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CHAPTER I  ï Introduction  

 

 

I.I. Soil salinity, tomato plants and nitrogen nutrition: state of the art 

I.I.I. Tomato production in Europe: a brief overview 

 

Tomato, scientifically known as Solanum lycopersicum L., is a member of the Solanaceae family and 

holds the position of the second most significant crop, following potatoes (Solanum tuberosum L.), 

among fruits and vegetables. It is grown for fresh consumption and various processed products 

(Muriel Quinet et al. 2019). Tomatoes are rich in beneficial substances such as vitamins, carotenoids, 

and phenolic compounds, contributing to their health-promoting qualities, and this is the reason for 

their importance and why it is cultivated so intensely across the world (Massaretto et al. 2018). 

Annually, approximately 186.1 million tons of tomato fruits are produced across 4.91 million 

hectares, according to FAOSTAT, 2022. Asia dominates global tomato production, contributing 

63.9%, while Europe, the Americas, and Africa contribute 11.0%, 12.6%, and 12.3% to the total 

tomato yield, respectively. Tomato yields exhibit substantial variability, ranging from over 466 tons 

per hectare in Belgium to less than 1.5 tons per hectare in Somalia in 2022 (FAOSTAT, 2022), with 

a global average yield of 378 tons per hectare. 

Tomato crops are widely grown in greenhouses and in arid and semi-arid regions. In Europe, for 

instance, these regions are mostly located in the Mediterranean areas (Flores et al. 2003). In this 

context, Italy and Spain are the biggest producers of tomatoes. Italy, for instance, plays a pivotal role 

in producing about 3.3% and 30% of tomato production worldwide and Europe, respectively 

(FAOSTAT, 2022). 

Moreover, beyond its economic and nutritional value, tomatoes serve as a model for researching the 

development of fleshy fruits and for studying the plantsô mechanisms in response to abiotic and biotic 

stress both in open fields and in growth chambers. Thanks to these studies, many landraces have been 

studied and valorized in recent years to develop new varieties (Abenavoli et al. 2016). Landraces or 

traditional varieties, shaped by adaptive adjustments to local environments, serve as a valuable 

reservoir of agronomically significant traits due to their greater genetic similarity to contemporary 

cultivars. (Moles et al. 2016; Meza et al. 2020).  
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I.I.II. Relationships between salt accumulation in soils and climate changes 

 

Salt stress is one of the major stresses for tomato. Salinization, a widespread form of soil degradation, 

is characterized by an increase in salt content. Saline soils, as defined, show high salt concentrations, 

which can impact both the size and activity of soil microbial biomass, consequently influencing crop 

production. Salinization can occur from the accumulation or intrusion of salts mediated by natural 

processes or can be caused by human activities (Domínguez-Beisiegel, Herrero, and Castañeda 2013; 

de la Paix et al. 2013; Mao et al. 2016). 

The increasing expansion of irrigated agriculture in arid and semi-arid regions has played a crucial 

role in meeting the growing global demand for food. Despite the undeniable positive impact of 

irrigation on food production, in regions with limited or irregular precipitation, irrigated agriculture 

can disrupt the natural ecology of dry areas, leading to adverse effects on soil and water quality 

(Aragüés et al. 2011). It is currently estimated that over 20% of the global irrigated area is affected 

by salinization resulting from irrigation practices. In the Mediterranean region, 25% of irrigated 

cropland faces moderate-to-high salinization, causing significant soil degradation (Tomaz et al. 

2020). Italy has approximately 3.2 million hectares of areas at risk of soil salinization (Dazzi and Lo 

Papa 2016; Canfora et al. 2017). These vulnerable regions are located in the central-southern parts of 

the country, with a particular emphasis on Sicily, Calabria, and Sardinia. These are three major 

regions where tomato production is mostly located in Italy. (Canfora et al. 2017) (Fig. 1).  

Due to climate changes, the rise in year-to-year precipitation variability contributes to fluctuations in 

productivity and agricultural losses. This is further exacerbated by heightened precipitation intensity, 

alterations in precipitation distribution, and an increase in dryland salinization, soil erosion, and 

runoff (Rosenzweig et al. 2007; Anwar et al. 2013). Moreover, the escalating intrusion of seawater 

into estuaries and aquifers hampers drainage and compromises soil quality. This phenomenon leads 

to heightened water salinization, damaging crops (De Wit et al. 2011). In such a scenario, farmers are 

compelled to use water characterized by moderate-to-high salinization for irrigating their fields. This 

practice yields negative consequences, affecting the short-term productivity of crops such as tomato 

and posing long-term sustainability challenges for soil resources (Anwar et al. 2013; Tomaz et al. 

2020). 
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Figure 1. On the left, in blue those Italian areas where it is possible to find salt affected soils. On the right, the distribution and 

percentage of land at risk of soil salinization in Italy (Dazzi and Lo Papa 2016; Canfora, Salvati, Benedetti, Dazzi, et al. 2017). 

 

I.I.III. The availability of inorganic and organic nitrogen in agricultural soils 

 

Nitrogen is an essential macronutrient used by plants to synthesize proteins, amino acids, nucleic 

acids, polar lipid components of cellular membrane systems, hormones, and secondary metabolites 

(Miller and Cramer 2005; H. Marschner 2011). The main inorganic forms assimilated by plants in 

the soil are the ions ammonium (NH4
+) and nitrate (NO3

-). The former is less abundant (20-200 ɛM), 

while the latter is the predominant form in agricultural soils (1-5 mM) (Owen and Jones 2001; Britto 

and Kronzucker 2002). Furthermore, the soil contains elements with nitrogen in both complex 

inorganic and organic forms, some of which are not directly used by plants. Among the prevalent 

organic nitrogen-containing molecules in the soil, there are humic-protein complexes (Jones 2002), 

occasionally comprising as much as 50% of the total nitrogen content in the soil (Barber 1995). 

