress 
biomarkers. Comparison of malondialdehyde (MDA), proline (FAA), total phenolic 
compounds (TPC) and soluble sugars in the leaves and roots of CMM 1T and Désirée 
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under stress (80mM and 150 mM) and in the control (0mM) at the end of the stress period 
(21 days). The t-test compares each stressed (80-150 mM) genotype with its respective 
control (0mM) condition (*p < 0.05). The graph displays mean values and standard errors. 
 

MDA is an indicator of oxidative stress and membrane damage; TPC quantifies total 

phenolic compounds, known for their protective role against reactive oxygen species 

(ROS); proline participates in osmotic adjustment and stress response. Soluble sugars, in 

turn, represent one of the main classes of osmolytes accumulated under stress conditions, 

contributing both to the maintenance of cellular water potential and to the stabilization of 

membrane and protein structures. In S. commersonii leaf, MDA content showed a slight 

but significant change at 150 mM NaCl (0.57 µmol mg⁻¹ FW vs 0.70 µmol mg⁻¹ FW in 

the control), whereas roots remained statistically unchanged (Figure 3 A, B). Conversely, 

S. tuberosum cv. Désirée showed a significant reduction in MDA levels in leaves at both 

80 mM (0.13 µmol mg⁻¹ FW) and 150 mM NaCl (0.12 µmol mg⁻¹ FW) compared to the 

control (0.32 µmol mg⁻¹ FW). Root MDA levels in Désirée did not differ significantly 

after 21 days of stress. Proline accumulation (FAA) showed a clear salt-dependent effect, 

with differences between genotypes and tissues (Figure 3 C, D). In S. commersonii, after 

21 days of stress at 80 mM, FAA content increased significantly both in leaves (from 0.75 

to 1.58 µg mg⁻¹ FW) and in roots (from 0.54 to 1.81 µg mg⁻¹ FW), confirming a strong 

osmoprotective response under moderate salinity. Even at 150 mM NaCl, FAA levels 

remained significantly above control values, although slightly lower than at 80 mM. 

In Désirée, besides the significant increase in leaves at 150 mM (0.75 µg mg⁻¹ FW), 

a significant rise was also observed in roots at 80 mM (from 0.42 to 0.51 µg mg⁻¹ FW), 

whereas values at 150 mM returned close to control levels. Total phenolic content (TPC) 

displayed a different trend between genotypes (Fig. 3 E, F). In S. commersonii, after 21 

days of salt exposure, TPC increased significantly in leaves at 80 mM NaCl (from 58.9 

to 73.9 µg GAE mg⁻¹ FW), while remaining relatively stable in roots (~38–40 µg GAE 

mg⁻¹ FW). In Désirée, no significant changes in TPC were observed in either tissue, with 

comparable values among treatments. Soluble sugar (SS) accumulation showed distinct 

patterns between the two genotypes (Fig. 3 G). In S. commersonii, leaves exhibited 

a significant increase at 80 mM NaCl (from 104.9 to 120.6 µg β-glucose mg⁻¹ FW), 

whereas roots showed a clear rise only at 150 mM (from 90.5 to 129.2 µg β-glucose mg⁻¹ 

FW). In Désirée, sugar content increased progressively with salinity, reaching 

significantly higher values in leaves at 150 mM (207.4 µg β-glucose mg⁻¹ FW). 
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These RAINBOW biomarkers collectively suggest that S. commersonii limits membrane 

damage while mounting a strong osmoprotective and antioxidant response, whereas cv. 

Désirée shows a less coordinated adjustment, relying mainly on soluble sugar 

accumulation and only a partial activation of phenolic and proline-based defenses. 

 

3.3.2 RNA-Seq profiling in S. commersonii 

3.3.2.1 Global transcriptomic response to salt (leaves and roots) 

RNA-seq was performed on 18 samples, corresponding to three biological replicates for 

each tissue (leaf and root) and for control conditions (0 mM NaCl), mild salt stress (80 

mM NaCl), and high salt stress (150 mM NaCl). Sequencing generated ~106-143 million 

raw reads per sample and ~103-137 million clean reads after trimming. Overall data 

quality was high (Q20 > 97%, Q30 > 93%, GC ~42%), with 72–74% uniquely mapped 

reads against the S. tuberosum reference genome (DM v6.1). Correlation analysis among 

biological replicates (r > 0.95) and PCA separation by tissue and treatment (Figure 4), 

supported the robustness of the experimental design and the suitability of the dataset for 

Figure 4. Transcriptomic analysis of S. commersonii under salt stress. 
(A) Pearson correlation matrix of RNA-Seq samples. The heatmap shows R² values for 
pairwise comparisons among all biological replicates. High correlation among replicates 
confirms strong reproducibility, while lower correlations between control and salt-treated 
samples reflect distinct transcriptomic responses to salinity stress. (B) Principal 
component analysis (PCA) of RNA-Seq samples. Samples are separated by tissue type 
(leaves: CMF; roots: CMR) and salt concentration (0, 80, and 150 mM NaCl). The first 
two principal components explain 81.43% (PC1) and 6.30% (PC2) of the total variance. 
Colored dots indicate the sample groups as shown in the legend 
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Differential gene expression analysis highlighted both dose- and tissue-dependent 

transcriptional reprogramming (Figure 5). In leaves, the transcriptional changes varied 

depending on the intensity of the salt treatment. The comparison between high salt stress 

(150mM) and the control (0 mM) (CMMFHS vs CMMFCR) identified 439 DEGs (224 

downregulated, 215 upregulated). A larger transcriptional adjustment was observed when 

comparing high (150mM) and mild stress (80 mM) (CMMFHS vs CMMFMS), with 

1,722 DEGs (1,219 down, 503 up). The contrast between mild (80 mM) stress and control 

(0 mM) (CMMFMS vs CMMFCR) revealed 2,245 DEGs (1,505 down, 740 up). 

 
Figure 5. Differentially expressed gene (DEG) analysis in S. commersonii under salt 
stress conditions. The bar plot shows the total number of DEGs (TOT, black bars), along 
with downregulated (DOWN, grey bars) and upregulated (UP, white bars) genes, 
identified from pairwise comparisons among all salt concentrations (0, 80, and 150 mM 
NaCl) within each tissue (leaves and roots). Acronyms refer to the following sample 
types: CMMFCR corresponds to S. commersonii leaves under control conditions (0 mM 
NaCl), CMMFMS to leaves exposed to 80 mM NaCl, and CMMFHS to leaves exposed 
to 150 mM NaCl. Similarly, CMMRCR indicates roots under control conditions, 
CMMRMS roots exposed to 80 mM NaCl and CMMRHS roots exposed to 150 mM NaCl. 
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In roots, the transcriptional response to salt stress was even more pronounced, both in the 

number of DEGs and in the magnitude of expression changes (Figure 5). The comparison 

between high salt stress and control (CMMRHS vs CMMRCR) showed 856 DEGs (525 

downregulated, 331 upregulated), while the contrast between high and mild stress 

(CMMRHS vs CMMRMS) identified 1,954 DEGs (1,513 down, 441 up). Finally, the 

comparison between mild stress and control (CMRMS vs CMRCR) revealed 1,930 DEGs 

(1,513 down, 417 up).  
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Figure 6. Panels (A), (B), and (C) represent the leaf comparisons CMMFHS vs 
CMMFCR (150 mM vs control, 0 mM), CMMFHS vs CMMFMS (150 mM vs 80 mM), 
and CMMFMS vs CMMFCR (80 mM vs control, 0 mM), respectively, while panels (D), 
(E), and (F) represent the root comparisons CMMRHS vs CMMRCR (150 mM vs 
control, 0 mM), CMMRHS vs CMMRMS (150 mM vs 80 mM), and CMMRMS vs 
CMMRCR (80 mM vs control, 0 mM), respectively. Red dots indicate up-regulated 
genes, green dots down-regulated genes, and blue dots non-significant genes (padj < 0.05, 
|log₂FoldChange| ≥ 1). Panel (G) shows a Venn diagram of DEGs in leaves of S. 
commersonii exposed to different NaCl concentrations, summarizing the overlap among 
severe stress (CMMFHS, 150 mM), moderate stress (CMMFMS, 80 mM), and control 
conditions (CMMFCR); percentages indicate the proportion of genes relative to the total 
number of DEGs considered. 
 

To assess shared versus condition-specific components of the leaf response, DEGs from 

the three constants were compared (Figure 6G). Leaf DEG overlap analysis showed 123 

unique to CMMFHS vs CMMFCR (4%), 1,090 unique to CMMFMS vs CMMFCR 

(35.2%), and 612 specific to CMMFHS vs CMMFMS (19.8%). Only 37 DEGs (1.2%)  

were shared among all three comparisons, whereas the largest overlap was observed 

between CMMFHS vs CMMFMS and CMMFMS vs CMMFCR (956 DEGs, 30.9%). 

Therefore, we focused on the 117 genes shared by the two comparisons involving severe 

stress (CMMFHS vs CMMFCR and CMMFHS vs CMMFMS), representing transcripts  

commonly regulated at 150 mM NaCl. The 25 most highly expressed genes within this 

set are listed in Table 1. These genes, identified from the intersection of CMMFHS vs 

CMMFCR and CMMFHS vs CMMFMS (Figure 6G), represent transcripts consistently 

regulated under high salinity (150 mM). Ranked by adjusted p-value, they capture the 

strongest contributors to the leaf salt-stress response. The most significant candidates 

include phenylpropanoid/anthocyanin-related enzymes such as dihydroflavonol 4-

reductase (DFR, log₂FC = 2.30; padj = 3.13×10⁻¹⁵), anthocyanidin synthase (ANS, log₂FC 

= 1.53; padj = 4.64×10⁻¹³), and caffeoyl-CoA 3-O-methyltransferase (CCoAOMT, 

log₂FC = 1.39; padj = 8.99×10⁻⁸), together with multiple cytochrome P450s (e.g., log₂FC 

= 2.11; padj = 1.34×10⁻¹⁷; P450 family 98: log₂FC = –1.30; padj = 3.00×10⁻⁵), lipid 

transfer proteins (LTPs, log₂FC = 1.46–1.66; padj = 2.77×10⁻⁶–8.20×10⁻⁶) and 

glutathione S-transferases (GSTs, log₂FC = –1.80 to 1.27; padj = 4.30×10⁻¹⁷–2.24×10⁻⁶) 

consistent with activation of secondary metabolism and detoxification/oxidative-stress 

responses under severe salinity. 

In summary, salt stress triggers a broad and dose-dependent transcriptomic 

reprogramming in clone 1T, with roots showing a particularly strong response and leaves 
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displaying both shared and condition-specific gene sets that mirror the contrasting 

physiological adjustments observed at 80 and 150 mM NaCl. 

 
 
Table 1. List of the 25 most significantly DEGs in leaves of S. commersonii subjected to 
severe salt stress (CMMFHS, 150 mM NaCl). The genes listed derive from the 
intersection between the comparisons CMMFHS vs CMMFCR and CMMFHS vs 
CMMFMS, as shown in the Venn diagram (Figure 6G), and therefore represent 
transcripts specifically regulated under high-salinity conditions. Genes are ordered 
according to the lowest padj values, and for each entry the functional description, 
log₂FoldChange value and chromosomal location are reported. 
 

 

 

Gene_description log2 Fold Change padj Gene_chr Gene ID 
Calmodulin-binding protein -1.988494922 1.38e-21 chr01 Soltu.DM.01G03

9990 
Dehydrin domain containing protein 2.374589903 5.62e-18 chr02 Soltu.DM.02G02

4670 
Cytochrome P450 superfamily protein 2.113172005 1.34e-17 chr11 Soltu.DM.11G02

0990 
glucose-6-phosphate/phosphate translocator 1.634121661 4.3e-17 chr05 Soltu.DM.05G01

8750 
glutathione S-transferase TAU -1.868228791 4.3e-17 chr07 Soltu.DM.07G02

2460 
dihydroflavonol 4-reductase 2.299092572 3.13e-15 chr02 Soltu.DM.02G02

4900 
detoxifying efflux carrier 1.750755412 4e-15 chr03 Soltu.DM.03G01

8250 
Leucine-rich receptor-like protein kinase 

family protein 

-1.761326457 9.97e-15 chr02 Soltu.DM.02G01
3960 

leucoanthocyanidin dioxygenase 1.532894802 4.64e-13 chr08 Soltu.DM.08G02
6700 

lipid transfer protein 1.659744337 6.64e-11 chr10 Soltu.DM.10G01
8760 

UDP-Glycosyltransferase superfamily 

protein 

2.538815461 5.41e-10 chr10 Soltu.DM.10G02
1370 

polyamine oxidase -1.231943729 5.57e-10 chr02 Soltu.DM.02G02
0890 

sugar transporter -1.629407862 5.47e-09 chr05 Soltu.DM.05G01
3200 

sodium hydrogen exchanger 1.170284244 3.46e-08 chr01 Soltu.DM.01G03
7640 

caffeoyl-CoA 3-O-methyltransferase 1.387070572 8.99e-08 chr09 Soltu.DM.09G02
5040 

glutamine-dependent asparagine synthase 2.238680966 9.69e-07 chr06 Soltu.DM.06G00
3070 

cytochrome P450, family 96 -1.988391021 1.73e-06 chr10 Soltu.DM.10G02
6570 

glutathione S-transferase F11 1.274963809 2.24e-06 chr02 Soltu.DM.02G02
0850 

lipid transfer protein 1.570440916 2.77e-06 chr10 Soltu.DM.10G01
8820 

lipid transfer protein 1.457809888 5.67e-06 chr10 Soltu.DM.10G01
8790 

glutathione S-transferase TAU -1.804785927 7.37e-06 chr10 Soltu.DM.10G02
2960 

lipid transfer protein 1.489564739 8.2e-06 chr10 Soltu.DM.10G01
8810 

WRKY DNA-binding protein -1.34168526 1.19e-05 chr04 Soltu.DM.04G02
8130 

cytochrome P450, family 98 -1.295762731 3e-05 chr10 Soltu.DM.10G02
9970 

Acyl-CoA N-acyltransferases (NAT) -1.654204522 2.34e-05 chr08 Soltu.DM.08G01

7970 
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3.3.2.2 Functional enrichment of salt-responsive genes in leaves and roots 

To interpret salinity-driven transcriptional changes, GO and KEGG enrichment analyses 

were performed on leaves and roots DEGs across contrast (Figures 7-15). In leaves, the 

150 mM vs control highlighted functions related to protease inhibition and regulation. 

The most enriched Molecular Function terms included peptidase/endopeptidase inhibitor 

activity and regulatory activities (each supported by 8 genes, padj = 0.00038), together 

with oxidoreductase activity (21 genes; padj = 0.00647), and hexosyl-transferase activity 

(17 genes; padj = 0.02498) (Figure 7). KEGG enrichment consistently pointed out 

secondary metabolism, with flavonoid biosynthesis (sot00941; 8 genes; padj = 0.00056) 

and phenylpropanoid biosynthesis (sot00940; 12 genes; padj = 0.00334) as the top 

pathways (Figure 8-9), followed by additional routes such as stilbenoid biosynthesis (5 

= =

Figure 7. Functional enrichment analysis of DEGsin S. commersonii leaves under salt 
stress (150 mM NaCl, CMMFHS) compared to control leaves (CMMFCR) and (150 mM 
NaCl, CMMFHS) compared to moderate salt stress (80 mM NaCl, CMMFMS). The 
bubble plot shows significantly enriched terms for each category: Molecular Function 
(MF), Biological Process (BP), Cellular Component (CC), and KEGG pathways. The 
color intensity represents the statistical significance (–log₁₀ p-value), while the bubble 
size indicates the number of genes associated with each term. 
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Figure 8. Flavonoid biosynthesis pathway in S. commersonii under salt stress conditions 
(0mM vs 150mM). The map shows the expression profiles of genes involved in flavonoid 
metabolism. Red boxes indicate up-regulated genes, green boxes indicate down-regulated 
genes, and white boxes represent genes with no significant change in expression. The 
color scale corresponds to log₂ fold change values. 
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Figure 9. Phenylpropanoid biosynthesis pathway in S. commersonii under salt stress 
conditions (0mM vs 150mM). The map shows the expression profiles of genes involved 
in flavonoid metabolism. Red boxes indicate up-regulated genes, green boxes indicate 
down-regulated genes, and white boxes represent genes with no significant change in 
expression. The color scale corresponds to log₂ fold change values. 
 

To capture mechanisms associated with the shift from moderate to severe stress, we next 

analyzed the 150 mM (CMMFHS) vs 80 mM (CMMFMS) leaf contrast. The GO 

enrichment emphasized structural and carbon-related adjustments, including cell wall 

organization/biogenesis (GO:0071554; 17 genes; padj = 0.01296), carbohydrate 

metabolic processes (GO:0044262; 21 genes; padj = 0.00904) and cell wall remodeling 

activities (e.g., hydrolase activityon O-glycosyl compounds, 40 genes, padj = 0.00293; 

xyloglucan:xyloglucosyl transferase activity, 11 genes, padj = 0.00078) (Figure 7B). 

KEGG again identified phenylpropanoid and flavonoid biosynthesis as the most 

significantly enriched pathways (30 and 15 genes, respectively; padj ~ 3 × 10⁻⁵), 

involving a larger number of DEGs compared to the 150 mM vs control comparison. 

Expression trends within these pathways showed prevalent upregulation of flavonoid-

related genes under severe stress, whereas several phenylpropanoid-associated genes 

were downregulated relative to 80 mM NaCl (Figure 10-11). Notably, no enrichment of 

flavonoid biosynthesis was observed in the 80 mM vs control dataset (Appendix Chapter 

II: Figure A1). 
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Figure 10. Phenylpropanoid biosynthesis pathway in S. commersonii under salt stress 
conditions (150 mM vs 80 mM). The map shows the expression profiles of genes involved 
in flavonoid metabolism. Red boxes indicate up-regulated genes, green boxes indicate 
down-regulated genes, and white boxes represent genes with no significant change in 
expression. The color scale corresponds to log₂ fold change values. 

 

Figure 11. Flavonoid biosynthesis pathway in S. commersonii under salt stress conditions 
(150 mM vs 80 mM). The map shows the expression profiles of genes involved in 
flavonoid metabolism. Red boxes indicate up-regulated genes, green boxes indicate 
down-regulated genes, and white boxes represent genes with no significant change in 
expression. The color scale corresponds to log₂ fold change values. 
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Figure 12. Functional enrichment analysis of DEGs in S. commersonii roots under 
different salt stress conditions. Panel (a) shows the comparison between high salt stress 
(150 mM NaCl, CMMRHS) and control (CMMRCR), panel (b) represents high salt stress 
(150 mM NaCl, CMMRHS) versus moderate salt stress (80 mM NaCl, CMMRMS). The 
bubble plots display significantly enriched terms for each category: Molecular Function 
(MF), Biological Process (BP), Cellular Component (CC), and KEGG pathways. The 
color intensity represents the statistical significance (–log₁₀ p-value), while the bubble 
size indicates the number of genes associated with each term. 
 

In roots, enrichment profiles were dominated by oxidative-stress control and enzymatic 

regulation. Under 150 mM vs control, response to oxidative stress (GO:0006979; 26 

genes, padj = 2.90×10⁻⁸), antioxidant activity (GO:0016209; 30 genes, padj = 3.25×10⁻¹¹), 

and oxidoreductase/peroxidase activities (28 genes each, padj ~ 10⁻¹⁰), were strongly 

overexpressed, together with terms linked to proteolysis regulation (Figure 12A). KEGG 

analysis identified phenylpropanoid biosynthesis as the most significantly enriched 

pathway (38 genes; padj = 1.04×10⁻¹³), followed by starch and sucrose metabolism (15 

genes; padj = 0.0157). The 150 mM vs 80 mM contrast showed and intensified 

enrichment of oxidative stress cathegories (e.g., 46 and 41 genes, respectively; padj ~ 

10⁻¹²), together with polysaccharide/carbohydrate metabolic processes (Figure 12B). 

KEGG again ranked again phenylpropanoid biosynthesis first (65 genes; padj = 

5.38×10⁻²², 65 genes), followed by phenylalanine metabolism (GeneRatio = 0.0438, padj 

= 1.73×10⁻⁴, 18 genes) and flavonoid biosynthesis (GeneRatio = 0.0365, padj = 

1.42×10⁻³, 15 genes). 

Altogether, enrichment analyses indicate that salt tolerance in clone 1T relies on the 

coordinated activation of secondary metabolism (phenylpropanoid/flavonoid pathways), 
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cell-wall and carbohydrates remodelling (particularly in leaves during the mild to high 

stress transition) and strong antioxidant/oxidative-stress responses, with roots showing 

the most pronounced engagement of redox and carbon-metabolism programs under high 

salinity.  

 

3.3.2.3 Key genes and validation of salt-induced pathways 

To validate the transcriptomic patterns, we performed qPCR analysis on several genes 

included in the DEG table, such as DFR, ANS, GST, cytochrome P450, and LTPs, 

together with additional key regulators of the anthocyanin pathway (AN2, CHS) and core 

phenylpropanoid genes (PHE, PAL). The expression trends under severe salt stress (150 

mM NaCl) were consistent with the RNA-seq results for most targets (Figure 13). 

A clear induction was observed for the late-biosynthetic anthocyanin 

genes DFR and ANS, which showed a moderate but consistent upregulation under high 

salinity, in line with the accumulation of stress-related phenylpropanoid 

metabolites. GST also increased in response to salt stress, supporting its role in 

detoxification and anthocyanin transport. Among all targets, LTP genes exhibited by far 

the strongest induction, with expression levels markedly higher than any other gene 

tested, indicating a prominent role for lipid-associated protective mechanisms under 

severe salt stress. In contrast, cytochrome P450 genes did not display a marked induction 

at 150 mM, and the upstream phenylpropanoid genes PHE and PAL remained stable, 

suggesting that high salinity primarily enhances branch-specific steps of the pathway 

rather than globally activating its early components.  
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Figure 13. Relative expression levels of selected genes in S. commersonii leaves exposed 
to increasing salt concentrations (0, 80, and 150 mM NaCl). Expression was quantified 
by qRT-PCR for genes involved in anthocyanin and flavonoid biosynthesis 
(ANS, CHS, DFR, AN2), phenylpropanoid metabolism (PAL, PHE), and stress-related 
responses (glutathione S-transferase, peroxidase, cytochrome P450, lipid transfer 
proteins 1 and 3). Data are presented as mean ± SD from three biological replicates. 
Statistical significance was determined by one-way ANOVA followed by Tukey’s HSD 
and Welch’s t-tests with Holm correction. Asterisks indicate significant differences 
among treatments (p < 0.05, p < 0.01, p < 0.001). 
 

Together, these qPCR results confirm that severe salt stress in clone 1T preferentially 

activates genes involved in anthocyanin and phenylpropanoid biosynthesis, together with 
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glutathione S-transferases, peroxidases and lipid transfer proteins, while leaving the core 

phenylpropanoid entry points largely unchanged. 

 

3.3.3 Integrated chromatin and transcriptional profiling of target genes under salt 

stress in S. commersonii  

To obtain chromatin profiles of the two histone modifications H3K4me3 and H3K27me3 

under increasing salinity (0, 80, 150 mM NaCl), we analyzed these marks using ChIP-

seq in S. commersonii. After quality control, some biological replicates exhibited low 

mapping efficiency, which limited their usability in downstream analyses. Therefore, 

only the highest-quality replicate was retained for each condition, and the resulting 

profiles are presented here as locus-level qualitative evidence to support target 

prioritization for subsequent ChIP-qPCR and RT-qPCR analyses. In the resulting graphs 

(Figure 14), each track represents the normalized ChIP signal intensity relative to the 

input; peaks indicate regions where the histone modification is enriched compared to the 

background.  

 

Figure 14. ChIP-seq profiles of anthocyanin-related genes (ANS, DFR, CHS and AN2) 
in S. commersonii under control (0 mM) and salt stress conditions (80 and 150 mM NaCl). 
Enrichment profiles of the histone modifications H3K4me3 and H3K27me3 are shown 
relative to the corresponding input controls. Tracks are shown for the highest-quality 
replicate per condition and are intended as qualitative locus-level profiles 
 

Overall, ANS, DFR and CHS showed a dynamic chromatin response to increasing salinity. 

Under control conditions (0 mM NaCl), these genes displayed either localized or clear 
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H3K4me3 enrichment, while H3K27me3 levels were consistently low and below the 

input, indicating the absence of repressive chromatin states. At 80 mM NaCl, the input 

signal exceeded both histone marks across all loci, indicating a lack of detectable 

enrichment and an epigenetically neutral chromatin configuration. Under high salinity 

(150 mM NaCl), ANS, DFR and CHS exhibited increased H3K4me3 enrichment relative 

to the input, consistent with a transition toward an active chromatin state, whereas 

H3K27me3 data were unavailable or showed no enrichment. In contrast, AN2 displayed 

strong H3K4me3 enrichment under control conditions, but no detectable enrichment at 

either 80 or 150 mM NaCl. Based on transcriptomic data, the phenylpropanoid and 

specifically the flavonoid biosynthetic pathways appeared to be among the most enriched 

under salt stress. Accordingly, we focused on key genes involved in these pathways, 

including genes with highly significant expression specifically at 150 mM NaCl, such as 

dihydroflavonol 4-reductase (DFR) and anthocyanidin synthase (ANS), both associated 

with anthocyanin biosynthesis. The analysis was further extended to other genes 

exclusively responsive at 150 mM, including glutathione S-transferase, cytochrome P450, 

and lipid transfer proteins (LTPs). 

To characterize histone-mark enrichment at these loci, we quantified H3K27me3 

(repressive) and H3K4me3 (activating) by ChIP-qPCR and evaluated how these marks 

changed across the three salinity conditions (0, 80, and 150 mM NaCl) (Figure 15). For 

genes directly involved in anthocyanin biosynthesis, such as ANS and DFR, a clear 

remodeling of the chromatin state was observed. ANS showed an initial decrease in 

H3K4me3 enrichment at 80 mM compared with the control, but a subsequent increase at 

150 mM (2.78-fold enrichment over input), accompanied by a marked reduction of 

H3K27me3 to near-undetectable levels (1.10-fold enrichment above background). This 

pattern suggests a progressive transition toward a transcriptionally permissive chromatin 

state under more severe stress conditions. A similar trend was observed for DFR, with a 

significant increase in H3K4me3 at 150 mM (2.72-fold enrichment above background) 

and a strong reduction of the repressive mark (0.25-fold enrichment above background), 

consistent with the transcriptional induction of this gene observed in RNA-seq data.  

In contrast, transcription factors AN1 and AN2 displayed different dynamics; the 

activating signal decreased progressively with increasing salinity, becoming almost 

undetectable at 150 mM (0.27- and 0.59-fold enrichment above background, 

respectively), while H3K27me3 showed a peak at 80 mM before dropping sharply at 

higher concentrations (0.09- and 0.07-fold enrichment above background). Conversely, 
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CHS exhibited strong H3K4me3 enrichment at 150 mM (5.31-fold enrichment above 

background) combined with a pronounced decrease in H3K27me3 (0.45-fold enrichment 

above background), indicating a highly transcriptionally permissive chromatin 

environment under extreme conditions. 

 

Figure 15. ChIP-qPCR analysis of histone modifications at selected genes in S. 
commersonii leaves exposed to increasing salt concentrations (0, 80, and 150 mM NaCl). 
The plots show the relative enrichment of the activating mark H3K4me3 (red) and the 
repressive mark H3K27me3 (blue) at key loci involved in anthocyanin and flavonoid 
biosynthesis (ANS, DFR, AN1, AN2, CHS, PAL, PHE) and in stress-related responses 
(glutathione S-transferase, cytochrome P450, lipid transfer proteins 1 and 3, 
and peroxidase).  
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A similar epigenetic remodeling was observed in stress-related genes not directly 

involved in anthocyanin biosynthesis. GST showed a progressive increase in H3K4me3 

enrichment with rising salinity and a reduction in H3K27me3 (0.80-fold enrichment 

above background), consistent with its transcriptional activation. CYP450 displayed a 

comparable pattern, with a significant rise in the activating mark at 150 mM (4.13-fold 

enrichment above background) and a concomitant decrease in the repressive one (0.69-

fold enrichment above background). In addition to anthocyanin-related genes, we also 

investigated two key genes associated with the phenylpropanoid pathway, PAL and PHE, 

which were also upregulated in the RNA-seq data. PAL exhibited a progressive decrease 

in the repressive mark H3K27me3 across the three conditions, dropping from 1.66 to 

0.26-fold enrichment above background, while H3K4me3 sharply declined at 80 mM 

(1.49) but partially recovered at 150 mM (1.89). Similarly, PHE showed a slight increase 

in H3K27me3 at 80 mM (1.46) followed by a reduction at 150 mM (0.85), while 

H3K4me3 levels decreased at 80 mM (1.53) but rose again under severe stress (3.76). 

Finally, we investigated the epigenetic regulation of two lipid transfer protein (LTP) 

genes, LTP1 and LTP3, which were among the most strongly upregulated genes in the 

transcriptomic dataset. LTPs are small, secreted proteins that play crucial roles in 

membrane stabilization, lipid trafficking, cuticle formation, and plant defense responses. 

LTP1 exhibited a progressive decrease in the repressive mark H3K27me3 from control 

(1.41-fold enrichment above background) to high salinity (0.44), indicating a release of 

transcriptional repression. The activating mark H3K4me3 showed a drastic reduction at 

80 mM (1.13) followed by a strong re-enrichment at 150 mM (5.13). LTP3 followed a 

similar trend: H3K27me3 decreased steadily with increasing salinity (from 0.76 to 0.52-

fold enrichment above background), while H3K4me3 levels remained low at 80 mM 

(1.32) but were strongly enhanced at 150 mM (7.04). Across most loci, enrichment of 

both H3K4me3 and H3K27me3 was lower at 80 mM than in the control, whereas 150 

mM was associated with increased H3K4me3 and reduced H3K27me3 at several genes. 

Finally, RT-qPCR expression patterns were consistent with the chromatin trends 

observed at the same loci: genes directly involved in anthocyanin biosynthesis 

(ANS, DFR, CHS) showed a significant up-regulation at 150 mM NaCl, consistent with 

the strong enrichment of the activating mark H3K4me3 and the concomitant reduction of 

the repressive H3K27me3 observed in the chromatin analysis. These patterns are 

consistent with an association between H3K4me3/H3K27me3 changes and 
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transcriptional responses under severe salinity. Conversely, AN1 and AN2 displayed no 

significant transcriptional changes across treatments, in agreement with the limited 

enrichment of activating marks detected at these loci, suggesting that their regulation may 

rely on additional epigenetic or post-transcriptional mechanisms. Among the stress-

responsive genes, glutathione transferase (GST), cytochrome P450 (CYP450), and lipid 

transfer proteins (LTP1 and LTP3) showed strong transcriptional induction at 150 mM 

NaCl, paralleling the gain of H3K4me3 and the loss of H3K27me3, thus reinforcing the 

link between chromatin activation and gene expression. Similarly, the phenylpropanoid-

related genes PAL and PHE exhibited a moderate but consistent increase in expression at 

high salinity, matching the partial recovery of H3K4me3 enrichment and the decline of 

the repressive mark at 150 mM. 

 

3.3.4 Identification of small RNAs in Solanum commersonii 

3.3.4.1 Small RNA filtering and sample clustering in S. commersonii 

Across 18 S. commersonii samples of 9 leaves and 9 roots, small RNA sequencing 

generated 358,682,400 raw reads (average 19,926,800 reads per sample). After adapter 

trimming and quality filtering, 197,952,433 clean reads were retained, resulting in an 

average of 10.997.357 reads per sample, and Q30 bases accounted for approximately 94% 

of the total bases. A total of 311 and 358 predicted miRNAs were identified in leaf and 

root tissues, respectively. Among these, 67 miRNAs in leaves and 59 miRNAs in roots 

showed significant homology to known conserved miRNAs, corresponding to 24 and 26 

conserved miRNA families, while the remaining sequences were classified as novel 

miRNAs. In both tissues, miR156 represented the dominant family; other relatively 

abundant conserved families included miR1919, miR1886, and miR319, with tissue-

specific differences in their relative representation. All other predicted sequences, 244 in 

leaves and 299 in roots, did not match any conserved miRNAs in public databases and 

were therefore classified as novel miRNAs. The distribution of small RNA producing loci 

showed clear variation across the twelve chromosomes of S. commersonii (Figure 16A). 

In leaf tissue, chromosome 7 contained the highest number of miRNA loci (37), followed 

by chromosome 12 (31), whereas chromosome 9 displayed the lowest number of loci 

(17). In contrast, the root dataset showed a similar but more accentuated pattern, with 

chromosome 7 again exhibiting the highest number of miRNA loci (39), followed by 

chromosomes 1 and 12 (36 each), while chromosome 6 harbored the fewest loci (22) 

(Figure 16B).  
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After the filtering procedure, 62 miRNAs were removed from the leaf dataset and 92 from 

the root dataset, resulting in final expression matrices of 249 miRNAs (leaves; 67 

conserved and 182 novel) and 266 miRNAs (roots; 59 conserved and 207 novel). PCA 

based on these filtered miRNA expression profiles showed clear clustering by treatment 

in both tissues (Figure 17). 

 

 
Figure 16. Number of miRNA producing loci across S. commersonii chromosomes in 
leaves (A) and roots (B). Phenogram showing the genomic distribution of small RNA-
producing loci along S. commersonii chromosomes in leaves (C) and roots (D). 
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Figure 17. Principal component analysis of the samples based on miRNA expression 
profiles in (A) leaves and (B) roots. Variance of the first and second principal components 
is reported on the X and Y axes, respectively, and replicates from each treatment group 
are represented in different colors.  
 

In leaf samples (Figure 17A), PC1 (33.6%) separated controls (CMMFCR) from salt-

treated samples (CMMFMS, 80 mM NaCl; CMMFHS, 150 mM NaCl), while PC2 

(21.8%), further distinguished CMMFMS and CMMFHS, with the latter samples 

displaying greater dispersion than CMMFMS, suggesting a higher variability under high-

salinity conditions. A similar pattern was observed in roots (Figure 17B), where PC1 

(30.9%) separated controls (CMMRCR) from treated samples and PC2 (22.1%) 



 104 

distinguished CMMRMS from CMMRHS, with a wider distribution of CMMRHS 

samples along PC2. 

 

3.3.4.2 Differentially expressed small RNAs and functional assessment of inverse 

targets 

Differential expression analysis revealed a limited small RNA response in leaves across 

salinity contrasts (Figure 18). Out of the 249 filtered leaf small RNAs, 11 were 

differentially expressed in CR vs MS (3 up-regulated, 8 down-regulated), 3 in CR vs HS 

(1 up, 2 down), and 8 in MS vs HS (3 up, 5 down) (Figure 18A). Leaf DES overlap across 

Figure 18. Differential expression of small RNAs across salt-stress levels. (A) Bar plot 
showing the number of up- and down-regulated small RNAs in leaf tissue across the three 
pairwise comparisons: CMMFCR vs CMMFMS (0 vs 80 mM), CMMFCR vs CMMFHS 
(0 vs 150 mM), and CMMFMS vs CMMFHS (80 vs 150 mM). (B) Bar plot showing the 
number of up- and down-regulated small RNAs in root tissue for the same comparisons. 
(C) Venn diagram of leaf tissue, showing shared and unique differentially expressed 
small RNAs across CMMFCR vs CMMFMS, CMMFCR vs CMMFHS, and CMMFMS 
vs CMMFHS. (D) Venn diagram of root tissue, illustrating shared and unique 
differentially expressed small RNAs and highlighting the distinct response pattern 
compared to leaves. 
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By contrast, roots exhibited a markedly stronger response (Figure 18B). Among the 266 

filtered root small RNAs, no DES were detected in MS vs HS, while 51 DESs were 

identified in CR vs MS (17 up, 34 down) and 33 DESs CR vs HS (7 up, 26 down) (Figure 

13B). Overall, 62 DES were identified across root comparisons, including both unique 

and shared (22) components between CR vs MS and CR vs HS (Figure 18D). 