Bacteria and fungi play a crucial role in the entire nitrogen cycle. Some of these microorganisms 

actively convert organic matter into NH4
+ and NO3

-. These ions, present in the soil's circulating 

solution, reach the roots where plants absorb them. The initial breakdown of organic matter, known 

as ammonification, is conducted by decomposing bacteria and fungi, releasing NH4
+. Ammonium in 

the soil tends to have low mobility and accumulates. Ultimately, NH4
+ can undergo nitrification 

(oxidation) facilitated by bacteria like Nitrosomonas and Nitrobacter, leading to the production of 

nitrites and nitrates (Miller and Cramer 2005). The interplay between the described processes results 

in NO3
-. NO3

- is the predominant form in the aerated soil and the most readily accessible to the root 

system. Nonetheless, it can undergo denitrification, transforming into nitrogen gases (N2, N2O, NO, 
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NO2), reentering the atmosphere. Alternatively, due to its high mobility, NO3
- can be easily washed 

away from the soil following substantial rainfall. The quantity of nitrogen in the soil, particularly the 

NO3
-/NH4

+ ratio, is significantly influenced by environmental conditions such as pedoclimatic 

factors, available oxygen, soil water content, organic matter levels, soil pH, and temperature (Miller 

and Cramer 2005). A shortage of nitrogen has adverse effects, leading to a decline in plant growth, 

reduced leaf area, compromised photosynthetic activity, tissue lignification, and decreased 

production (Hirel and Lea 2001; H. Marschner 2011). Consequently, following water deficiency, 

nitrogen availability is a critical factor influencing crop productivity. The overall nitrogen supply in 

the soil is restricted and exhibits considerable variability (Miller and Cramer 2005). Roughly 100 

million to 110 million metric tons (MMt) of nitrogenous fertilizers are annually introduced into soil 

globally. Predictions indicate that this figure is expected to rise to 240 MMt by 2050 (Good, Shrawat, 

and Muench 2004; FAOSTAT, 2022). Moreover, the nitrogen applied to agricultural soils that goes 

unused by plants ends up being lost in the environment (50-70% of applied nitrogen), leading to 

adverse consequences on both the environmental and socio-economic fronts (Good et al. 2004; 

Galloway et al. 2008). NO3
-, as explained before, is soluble and not retained by the soil matrix. As a 

result, there is a compelling need for a substantial use of nitrogen-based fertilizers to sustain extensive 

crop production. Additionally, the limited N use efficiency (NUE) in crops contributes significantly 

to this challenge (Lawlor, Lemaire, and Gastal 2001).  For tomato it is reported that 100/250 kg/ha of 

N is required to achieve the highest fruit yield (Marouelli et al. 2014; Aci et al. 2021) (Fig.2). 

 

 

Figure 2. On the left are the functions describing the response of biomass and marketable fruit yield to varying nitrogen (N) doses in 

tomato crops. On the right, the response functions for the number of fruits per plant and the occurrence of rotten fruits in relation to the 

nitrogen (N) dosage applied to the tomato crop describe how these two parameters change with different nitrogen levels (Marouelli et 

al. 2014). 
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I.II. Physiological and biochemical aspects of salt stress in plants  

I.II.I. Salt stress effects on plants  

 

When its levels are high, salinity exerts harmful impacts on plant health. Reports indicate that salt 

stress interferes with diverse physiological functions throughout all stages of the plant life cycle, 

impacting seed germination, plant growth, development, and overall fitness. (Isayenkov and Maathuis 

2019; Cheng et al. 2022). In tomato plants, however,  this abiotic stress is known to be higher in 

plants at the first stage of growth than in older ones  (Manaa et al. 2011).  

The way in which NaCl is applied to plantsðeither gradually over time or in a sudden, single 

applicationðplays a crucial role in determining how the plants respond. When NaCl is introduced 

gradually, plants typically experience what is known as salt stress. In this case, salt alters not only the 

water balance, decreasing the water uptake, but also changes the nutritional status, reducing the 

translocation and assimilation of micro- and macronutrients (i.e., NO3
-, Ca2+, NH4

+ and K+) (X. Liu 

et al. 2006; Tammam, Alhamd, and Hemeda 2008; Abogadallah 2010; Murtaza et al. 2013; de la 

Torre-González et al. 2020). On the other hand, when NaCl is applied abruptly in a single step, plants 

are subjected to salt shock, a more intense and immediate response. In this scenario, the plants 

undergo osmotic shock, which is far more severe than salt stress. The salt shock causes the cells to 

lose water rapidly, leading to plasmolysis and osmolyte leakages. These damaging effects are specific 

to salt shock and do not occur during the milder stress of gradual NaCl application (Shavrukov 2013). 

In the field, however, plants rarely face abrupt 'jumps' in salt concentration. Normally, salt shock does 

not occur, and plants experience only salt stress. Summer annual crops like tomato, for instance, 

encounter minimal salt stress during the early stages of their development thanks to seasonal rainfalls 

that help to flush salts down into the deeper layers of the soil. However, as the growing season 

progresses warmer temperatures and the evapotranspiration of soil moisture cause NaCl to migrate 

toward the upper soil layers. This process gradually increases salt stress over time. For these reasons, 

most of the studies have focused mainly on studying salt stress with respect to salt shock. 

The initial phase of salt stress is osmotic stress: Plants struggle to maintain water balance due to the 

increased external salt concentration as soon as roots come into contact with saline soils or saline 

nutrient solution in hydroponic systems (Shavrukov 2013). Second, there is ionic stress that appears 

gradually after some days. Plants, to adjust osmotically, accumulate inorganic ions in their tissues 

(i.e., Na+ and Cl-) (Ottow et al. 2005). NaCl starts a competition against other ions to use specific 

transporters for its uptake and translocation, causing detrimental effects on the nutritional and 
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metabolic status of plants. Ion uptake, indeed, can take place through both the symplastic and 

apoplastic pathways with the help of specific and non-specific transporters. Clī entry to the root cells 

through the plasma membrane may be mediated by Clī/H+ co-transporter NRT (NO3
- transporter), 

while the long-distance translocation is conducted by different protein families: nitrate transporter 

(NPF), cation/chloride cotransporter (CCC) and chloride channels (CLC) as well. On the other hand, 

Na+, competing with K+ and Ca2+, is uptaken and translocated by different transporters such as PIP2,1 

(aquaporin), AKT (K+ transporters), HKT2 (high-affinity K+ transporter), NSCC (non-selective 

cation channels), LCT1 (low-affinity cation transporter) and NHA (Na+/H+ antiporter). (Negrão, 

Schmöckel, and Tester 2017a; Isayenkov and Maathuis 2019) (Fig 3.). Salt stress typically hinders 

the K+ shuttles activity, which impedes the transportation of nitrate to the shoot due to a reduction in 

potassium uptake induced by Na+ presence (Cruz et al.1993). In tomato, ryegrass and barley, it has 

been suggested a competition between Na+ and NH4
+, ammonium supply reduces Na+ accumulation 

and translocation, competing for root uptake sites (Sagi et al. 1998; Kant et al. 2007). Moreover, 

Ghanem et al. 2011 reported in tomato that increasing NH4
+ fertilization reduces the decrease in K+ 

concentration in leaves. 