To explore the potential biological relevance of these DESs, putative targets were 

predicted and then filtered by retaining only those showing an inverse expression pattern 

relative to their corresponding small RNAs. The number of predicted targets varied 

widely across contrasts, while a subset of inversely regulated targets was consistently 

small, especially in leaves. In particular, leaves, showed 758 predicted targets in 

CMMFHS vs CMMFMS with 28 inverse targets, 412 predicted targets in CMMFHS vs 

CMMFCR with 3 inverse targets, and 1062 predicted targets were identified in CMMFCR 

vs CMMFMS with 40 inverse targets. In roots, 4812 targets were predicted in CMMRHS 

vs CMMRCR with 65 inverse targets, and 12,173 predicted targets in CMMRCR vs 

CMMRMS with 661 inverse targets, whereas no inverse targets were detected in 

CMMRHS vs CMMRMS.  

Given the limited number of inversely regulated targets in S. commersonii, particularly in 

leaves, no significantly enriched GO terms emerged. For this reason, we focused on the 

specific set of inverse targets identified in the CMMFHS vs CMMFMS comparison, 

which is the most informative for understanding the molecular adjustments associated 

with the transition from moderate to severe salt stress. In this contrast, miRNA-

precursor_19 was strongly induced under severe stress (logFC = 3.16) and showed an 

inverse relationship with several growth-associated targets. These include ACT-like 

protein tyrosine kinases (Soltu.DM.01G051440.1/2; logFC = –1.35), expansin-like A1 

(Soltu.DM.01G051590.1/2; –1.18), Cyclin B2;3 (Soltu.DM.02G022820.1; –2.68), a TCP 

transcription factor (Soltu.DM.06G020280.1; –1.21), a histone superfamily protein 

(Soltu.DM.06G034930.1; –2.51), and several isoforms of plant adhesion molecules 

(Soltu.DM.01G040850.1–5; –1.62) (Table 3). Altogether, these targets indicate a 

coordinated suppression of cell expansion, division, and structural remodeling, consistent 

with an energy-saving strategy under severe salt stress. In parallel, several miRNAs are 

down-regulated, including miRNA-precursor_16, miRNA-precursor_176, and miRNA-

precursor_217, enabling the induction of genes involved in redox balance, detoxification, 

and metabolic reconfiguration. These targets include cytochrome P450s 
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(Soltu.DM.08G010200.1; logFC = 1.17 and Soltu.DM.08G020030.1; 2.83), multiple 

ferric reduction oxidase isoforms (Soltu.DM.01G041410.1–5; 1.10), glutamine-

dependent asparagine synthase (Soltu.DM.06G003070.3; 2.24), a dormancy-associated 

protein-like (Soltu.DM.02G017330.1; 1.19), and notably copper/zinc superoxide 

dismutase (Soltu.DM.11G020830.1/2; 2.27), pointing to an enhanced antioxidant 

capacity (Table 2). 

 

Table 3. Analysis of the relationship between microRNAs (miRNAs) and their respective 
target genes in the comparison CMMFHS vs CMMFMS. The table reports cases where 
stress-induced up-regulation of miRNAs is accompanied by the down-regulation of their 
target	transcripts. 
 
 

 

 

 

 

 

 

 

Gene_description 
log2FoldChange 

(Gene) 
miRNA 

log2FoldChange 

(miRNA) 

ACT-like protein tyrosine kinase 

family protein 

-1.3512916 miRNA19 3.1558728 

ACT-like protein tyrosine kinase 

family protein 

-1.3512916 miRNA19 3.1558728 

expansin-like A1 -1.1809071 miRNA19 3.1558728 

expansin-like A1 -1.1809071 miRNA19 3.1558728 

Cyclin B2;3 -2.6753724 miRNA19 3.1558728 

TCP family transcription factor -1.2052485 miRNA19 3.1558728 

Histone superfamily protein -2.5051758 miRNA19 3.1558728 

plant adhesion molecule -1.6223854 miRNA19 3.1558728 

plant adhesion molecule -1.6223854 miRNA19 3.1558728 

plant adhesion molecule -1.6223854 miRNA19 3.1558728 

plant adhesion molecule -1.6223854 miRNA19 3.1558728 

plant adhesion molecule -1.6223854 miRNA19 3.1558728 

cytochrome BC1 synthesis -2.061028 miRNA19 3.1558728 
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Table 2. Analysis of the inverse relationship between microRNAs (miRNAs) and their 
respective target genes in the comparison CMMFHS vs CMMFMS. Only cases where 
miRNA down-regulation (expressed as a negative log2FoldChange) is associated with 
the positive regulation of target transcripts are reported, reflecting the release of post-
transcriptional repression induced by stress. The table includes functional gene 
descriptions and the corresponding log2FoldChange values for both regulatory partners 
 
 

 

 

 

 

 

 

 

 

Gene_description 
log2FoldChange 

(Gene) 
miRNA 

log2FoldChange 
(miRNA) 

cytochrome P450, family 71, 

subfamily B, polypeptide 

 
1.17359793 

 
miRNA16 -5.8871606 

erric reduction oxidase 
 

1.09687332 
 

miRNA176 -11.135753 

erric reduction oxidase 1.09687332 miRNA176 -11.135753 

erric reduction oxidase 1.09687332 miRNA176 -11.135753 

erric reduction oxidase 1.09687332 miRNA176 -11.135753 

erric reduction oxidase 1.09687332 miRNA176 -11.135753 

glutamine-dependent asparagine 

synthase 

 
2.23868097 

 
miRNA217 -7.967861 

cytochrome P450, family 71, 

subfamily B, polypeptide 
2.82796779 miRNA16 -5.8871606 

dormancy-associated protein-like 1.18949302 miRNA 176 -11.135753 

copper/zinc superoxide dismutase 2.27206462 miRNA 55 -2.6776273 

copper/zinc superoxide dismutase 2.27206462 miRNA 55 -2.6776273 

CCT motif -containing response 

regulator protein 
1.21968242 miRNA55 -2.6776273 

copper/zinc superoxide dismutase 2.27206462 miRNA56 -2.6776273 

copper/zinc superoxide dismutase 2.27206462 miRNA56 -2.6776273 

CCT motif -containing response 

regulator protein 
1.21968242 miRNA56 -2.6776273 
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3.3.5 RNA-Seq profiling in Solanum tuberosum 

3.3.5.1 Global transcriptomic response to salt (leaves and roots) 

To investigate transcriptome reorganization in S. tuberosum cv. Désirée, we generated 

RNA-seq data for 18 samples (leaf and root under 0, 80 mM and 150 mM NaCl). Quality 

assessment confirmed high data quality (Q20 > 97%, Q30 > 93%, GC ~42.6%) and the 

resulting clean reads provided a robust dataset for downstream analyses. Principal 

component analysis (PCA) revealed a clear separation of samples according to tissue type 

and treatment (Figure 19), supporting the robustness of the experimental design and the 

suitability of the dataset for subsequent analyses. 

 

 

 
Figure 19. Principal component analysis (PCA) of RNA-Seq data from S. 
tuberosum exposed to different salt concentrations. The plot shows a clear separation of 
samples according to tissue type (leaves and roots) and treatment (0, 80, and 150 mM 
NaCl). The first two principal components (PC1 and PC2) explain 53.9% and 13.4% of 
the total variance, respectively, highlighting distinct transcriptional profiles associated 
with both tissue specificity and salt stress intensity. 
 

 

Differential gene expression analysis highlighted both dose- and tissue-dependent 

transcriptional reprogramming (Figure 20). In leaves, the transcriptional changes varied 
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depending on the intensity of the salt treatment. The comparison between high salt stress 

(150 mM) and the control (0mM) (DESFHS vs DESFCR) (Figure 21A) identified 2857 

DEGs (2015 down, 842 up), indicating a transcriptional reprogramming when plants are 

directly exposed to 150 mM NaCl compared with unstressed conditions.  

A relatively limited transcriptional adjustment was observed when comparing high (150 

mM) and mild stress (80 mM) (DESFHS vs DESFMS) (Figure 21C), identifying 289 

DEGs (23 downregulated, 266 upregulated), reflecting a fine-tuning of gene expression 

in response to increasing stress levels. The contrast between mild stress (80mM) and 

control (0mM) (DESFMS vs DESFCR) revealed 1668 DEGs (1025 down, 643 up) 

(Figure 21 B), showing that many changes in gene expression are already triggered at 

gure . eren a y expresse  gene  ana ys s n . u erosum cv. s r e 

under salt stress conditions. The bar plot shows the total number of DEGs (TOT, black 

bars), along with downregulated (DOWN, grey bars) and upregulated (UP, white bars) 

genes, identified from pairwise comparisons among all salt concentrations (0, 80, and 150 

mM NaCl) within each tissue (leaves and roots). Acronyms refer to the following sample 

types: DESFCT corresponds to S. tuberosum cv. Désirée leaves under control conditions 

(0 mM NaCl), DESFMS to leaves exposed to 80 mM NaCl and DESFHS to leaves 

exposed to 150 mM NaCl. Similarly, DESRCT indicates roots under control conditions, 

DESRMS refers to roots exposed to 80 mM NaCl and DESRHS to roots exposed to 150 
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mM NaCl. Roots exhibited a distinct transcriptional profile, with the number of DEGs 

indicating a more gradual and extensive response to salinity. The comparison between 

high salt stress and control (DESRHS vs DESRCR) (Figure 21D) showed 3227 DEGs 

(2298 downregulated, 929 upregulated), while the contrast between high and mild stress 

(DESRHS vs DESRMS) identified 293 DEGs (54 down, 239 up) (Figure 21F). Finally, 

the comparison between mild stress and control (DESRMS vs DESRCR) (Figure 21E) 
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Figure 21. Panels (A), (B), and (C) represent the leaf comparisons DESFHS vs DESFCR 
(150 mM vs control, 0 mM), DESFHS vs DESFMS (150 mM vs 80 mM), and DESFMS 
vs DESFCR (80 mM vs control, 0 mM), respectively, while panels (D), (E), and (F) 
represent the root comparisons DESRHS vs DESRCR (150 mM vs control, 0 mM), 
DESRHS vs DESRMS (150 mM vs 80 mM), and DESRMS vs DESRCR (80 mM vs 
control, 0 mM), respectively. Red dots indicate up-regulated genes, blue dots down-
regulated genes, and black dots non-significant genes (padj < 0.05, |log₂FoldChange| ≥ 
1). Panel (G) shows a Venn diagram of DEGs in leaves of S. tuberosum exposed to 
different NaCl concentrations, summarizing the overlap among severe stress (DESFHS, 
150 mM), moderate stress (DESFMS, 80 mM), and control conditions (DESFCR); 
percentages indicate the proportion of genes relative to the total number of DEGs 
considered. 
 

To disentangle shared and condition-specific components of the salt-stress response, we 

next compared DEG sets identified at different salinity levels in leaves. (Figure 21G). 

The comparison between leaves under severe salt stress (DESFHS, 150 mM NaCl) and 

control leaves (DESFCR) revealed 1,385 unique DEGs (42.3%), whereas the comparison 

between moderate stress (DESFMS, 80 mM NaCl) and control (DESFCR) identified 

1,272 specific DEGs (38.9%). The contrast between severe (DESFHS) and moderate 

(DESFMS) stress conditions showed 60 unique DEGs (1.8%). A total of 40 DEGs (1.2%) 

were shared among all three comparisons, indicating core genes that respond consistently 

to salt stress regardless of intensity. The largest overlap (1,272 DEGs, 38.9%) was 

observed between the DESFHS vs DESFCR and DESFMS vs DESFCR comparisons, 

suggesting that most transcriptional changes induced by moderate stress are maintained 

under severe conditions. These results highlight a broad and partially conserved 

transcriptional reprogramming in S. tubersoum leaves exposed to increasing salinity 

levels. Among them, the 25 most highly expressed genes are listed in Table 4, providing 

insight into the main molecular mechanisms activated under severe stress conditions.  
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Table 4. List of the 25 most significantly DEGs in leaves of S. tuberosum subjected to 
severe salt stress (DESFHS, 150 mM NaCl). The genes listed derive from the intersection 
between the comparisons DESFHS vs DESFCR and DESFHS vs DESFMS, as shown in 
the Venn diagram (Figure 21G), and therefore represent transcripts specifically regulated 
under high-salinity conditions. Genes are ordered according to the lowest p-values, and 
for each entry the functional description, log fold-change value and chromosomal location 
are provided. 
 

 

These genes were obtained from the intersection of the comparisons DESFHS vs 

DESFCR and DESFHS vs DESFMS (Figure 21G), and represent transcripts specifically 

regulated under high salinity (150 mM). Selected based on their highest statistical 

significance (FDR), they constitute the genes with the strongest contribution to the 

Gene_description log2FoldChange FDR Gene_chr Gene ID 
Xyloglucan endotransglucosylase/hydrolase 

protein A 2.449 0.000145 chr03 Soltu.DM.03G002910 

UDP-glucosyltransferase 73B2 2.616 0.002034 chr01 Soltu.DM.01G047230 

Auxin response factor 5 2.232 0.003334 chr04 Soltu.DM.04G036350 

Subtilase family protein 1.923 0.003334 chr07 Soltu.DM.07G012760 

RAD-like 1.884 0.003334 chr10 Soltu.DM.04G035540 

myosin heavy chain-related 1.476 0.003334 chr10 Soltu.DM.10G029840 

 lipid transport superfamily protein 3.881 0.003381 chr09 Soltu.DM.09G000340 

FASCICLIN-like arabinoogalactan 2.697 0.003813 chr07 Soltu.DM.07G016150 

polygalacturonase 1.875 0.003813 chr05 Soltu.DM.05G008450 

Leucine-rich repeat (LRR) family protei 1.722 0.003813 chr05 Soltu.DM.05G014290 

NB-ARC domain-containing disease resistance 

protein 1.616 0.004118 chr10 Soltu.DM.10G018200 

alpha/beta-Hydrolases superfamily protein 1.253 0.004118 chr02 Soltu.DM.02G012830 

alpha/beta-Hydrolases superfamily protein 2.495 0.004871 chr02 Soltu.DM.02G016290 

Sodium transporter hkt1  1.603 0.004871 chr07 Soltu.DM.07G005700 

nucleolar protein gar2-related 1.943 0.005053 chr03 Soltu.DM.03G009270 

peptide transporter 2.822 0.006509 chr09 Soltu.DM.09G022070 

O-methyltransferase 1.736 0.007061 chr10 Soltu.DM.10G000070 

leucine-rich repeat/extensin 2.096 0.007391 chr11 Soltu.DM.11G009410 

transmembrane kinase-like 1.391 0.007952 chr09 Soltu.DM.09G018390 

topoisomerase II 2.421 0.009261 chr01 Soltu.DM.01G027180 

Eukaryotic aspartyl protease family protein 2.074 0.009907 chr06 Soltu.DM.06G029390 

FASCICLIN-like arabinoogalactan 1.497 0.010336 chr07 Soltu.DM.07G020320 

Glycosyl hydrolases family 18  1.032 0.010336 chr11 Soltu.DM.11G026270 

Cystathionine beta-synthase (CBS)  3.049 0.010774 chr10 Soltu.DM.10G002280 

Xyloglucan endotransglucosylase/hydrolase 

protein A 1.973 0.010774 chr07 Soltu.DM.07G024630 
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transcriptional response to salt stress. Among the most significantly up-regulated genes 

are several enzymes involved in cell wall remodeling, such as Xyloglucan 

endotransglucosylase/hydrolase protein A (log₂FC = 2.45; FDR = 1.45×10⁻⁴) 

and Polygalacturonase (log₂FC = 1.88; FDR = 3.81×10⁻³), both implicated in the 

modification of pectic structures and in the mechanical adjustment of tissues under 

osmotic stress. Alongside these, FASCICLIN-like arabinogalactan proteins (FLAs, 

log₂FC up to 2.70; FDR = 3.81×10⁻³) contribute to maintaining cell wall integrity and 

flexibility, thereby enhancing structural stability under high salinity. Another group of 

genes is associated with ion and osmotic transport regulation. The HKT1 transporter 

(log₂FC = 1.60; FDR = 4.87×10⁻³) plays a central role in maintaining sodium/potassium 

homeostasis by limiting Na⁺ accumulation in sensitive tissues. The up regulation of 

the Peptide transporter (log₂FC = 2.82; FDR = 6.51×10⁻³) and Lipid transfer 

proteins (LTPs) further indicates the activation of transport mechanisms for nutrients and 

lipids, supporting membrane protection and stabilization under saline stress. Additionally, 

the induction of UDP-glucosyltransferase 73B2 (UGT73B2; log₂FC = 2.62; FDR = 

2.03×10⁻³) and O-methyltransferase (log₂FC = 1.74; FDR = 7.06×10⁻³) reveals strong 

glycosylation and methylation activity of phenolic and flavonoid compounds, key 

processes for detoxification and redox homeostasis. In particular, UGT73B2-mediated 

glucosylation likely contributes to the stabilization and vacuolar accumulation of 

flavonoids, providing protection against oxidative stress triggered by excess salinity. 
 

3.3.5.2 Functional enrichment of salt-responsive genes in leaves and roots 

To interpret salinity-driven transcriptional changes, GO and KEGG enrichment analyses 

were performed on leaves and roots DEGs across contrasts (Figures 22–23). In leaves, 

the 150 mM vs control comparison highlighted a broad transcriptional reprogramming 

mainly associated with stress perception, signal transduction, and enzymatic activities. 

The most enriched Molecular Function terms included catalytic activity (GO:0003824; 

1182 genes; p = 2.18 × 10⁻⁶⁸), together with protein kinase activity (GO:0004672; 237 

genes; p = 5.22 × 10⁻²⁶) and phosphotransferase activity, alcohol group as acceptor 

(GO:0016773; 232 genes; p = 8.61 × 10⁻²²) (Figure 22). At the Biological Process level, 

enrichment was dominated by stress-related categories, including response to stimulus 

(GO:0050896; p = 5.35 × 10⁻³⁵), response to stress (GO:0006950; p = 1.97 × 10⁻²⁶), and 

defense response (GO:0006952; p = 1.11 × 10⁻²⁴). KEGG pathway analysis identified 
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glutathione metabolism (sot00480; p = 9.06 × 10⁻⁴) and phenylpropanoid biosynthesis 

(sot00940; p = 0.0119) as significantly enriched pathways. 

 

Figure 22. Functional enrichment analysis of DEGsin S. tuberosum leaves under salt 
stress (150 mM NaCl, DESFHS) compared to control leaves (DESFCR) and (150 mM 
NaCl, DESFHS) compared to moderate salt stress (80 mM NaCl, DESFMS). The bubble 
plot shows significantly enriched terms for each category: Molecular Function (MF), 
Biological Process (BP), Cellular Component (CC), and KEGG pathways. The color 
intensity represents the statistical significance (–log₁₀ p-value), while the bubble size 
indicates the number of genes associated with each term. 

 

To capture mechanisms associated with the shift from moderate to severe stress, we next 

analyzed the 150 mM (DESFHS) vs 80 mM (DESFMS) leaf contrast. GO enrichment 

emphasized metabolic and structural adjustments, with catalytic activity (GO:0003824; 

122 genes; p = 2.34 × 10⁻⁸) and hydrolase activity (GO:0016787; p = 1.78 × 10⁻⁷) as the 

most enriched Molecular Function terms, together with transport-related functions such 

as water transmembrane transporter activity (GO:0005372; p = 2.91 × 10⁻⁶) (Figure 22). 

At the Biological Process level, carbohydrate metabolic process (GO:0005975; p = 1.86 

× 10⁻⁹) and cell wall organization or biogenesis (GO:0071554; p = 3.22 × 10⁻⁶) were the 

most significantly enriched terms, indicating enhanced metabolic and structural 

remodeling under severe salinity. Notably, no KEGG pathways were significantly 

enriched in this comparison, suggesting that the shift from moderate to high salinity does 

not involve coordinated pathway-level responses in leaves.  
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In roots, enrichment profiles reflected a strong activation of stress-related and enzymatic 

functions. Under the 150 mM vs control contrast, Molecular Function enrichment was 

dominated by catalytic activity (GO:0003824; 1289 genes) and ion binding 

(GO:0043167; 759 genes), together with transferase activity (GO:0016740; 497 genes), 

tetrapyrrole binding (GO:0046906; 135 genes), and monooxygenase activity 

(GO:0004497; 107 genes) (Figure 23). Biological Process enrichment highlighted 

response to stimulus (GO:0050896; 644 genes), response to stress (GO:0006950; 410 

genes), and defense response (GO:0006952; 284 genes), together with carbohydrate 

metabolic process (GO:0005975; 216 genes), secondary metabolic process 

(GO:0019748; 77 genes), and phenylpropanoid metabolic process (GO:0009698; 63 

genes). KEGG analysis consistently pointed out biosynthesis of secondary metabolites 

(112 genes), phenylpropanoid biosynthesis (24 genes), glutathione metabolism (18 

genes), and starch and sucrose metabolism (13 genes) as the most enriched pathways. 

 

Figure 23. Functional enrichment analysis of DEGs in S. tuberosum roots under different 
salt stress conditions. Panel (A) shows the comparison between high salt stress (150 mM 
NaCl, DESRHS) and control (DESRCR), panel (B) represents high salt stress (150 mM 
NaCl, DESRHS) versus moderate salt stress (80 mM NaCl, DESRMF). The bubble plots 
display significantly enriched terms for each category: Molecular Function (MF), 
Biological Process (BP), Cellular Component (CC), and KEGG pathways. The color 
intensity represents the statistical significance (–log₁₀ p-value), while the bubble size 
indicates the number of genes associated with each term. 
 

The comparison between roots exposed to high (150 mM, RHS) and moderate (80 mM, 

RMS) salinity revealed a more restricted enrichment profile. Molecular Function terms 

were mainly represented by catalytic activity (GO:0003824; 133 genes) and 
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oxidoreductase activity (GO:0016491; 45 genes), while Biological Process enrichment 

included carbohydrate metabolic process (GO:0005975; 41 genes), the reductive pentose-

phosphate cycle (GO:0019253; 16 genes), and carbon fixation (GO:0015977; 7 genes). 

KEGG pathway analysis identified glyoxylate and dicarboxylate metabolism (15 genes), 

ascorbate and aldarate metabolism (5 genes), biosynthesis of secondary metabolites (4 

genes), and starch and sucrose metabolism (3 genes) as the most represented pathways.  

Altogether, GO and KEGG enrichment analyses indicate that the response of S. 

tuberosum cv. Désirée to salt stress is dominated by a broad enzymatic reprogramming, 

reflected by the recurrent enrichment of catalytic activity across all contrasts, with roots 

showing additional enrichment of oxidoreductase functions and redox-related metabolic 

pathways. 

 

3.3.5.3 Key genes and validation of salt-induced pathways 

To assess whether the transcriptional responses observed in S. commersonii were 

conserved in the salt-sensitive cultivar S. tuberosum cv. Désirée, we quantified the 

expression of the same set of genes (ANS, CHS, DFR, AN2, GST, peroxidase, cytochrome 

P450, PAL, PHE, and LTPs) under increasing NaCl concentrations (0, 80, and 150 mM) 

(Figure 24). Unlike S. commersonii, Désirée did not exhibit significant transcriptional 

activation for most anthocyanin-related or phenylpropanoid-related genes. ANS, CHS, 

DFR, AN2, GST, peroxidase, cytochrome P450, PAL, and PHE showed no statistically 

significant changes across treatments, indicating that the canonical phenylpropanoid and 

flavonoid pathways remain largely unresponsive to salt stress in this cultivar. In contrast, 

lipid transfer protein (LTP) genes displayed a clear and significant induction at high 

salinity, with expression levels markedly higher at 150 mM compared with control plants. 

This selective response highlights that, in Désirée, lipid-associated protective 

mechanisms represent the predominant transcriptional adjustment to salt stress. 
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Figure 24. Relative expression levels of selected genes in S. tuberosum leaves exposed 
to increasing salt concentrations (0, 80, and 150 mM NaCl). Expression was quantified 
by qRT-PCR for genes involved in anthocyanin and flavonoid biosynthesis 
(ANS, CHS, DFR, AN2), phenylpropanoid metabolism (PAL, PHE), and stress-related 
responses (glutathione S-transferase, peroxidase, cytochrome P450, lipid transfer 
proteins 1 and 3). Data are presented as mean ± SD from three biological replicates. 
Statistical significance was determined by one-way ANOVA followed by Tukey’s HSD 
and Welch’s t-tests with Holm correction. Asterisks indicate significant differences 
among treatments (p < 0.05, p < 0.01, p < 0.001). 
 

Altogether, these results indicate that, unlike the salt-tolerant S. commersonii, Désirée 

fails to activate key phenylpropanoid- and flavonoid-related genes and shows 

transcriptional induction limited to LTP genes, consistent with its lower salt tolerance. 
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3.3.6 Integrated chromatin and transcriptional profiling of target genes under salt 

stress in S. tuberosum cv. Désirée  

To obtain chromatin profiles of the two histone modifications H3K4me3 and H3K27me3 

under increasing salinity (0, 80, 150 mM NaCl), we analyzed these marks using ChIP-

seq in S. tuberosum. After quality control, some biological replicates exhibited low 

mapping efficiency, which limited their usability in downstream analyses. Therefore, 

only the highest-quality replicate was retained for each condition, and the resulting 

profiles are presented here as locus-level qualitative evidence to support target 

prioritization for subsequent ChIP-qPCR and RT-qPCR analyses. In the resulting graphs 

(Figure 25), each track represents the normalized ChIP signal intensity relative to the 

input; peaks indicate regions where the histone modification is enriched compared to the 

background.  

 

Figure 25. ChIP-seq profiles of anthocyanin-related genes (ANS, DFR, CHS and AN2) 
in S. tuberosum under control (0 mM) and salt stress conditions (80 and 150 mM NaCl). 
Enrichment profiles of the histone modifications H3K4me3 and H3K27me3 are shown 
relative to the corresponding input controls. Tracks are shown for the highest-quality 
replicate per condition and are intended as qualitative locus-level profiles. 
 

Overall, ANS, DFR, CHS and AN2 showed a dynamic chromatin response to increasing 

salinity. Under control conditions (0 mM NaCl), all genes displayed enrichment of 

H3K4me3 relative to the input, indicating a chromatin configuration compatible with 

transcriptional activity, while H3K27me3 levels were generally lower than the input, 

suggesting the absence of a strong repressive chromatin state. At moderate salinity (80 
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mM NaCl), the input signal exceeded both histone marks across all loci, indicating a lack 

of detectable enrichment and an epigenetically neutral chromatin configuration. Under 

high salinity (150 mM NaCl), all the analyzed genes exhibited increased H3K4me3 

enrichment relative to the input, consistent with the establishment or re-establishment of 

a transcriptionally permissive chromatin state under severe stress. Due to mapping 

limitations, H3K27me3 profiles were not available for this condition. Accordingly, we 

focused on the same set of genes previously analyzed in S. commersonii to assess whether 

similar epigenetic mechanisms underlie their regulation in S. tuberosum cv. Désirée 

under salt stress. This included key genes involved in secondary metabolic pathways, 

particularly those showing highly significant expression specifically at 150 mM NaCl, 

such as dihydroflavonol 4-reductase (DFR) and anthocyanidin synthase (ANS), both 

associated with anthocyanin biosynthesis. The analysis was further extended to additional 

genes exclusively responsive at 150 mM NaCl, including glutathione synthetase, 

cytochrome P450, and lipid transfer proteins (LTPs). To characterize histone-mark 

enrichment at these loci, we quantified H3K27me3 (repressive) and H3K4me3 

(activating) by ChIP-qPCR and evaluated how these marks changed across the three 

salinity conditions (0, 80, and 150 mM NaCl) (Figure 27). The analysis of the histone 

marks revealed a distinct chromatin behavior compared to the wild species, suggesting 

that transcriptional regulation in the cultivated genotype follows a different epigenetic 

logic.  In general, most genes displayed simultaneous enrichment of both activating and 

repressive marks, indicating the occurrence of a bivalent chromatin state (Figure 27). In 

particular, DFR, CHS, and AN1 exhibited high enrichment of H3K27me3 even at 150 

mM NaCl, accompanied by relatively strong levels of H3K4me3. This parallel 

accumulation of opposing histone marks suggests that, in Désirée, genes involved in 

anthocyanin biosynthesis remain under partial epigenetic repression, preventing full 

transcriptional activation under severe stress. Similarly, AN2 and ANS showed moderate 

activation signals together with non-negligible H3K27me3 enrichment, confirming that 

the anthocyanin pathway is less transcriptionally permissive in the cultivated background. 

Genes related to the phenylpropanoid core metabolism (PAL and PHE) and to oxidative 

stress responses (Peroxidase) displayed strong increases in H3K4me3 at 150 mM, 

accompanied by a partial but evident rise in H3K27me3. In contrast, GST showed 

consistently low H3K4me3 enrichment across all conditions and a relative increase in 

H3K27me3 under severe stress, indicating a predominantly repressed chromatin 

configuration and limited transcriptional activity. Finally, Lipid transfer protein 3 (LTP3) 
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displayed a marked re-enrichment of H3K4me3 under high salinity (26.9-fold above 

background) after a strong depletion at 80 mM, suggesting a strong up-regulation of this 

gene in response to salt stress. It is worth noting that Lipid transfer protein 1 (LTP1) and 

Cytochrome P450 did not yield reliable ChIP-qPCR results. Therefore, these genes were 

excluded from the comparative analysis. 

 

Figure 27. ChIP-qPCR analysis of histone modifications at selected genes in S. 
tuberosum cv. Désirée leaves exposed to increasing salt concentrations (0, 80, and 150 
mM NaCl). The plots show the relative enrichment of the activating mark H3K4me3 (red) 
and the repressive mark H3K27me3 (blue) at key loci involved in anthocyanin and 
flavonoid biosynthesis (ANS, DFR, AN1, AN2, CHS, PAL, PHE) and in stress-related 
responses (glutathione S-transferase, lipid transfer proteins 3 and peroxidase).  
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Finally, RT-qPCR expression patterns were consistent with the chromatin trends 

observed at the same loci: most genes analyzed in S. tuberosum cv. Désirée showed 

limited or no significant transcriptional changes under salt stress, in agreement with the 

concomitant enrichment of both the activating mark H3K4me3 and the repressive mark 

H3K27me3 detected at these loci. These patterns are consistent with an association 

between the maintenance of a bivalent chromatin configuration and a restrained 

transcriptional response under severe salinity. The only exception was represented by 

lipid transfer proteins, particularly LTP3, which displayed a significant transcriptional 

induction at 150 mM NaCl, consistent with a relative gain of H3K4me3 accompanied by 

a reduction of H3K27me3, suggesting a shift toward a more transcriptionally permissive 

chromatin state. 

 

3.3.7 Identification of small RNAs in S. tuberosum cv. Désirée 

3.3.7.1 Small RNA filtering and sample clustering in S. tuberosum 

Across 18 samples of S. tuberosum cv. Désirée (9 leaves and 9 roots), small RNA 

sequencing generated a total of 338,639,775 raw reads, with an average of 18,813,321 

reads per sample. Following the trimming procedure, 245,380,783 clean reads were 

retained, resulting in an average of 13,632,266 reads per sample, and the average Q30 

was > 94% of total bases. Considering the 18 samples, a total of 499 small RNAs were 

predicted. Specifically, 213 small RNAs were identified in leaf samples and 286 in root 

samples. Out of the predicted miRNAs, 74 conserved miRNAs belonging to 21 conserved 

miRNA families were identified in leaf tissue, while 67 conserved miRNAs representing 

22 families were detected in root tissue. In both tissues, miR156 represented the dominant 

family; other relatively abundant conserved families included miR7981, miR1919, 

miR1886, and miR166, with tissue-specific differences in their relative representation. 

All other predicted sequences, 139 in leaves and 219 in roots, did not match any conserved 

miRNAs in public databases and were therefore classified as novel miRNAs. The 

distribution of small RNA-producing loci showed clear variation across the twelve 

chromosomes of S. tuberosum cv. Désirée (Figure 28A). In leaf tissue, chromosomes 6 

and 7 contained the highest number of miRNA loci (23 each), followed by chromosome 

12 (22), whereas chromosome 11 displayed the lowest number of loci (9). In contrast, in 

root tissue, chromosome 12 harbored the highest number of miRNA loci (33), followed 

by chromosomes 7 (30) and 8 (29) while chromosomes 4 and 11 showed the lowest 
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number of loci (18 each) (Figure 28B). After the filtering procedure, 51 miRNAs were 

removed from the leaf dataset and 34 from the root dataset resulting in final expression 

matrices of 162 miRNAs (leaves;74 conserved and 88 novel) and 252 miRNAs (roots; 67 

conserved and 185 novel). PCA based on these filtered miRNA expression profiles 

showed clear clustering by treatment in both tissues (Figure 29). 

 

 
Figure 28. Number of miRNA producing loci across S. tuberosum chromosomes in 
leaves (A) and roots (B). Phenogram showing the genomic distribution of small RNA-
producing loci along S. tuberosum chromosomes in leaves (C) and roots (D). 
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Figure 29. Principal component analysis of the samples based on miRNA expression 
profiles in (A) leaves and (B) roots. Variance of the first and second principal components 
is reported on the X and Y axes, respectively, and replicates from each treatment group 
are represented in different colors. In leaf tissue, a similar pattern was observed (Figure 
15A). PC1 (37.6%) separated the control samples from the salt-treated groups, while PC2 
(25.4%) further distinguished DESFMS and DESFHS conditions. In this case, DESFMS 
samples clustered closely together in the upper-right quadrant, whereas DESFHS samples 
occupied the lower-right portion of the plot, indicating divergent miRNA expression 
trajectories under increasing salinity.  
 



 124 

In leaf samples (Figure 29 A), PC1 (37.6%) separated controls (DESFCR) from the salt-

treated samples (DESFMS, 80 mM NaCl; DESFHS, 150 mM NaCl), while PC2 

(25.4%) further distinguished DESFMS and DESFHS, with the latter samples displaying 

greater dispersion than DESFMS, suggesting a higher variability under high-salinity 

conditions. A similar pattern was observed in roots (Figure 29B), wherePC1 (49.1%) 

separated controls (DESRCR) from treated samples and PC2 (25.6) distinguished 

DESRMS from DESRHS. 

 

3.3.7.2 Differentially expressed small RNAs and functional assessment of inverse 

targets 

Differential expression analysis revealed a limited small RNA response in leaves across 

salinity contrasts (Figure 16). Out of the 162 filtered leaf small RNAs, 14 were 

differentially expressed in DESFCR vs DESFMS (8 up-regulated, 6 down-regulated), 26 

in DESFCR vs DESFHS (12 up, 14 down), and 14 in DESFMS vs DESFHS (7 up, 7down) 

(Figure 30A). Leaf DES overlap across contrasts was modest, with only one DES shared 

across all three comparisons and a predominance of contrast-specific responses (Figure 
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Figure 30. Differential expression of small RNAs across salt-stress levels. (A) Bar plot 
showing the number of up- and down-regulated small RNAs in leaf tissue across the three 
pairwise comparisons: DESFCR vs DESFMS (0 vs 80 mM), DESFCR vs DESFHS (0 vs 
150 mM), and DESFMS vs DESFHS (80 vs 150 mM). (B) Bar plot showing the number 
of up- and down-regulated small RNAs in root tissue for the same comparisons. (C) Venn 
diagram of leaf tissue, showing shared and unique differentially expressed small RNAs 
across DESFCR vs DESFMS, DESFCR vs DESFHS, and DESFMS vs DESFHS. (D) 
Venn diagram of root tissue, illustrating shared and unique differentially expressed small 
RNAs and highlighting the distinct response pattern compared to leaves. 
 