However, without specific active strategies to avoid excessive ions accumulation, high concentrations 

of NaCl induce the production of reactive oxygen species (ROS) (Abogadallah 2010; Munns et al. 

2020). These free oxygen radicals, which include oxygen molecules or hydroxyl groups with an extra 

electron (O2
-, H2O2 and OH-), are highly reactive and can oxidize essential compounds (i.e., 

membrane lipids) unless neutralized by antioxidants (Foyer, Descourvières, and Kunert 1994). Cl- 

toxicity in leaves initially manifests as chlorosis, which can develop into necrotic lesions. In severe 

cases, leaves may wilt, reducing yields (Geilfus 2018).  

Furthermore, the excessive uptake of Na+ and Cl- in plant tissues can reach cytotoxic levels. High 

concentrations of these ions can lead to the inhibition of enzymes and the establishment of nutritional 

imbalances (Isayenkov and Maathuis 2019). This leads to a diverse range of physiological and 

biochemical alterations in plants, hindering growth and development. In tomato these changes result 

in diminished photosynthesis, respiration, many enzymatic activities and protein synthesis, along with 

disturbances in nucleic acid metabolism (Manaa et al. 2011). When excess Cl- enters the shoot cells, 

plants try to prevent it from disrupting enzyme functions by sequestering it in the vacuole. 

Additionally, growing evidence suggests that excessive Cl- accumulation in the cytosol can interfere 

with homeostasis in the chloroplast, impairing photosynthesis and causing a harmful burst of radicals 

(Li et al. 2017). Na+ instead, as described before, is responsible for the imbalance of K+ levels within 

cells and throughout the entire plant due to Na+ stress (Kronzucker et al. 2013). Moreover, sodium 
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ions impact essential processes like photosynthesis, transpiration and the production of reactive 

oxygen species and ultimately affecting growth and yield. Na+ also causes osmotic changes that 

temporarily disrupt the membrane integrity of the roots (Coskun et al. 2013). It appears evident how 

the alterations of plant metabolism are profound in both root and leaf tissues (Shabala and Cuin 2008). 

NaCl resulted the most studied salt form. Other salt forms have been considered marginally. CaCl2 

effects, for instance, have been studied by combining it with NaCl with the aim of seeing how the 

presence of Ca2+ could ameliorate the deleterious effects of Na+ and Cl- accumulation (Cramer et al. 

1986; Kurth et al. 1986; Azaizeh et al. 1992; Silva et al. 2003).  Arshi et al. (2005) and Upadhyaya, 

et al. (2011) report the ability of Ca2+ to counteract cell membrane injuries, ROS production and the 

solute leakage caused by NaCl exposure. Moreover, they prove the ability of Ca2+ to enhance the 

accumulation of proline and K+ concentration in tissues. However, as highlighted by Kobayashi et al. 

(2004), the majority of the studies have been conducted studying only NaCl effects in plants, without 

considering other salt forms such as MgCl2 or CaCl2 and their possible different effects. Studying 

different salt forms, such as CaCl2 could help to investigate the possible effects of Cl-/Na+ 

accumulation in plants separately. 

 

 

Figure 3. Diagrammatic depiction of potential transport pathways for the uptake of Na+ and Clī ions, as well as their distribution 

within cells and over long distances. Red arrows illustrate entry points for Na+ and Clī ions, showing the route through cell walls, 

known as apoplastic bypass flow. Black arrows signify entry points for Na+ and Clī ions through the plasma membrane, representing 

the symplastic pathway into the cytoplasm. Various transporters play roles in the uptake and movement of Na+ and Cl- ions through 

the plasma membrane (Isayenkov and Maathuis 2019). 
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I.II.II. Strategies implemented by plants to overcome salt stress conditions 

 

As described before, salinity can negatively affect plant physiology and metabolism. Plants 

implement different response strategies in relation to the two distinct types of salt exposure: salt stress 

or salt shock. In general, plants try at first to restore their initial osmotic homeostasis and then try to 

reach ions balance (Fig. 4). Plants tend to restore the stable and constant conditions of their internal 

environment to those that existed before the occurrence of stress (Murtaza et al. 2013). When NaCl 

is added for the first time in large quantity for instance, plants experience salt shock. Only after several 

days (indicating long-term exposure), it is expected that the plants will partially recover from the 

initial osmotic shock. At this stage, they will likely start responding to the ionic phase of salt 

treatment. When plants are exposed to a gradual increase in salt concentration instead, they 

experience salt stress. Under these conditions, osmotic shock can be less severe or even not present. 

In this case, the osmotic responses are less predominant, and plants can focus during the first stages 

of salt exposure only on their ion homeostasis (Shavrukov 2013). The adaptation to both osmotic and 

ion alterations, however, has energetic costs which can affect both plant metabolic and physiological 

functions.  

The ability to withstand osmotic stress is crucial in plant's response to salt exposure. Osmotic shock 

is integral to the early phases of drought stress: in a few minutes this osmotic imbalance triggers 

hormonal signals that slow down the rate of leaf elongation and decrease stomatal conductance. Plants 

increase cellular osmolyte concentrations, like proline and soluble sugars, and regulate stomatal 

conductance. Stomatal conductance exhibits great sensitivity to salinity, affecting photosynthesis and, 

consequently, growth and plant development (James et al. 2008; Shavrukov 2013). The reduction in 

stomatal conductance occurs promptly upon the initiation of salinity, suggesting its responsiveness to 

the osmotic stress induced by the presence of salt in the external root environment (James et al. 2008). 