 

By contrast, roots exhibited a markedly stronger response (Figure 30B). Among the 252 

filtered root small RNAs, 127 were differentially expressed in DESRCR vs DESRMS (66 

up-regulated, 61 down-regulated), 106 in DESRCR vs DESRHS (70 up, 36 down), and 

103 in DESRMS vs DESRHS (68 up, 35 down) (Figure 30B). Overall, 178 DES were 

identified across root comparisons, including both unique and shared components. 

Specifically, 53 DES were shared between DESRCR vs DESRMS and DESRCR vs 

DESRHS, 36 between DESRCR vs DESRMS and DESRMS vs DESRHS, and 21 

between DESRCR vs DESRHS and DESRMS vs DESRHS, with an additional 24 DES 

common to all three contrasts (Figure 30D).  

To explore the potential biological relevance of these DESs, putative targets were 

predicted and then filtered by retaining only those showing an inverse expression pattern 

relative to their corresponding small RNAs. The number of predicted targets varied 

widely across contrasts and tissues. In particular, leaves showed 16969 predicted targets 

in DESFHS vs DESFMS with 9 (Table 5) inverse targets and 15703 predicted targets in 

DESFHS vs DESFCR with 918 inverse targets. In roots, 3545 targets were predicted in 

DESFCR vs DESFMS with 181 inverse targets, and 2174 predicted targets in DESRCR 

vs DESRMS with 71 inverse targets and 2254 predicted targets in DESRHS vs DESRMS 

with 12 inverse targets. 
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Table 5. Integrated analysis of miRNA and target gene expression under stress in the 
comparison DESFHS vs DESFMS. The table reports functional descriptions and 
log2FoldChange values for both miRNAs and targets, including inverse relationships 
with both positive and negative expression patterns. 
 
 

 

 

To gain further insight into the biological roles of these modules, the inversely regulated 

targets identified in Désirée were subjected to GO enrichment analysis (Appendix 

chapter III: Figure A2). In leaves, all three contrasts (DESFHS vs DESFMS, DESFHS 

vs DESFCR and DESFCR vs DESFMS) consistently revealed enrichments in categories 

related to stress and stimulus response, redox and antioxidant processes, transport, and 

both primary and secondary metabolism. Among these, the contrasts involving the high-

salt condition showed the strongest functional enrichment in stress-associated pathways. 

In roots, the three contrasts (DESRHS vs DESRCR, DESRHS vs DESRMS and DESRCR 

vs DESRMS) highlighted similar functions, including stress-responsive processes, ion 

and nutrient transport, signaling regulation and cell-wall-associated pathways. 

 
 

Gene_description log2FoldChange 
(Gene) 

miRNA log2FoldChange 
(miRNA) 

Receptor protein kinase 2.027 miRNA132 -1.5162606 

Calmodulin 1.449 miRNA147 -1.6936471 

Aspartic proteinase nepenthesin-1 1.089 miRNA147 -1.6936471 

Fasciclin-like arabinogalactan protein 

14 

1.54 miRNA208 -1.8126535 

Fasciclin-like arabinogalactan protein 
14 
 

1.54 
 

miRNA99 -1.8126535 

Nitrate transporter 1.836 miRNA141 -1.4589289 

Geraniol 10-hydroxylase 1.582 miRNA141 -1.4589289 

Littorine mutase/monooxygenase 2.424 miRNA56 -1.6889092 

Serine-threonine protein kinase, plant-
type 
 

-1.224 
 

miRNA143 5.262441 
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3.4 Discussion 

S. commersonii shows superior physiological adjustment to prolonged salinity 

compared with the cultivated potato 

Salt stress represents one of the main limiting factors for plant growth and productivity. 

It acts through an early osmotic constraint (reduced water uptake) and, under prolonged 

exposure, ionic toxicity and oxidative stress in leaves. Plants counteract these effects 

through coordinated ion homeostasis, osmotic adjustment and stress signaling (Cutler et 

al., 2010). The synthesis of osmoprotectants and antioxidant metabolites, such as 

anthocyanins, further contributes to maintaining cellular homeostasis under saline 

conditions. Anthocyanins, in particular, can support ROS buffering and protection of the 

photosynthetic apparatus under stress. Consistently, several studies report coordinated 

increases in antioxidant enzymes and protective metabolites under salinity (Jahantigh et 

al., 2016). Against this framework, we compared S. tuberosum cv. Désirée and S. 

commersonii clone 1T exposed to 0, 80 and 150 mM NaCl for 21 days.  

The cultivated species S. tuberosum (cv. Désirée) and the wild species S. 

commersonii (clone 1T) show marked differences in tolerance to abiotic stress, with the 

latter known for its high resistance, particularly to cold. Unlike S. tuberosum, S. 

commersonii naturally accumulates anthocyanins on the lower side of the leaves, 

compounds that may contribute to stress protection due to their antioxidant properties. 

Phenotypic observations indicated that S. tuberosum was more affected by high salinity 

(150 mM NaCl), while S. commersonii maintained a more stable morphology. To 

interpret these contrasting phenotypes, we first examined photosynthesis, a key early 

target of salinity that integrates stomatal and non-stomatal limitations (Parihar et al., 

2015). In S. tuberosum, salt exposure caused a rapid and strong inhibition of 

photosynthetic activity, evident as early as 11 days at 150 mM NaCl. This early decline 

was primarily stomatal, as indicated by a sharp decline in stomatal conductance (about 

−80%) and a concomitant decrease in intercellular CO₂ concentration (−25%), consistent 

with an early osmotic-driven limitation of CO₂ diffusion. After 21 days, both the 

photosynthetic rate and gas exchange parameters continued to decline, suggesting the 

progressive contribution of non-stomatal limitations related to ionic toxicity and pigment 

degradation. To assess whether this functional decline was accompanied by changes in 

the photosynthetic apparatus, we next evaluated pigment composition. Indeed, pigment 

analyses revealed significant reductions in chlorophyll a (−36%), chlorophyll b (−36%), 

and carotenoids (−43%) in S. tuberosum under severe stress. The simultaneous decrease 
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in photosynthetic and accessory pigments may reflect progressive impairment of 

chloroplast function and/or reduced photoprotective capacity under sustained stress. This 

behavior is consistent with previous studies reporting that abiotic stresses are often 

associated with chlorophyll loss due to the inhibition of key biosynthetic enzymes or 

oxidative damage to chloroplast membranes (Oguz et al., 2022). Across crops, pigment 

loss under salinity is widely reported, supporting chlorophyll depletion as a sensitive 

indicator of metabolic impairment and oxidative pressure (Smirnoff, 1996; Turan et al., 

2007).  

Conversely, S. commersonii exhibited a markedly different behavior. In the early phase 

of stress, photosynthetic activity remained stable despite a moderate reduction in stomatal 

conductance, and no significant decrease in intercellular CO₂ concentration was observed. 

This is consistent with more efficient stomatal regulation and osmotic adjustment, 

allowing the wild species to maintain photosynthetic functionality under saline 

conditions. After 21 days, a slight reduction in photosynthetic activity was observed, but 

it was much less pronounced than in S. tuberosum. Consistently, the pigment profile in S. 

commersonii showed the opposite trend: at 80 mM NaCl, chlorophyll a and b increased 

by 43% and 32%, respectively, and even at 150 mM their levels remained higher than in 

the control. The increase in carotenoids under moderate stress suggests an enhanced 

photoprotective response, possibly associated with more efficient ROS scavenging and 

greater membrane stability. However, it should be noted that increased chlorophyll under 

stress does not always reflect real tolerance. In some species, such as Borago officinalis, 

this rise has been attributed to reduced leaf expansion (Dastborhan & Ghassemi-Golezani, 

2015). Similarly, Wang et al. (1999) observed an apparent increase in chlorophyll content 

under saline conditions due to leaf dehydration, while Delfine et al. (1998) reported no 

significant variation, highlighting that chlorophyll response strongly depends on 

experimental conditions. Nevertheless, in our dataset the maintenance of gas exchange 

together with the pigment trends supports a more effective physiological adjustment in S. 

commersonii under prolonged salinity. 

At the biochemical level, plants under salt stress activate compatible-solutes 

accumulation (notably proline and soluble sugars) that support osmotic balance and 

macromolecule stabilization. Proline, in particular, plays a dual role as an osmoprotectant 

and antioxidant (Li et al., 2018). Previous studies reported that salt stress increases proline 

accumulation in both tolerant and sensitive potato genotypes (Faried, 2022), although the 

extent of increase varies according to tolerance level. In this study, proline content 
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increased in both species, S. tuberosum and S. commersonii, in line with previous 

evidence on its role in stress responses. However, S. commersonii showed a significant 

increase in both leaves (80 and 150 mM) and roots under both conditions, while in S. 

tuberosum, the increase was evident only in leaves at 150 mM NaCl, with root levels 

comparable to the control. A similar pattern was observed for soluble sugars, whose 

concentration significantly increased in the roots of S. commersonii, while in S. 

tuberosum, the increase was evident only in leaves at 150 mM NaCl. Because salinity-

induced ROS can trigger lipid peroxidation, we evaluated malondialdehyde (MDA) as a 

proxy of membrane oxidative damage (Foyer et al., 2005). Several studies have reported 

increased MDA content in both tolerant and sensitive lines, often accompanied by 

enhanced antioxidant enzyme activity under salt stress (Zhu et al., 2020). Conversely, in 

our study, a significant reduction in MDA levels was observed in the leaves of both 

species at 150 mM NaCl, indicating that lipid peroxidation does not increase despite salt 

stress. This pattern suggests that membrane lipid peroxidation was effectively 

constrained, potentially through enhanced antioxidant defenses, even though other stress 

symptoms (e.g., pigment loss in Désirée) were evident. A similar trend has been reported 

in the roots of the salt-tolerant maize (Zea mays) genotype BR5033, where MDA content 

was slightly reduced under salt stress, indicating lower lipid peroxidation, likely due to 

increased antioxidant enzyme activity, which limits ROS accumulation and preserves 

membrane integrity (de Azevedo et al., 2006), as previously reported by Shalata et al. 

(2001) in Lycopersicon pennellii. 

 

Salt-induced activation of flavonoid and defence-related pathways underpins higher 

tolerance in S. commersonii 

In the 150 mM vs 80 mM NaCl comparison, GO enrichment analysis revealed that in S. 

commersonii, the most represented categories were “endopeptidase inhibitor activity” and 

“peptidase regulator activity”, comprising several predominantly up-regulated genes. 

These classes, which include proteinase inhibitors, likely contribute to stress protection 

by restraining proteolysis and preserving cellular integrity when proteins are destabilized. 

This result is consistent with Folgado et al. (2013), who, comparing S. 

commersonii and S. tuberosum cv. Désirée observed a differential accumulation of 

proteins belonging to the proteinase inhibitor family, particularly in response to 

dehydration stress and low temperatures. These proteins were more abundant in S. 

commersonii, supporting a broader role in adaptive responses beyond protease inhibition. 
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Similarly, KEGG pathway analysis showed, in S. commersonii (unlike S. tuberosum), a 

marked enrichment of flavonoid and phenylpropanoid pathways in both comparisons 

(150 mM vs control and 150 vs 80). These results suggest a stronger engagement of 

secondary metabolisms under salinity, potentially supporting greater salt stress resilience 

in S. commersonii. Phenylpropanoids and flavonoids are two major classes of secondary 

metabolites involved in plant development and defense, with antioxidant, antibacterial, 

and free-radical scavenging functions (Wang et al., 2022). Several studies have also 

demonstrated that flavonoid accumulation increases tolerance to abiotic stresses (Falcone 

et al., 2012), including salinity, drought, and extreme temperatures.  

Interestingly, although both pathways were enriched in S. commersonii compared to the 

control, a differential trend was observed in the 150 mM vs 80 mM NaCl comparison. In 

this contrast, enrichment was driven by different directionality across pathway 

components: genes associated with the phenylpropanoid pathway were mainly down-

regulated, while those related to flavonoids maintained higher expression levels. This 

pattern is consistent with flavonoids having a relatively larger contribution to the 

resilience of S. commersonii under higher salinity. As reported in several studies, salt 

stress often induces the accumulation of flavonols, a subclass of flavonoids, which 

mitigate oxidative stress effects (Abdallah et al., 2016; Mrázová et al., 2017). Overall, 

environmental stresses frequently stimulate flavonoid metabolism, supporting its role in 

antioxidant buffering under adverse conditions.  

A possible explanation for the greater salt sensitivity of S. tuberosum cv. Désirée may be 

suggested by the KEGG analysis results. In the 150 mM vs 80 mM NaCl comparison, no 

pathways were significantly enriched relative to moderate salinity, which may indicate a 

limited activation of additional metabolic pathways at higher salt concentrations. This 

result is consistent with a weaker incremental transcriptomic reprogramming from 

moderate to severe stress in Désirée. 
Among the most significantly up-regulated genes in S. commersonii, several were 

associated with anthocyanin synthesis, including StDFR and StANS. Although 

anthocyanins are secondary metabolites, they play an important protective role under 

stress conditions. Abiotic stresses such as salinity, drought, and heat can promote the 

accumulation of these pigments, which act as integral components of plant defense 

strategies (Nakabayashi et al., 2014). Similarly, Cheng et al. (2013) reported increased 

expression of key flavonoid pathway genes, including chalcone 
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synthase (CHS), dihydroflavonol 4-reductase (DFR), and anthocyanidin synthase (ANS), 

in transgenic potato plants under stress.  

In our dataset, another particularly interesting result concerns the strong up-regulation of 

several glutathione S-transferases (GSTs), enzymes known for their role in antioxidant 

response and, in some cases, flavonoid/anthocyanin metabolism. GSTs are conjugation 

enzymes that catalyze the binding of reduced glutathione (GSH) to various electrophilic 

substrates, contributing to the detoxification of reactive compounds generated during 

oxidative stress. Beyond their classical redox role, specific plant GSTs have been shown 

to participate in flavonoid metabolism, particularly in anthocyanin transport and 

stabilization (Zhang et al., 2023). In S. tuberosum, Zhang et al. (2023) characterized 

the StGST1 gene, showing that its expression is significantly higher in pigmented tubers 

than in white ones and that its overexpression promotes anthocyanin accumulation. They 

also demonstrated that the StGST1 promoter is activated by transcription 

factors StAN2 and StAN11, confirming the direct association of this enzyme class with 

anthocyanin vacuolar transport and stabilization in potato. More recently, Eichenberger 

et al. (2023) redefined the role of anthocyanin-related GSTs (arGSTs), showing that they 

do not act merely as transport proteins but possess direct catalytic functions within the 

biosynthetic pathway. They showed that arGSTs can directly contribute to anthocyanin 

biosynthesis, supporting roles beyond transport (Eichenberger et al., 2023).  

In addition to flavonoids, several lipid transfer protein (LTP) genes were 

significantly upregulated in S. commersonii in the 150 mM vs 80 mM NaCl comparison. 

LTPs are small basic proteins involved in lipid and cutin transport, cuticle formation, and 

cellular defense and signaling mechanisms (Li et al., 2019). Their induction is consistent 

with roles in membrane/cuticle-associated protection and stress signaling (Carvalho & 

Gomes, 2007; Li et al., 2019). Functional evidence from other species supports this link, 

as AtLTP3 overexpression improves tolerance to multiple stresses, and potato LTP 

overexpression has been associated with enhanced stress resistance (Li et al., 2019).  

 

Severe salinity reveals divergent chromatin states in wild vs cultivated potato 

Beyond the observed transcriptomic changes, plant responses to salt stress involve 

profound epigenetic regulatory mechanisms including histone modifications and small 

RNAs. Histone modifications, particularly trimethylation of lysine 4 (H3K4me3) and 

lysine 27 (H3K27me3) on histone H3, are marks associated with gene activation and 

repression, respectively. These modifications modulate chromatin structure, determine 
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transcription factor accessibility to DNA, and thus influence a plant’s ability to reprogram 

its gene expression profile in response to environmental stimuli. Studies in model plants 

such as Arabidopsis thaliana, rice, and soybean have shown that H3K4me3 and 

H3K27me3 play crucial roles in adaptation to salt stress (Bilichak et al., 2012; Song et 

al., 2012; Shen et al., 2014; Paul et al., 2017). Specifically, H3K4me3, catalyzed by 

Trithorax group methyltransferases, is typically associated with promoters of active 

genes, whereas H3K27me3, mediated by Polycomb group complexes, is a repressive 

mark distributed across the gene bodies of silenced genes. Together, their relative balance 

can fine-tune transcriptional outputs during stress adaptation. In this context, to further 

investigate epigenetic regulation of salt response in the two Solanum species analyzed, 

H3K4me3 and H3K27me3 were profiled using ChIP-qPCR and ChIP-seq to assess their 

locus-level enrichment patterns and their relationship with the expression of identified 

targets.  