Implementing all the strategies needed in time is crucial to avoid severe damages like plasmolysis 

and apoptosis-like cell death, especially in root cells. As salinity persists, the stress enters a second 

phase, where salts accumulate within the older leaves. This salt buildup eventually reaches toxic 

levels in the cytoplasm of mesophyll cells, further inhibiting photosynthesis. At this point, the limited 

carbon supply becomes the primary factor restricting leaf growth (James et al. 2008). Maintaining 

intracellular ion balance is crucial to respond to salt accumulation, and it necessitates factors and 

transporters that sense and regulate the absorption of ions at harmful concentrations and aid in their 

storage within vacuoles, mitochondria and plastids as well (Zhu 2003). As the vacuole serves as a 

central compartment for cell expansion, the accumulation of ions in this organelle supports osmotic 
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adjustment, fostering growth while minimizing adverse effects on cytosolic and organellar functions. 

Several studies reported the importance of Na+ compartmentation to the vacuole in tomato. Zhang 

and Blumwald 2001, by overexpressing the tonoplast NHX1 H+/Na+ exchanger, showed how this 

improved performance in salt-stressed transgenic tomato. Furthermore, Santa-Cruz et al. 1999, 

highlighted how salt-tolerant Lycopersicon peruvianum accumulates a much higher concentration of 

Na+ than salt-sensitive Lycopersicon esculentum. Besides the compartmentalization of excess Na  in 

the vacuole, the limitations on Na  uptake and active exclusion of Na  back into the soil solution, 

facilitated by the plasma membrane salt overly sensitive (SOS1) Na /H  antiporter, are considered 

central strategies to achieve salt tolerance (Shabala and Cuin 2008). However, plant's ability to 

tolerate salinity is not solely dependent on the concentration of Na  in its leaves but also relies on the 

plant's ability to sustain elevated levels of K  and Ca2+. These two cations help plants to maintain 

correct ion homeostasis (Negrão, Schmöckel, and Tester 2017a). It is reported that Ca2+ 

supplementation has beneficial effects on plant adaptation to salt stress, slowing down the rate of Na+ 

absorption and translocation (Lahaye and Epstein 1971). Again, the ability to retain K+ in the cytosol 

is crucial for plants to adapt to saline conditions, protecting photosynthetic and metabolic activity  

(Shabala and Cuin 2008).  

 

 

Figure 4. A model for plant growth in response to salinity describes two key phases of stress. Initially, soil salinity causes osmotic 

stress (Phase 1), resulting from the high salt concentration outside the roots. As salinity persists, the stress enters a second phase (Phase 

2), where salts begin to accumulate within the older leaves (James et al. 2008). 
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As described before, one crucial mechanism implemented by plants to overcome ion toxicity and 

osmotic shock is the synthesis of osmoprotectants, such as free amino acids, soluble sugars, pigments, 

straight-chain polyhydric alcohols, and cyclic polyhydric alcohols (Parida and Das 2005; Manaa et 

al. 2011; Shavrukov 2013). In normal conditions, the synthesis of these solutes has a high energetic 

cost, penalizing plant growth and redirecting resources away from crucial metabolic pathways, such 

as protein synthesis and cell-wall synthesis (Munns 2005). However, under salt stress, they can be 

useful to overcome salt stress.  

Soluble sugars, like trehalose, sucrose and raffinose, for instance, have signaling roles and/or 

carbohydrate storage functions. Moreover, some of them can extend leaf longevity, enable the plant 

to withstand wilting, prevent toxicity in the face of elevated internal salt concentrations, and 

potentially survive a period of stress.  

Free amino acids, like proline, glutamine, asparagine and GABA, instead, have roles in maintaining 

the turgor pressure, and they are involved in redox regulation, serving to buffer cellular redox 

potential when metabolic activities slow down during stress (Che Othman et al. 2020). This 

mechanism aims to ease recovery from stress conditions. Again, some proteins synthesized during 

salt stress are late-embryogenesis-abundant proteins (LEAs). These proteins have chaperonin-like 

properties and provide tolerance to dehydration or aid in recovery upon subsequent rehydration. They 

also have properties in stabilizing protein structures when osmotic stress occurs (Munns 2005). 

Several studies report that N can help plants to overcome stress conditions, such as salt stress, drought stress 

and others, by the synthesis of specific metabolites like proline or GABA (Flores et al. 2003; Murtaza et al. 

2013; L. Liu et al. 2016; Ma et al. 2018; De la Torre-González et al. 2018; Lopez-Delacalle et al. 2020; Wu et 

al. 2020). Debouba et al. 2010 reported in tomato that ten days of NaCl exposure increased proline and 

serine content but also the concentration of GABA and asparagine. Overall, the synthesis of these 

compounds useful to overcome salt stress requires C skeletons, ATP, and reductants. In this context, 

mitochondrial respiration, and the tricarboxylic acid (TCA) cycle play a pivotal role during salt stress. 

Under salt stress, plants increase their respiration rate to sustain the synthesis of these metabolites. 

However, crucial metabolic enzymes essential for the functioning of the TCA cycle are subjected to 

inhibition by salt (2-oxoglutarate dehydrogenase complex) (Che Othman et al. 2020). GABA 

represents a key metabolite for the plantsô salt stress responses, and it is known to act as an 

osmoprotectant, regulating cytosolic pH, reactive oxygen species (ROS) degradation, and carbon-

nitrogen (C) metabolism (Fig. 5) (Renault et al. 2010; Akçay et al. 2012; Shelp et al. 2012). Under 

normal conditions, glutamate, primarily generated by glutamate decarboxylase (GAD), is the main 

source of GABA. Recombinant GABA transaminase (GABA-T) converts then GABA into succinic 
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semialdehyde, efficiently using pyruvate and glyoxylate to produce alanine and glycine, respectively 

(Shelp et al. 2012). Under salinity stress though, the main route for the synthesis of GABA is inhibited 

(Xing et al. 2007): key metabolic enzymes critical for the TCA cycle, like the 2-oxoglutarate 

dehydrogenase complex, are inhibited by salt (Che Othman et al. 2020). This hindrance is 

surmounted through heightened GABA shunt activity: GABA can also be produced from the 

catabolism of polyamines (PAs) (Piterková et al. 2012). Amine oxidase enzymes (DAO) catalyze the 

oxidative deamination of PAs converting them into the corresponding amino aldehydes and then into 

GABA. Putrescine or spermidine, for instance, can be converted into 4-aminobutanal (ABAL) or 4-

(3-aminoprpyl)-aminobutyraldehyde (APBAL) (Ġebela et al. 2000; Planas-Portell et al. 2013). After 

that, ABALDH enzymes convert ABAL or APBAL into GABA (Ġebela et al. 2000). The GABA 

produced under salt stress can provide an alternative C source for mitochondria that circumvents salt-

sensitive enzymes. For these reasons, the pathway from PAs to GABA could be significant in the 

stress response of dicotyledonous plants. PAs participate also in abiotic and biotic stress responses, 

having antioxidant protective and signal roles (Tiburcio et al. 2014). However, further investigations 

and clarifications about the mechanisms involved have still been made. 