Overall, the histone modification analysis in S. commersonii highlights a clear link 

between chromatin state and transcriptional responses to salt stress. Most of the genes 

analyzed show a marked enrichment of the activating mark H3K4me3 at 150 mM NaCl, 

accompanied by a reduction in H3K27me3. This pattern is fully consistent with the strong 

transcriptional up-regulation of these genes and their direct involvement in tolerance and 

adaptive processes. In the salt-sensitive rice cultivar IR64, increased expression 

of OsBZ8 in response to salt stress was accompanied by an increase in the activating 

H3K4me3 mark and a decrease in the repressive H3K27me3 mark (Paul et al., 2017). Of 

particular interest, at a moderate salt concentration (80 mM), nearly all genes exhibit 

reduced and comparable levels of both marks, suggesting an intermediate or 

“preparatory” epigenetic state. This may reflect a more “plastic” state, in which chromatin 

is less strongly polarized toward activation or repression and can be remodeled as stress 

progresses. In other systems, the coexistence of activating and repressive marks 

(“bivalency”) has been linked to dynamic regulation of stress-responsive loci (Liu et al., 

2014; Liu et al., 2015). This mechanism has been described, for example, in the control 

of the transcription factor RSM1, involved in ABA-mediated signaling under salt stress 

(Yang et al., 2018).  

Although in many plant species salt-stress responses tend to manifest as increases in 

activating histone marks or reductions in repressive ones, a different trend has been 

observed in rice. For instance, rice showed a global decrease of several activation-

associated marks and H3K27me3 after salt treatment, with H3K9ac as a notable exception 
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(Zheng et al., 2019). Similarly, in our study, the AN1 and AN2 genes, key regulators of 

anthocyanin biosynthesis, displayed a marked reduction of both histone modifications 

(H3K4me3 and H3K27me3) along the salinity gradient, suggesting that additional 

epigenetic mechanisms, beyond those analyzed, may contribute to their transcriptional 

control under stress. Consistently, other chromatin marks such as histone acetylation can 

modulate flavonoid-related genes (e.g., H3K9ac under UV-B in Arabidopsis) (Schenke 

et al., 2014). Conversely, in S. tuberosum, a similar trend was observed for the same 

genes, but with a notable difference. At 150 mM NaCl, alongside the enrichment of the 

activating mark, there is also a substantial increase in the repressive mark. This suggests 

that although the activating mark rises, the concurrent accumulation of the repressive 

mark may counteract its effect, preventing full transcriptional activation. Such an 

epigenetic configuration may reflect a poised chromatin state in which the activating mark 

maintains locus accessibility while H3K27me3 limits full transcriptional output 

(Bernstein et al., 2006). Overall, these patterns point to species-specific chromatin 

regulation under salinity, with S. commersonii showing a stronger shift toward an “active” 

signature at several stress-responsive loci, whereas S. tuberosum may retain repressive 

constraints at the same targets under severe stress.  

 

A coherent miRNA program supports salinity tolerance in S. commersonii 

Small RNAs play key regulatory roles in plant growth, development, and stress responses 

by modulating gene expression at the post-transcriptional level (Li et al., 2017). These 

molecules are categorized into two major classes, microRNAs (miRNAs) and small 

interfering RNAs (siRNAs). Although plants produce multiple small-RNA classes, here 

we focused on miRNAs. By using high-throughput sequencing and two different 

bioinformatics pipelines, we sequenced and predicted small RNAs belonging to the 

miRNA class. In our work, we analyzed the small RNA profile of 36 samples, evenly 

distributed between S. commersonii and S. tuberosum cv. Désirée, with 9 leaf and 9 root 

samples per genotype. This design enabled a comparative overview of post-

transcriptional regulation in two genotypes with contrasting salt sensitivity. The analysis 

of the miRNA repertoire revealed clear differences between the two genotypes, both in 

the composition of conserved families and in the abundance of novel miRNAs.  

In S. commersonii, a wild species well known for its higher tolerance to abiotic stress, the 

small RNA profile is dominated by the miR156 family, which represents the most 

abundant class in both tissues. Other abundant families included miR1919 and several 
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conserved groups (e.g., miR166/171/172/319). In Désirée, although miR156 remains the 

dominant family, the regulatory landscape is enriched in miRNAs with more specific 

distribution, such as miR7981 and miR1919, which are particularly abundant in both 

tissues. Leaf tissues also show higher representation of miR395, miR399, and miR167, 

families widely described for their involvement in development and tolerance to stresses 

such as drought, salinity, and temperature extremes (Rao et al., 2021; Fang et al., 2021; 

Um et al., 2022; Pei et al., 2023; Singh et al., 2023; Liu et al., 2024; Xiang et al., 2024; 

Lei et al., 2025). In this context, the strong representation of miR156 in both genotypes, 

and especially in S. commersonii, is particularly noteworthy. This miRNA is one of the 

main regulators identified in our study, and its abundance is consistent with its extensively 

documented role in abiotic stress responses, including salt tolerance. Functional studies 

have shown that modulation of the miR156/SPL module contributes to adaptation under 

saline conditions by improving physiological and transcriptional parameters associated 

with resilience (Arshad et al., 2017), while recent reviews confirm its central role as a 

regulatory hub in multiple stress-adaptive pathways (Yuan et al., 2023).  

Comparison between the miRNA profiles of our two genotypes and the findings of Kang 

et al. (2021) reveals parallels: the most represented families in our dataset, including 

miR156, miR166, miR171, miR319, and miR172, overlap with the major conserved 

families described in S. tuberosum under alkaline stress, accompanied by a high number 

of novel miRNAs. In Arabidopsis thaliana, several miRNAs respond to salt stress, 

including miR156/167/171/319 and others (Liu et al., 2008). The coexistence of 

conserved and novel components suggests that the overall small RNA repertoire reflects 

not only deeply rooted evolutionary features but also genotype-specific traits potentially 

relevant to stress responses (Esposito, 2020). Accordingly, the higher abundance of novel 

miRNAs in S. commersonii could reflect a more diversified regulatory layer associated 

with its wild origin.  

To identify miRNAs genuinely involved in the salt-stress response, we integrated small 

RNA profiles with RNA-seq data, focusing exclusively on cases in which miRNA and 

target gene expression showed opposite trends, the canonical mechanism through which 

miRNAs exert their regulatory activity. In leaf tissue under the 150 mM vs 80 mM 

comparison, S. commersonii exhibits a comparatively coherent post-transcriptional 

response. A striking example is miRNA19, a novel non-conserved miRNA specific to S. 

commersonii, suggesting a genotype-specific regulatory component. miRNA19 emerges 

as a central hub of the salt-stress response: its strong induction coordinates the 
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simultaneous repression of multiple genes involved in growth and cellular organization, 

including expansin-like A1, Cyclin B2;3, a TCP transcription factor, histone proteins, and 

cell-adhesion molecules. Together, these targets are consistent with a coordinated 

downshift of growth- and cell-organization programs under severe salinity, including 

cell-wall remodeling (expansins) and developmental control (TCP factors) (Choi, 2003; 

Nicolas and Cubas, 2016; Kaashyap, 2018).  

In parallel, downregulation of several miRNAs, including conserved stu-miR398a and 

novel miRNAs such as miRNA16, miRNA176, and miRNA217, is associated with 

activation of genes crucial for defense and oxidative-stress protection. These include 

Cu/Zn-superoxide dismutase, widely studied for its role in ROS detoxification under 

abiotic stress (Zhou et al., 2022), various cytochrome P450 enzymes involved in 

secondary metabolism and detoxification, ferric reduction oxidases implicated in redox 

balance, and an asparagine synthase indicating reprogramming of nitrogen metabolism. 

Overall, these miRNA–target relationships are consistent with resource reallocation from 

growth-related functions toward stabilization and defense under severe salinity.  

In the 150 mM vs 80 mM comparison in Désirée leaves, the analysis of inversely 

regulated small RNAs reveals a more heterogeneous set of miRNA–target pairs. 

Downregulation of certain miRNAs is associated with activation of genes involved in 

diverse processes such as calmodulin-mediated calcium signaling, secondary metabolism 

(e.g., geraniol 10-hydroxylase and littorine mutase/monooxygenase), and nutrient 

transport such as nitrate transporters. Multiple copies of Fasciclin-like arabinogalactan 

proteins, involved in cell-wall integrity and mechanical modulation and known players in 

salt-stress responses across species (Zang et al., 2015), are also upregulated. Taken 

together, these findings suggest that severe salt stress induces in Désirée multiple 

adjustments across signaling, metabolism, and cell-wall pathways, with less evidence of 

a single dominant regulatory axis. This heterogeneity contrasts with the more defined 

pattern observed in S. commersonii and is consistent with a less coordinated post-

transcriptional response to increasing stress severity. 

 

Conclusions 
Overall, combining physiological, biochemical, transcriptomic, and epigenetic analyses 

highlights clear differences in salt-stress adaptation strategies between S. tuberosum cv. 

Désirée and S. commersonii clone 1T. The cultivated genotype exhibits an early decline 

in performance under severe salinity, with limited activation of protective pathways and 
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weaker transcriptional/epigenetic adjustment, consistent with low regulatory plasticity. In 

contrast, S. commersonii displays a more coordinated response, maintaining greater 

physiological stability and selectively activating key metabolic pathways, particularly 

those related to phenylpropanoid and flavonoid metabolism. At the molecular level, salt-

stress tolerance in this species is supported by locus-level chromatin remodeling 

(H3K4me3 gain and H3K27me3 loss) at key antioxidant-related genes, including with 

anthocyanin biosynthesis, glutathione S-transferases, and lipid transfer proteins. This 

epigenetic regulation is further shaped by small RNA–mediated control. In particular, the 

induction of miRNA19, a novel S. commersonii-specific miRNA, is consistent with 

repression of growth- and cell-cycle programs, promoting resource reallocation toward 

defense. Although further functional studies are required to validate individual regulatory 

networks, these findings indicate that the enhanced resilience of S. commersonii arises 

from stronger, more coordinated regulatory plasticity, under severe salt stress. 
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ABSTRACT 

Heat stress priming has emerged as an adaptive strategy that enables plants to cope with 

recurrent episodes of high temperature through the establishment of a molecular memory 

of previous stress exposures. This stress memory is reflected at the transcriptional level 

by distinct gene expression programs that allow plants to respond more efficiently to 

subsequent stress events. In this study, we investigated the molecular basis of heat stress 

priming and transcriptional memory in tomato (Solanum lycopersicum), an agronomically 

relevant species of the Solanaceae family. Plants were subjected to a controlled heat 

priming protocol consisting of sequential exposures to sub-lethal temperatures, followed 

by a severe heat shock. In tomato, priming conferred a clear survival advantage under 

extreme heat stress, whereas non-primed plants exhibited severe tissue damage and 

collapse. Transcriptomic analyses revealed that priming induces a massive and dynamic 

transcriptional reprogramming, characterized by both sustained gene expression after 

priming and enhanced transcriptional re-induction upon recurrent stress. These 

expression patterns are consistent with the presence of Type I and Type II heat stress 

memory genes, as previously described in model plant systems. Clustering and functional 

enrichment analyses showed that primed tomato plants preferentially activated 

anticipatory and highly specialized transcriptional programs related to thermotolerance, 

including protein folding, heat shock protein activity, chloroplast function, and redox 

homeostasis. In contrast, non-primed plants predominantly activated genes associated 

with general regulatory and developmental processes following acute stress. Co-

expression network analysis using a multiWGCNA framework further demonstrated that 

priming-induced transcriptional changes are organized into temporally structured and 

functionally coherent gene modules, particularly associated with early and late phases of 

the stress response. Overall, these results indicate that heat stress priming in tomato 

establishes a multilayered transcriptional memory involving coordinated regulation of 

functional gene networks, contributing to enhanced thermotolerance. Ongoing analyses 

in potato (Solanum tuberosum; data not available yet) will allow comparative insights 

into species-specific mechanisms of heat stress memory and their relationship with 

differential thermal sensitivity. This work provides a framework for understanding how 

transcriptional and network-level regulation contribute to stress memory and highlights 

priming as a potential strategy to improve crop resilience under increasing temperature 

stress. 
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4.1 Introduction 

Plants are constantly exposed to biotic and abiotic stresses and, over the course of 

evolution, have developed complex defense and adaptation mechanisms. As discussed in 

Chapter I, chromatin structure, nucleosome positioning, and DNA methylation play a 

pivotal role in modulating these responses. Because such modifications can be epigenetic 

in nature, they provide a potential molecular framework through which plants can 

“record” experienced stresses, thereby optimizing their responses to recurring events and, 

in some cases, transmitting this memory to subsequent generations. The intensification of 

climate change is leading to an increased frequency of extreme environmental events, 

such as heat waves and irregular precipitation patterns, with unavoidable consequences 

for agricultural productivity (Lobell et al., 2011; Tack et al., 2015). This ability to retain 

information about previous stress episodes is generally referred to as stress 

priming: a mild, non-lethal stimulus induces a transient physiological and molecular state 

that enables a faster and/or stronger response to a subsequent, more severe stress (Bruce 

et al., 2007; Conrath et al., 2015; Hilker et al., 2016). A detailed overview of priming 

phases and somatic versus inter-/trans-generational stress memory is provided in Chapter 

I and is only briefly recalled here.  

Beyond physiological and metabolic changes, a crucial component of this adaptive 

capacity lies in transcriptional and epigenetic mechanisms that regulate gene expression 

in response to stress. Chromatin dynamics have been directly linked to the establishment 

of transcriptional memory: some genes maintain altered expression levels even after 

stress cessation (Type I memory), whereas others display a modified response upon re-

exposure to the same stimulus (Type II memory) (Bäurle, 2018). In the former case, plants 

retain prolonged activation of specific stress-responsive genes; in the latter, the initial 

exposure enables a faster, stronger, or qualitatively different response to subsequent 

stress. Within this framework, we investigated the mechanisms underlying heat stress 

memory in tomato (S. lycopersicum cv. M82) an agronomically relevant Solanaceae crop. 

Tomato, a typically summer-grown crop, displays a relatively high thermal optimum (18–

27 °C) and maintains physiological functionality at temperatures close to or exceeding 35 

°C, beyond which negative effects on photosynthesis, fertilization, and fruit set become 

evident (Camejo et al., 2005; Sato et al., 2000). The experiment was initially conceived 

as a comparative analysis including S. tuberosum (cv. Désirée), which is more sensitive 

to high temperatures (Levy & Veilleux, 2007; Hancock et al., 2014). However, technical 

issues with the potato datasets (non-uniform survival and insufficient RNA quality) did 
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not allow for a robust analysis; consequently, in this chapter, only the results obtained in 

tomato are presented and discussed. The experiments were conducted in collaboration 

with the ChromD research group, led by Professor Moussa Benhamed at Université Paris-

Saclay, within a joint project aimed at understanding how epigenetic and transcriptional 

mechanisms contribute to the establishment of heat stress memory in plants. In this 

chapter, only the results obtained in tomato are presented, while the analysis of potato 

data is currently ongoing. 

4.2 Materials and Methods  

Figure 1. On the left, S. tuberosum cv. Désirée; on the right, S. lycopersicum cv. M82. 

4.2.2 Heat priming protocol 

Tomato (cv. M82) plants were subjected to a controlled heat-priming and heat-shock 

treatment. All plants were treated at the approximately 2.5-week-old stage to ensure 

comparable developmental conditions across species. The priming protocol consisted of 

a first exposure to 40 °C for 1 h, followed by a return to 24 °C for 1 h, after which plants 

were subjected to a second acclimation step at 45 °C for 1 h. At the end of the priming 

phase, plants were maintained at 24 °C for 3 days to allow recovery and the potential 
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establishment of heat-stress memory. Subsequently, plants underwent an extreme heat-

shock treatment at 50 °C for 2 h 15 min in a climatic chamber (Aralab). At each time 

point (T1–T4), fully expanded leaves were collected from three independent biological 

replicates per condition (primed and control), immediately frozen in liquid nitrogen and 

stored at −80 °C until RNA extraction. Sampling was performed at four time points: T1, 

before any heat exposure; T2, immediately after the priming phase; T3, following the 3-

day recovery period; and T4, immediately after the heat shock.  

4.2.4 RNA-seq data analysis and differential gene expression analysis 
Raw RNA-seq reads were subjected to quality control and subsequently processed for 

downstream analyses. Reads were mapped to the reference genome using a standard 

alignment pipeline, and gene-level read counts were obtained for all samples. Only genes 

with sufficient expression levels were retained for further analyses; specifically, genes 

with a read count greater than 50 in at least three samples were kept. Differential gene 

expression (DEG) analysis was performed using a classical approach based on two 

complementary comparisons. First, differential expression between primed and control 

plants was assessed independently at each time point (Primed vs. CTRL). Second, genes 

dynamically regulated across the time course were identified separately in control and 

primed conditions by comparing expression changes from T1 to T4. Genes were 

considered differentially expressed if they met the following criteria: adjusted p-value 

(p.adj.) < 0.05 and absolute log2 fold change |log2FC| > 0.5. These analyses allowed the 

identification of both condition-specific and temporally regulated transcriptional 

responses associated with heat stress and priming 
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4.2.5 MultiWGCNA analysis 
Weighted gene co-expression network analysis was performed using the multiWGCNA 

framework in R, following the workflow described by Tommasini and Fogel (2023). Normalized 

gene expression values from tomato samples were used as input, and genes with low expression 

across samples were filtered out, resulting in 22,954 genes retained for network construction. 

Three types of co-expression networks were generated: (i) a combined network including all 

control and primed samples across all time points, (ii) condition-specific networks built separately 

for control and primed samples, and (iii) time point–specific networks constructed for each 

sampling time. Networks were generated using a soft-threshold power selected to approximate 

scale-free topology, and modules were identified by hierarchical clustering based on the 

topological overlap matrix. Module correspondence across networks was assessed using 

hypergeometric overlap analysis. Module expression was summarized using module eigengenes 

(PC1), expression patterns were visualized using heatmaps, and functional interpretation of 

selected modules was performed through Gene Ontology enrichment analysis (Appendix 

Chapter IV: Figure A3). 