Another strategy implemented by plants is to synthesize antioxidant enzymes responsible for 

detoxifying ROS. Studies highlighted the pivotal role of ROS as a signaling interface in the adaptation 

of plants to drought and salt stress. This interface acts as a connection among stress signals, the 

regulation of metabolic processes and the cellular energy balance. ROS, for instance, have a role in 

the cross talks with phytohormones, like abscisic acid pathway (ABA) (Golldack et al. 2014). It is 

reported that ABA regulates the stomata closure under stress, avoiding excessive water loss via 

transpiration (Maggio et al. 2007). However, the excessive production of ROS leads to oxidative 

conditions that damage membrane selectivity and affect the apoplast. This oxidative stress results in 

cellular membrane damage through lipid peroxidation, causing a significant impact on ion 

homeostasis by disrupting ion fluxes (Foyer, Descourvières, and Kunert 1994). Key pathways of 

destruction of ROS produced in excess after salt treatment involve enzymes like superoxide 

dismutase, catalase, and the ascorbate-glutathione cycle (Foyer, Descourvières, and Kunert 1994). 

In this context, studies highlighted the existence of an intricate crosstalk between nitrogen and 

phytohormones. Indole-3-acetic acid (IAA), gibberellic acid (GA), cytokinins (CKs), ethylene, ABA 

and salicylic acid (SA) regulate the mitigation responses induced by salt stress in plants, thanks to a 

greater ability to maintain homeostasis, photosynthesis and to lower oxidative damages caused by 

ROS (Chakrabarti and Mukherji 2003; Nazar et al. 2011; Jahan et al. 2021). IAA, GA and CK, for 

instance, increase the activity of GS, GOGAT and GDH, to reduce salt effects by increasing N fixing 
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efficiency in leaves and roots and the synthesis of useful proteins (Chakrabarti and Mukherji 2003). 

Additionally, the interaction between nitrogen and ethylene, salicylic acid (SA) or ABA is significant 

in plant cellular metabolism, and it has the potential to address salt stress. Ethylene, SA and ABA 

modulate photosynthetic efficiency, nitrogen and sulfur assimilation, proline content, and antioxidant 

defense systems, while simultaneously reducing the generation of oxidative stress markers (Nazar et 

al. 2011; Jahan et al. 2021; Majid et al. 2021) 

 

 

Figure 5. Schematic representation of the GABA metabolic pathway and GABA shunt pathway. GAD, glutamate decarboxylase; 

DAO, diamine oxidase; PAO, polyamine oxidase; GABA-T, GABA transaminase; SSA, succinic semialdehyde; SSADH, succinic 

semialdehyde dehydrogenase. 
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I.III. Physiological and biochemical aspects of nitrogen nutrition in plants 

I.III. I. Nitrate metabolism and physiological responses in plants 

 

NO3
- has several impacts on plants (Andrews, Raven, and Sprent 2001; Miller and Cramer 2005). 

These effects include a reduction in seed dormancy, accompanied by a decrease in ABA, and an 

increase in the mobilization rate of reserve compounds (Alboresi et al. 2005). Moreover, it leads to 

enhanced plant growth, resulting in a larger leaf area and an increased dry matter compared to N-

deficient plants. Additionally, it causes an extension of secondary root length without a simultaneous 

increase in their quantity (Miller and Cramer 2005). Furthermore, besides serving as a nutrient, NO3
- 

is a signal that initiates both local and systemic responses, influencing plant metabolism, growth, and 

morphology (Alvarez et al. 2012). Signaling mediated by nitrate involves various second messengers, 

including calcium, and exhibits intricate connections with the signaling pathways of several 

hormones, including IAA, CKs, ABA, ethylene, jasmonate, GA, and brassinosteroids (Krouk et al. 

2017; Vidal et al. 2020). 

The absorption of NO3
- by root structures constitutes a secondary active transport process, requiring 

an energy source for the anion's movement across the membrane. NO3
- uptake is meditated by 

transporters belonging to the NRTs family and follows the 2 H+/1 NO3
- symport mechanism (McClure 

et al., 1990). This entire process relies on the activity of the plasma membrane H+-ATPase which 

consumes ATP and establishes an electrical and pH gradient (Glass, Shaff, and Kochian 1992; Nelson 

and Cox, 2018) (Fig. 6). There are two distinct kinds of NO3
- transport systems: high-affinity transport 

systems (HATS) operating at low NO3
- concentrations (< 0.5 mM) and low-affinity transport systems 

(LATS) functioning at higher concentrations (> 0.5 mM) (Glass et al., 1992). The induction of these 

NO3
- uptake systems is triggered by the presence of the anion itself and controlled through negative 

feedback mechanisms that are influenced by metabolites generated during the assimilation of the 

anion, such as glutamine (Vidmar et al. 2000; Miller and Cramer 2005).  
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Figure 6. Nitrate absorption and the action of membrane H+-ATPase. The left side of the figure illustrates the mechanism of nitrate 

absorption mediated by transporters through the symport of 2H+/1NO3-. On the right, the action of the membrane H+-ATPase is 

depicted, which expels H+ outside the cells, creating a gradient of pH and electrical potential (modified Nelson and Cox, 2018). 

 

In relation to plant nutritional status, NO3
- is then transported back to the apoplastic fraction through 

efflux mechanisms, stored in the vacuole through tonoplast V-ATPase transporters (useful for cellular 

homeostasis), directed for assimilation, or secreted into the xylem vessels for subsequent assimilation 

and/or accumulation in the aerial apparatus (Miller and Cramer 2005; De Angeli et al. 2006; Taiz et 

al. 2016). The distribution and assimilation of NO3
- among various tissues are determined by its long-

distance transport. Anion channels and the NRT family are believed to mediate xylem loading and 

unloading (Masclaux-Daubresse et al. 2006). The anion concentration in the xylem depends on 

changes in transpiration rate, and growth conditions and undergoes daily variations (Suzuki et al. 