 
4.3 Results  
4.3.1 Effect of priming on plant survival after heat stress 

After the heat stress phase, clear visual differences were observed between primed and 

non-primed tomato. Primed plants showed an evident tolerance to heat stress (Figure 1), 

maintaining upright stems and viable aerial tissues. In contrast, control plants were 

completely compromised, showing severe wilting and death. In contrast, control plants 

consistently exhibited a marked constriction at the collar region, which was associated 

with the collapse of the aerial part. These visual observations indicate that priming 

treatment was associated with enhanced survival under heat stress conditions in tomato. 
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Figure 1. Visual effects of heat stress on control (CT) and primed (PR) plants. Primed 
plants survived the heat stress, whereas control plants collapsed and died, showing a 
marked collar constriction in potato. 

 
4.3.2 DEG analysis (Primed vs Control) 

To investigate the molecular basis of the enhanced thermotolerance observed in primed 

plants, transcriptomic profiles of primed and control samples were compared at each 

experimental time point (T1, T2, T3, and T4) (Figure 3). This comparative approach 

allows the assessment of how priming modifies the transcriptional state over time relative 

to susceptible control plants. It is important to note that control plants were never exposed 

to heat treatments prior to T4, whereas primed plants underwent an acclimation phase at 

T2. Consequently, the differentially expressed genes identified specifically reflect the 

effect of priming relative to the control condition. 

Principal component analysis (PCA) (Figure 2) showed that samples were mainly 

separated along PC1, which explained 40.5% of the total variance, reflecting overall 

transcriptional differences among samples. PC2 accounted for 13.3% of the variance and 

further contributed to sample dispersion. Replicates clustered closely together, indicating 

good reproducibility of the RNA-seq data. 
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Figure 2. Principal component analysis (PCA) of RNA-seq samples based on normalized 
gene expression values. Each point represents an individual biological replicate, colored 
according to time point and treatment. The percentage of variance explained by PC1 and 
PC2 is indicated on the axes. 
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Figure 3. Differentially expressed genes between Primed and Control plants across the 

different time points of the heat treatment. Experimental scheme of the priming and heat-

shock protocol (top) and comparative RNA-seq analysis of Primed versus Control plants 

at the four time points (T1–T4). Volcano plots show the distribution of differentially 

expressed genes in terms of log2 fold change and statistical significance (–log10 q-value) 

at each time point, with upregulated genes in red, downregulated genes in blue, and non-

significant genes in grey. Numbers indicate the total number of significantly regulated 

genes for each comparison. Bar plots summarize the number of upregulated genes in 

Control and Primed plants at each time point. 

At T1, prior to any treatment, primed and control plants displayed highly similar 

expression profiles. The relatively limited number of differentially expressed genes 

(2,792 genes upregulated in control plants and 3,232 in primed plants) confirms that the 

two groups started from comparable physiological conditions. At T2, immediately after 

the priming treatment, the strongest contrast between the two conditions emerged. At this 

stage, more than 9,400 differentially expressed genes were identified, with 4,708 genes 

upregulated and 4,724 genes downregulated in primed plants compared to controls. This 

result indicates a massive reorganization of the transcriptional program induced by 
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priming. At T3, following three days of recovery at 24 °C, 2,436 genes were upregulated 

and 1,568 genes were downregulated in primed plants relative to controls, suggesting the 

persistence of transcriptional differences after the priming phase. At T4, when both 

primed and control plants were exposed to extreme heat stress at 50 °C, the comparison 

revealed that primed plants activated a broader set of genes than control plants, with 1,430 

versus 739 upregulated genes, respectively. This finding suggests that the acclimation 

pretreatment enables primed plants to mount a more effective transcriptional response to 

severe heat stress, consistent with their experimentally observed survival (Figure 1), 

whereas control plants, experiencing heat stress for the first time, exhibited a more limited 

response 

4.3.3 Expression cluster analysis 

The analysis of transcriptional dynamics during the priming phase and the subsequent 

heat shock was further explored by applying k-means clustering to all dynamically 

expressed genes in both control and primed groups. This approach allowed the 

identification of five distinct clusters in control plants and twelve clusters in primed 

plants, each representing a specific expression pattern across the four experimental time 

oints Fi ure 4 . 

gure . -means c us er ng o  ynam ca y expresse  genes n on ro  an  r me  
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plants. Genes were grouped based on their expression profiles across the four time points 

(T1–T4). Five clusters were identified in Control plants, mainly showing transcriptional 

changes only after the final heat shock, whereas twelve clusters were detected in Primed 

plants, reflecting more complex dynamics induced by acclimation. 

In control plants, which did not receive any acclimation treatment, gene expression 

remained relatively stable from T1 to T3. Major transcriptional changes were observed 

only at T4, following exposure to the final high-temperature stress. For example, control 

cluster 3 includes genes that are strongly upregulated exclusively at T4, whereas cluster 

4 contains genes that are specifically repressed after the heat shock. In contrast, primed 

plants exhibited more complex transcriptional dynamics. Among the twelve clusters 

identified, clusters 3 and 10 displayed expression patterns characteristic of Type II 

memory genes, showing strong induction during the priming phase (T2), a partial 

reduction during the recovery phase (T3), and a renewed and more pronounced activation 

in response to the final heat stress (T4). This pattern suggests that priming modified the 

reactivation capacity of these genes, enabling a faster and more efficient response upon 

re-exposure to stress. A different behavior was observed for cluster 8, whose genes were 

induced at T2 and maintained elevated expression levels during the recovery phase at T3, 

despite the absence of stress. This expression profile is typical of Type I memory genes, 

which are characterized by sustained expression after priming and prior to the subsequent 

stress event. Overall, cluster analysis revealed a marked divergence between control and 

primed plants. While non-acclimated plants activated or repressed heat-responsive genes 

only during acute heat shock, primed plants exhibited both anticipatory transcriptional 

programs (Type I) and enhanced responses upon secondary stress exposure (Type II). 

Together, these regulatory modules represent the molecular basis of heat stress memory 

and contribute to explaining the superior thermotolerance observed in acclimated plants. 

4.3.3.1 Transcriptional reprogramming and heat stress memory induced by priming 

To better understand how priming modifies the transcriptional program of the heat stress 

response, we compared control cluster 3, characterized by a strong induction of genes 

exclusively after acute stress (T4), with the primed clusters showing profiles consistent 

with anticipatory or enhanced responses, namely cluster 3 and cluster 10 of the primed 

dataset (Figure 5). 
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Figure 5. Comparison of gene expression clusters between Control and Primed plants. 
Line plots show the average standardized expression (z-score, y-axis) of genes across the 
four time points (T1–T4, x-axis) for Control cluster 3 and Primed cluster 3. Venn 
diagrams report the number of genes in each cluster and their overlap between conditions. 
Boxplots display the distribution of gene expression z-scores at each time point for 
Control (green) and Primed (pink). Dot plots show Gene Ontology enrichment results, 
with the x-axis indicating the GeneRatio, dot size representing the number of genes per 
term, and color corresponding to adjusted p-values. 
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The first comparison focused on control cluster 3 (2,319 genes) and primed cluster 3 (792 

genes). The intersection between the two sets comprised 372 genes, whereas the 

remaining genes were strongly unbalanced, with 1,947 genes being specific to the control 

condition and 420 genes exclusive to the primed condition. Analysis of expression 

profiles revealed a clear difference between the two conditions. In control plants, genes 

belonging to cluster 3 displayed a delayed response, with a significant increase in 

expression occurring only at T4, concomitant with exposure to extreme heat stress. In 

contrast, the shared genes exhibited a markedly different behavior in primed plants: their 

expression levels were already higher under basal conditions, and induction occurred 

earlier, becoming evident as early as T2 and further intensifying at T4. This pattern 

suggests that priming predisposes the transcriptional machinery to respond in advance to 

heat stress. A similar trend was observed for genes exclusive to the primed condition, 

which showed strong induction during the acclimation phase (T2), followed by a decrease 

during the recovery phase (T3) and a renewed, pronounced increase at T4. Differences 

between the two conditions became even more evident when considering the functional 

enrichment of cluster-specific genes. Genes specific to the control cluster were mainly 

associated with general biological processes such as transcriptional regulation, 

development, and DNA binding, including terms related to DNA repair and flower 

development. In contrast, genes exclusive to primed cluster 3 showed a highly specific 

enrichment for functional categories associated with thermotolerance, including response 

to heat, protein refolding, chloroplast thylakoid organization, and NADPH-dependent 

pathways. Similarly to primed cluster 3, cluster 10 of the primed dataset, comprising 

1,427 genes, displayed a dynamic expression profile emblematic of so-called Type II 

memory genes (Figure 6). Comparison with control cluster 3 revealed that 298 genes were 

shared between the two clusters, whereas the majority were condition-specific, with 2,041 

genes exclusive to the control cluster and 1,229 exclusives to the primed cluster. Shared 

genes already exhibited distinct expression patterns, with higher basal expression levels 

and earlier activation in primed plants compared to controls, further confirming that 

priming reshapes the temporal dynamics of the transcriptional response to heat stress. 

Even more striking was the functional profile of genes exclusive to primed cluster 10. 

Enrichment analysis revealed a strong predominance of functional categories directly 

associated with thermotolerance, including response to heat, heat shock protein binding, 

protein refolding, ATP-dependent chaperone activity, unfolded protein binding, and 

mitochondrial processes related to protein stability and energy metabolism. These 
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pathways are well known to constitute the core of cellular protection against heat-induced 

 

Figure 6. Comparison of gene expression clusters between Control and Primed plants. 
Line plots show the average standardized expression (z-score, y-axis) of genes across the 
four time points (T1–T4, x-axis) for Control cluster 3 and Primed cluster 3. Venn 
diagrams report the number of genes in each cluster and their overlap between conditions. 
Boxplots display the distribution of gene expression z-scores at each time point for 
Control (green) and Primed (pink). Dot plots show Gene Ontology enrichment results, 
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with the x-axis indicating the GeneRatio, dot size representing the number of genes per 
term, and color corresponding to adjusted p-values. 
4.3.4 Co-expression network analysis reveals priming- and time-dependent 

transcriptional modules 

To investigate coordinated transcriptional responses associated with heat stress priming, 

a weighted gene co-expression network analysis (multiWGCNA) was performed using 

normalized expression values of all expressed genes. After filtering out genes with low 

expression across all samples, a total of 22,954 genes were retained for network 

construction. Co-expression networks were generated following a three-level strategy. 

First, a combined network was constructed including all control (CTRL) and primed 

samples across all sampling time points (T1–T4), with the aim of identifying global co-

expression modules. Second, condition-specific networks were built separately for CTRL 

plants (non-primed) and primed plants. Finally, time point–specific networks were 

generated for each sampling time (T1–T4), including both CTRL and primed samples, to 

examine the temporal distribution of co-expression modules. Modules identified in the 

gure . ypergeome r c over ap ea map s ow ng e correspon ence e ween co-
expression modules identified in the primed-specific networks (y-axis) and those 
identified in the combined network (x-axis). Each cell reports the number of shared genes 
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between a pair of modules, while color intensity represents the statistical significance of 
the overlap expressed as −log10(FDR). Highly significant overlaps identify combined 
modules that share a substantial fraction of genes with primed-specific modules. 

 

In this context, the overlap analysis revealed that the modules Primed_01 and Primed_06, 

derived from the network constructed exclusively using primed samples and 

characterized by an altered transcriptional re-induction consistent with the behavior of 

Type II memory genes, showed significant overlap with the combined_003 and 

combined_005 modules, respectively. This result indicates that these modules in the 

combined network are largely supported by primed-specific co-expression patterns, 

rovidin  the rationale for a more detailed anal sis of these modules.	

 

Figure 8. Expression profiles of the primed-specific modules Primed_001 and 
Primed_006. Upper panels show heatmaps of normalized gene expression (Z-scores) 
across primed samples at different time points, while lower panels report the 
corresponding module eigengenes (PC1). 

 

In light of this association, the combined_003 module was further investigated. This 

module was mainly represented in the primed, T2, and T4 networks (Figure 9A) and 

showed functional enrichment in GO terms associated with the heat stress response, RNA 

processing and metabolism, splicing, post-transcriptional regulation of gene expression, 

and protein quality control (Figure 9C). The expression profile of the module, assessed 
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through gene expression heatmaps and the module eigengene (PC1), revealed a 

coordinated regulation of genes in primed samples at both T2 and T4 (Figure 9B). 

 

Figure 9. Characterization of the combined_003 co-expression module. (A) Network 
representation showing the correspondence of combined_003 across combined, control, 
primed and time point–specific networks, highlighting its preferential association with 
primed and T2 samples. (B) Heatmap of normalized gene expression (Z-scores) together 
with the corresponding module eigengene (PC1), showing a coordinated induction of 
combined_003, particularly in primed plants at T2; boxplots summarize eigengene 
expression across conditions and time points. (C) Gene Ontology enrichment analysis of 
genes belonging to combined_003. 

 

Similarly, the combined_005 module, mainly represented in the primed networks and at 

T2 (Figure 10A), showed a broader GO enrichment, including functional categories 

related to the heat stress response, protein folding, and heat shock protein activity (Figure 

10C). Analysis of the module eigengene, together with the expression heatmap, indicated 

a coordinated regulation of this module in primed samples at both T2 and T4, suggesting 

a persistence of the transcriptional response also during the later phases of stress (Figure 

10B). 
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Figure 11. Characterization of the combined_005 co-expression 
module. (A) Networkrepresentation showing the correspondence of combined_005 
across combined, control, primed and time point–specific networks, highlighting its 
preferential association with primed samples and its presence at both T2 and 
T4. (B) Heatmap of normalized gene expression (Z-scores) together with the 
corresponding module eigengene (PC1), showing a coordinated transcriptional activation 
of combined_005 in primed plants, with pronounced induction at T2 and persistence at 
T4; boxplots summarize eigengene expression across conditions and time 
points. (C) Gene Ontology enrichment analysis of genes belonging to combined_005 

 

In addition to these modules, another significant module emerging from the overlap 

analysis was combined_046, which was mainly represented in late time-point networks, 

particularly at T4, with a higher presence in primed samples (Fig. 10). The genes 

belonging to this module showed GO enrichment in terms associated with Response to 

heat and heat acclimation. Consistently, the expression heatmap and the module 

eigengene revealed a delayed induction pattern, similar to that observed for Type II genes, 

characterized by an altered-induction following priming. 

Figure 10. Characterization of the combined_046 co-expression module. The left panel 
shows the expression heatmap and module eigengene (PC1), indicating a delayed 
induction of combined_046 with higher expression at T4, particularly in primed plants. 
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The right panel shows Gene Ontology enrichment, highlighting functions related to heat 
response, heat acclimation and cellular homeostasis. 

 

Overall, the multiWGCNA analysis revealed that heat stress priming is associated with 

distinct and temporally structured gene co-expression modules. The overlap analysis 

demonstrated that specific modules identified in the combined network are largely 

supported by primed-specific co-expression patterns, highlighting the central role of 

priming in shaping coordinated transcriptional responses. 

 

4.4 Discussion 
Heat stress priming has emerged as a key adaptive strategy that enables plants to cope 

with recurrent episodes of high temperature through the establishment of a molecular 

memory of previous stress exposures. This memory is reflected at the transcriptional level 

in the differential behavior of specific subsets of genes, often referred to as stress memory 

genes. A seminal study by Friedrich et al. (2021) demonstrated that heat stress memory 

in plants is associated with different classes of HSFA2-regulated genes, including genes 

that show sustained expression after stress (Type I) and genes that display an altered 

transcriptional re-induction upon recurrent stress (Type II). Within this conceptual 

framework, our results provide experimental evidence that heat stress priming in tomato 

induces a structured and temporally coordinated transcriptional memory that underlies 

enhanced thermotolerance. In this study, tomato plants were subjected to a heat-priming 

regime followed by a severe heat shock (Section 5.2), allowing us to distinguish 

immediate stress responses, transcriptional states established during recovery, and 

priming-dependent responses upon recurrent stress. 

Phenotypic analyses revealed that primed plants exhibited a clear survival advantage 

following exposure to extreme heat stress, whereas non-primed plants were unable to 

recover and showed severe tissue collapse. These observations confirm that the priming 

treatment translated into a measurable gain in thermotolerance at the whole-plant level. 

Similar improvements in survival following thermal acclimation have been reported in 

tomato and other plant species, where priming treatments confer enhanced 

thermotolerance by enabling earlier and more efficient activation of protective stress-

response mechanisms, including heat shock proteins, antioxidant systems, and metabolic 

adjustments (Charng et al., 2006; Yeh et al., 2012; Hossain et al., 2018).  
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Consistently, RNA-seq analyses showed that priming induces a massive transcriptional 

reprogramming immediately after acclimation (T2), followed by partial stabilization 

during the recovery phase (T3), and a broader transcriptional response compared with 

controls upon subsequent heat shock (T4). This temporal pattern indicates that priming 

not only triggers an acute response but also leaves a persistent transcriptional imprint that 

conditions the magnitude and composition of the response to a later, more severe stress. 

Clustering analysis of dynamically expressed genes revealed complex transcriptional 

trajectories in primed plants that were absent in controls. In particular, clusters 

characterized by sustained expression after priming and maintenance of these expression 

levels at later stages were identified, consistent with Type I memory genes, whereas other 

clusters displayed altered re-induction profiles following heat shock, typical of Type II 

memory genes. Similar transcriptional behaviors have been described in Arabidopsis 

thaliana, where HSFA2-dependent memory genes show prolonged expression or 

enhanced reactivation during recurrent stress (Friedrich et al., 2021; Ling et al., 2018). 

The coexistence of these two memory modes in tomato suggests that heat stress priming 

likely establishes a multilayered transcriptional memory system that combines a 

persistent preparatory state with an enhanced response capacity.  

A relevant qualitative difference between primed and non-primed plants emerged in the 

timing and specificity of the transcriptional response. To further explore these 

differences, genes belonging to cluster 3 in control plants were compared with those from 

clusters 3 and 10 in primed plants, allowing the identification of shared and distinctive 

genes and the analysis of their expression profiles across experimental conditions. This 

comparison enabled an assessment of how genes belonging to functionally comparable 

sets exhibit different transcriptional dynamics depending on priming. In control plants, 

the transcriptional response predominantly involved genes associated with general 

regulatory processes and development. In particular, among the most significantly 

enriched functional terms were categories related to floral development. This 

transcriptional pattern suggests that, in the absence of priming, the response to severe heat 

stress may be less specifically oriented toward thermotolerance mechanisms and may 

instead reflect the activation of alternative developmental programs. Such transcriptional 

reallocation could represent a compensatory strategy aimed at promoting reproductive 

transition, potentially ensuring reproductive success under highly unfavorable 

environmental conditions, rather than an effective adaptive stress response. However, this 
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interpretation remains speculative and would require additional phenotypic and 

reproductive data to be fully validated. 

In contrast, primed plants activated stress-responsive genes in a more rapid and 

coordinated manner, with enrichment of pathways directly linked to thermotolerance. 

This shift toward anticipatory and functionally specialized transcriptional programs has 

been described as a hallmark of effective heat acclimation (Fragkostefanakis et al., 2015; 

Ohama et al., 2017). Moreover, functional enrichment analyses revealed significant 

enrichment of pathways associated with chloroplasts and proteostasis as recurring 

features of the priming-induced response. In particular, enrichment of genes involved in 

protein folding, together with those associated with structural components of the 

chloroplast such as thylakoids (thylakoid, chloroplast thylakoid) and the chloroplast 

envelope, as well as NADPH/redox-dependent processes, was pronounced in clusters 

specific to primed plants. Chloroplasts are among the cellular compartments most 

sensitive to heat stress: elevated temperatures can disrupt thylakoid membrane integrity 

and the functionality of photosynthetic complexes, particularly photosystem II (PSII), 

leading to a rapid decline in photosynthetic efficiency and increased redox imbalance and 

production of reactive oxygen species (ROS) (Allakhverdiev et al., 2008; Mathur et al., 

2014; Hu et al., 2020). In this context, the enrichment of terms specifically associated 

with thylakoids and the chloroplast envelope observed in primed plants may reflect an 

increased requirement to maintain the structural and functional stability of the 

photosynthetic apparatus (Hu et al., 2020; Rochaix, 2018). At the same time, enrichment 

of categories related to chaperones/heat shock proteins and protein quality control is 

consistent with the well-established role of the HSF/HSP network in limiting protein 

denaturation and aggregation during heat stress and in sustaining thermotolerance (Jacob 

et al., 2017). In this context, multiWGCNA analysis provides an additional level of 

integration, showing that priming-induced transcriptional changes are not confined to 

individual clusters or specific functional pathways, but are reflected in a reorganization 

of transcriptional regulation at the network level. In our data, several co-expression 

modules identified in the combined network exhibited coherent expression patterns 

specific to primed plants and were predominantly associated with early (T2) and late (T4) 

time points. These modules were enriched in functions directly relevant to the heat stress 

response, including terms related to molecular chaperones, heat shock proteins, and 

acclimation processes, as well as functions connected to RNA metabolism and protein 

folding. This modular organization is consistent with the transcriptional trajectories and 
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functional enrichments observed in primed-specific clusters and suggests that the effect 

of priming is reflected in a coordinated regulation of functional gene sets rather than in 

isolated changes in the expression of individual genes. In line with this, previous studies 

based on co-expression network analyses have shown that heat stress responses and 

differences in thermotolerance between genotypes can be interpreted at the level of 

transcriptional modules associated with specific temporal phases or physiological traits, 

highlighting the role of modular regulation in stress adaptation (Wang et al., 2022; Li et 

al., 2025). Taken together, these results support a model in which heat priming reshapes 

transcriptional networks so that key protective modules are pre-configured for rapid and 

robust activation upon subsequent stress. 

 

Conclusions 
In conclusion, our data indicate that heat stress priming in tomato is associated with the 

establishment of a transcriptional memory characterized by distinct Type I and Type II 

gene expression programs, anticipatory activation of thermotolerance-related pathways, 

and coordinated regulation at the network level. Overall, priming appears to modulate 

key cellular processes, including those related to heat stress responses mediated by heat 

shock proteins and chloroplast function, enabling plants to respond more efficiently to 

subsequent and more severe heat stress events. From an applied perspective, priming 

represents a potentially exploitable strategy to enhance crop resilience and productivity 

under high-temperature conditions (Liu & Charng, 2012). However, the effective 

implementation of this approach requires a deeper understanding of the molecular 

mechanisms that control priming and stress-induced memory. Although transcription 

factors of the HSF family are recognized as central regulators of transcription during the 

heat stress response (HSR), increasing evidence indicates that heat adaptation is governed 

by a multilayered regulatory system involving, in addition to TFs, epigenetic regulators 

and small RNAs (Ohama et al., 2017). Integrating these regulatory layers represents an 

important avenue for future research aimed at elucidating how stress memory is 

established, maintained, and reactivated in plants. 
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CHAPTER V 

General Conclusion 

The ability of plants to cope with adverse environmental conditions relies on the 

combination of phenotypic plasticity and resilience, two closely interconnected properties 

that allow sessile organisms to modulate their physiological and molecular processes in 

response to stresses of different nature and intensity. Plasticity enables plants to 

dynamically adjust growth, metabolism, and gene expression to environmental 

fluctuations, whereas resilience reflects the capacity to maintain functionality or to 

rapidly recover after a perturbation. Although these concepts are central to understanding 

plant responses to abiotic stresses, the molecular mechanisms governing their integration 

remain largely unresolved, particularly in cropping systems exposed to multiple and 

recurrent stresses. Therefore, advancing our understanding of plant plasticity and 

resilience is essential not only from a biological perspective but also for its practical 

implications in agriculture. This research aimed to investigate the physiological, 

transcriptional, epigenetic, and post-transcriptional mechanisms regulating responses to 

abiotic stresses in a broad panel of genotypes belonging to the genus Solanum, including 

cultivars of S. tuberosum (Agata, Désirée, Blue Star, VQ), the wild species S. 

commersonii, and S. lycopersicum. The stresses analyzed included drought, salinity, and 

heat (Chapters 2–4). The study also compared adaptive strategies between tolerant and 

sensitive genotypes in order to identify the molecular determinants underlying plasticity 

and resilience. In this framework, S. commersonii emerges as a model of particular 

interest: its high resistance to multiple abiotic stresses, including low temperatures, 

highlights its potential as a valuable genetic resource for improving stress tolerance in 

cultivated species. Through a multilevel approach, this work provides an integrated view 

of stress perception processes, the reorganization of regulatory networks, and the 

molecular dynamics that collectively define tolerance and resilience. 

• At the physiological level, both salinity and drought induced responses typically 

associated with osmotic stress, accompanied by changes in photosynthetic 

performance, pigment composition, and redox status (Chapters 2–3). However, 

the magnitude and direction of these changes were strongly genotype-dependent. 

The wild genotype S. commersonii and the purple-fleshed cultivars (Blue Star and 
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VQ) exhibited remarkable physiological stability, maintaining high 

photosynthetic efficiency, preserved or increased pigment content, and a strong 

capacity to limit oxidative damage. In contrast, sensitive cultivars such as Agata 

and Désirée showed a pronounced physiological collapse under severe stress, 

characterized by reduced photosynthesis, pigment degradation, and a less 

effective control of osmotic and redox homeostasis, indicating more limited 

physiological plasticity. 

• At the transcriptional level, S. commersonii exhibited the most robust, coherent, 

and dose-dependent reorganization of gene expression programs in response to 

salinity. The enrichment of pathways related to phenylpropanoid and flavonoid 

metabolism, ROS detoxification, cell wall remodeling, and carbohydrate 

metabolism outlines a highly integrated response functionally oriented toward 

structural protection and redox homeostasis. In contrast, in S. tuberosum, pathway 

activation appeared more fragmented; under severe stress conditions, particularly 

in Désirée, no consistent enrichment of specific KEGG pathways was observed, 

suggesting a loss of regulatory coordination and a transcriptional remodeling that 

is more dysfunctional than adaptive (Chapter III). In the case of drought, RT-

qPCR analysis of key genes involved in phenylpropanoid and flavonoid pathways 

(CHS, DFR, and ANS) revealed that stress-tolerant pigmented cultivars, 

particularly Blue Star and Violet Queen, are able to selectively activate these 

metabolic routes (Chapter II). This finding confirms that the biosynthesis of 

phenolic compounds represents a central metabolic hub in protection against 

dehydration and contributes significantly to physiological resilience, reinforcing 

the role of antioxidants as a common response axis to both salinity and drought. 

• At the epigenetic level, the analysis of histone modifications revealed profound 

differences between tolerant and sensitive genotypes under salinity stress (Chapter 

III). In S. commersonii, enrichment of the activating mark H3K4me3 together 

with a concomitant reduction of the repressive mark H3K27me3, particularly 

under severe stress conditions, was closely associated with the transcriptional 

induction of genes involved in flavonoid biosynthesis, antioxidant responses, and 

detoxification processes. This chromatin configuration reflects a highly plastic 

regulatory system, capable of rapidly remodeling in response to increasing stress 

intensity and establishing a permissive transcriptional state under extreme 

conditions. In S. tuberosum cv. Désirée, a bivalent chromatin configuration, 
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characterized by the co-occurrence of H3K4me3 and H3K27me3 at the same loci, 

was frequently observed. This ambiguous chromatin state suggests a less resolute 

regulatory response, in which activating signals are partially counterbalanced by 

the persistence of repressive marks, thereby limiting the effectiveness of 

transcriptional activation and coherently reflecting the greater physiological 

vulnerability observed under severe stress. 

• At the post-transcriptional level, the analysis of small RNAs revealed an 

additional dimension of regulatory plasticity in response to salinity stress (Chapter 

III). In S. commersonii, the miRNA-mediated response appears highly coherent 

and functionally oriented, involving both conserved families associated with 

abiotic stress responses and novel, potentially species-specific miRNAs. In 

particular, miRNA19 emerges as a central small RNA under severe salinity, 

coordinating the repression of genes related to growth, cell cycle progression, and 

structural organization, thereby promoting the reallocation of resources toward 

defense and cellular stabilization mechanisms. In parallel, the modulation of other 

miRNAs enables the activation of genes involved in ROS detoxification, redox 

homeostasis, and the remodeling of nitrogen metabolism, delineating a transition 

toward a stress-induced survival state. In S. tuberosum cv. Désirée, by contrast, 

the small RNA–mediated response is more heterogeneous and lacks a dominant 

regulatory axis, reflecting, also at this level, a reduced integration among 

regulatory layers. 

• Finally, the analysis of heat stress in S. lycopersicum showed that exposure to 

priming treatments induces a profound and long-lasting transcriptional 

reorganization, which is associated with an enhanced capacity to respond to 

subsequent severe heat events (Chapter IV). Primed plants exhibited an early and 

coordinated activation of key processes underlying thermotolerance, including 

proteostasis, chloroplast function, and redox homeostasis, together with the 

establishment of characteristic expression profiles of Type I and Type II stress 

memory genes. Taken together, priming can be interpreted as a form of long-term 

molecular resilience, consistent with a model in which transcriptional, and likely 

also epigenetic and post-transcriptional regulationcooperate over time to optimize 

plant responses to recurrent stress. 



 173 

The integration of physiological, transcriptional, epigenetic, and post-transcriptional data 

indicates that resilience to abiotic stresses in the genus Solanum emerges from the 

synergistic interaction among physiological efficiency, activation of specific metabolic 

networks, chromatin plasticity, and small RNA–mediated regulation (Chapters 2–3). In 

addition, the analysis of heat stress priming in S. lycopersicum suggests that priming may 

represent a promising strategy to enhance stress resistance and predisposition in stress-

sensitive genotypes. These findings identify regulatory nodes of high interest for genetic 

improvement and for the development of more resilient crop varieties. 
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Appendix 

Appendix Chapter II 

Table A1.	Quantification of phenolamides in four S. tuberosum genotypes (Aga, Désirée, Blue Star, and Violet Queen) subjected to water 
stress.    Values represent the mean of two biological replicates measured on the fourth (D4) and sixth (D6) day of treatment under control 
(CT) and stress (ST) conditions. 
       
 

. 
 

Genotype            AGA                      DES                       BS                        VQ  

Condition/Time point CT D4 CT D6 ST D4 ST D6 CT D4 CT D6 ST D4 ST D6 CT D4 CT D6 ST D4 ST D6 CT D4 CT D6 ST D4 ST D6 

Spermidina 0,1692 ± 
0,0006 

0,3732 ± 
0,0116 

0,1619 ± 
0,0102 

0,1471 ± 
0,0086 

0,2150 ± 
0,0064 

0,3946 ± 
0,0070 

0,2041 ± 
0,0083 

0,2726 ± 
0,0060 

0,0553 ± 
0,0023 

0,1613 ± 
0,0094 

0,0680 ± 
0,0050 

0,1342 ± 
0,0055 

0,2803 ± 
0,0093 

0,2555 ± 
0,0022 

0,1776 ± 
0,0115 

0,0753 ± 
0,0026 

Spermina 0,0603 ± 
0,0031 

0,1255 ± 
0,0001 

0,0509 ± 
0,0032 

0,0495 ± 
0,0014 

0,0733 ± 
0,0006 

0,1359 ± 
0,0030 

0,0691 ± 
0,0003 

0,0930 ± 
0,0022 

0,0180 ± 
0,0013 

0,0511 ± 
0,0026 

0,2612 ± 
0,0044 

0,0433 ± 
0,0032 

0,0931 ± 
0,0015 

0,0915 ± 
0,0058 

0,0581 ± 
0,0002 

0,0260 ± 
0,0011 

Putrescina 0,0178 ± 
0,0005 

0,1149 ± 
0,0058 

0,0830 ± 
0,0013 

0,8102 ± 
0,0379 

0,0733 ± 
0,0025 

0,7624 ± 
0,0282 

0,2718 ± 
0,0086 

0,6085 ± 
0,0153 

0,1850 ± 
0,0030 

0,1047 ± 
0,0023 

0,0487 ± 
0,0019 

0,7448 ± 
0,0238 

0,6256 ± 
0,0293 

0,0605 ± 
0,0036 

0,6728 ± 
0,0385 

0,7169 ± 
0,0413 

N-caffeoylputrescine 0,00137 ± 
0,00004 

0,00635 
± 

0,00018 

0,00032 
± 

0,00000 

0,00887 
± 

0,00018 

0,00674 
± 

0,00029 

0,00774 
± 

0,00041 

0,00799 
± 

0,00058 

0,00556 
± 

0,00001 

0,00032 
± 

0,00000 

0,00763 
± 

0,00050 

0,00027 
± 

0,00001 

0,00574 
± 

0,00001 

0,00460 
± 

0,00005 

0,01008 
± 

0,00064 

0,00319 
± 

0,00001 

0,00778 
± 

0,00040 

N-feruloylputrescine 0,001535 ± 
0,000021 

0,003545 
± 

0,000120 

0,002655 
± 

0,000163 

0,001140 
± 

0,000057 

0,002235 
± 

0,000092 

0,003065 
± 

0,000078 

0,002410 
± 

0,000071 

0,003240 
± 

0,000212 

0,000515 
± 

0,000007 

0,002125 
± 

0,000035 

0,001490 
± 

0,000085 

0,003170 
± 

0,000028 

0,002410 
± 

0,000127 

0,002720 
± 

0,000170 

0,001760 
± 

0,000000 

0,004920 
± 

0,000184 

N-p-coumaroylspermidine 0,004355 ± 
0,000276 

0,004595 
± 

0,000148 

0,004400 
± 

0,000226 

0,004090 
± 

0,000184 

0,003660 
± 

0,000042 

0,003075 
± 

0,000120 

0,005205 
± 

0,000290 

0,003910 
± 

0,000212 

0,003565 
± 

0,000106 

0,003125 
± 

0,000148 

0,003485 
± 

0,000092 

0,004570 
± 

0,000057 

0,008095 
± 

0,000346 

0,001755 
± 

0,000064 

0,005210 
± 

0,000057 

0,004415 
± 

0,000078 

N1-caffeoyl-N3-
dihydrocaffeoylspermidine 

0,001520 ± 
0,000071 

0,001565 
± 

0,000035 

0,001645 
± 

0,000106 

0,001395 
± 

0,000078 

0,001235 
± 

0,000064 

0,001090 
± 0,000 

0,001785 
± 

0,000007 

0,001320 
± 

0,000014 

0,001155 
± 

0,000021 

0,001040 
± 

0,000000 

0,004460 
± 

0,000092 

0,001550 
± 

0,000042 

0,002910 
± 

0,000057 

0,000595 
± 

0,000007 

0,001715 
± 

0,000092 

0,001470 
± 

0,000099 
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Figure A1. Functional enrichment analysis of differentially expressed genes (DEGs) 
under moderate salt stress (80 mM vs control). Panel A shows enriched GO and KEGG 
categories in S. commersonii, while Panel B shows the corresponding enrichments in S. 
tuberosum cv. Désirée. The y-axis lists GO terms and KEGG pathways, and the x-axis 
represents the gene ratio for each term. Point color indicates the −log10(p-value), and 
point size reflects the number of DEGs associated with each category. 
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Figure A2. Enriched GO terms of target genes of differentially expressed small RNAs 
(DESs) in S. tuberosum. Panels A–C show enriched GO categories in leaves for the 
comparisons DESFMS vs DESFCR, DESFHS vs DESFCR, and DESFHS vs DESFMS, 
respectively, whereas panels D–F show the corresponding enrichments in roots. The y-
axis reports the GO terms, while the x-axis indicates gene counts associated with each 
category. The color scale represents the −log10(p-value), and point size reflects the 
number of genes enriched per term 
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 .      ,   
construction of co-expression networks at three levels: a combined network including all 
samples, condition-specific networks, and time point–specific networks. 

. 

 

 

 

 

 

 

 

 

 

 

 