1985; Siebrecht et al. 2003; Prinsi and Espen 2015). Nitrate can be reduced by plants into NH4
+ and 

then assimilated into amino acids in the roots and leaves (Taiz et al., 2016). The first step involves 

the reduction of NO3
- to nitrite (NO2

-) in the cytosol by the action of Nitrate Reductase (NR). It has 

been reported that NR expression depends on the levels of photosynthetic and nitrogen metabolites 

and it is subject to the circadian cycle (Sivasankar et al. 1997; Bowsher et al. 2007).   

After that, NO2
- is rapidly reduced by Nitrite reductase (NiR) at plastidial levels (Suzuki et al. 1985). 

The NH4
+ formed is organically bound and converted into glutamine and then glutamate by glutamine 

synthetase and glutamate synthase (GS/GOGAT), respectively (Hirel and Lea 2001). At last, the 

organically bound nitrogen can be employed in synthesizing additional amino acids and low-

molecular-weight nitrogen compounds (Lea and Miflin 2003). In the initial reactions, the amino group 

is incorporated into aspartate, which can serve as a nitrogen donor for further aminotransferases, or 

into asparagine, which typically acts as a nitrogen transporter and a reserve compound used for 

growth and defense (Lea and Miflin 2003). Through these nitrogen reduction and assimilation 

mechanisms, plants can synthesize all 20 amino acids, including the essential ones (Hirel and Lea 

2001). This mechanism needs a broad reprogramming of C and N metabolism, with key features 

including the remodelling of the TCA cycle and the induction of anaplerotic pathways providing the 
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cycle with intermediates to ensure an adequate supply of energy and carbon skeletons. This 

phenomenon has been observed in various plant species, including tomato (Setién et al. 2014) and 

maize (Prinsi and Espen 2018). Several factors, including species, plant developmental stages, and 

environmental conditions influence NO3
- assimilation between the root and shoot. However, the 

primary factor influencing plant growth is the overall activity of Nitrate Reductase (NR) in the plant 

rather than its distribution among different organs. This suggests that a higher NR activity enhances 

Nitrogen Use Efficiency (NUE) by reducing the efflux of the anion in the roots (Scheurwater et al. 

2002).  

 

I.III. II. Ammonium metabolism and physiological responses in plants 

 

Regarding NH4
+, if present at low external concentrations, it is absorbed by an active process 

mediated by AMT transporters with co-transport of H+. Similar to NO3
-, the regulation of these 

transport systems is influenced by the plant's nutritional status (Miller and Cramer 2005). At high 

external concentrations, the ion can enter the cells as NH3
+ or NH4

+ through nonspecific ion 

channels/transporters (e.g., K+) and aquaporins (PIPs), which are also responsible for NH4
+ loading 

into the xylem and its accumulation in the vacuole (TIPs) respectively (Schjoerring et al. 2002; Miller 

and Cramer 2005). The NH4
+ concentration in cytosol typically ranges between 1-10 mM, whereas 

vacuolar concentrations range between 2 and 45 mM (Miller and Cramer 2005). It is stored in the 

vacuole to prevent its toxic effects. Once this capacity is saturated, there is an increase in the 

utilization of carbon skeletons at the root level to assimilate NH4
+ and reduce its translocation 

(Sivasankar, Rothstein, and Oaks 1997). At the xylem level, NH4
+ represents only 10% of the total 

nitrogen (Schjoerring et al. 2002). Therefore, it is not clear whether the measured accumulation of 

NH4
+ ions in leaf tissues is due to translocation events or the recycling of already assimilated nitrogen 

(Schortemeyer, Stamp, and Feil 1997). 

Ammonium can be obtained from the substrate where plants grow, or it can be produced through 

internal metabolic processes like NO3
- reduction, photorespiration, amino acid breakdown, and 

phenylpropanoid synthesis (Andrews, Raven, and Lea 2013; Bittsánszky et al. 2015). As described 

before, ammonium is incorporated into Gln by GS isoforms (cytosolic GS1 and plastidial GS2), that 

catalyzed the ATP-dependent amination of glutamate (Glu). The regulation of GS1 and GS2 activity 

is finely tuned based on the available nitrogen form, the balance between C and N metabolism, and 

environmental factors. This regulation occurs through various mechanisms involving post-
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translational modifications. Typically, GS1 plays a role in nitrogen translocation, whereas GS2 is 

involved in assimilating NH4
+ derived from NO3

- reduction and photorespiration (Hirel and Lea 

2001). However, studies on plants under high ammonium concentrations reported that GS1 could also 

participate in NH4
+ assimilation in roots (Prinsi and Espen 2015). As described before, the enzyme 

GOGAT carries out the final step of the GS/GOGAT assimilatory cycle, with the conversion of Gln 

and 2-oxoglutarate into two molecules of Glu. N is then redistributed to other amino acids and 

metabolites through the action of transaminases (Lea and Miflin 2003).  

However, when NH4
+ is supplied as the sole N source (> 10 mM), can cause several negative effects 

such as: chlorosis and hindered growth, reduced photosynthesis due to lowered stomatal conductivity, 

heightened oxidative stress and photorespiration, disruptions in ion balance with a particular decline 

in macronutrient cation levels, alterations in root structure including reduced elongation, increased 

branching, and loss of gravitropism, modifications in respiratory metabolism primarily at the root 

level, as well as wilting and accumulation of amino acids within plant tissues (Gerendás et al. 1997; 

Ghanem et al. 2011; Esteban et al. 2016).  

Several studies reported that even though it is readily absorbable by plants and it can promote plant 

growth, it has to be supplied at low concentrations or in combination with other N forms to avoid 

toxicity issues (Britto and Kronzucker 2002; Miller and Cramer 2005; Esteban et al. 2016). The co-

presence of NO3
- and NH4

+ is considered the optimal nitrogen nutrition condition (Miller and Cramer 

2005). Specifically, the presence of NO3
- is known to mitigate the toxicity effects of NH4

+ by 

translocating NO3
- to the leaves, where it is then reduced to NH4

+, contributing to a better balance of 

both osmotic equilibrium and reducing power in leaf organs (Gerendás et al. 1997). Besides this key 

aspect, it's important to emphasize that in many species, a synergistic effect in promoting growth has 

also been observed (Schortemeyer, Stamp, and Feil 1997; Hachiya and Sakakibara 2017). Various 

studies have demonstrated that the simultaneous availability of NO3
- and NH4

+ can increase plant 

growth rate by up to 40%-70% compared to when the two minerals are provided individually (Britto 

and Kronzucker 2002). One of the most accredited hypotheses to explain this phenomenon suggests 

that NO3
- may also act as a signal in inducing a series of biochemical responses that enhance NH4

+ 

root assimilation (Redinbaugh and H. Campbell 1998). The positive impacts on plant growth from N 

co-provision have been linked to energy conservation (Raven and Smith 1976), as NO3
- needs to be 

converted to NH4
+ through a process that demands energy (20 molecules of ATP). Conversely, NH4

+ 

assimilation necessitates only five ATP molecules (Raven and Smith 1976). This energy saving could 

potentially free up more resources to be allocated towards mechanisms that enhance growth or 

tolerance of biotic and abiotic stresses, which are energy intensive (Ghanem et al. 2011).  
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I.III.III. The importance of Nitrogen Use Efficiency in plants 

 

Plant scientists have long understood the critical need to develop crops that are more efficient at 

absorbing and utilizing nutrients. As the global demand for food continues to rise and agricultural 

resources become increasingly limited, the ability to create crops that can make the most out of 

available nutrients has become more urgent. By improving nutrient use efficiency, these crops not 

only contribute to higher yields and better food security but also help reduce the environmental impact 

of farming practices, such as excessive fertilizer use, which can lead to soil degradation and water 

pollution. Therefore, advancing this area of research is essential for sustainable agriculture and the 

long-term health of ecosystems (Good et al. 2004). Under normal conditions, the definition of 

Nitrogen Use Efficiency (NUE) depends on the crop, its harvest product (i.e., grain weight, fruit yield 

or total biomass), and the physiological target that the researchers want to focus on (Good, Shrawat, 

and Muench 2004). Typically, NUE refers to how effectively plants absorb, utilize, and acquire 

nitrogen. It includes the plant's effectiveness in taking up nitrogen (NUpE) and the processes of 

assimilating, transporting, and redistributing the accessible nitrogen in the soil (NUtE) (Jackson, 

Burger, and Cavagnaro 2008; Aci et al. 2021). NUE is usually measured as a ratio comparing the 

outputðsuch as the total nitrogen in the plant, grain nitrogen content, biomass yield, or grain yieldð

to the input, which includes the total nitrogen available, soil nitrogen, or the nitrogen fertilizer applied. 

Early definitions of NUE emphasized evaluating plant yield based on either the grain yield per unit 

of nitrogen applied (NUE grain) or the biomass produced per unit of nitrogen applied (Hirose 1971; 

Moll et al. 1982; Good et al.2004; Murtaza et al. 2013).  

NUE is a complex trait that must be encoded by many different genes and their environmental 

interactions (Lauter et al. 1996; Ono et al. 2000; Wang et al. 2020). The regulation of nitrogen 

absorption and assimilation involves intricate feedback mechanisms spanning from transcription to 

post-translational processes. For instance, the nitrogen uptake rate is determined by the root 

architecture, morphology, and transporter activity specific to the available forms of nitrogen in the 

rhizosphere. NUE is also dependent on plant photosynthetic efficiency: photosynthesis provides C 

useful for root activity and N uptake and/or translocation (Xu, Fan, and Miller 2012). Regarding N 

assimilation, studies reported that, particularly in the roots, a pivotal role is played by mitochondria, 

which provide cells with reducing equivalents, ATP and C skeletons through glycolysis (Fernie, 

Carrari, and Sweetlove 2004). N assimilation is thus associated with an increase in the glycolytic 

pathway at the expanse of carbohydrates that support the Krebs cycle (i.e. phosphoenolpyruvate and 
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pyruvate) (Nunes-Nesi, Fernie, and Stitt 2010).  For this reason, recent studies have identified the 

Krebs cycle as a potential target to increase the nitrogen use efficiency (NUE) of cultivated plants. 

NUE is a multifaceted characteristic influenced not only by physiological and developmental factors 

but also by environmental ones. Nitrogen use efficiency of plants (NUE) is also linked to plants' 

ability to overcome both biotic and abiotic stresses, such as salinity (Murtaza et al. 2013). Most crop 

plants are glycophytes, adapted to grow in low-salinity environments. Consequently, they have 

evolved mechanisms specifically designed for nutrient absorption in non-saline soils. Studies indicate 

indeed that salinity stress can have inhibitory effects on plant nitrogen uptake, proving that nitrogen 

accumulation in plants tends to decrease when grown in highly salt-affected soils. For these reasons, 

enhancing the NUE holds particular significance: developing crop varieties with enhanced efficiency 

in capturing soil nitrogen throughout the entire growing season can reduce nitrogen leaching and 

denitrification losses and improve salt stress resistance (Xu, Fan, and Miller 2012). 
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I.IV. Relationships between salt stress and N-bio availability  

I.IV.I. Interactions between salt stress and N use in plants 

 

The interaction between salt stress and N use in plants is a critical area of research, particularly as it 

pertains to agricultural productivity under increasingly saline conditions. Over the years, given the 

importance of this topic, several studies have tried to improve N efficiency focusing on agronomic, 

physiological, and genetic aspects. Optimizing N fertilization to improve NUE is one of the most 

promising agronomic strategies in the short term. The aim is being pursued using different techniques 

such as controlled release materials, deep placement, multiple split application, and the use of 

modified N fertilizers. For instance, studies propose the addition of urease inhibitors to urea 

fertilizers, the major N form utilized, to prevent urea cleavage from soil (L.-H. Liu et al. 2003; 

Mérigout et al. 2008). Moreover, it has been reported that combining NO3
- and NH4

+ fertilization 

could improve N utilization (Flores et al. 2001a).  

On different species it was reported a close relationship between salt stress and NO3
- use of plants. 

The presence of NaCl causes high concentrations of these anions in plant tissues, affecting the 

nutritional status of plants. Salinity, for instance, reduces N uptake (NUpE), translocation (NUtE) and 

accumulation due to the competitive interactions between NO3
- and Cl- (Murtaza et al. 2013). These 

two anions use the same transporters for their uptake and translocation from the root to the shoot. 

Moreover, it is reported in studies conducted on tomato and other plant species that salt exposure 

reduces the expression of NRT family transporters (NRT1.1 and NRT1.2), decreasing NO3
- content 

and NR, NiR, GS and GOGAT genes activity in tomato (Abouelsaad et al. 2016; Singh, Singh, and 

Prasad 2019). On the other hand, De la Torre-González et al. 2020 reported that cultivars with higher 

NR and GS/GOGAT activities are more salt stress tolerant. Again, plants with higher NUpE and 

NUtE are more resistant to saline environments.  

Studies reported how a good N fertilization can improve the ability of plants to overcome the negative 

effects of the cytotoxic concentration of these ions, reducing the uptake of Na+/Cl- and increasing 

NUE (Kafkafi et al. 1992; Nazir et al. 2023). In particular, when NO3
- was added, the rate of Cl- 

uptake was reduced (Martinez and Cerdá 1989). On the other hand, as described before, supplying 

plants with NH4
+ can reduce the salt-induced decrease in K+ concentration. NO3

- uptake and 

transportation rely on the operation of K+ shuttles, which synchronize both nitrate uptake and 

utilization. K+ acts as a counterion, facilitating the transport of NO3
- to the leaves through the xylem 

and the movement of malate to the roots via the phloem. These processes sustain nitrogen assimilation 

and other assimilate-dependent activities (Ghanem et al. 2011). Furthermore, N supplementation 
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augments the antioxidant system, the accumulation of compatible solutes and ameliorates salt-

induced toxicity. This highlights the beneficial impact of N in maintaining relative water content 

(RWC), safeguarding the photosynthetic apparatus and protecting from salt damage, particularly in 

the salt-sensitive genotypes. (Nazir et al. 2023). 

Some studies investigated the application of a combined NO3
-/NH4

+ regime. They observed a less 

reduction of biomass caused by salinity in different plant species such as barley and tomato (Siddiqi 

et al. 2002; Kant et al. 2007). Flores et al. (2003) and Kant et al. (2007) also observed the upregulation 

of the nitrogen assimilation rate with an increase in GS and GOGAT activity. Finally, they also 

reported an increase in the levels of iron, and chlorophyll, effectively alleviating salt injury. 

If optimizing N fertilization represents in the short-term a valuable strategy to improve salt stress 

resistance by enhancing NUE in plants, for the long-midterm NUE improvements instead, 

physiological and genetic studies have proposed different research topics. The most promising 

strategies are the ones that propose to foster growth and circumvent adverse impacts on transporter 

activity through the overexpression of nitrate and ammonium transporters. This is crucial to prevent 

feedback effects on transporter activity and the subsequent increase in nitrogen efflux by roots (Glass, 

Shaff, and Kochian 1992; Segonzac et al. 2007). Plants have evolved a sophisticated system to 

enhance nitrogen uptake through their roots. This system integrates High- and Low-Affinity 

Transport Systems (HATS and  LATS), which are part of multigene families that function across 

various concentration levels, enabling plants to optimize nitrogen forms acquisition: NO3
-, NH4

+ and 

urea. For instance, a recent study in tomato discovered divergent levels of DUR3 transcript abundances 

in cultivars with varying nitrogen use efficiency (NUE). The DUR3 gene facilitates the root uptake of 

urea, the most common N fertilizer used in agriculture worldwide (Lupini et al. 2017). Moreover, 

targeting key genes that govern the equilibrium between nitrogen and carbon metabolism (i.e., NR, 

GS and hexose transporter genes) emerged from other studies as a pivotal strategy for enhancing NUE 

(Curtis et al. 1999; Rademacher et al. 2002; Good, Shrawat, and Muench 2004; Schofield et al. 2009). 

These studies put a particular emphasis on enhancing the flexibility of respiratory pathways and 

maintaining the balance of cytosolic pH, (Raven and Smith 1976). All this information has been 

useful in studying tomato landraces and, for future breeding programs, to select traits that allow plants 

to use N more efficiently and better perform against environmental restrictions like NaCl presence.  

As previously described, in response to osmotic stress exposure, plants' salt tolerance is influenced 

by a variety of biochemical pathways that aid in the retention and/or uptake of water, safeguard 

chloroplast functions, and uphold ion homeostasis. Crucial pathways encompass the synthesis of 



21 

 

osmotically active metabolites, specific proteins, and free radicals. These metabolites play a role in 

regulating ion and water flux, as well as supporting the scavenging of oxygen radicals or chaperones 

(Parida and Das 2005). Plants, for instance, accumulate a range of N-compounds, such as osmolytes 

and other solutes (Munns and Tester 2008a). Among these, there are proteins (i.e., osmotin and 

SOD/catalase), amino acids (i.e., proline and ectoine), polyamines (i.e., spermine and spermidine), 

pigments (i.e., anthocyanins), and quaternary amines (i.e., glycine betaine). All these compounds 

have osmotic protection functions (Foyer et al. 1994; Parida and Das 2005; Tiburcio et al. 2014). 

Plants gather enough solutes to equalize the osmolarity with the elevated ion concentrations in the 

soil solution. This process, known as 'osmotic adjustment,' ensures the preservation of cell turgor and 

the volume of organelles within the cells of the developing plants (Munns et al. 2020).  

Lastly, related to N and salt stress, phytohormones play a pivotal role in plant stress adaptation. In 

addition to their role in regulating plant growth and development under typical conditions, the 

complex interplay between nitrogen and phytohormones involves plant responses in salt stress 

conditions. Plants modulate phytohormone balance to coordinate root architecture and the activity of 

transporters. For instance, NO3
- induces the expression of IAA which mediates N signals from shoot 

to root basipetally and promotes the formation of lateral roots. On the other hand, CKs function as a 

signal of N status in both directions acting as an N satiety signal: CKs repress NRT expression in 

roots, decreasing N uptake (Xu, Fan, and Miller 2012). These aspects confirm the fact that N 

metabolism is related to the ability of plants to adapt to salt stress conditions. Changes in the 

composition of amino acids, for instance, indicate a rearrangement of internal nitrogen compounds 

(Debouba et al. 2010). 
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CHAPTER 2 ï Materials and Methods 

 

 

II. Materials and Methods 

II.I. Plant material and experimental design ï Chapter III 

 

Seeds of Regina Ostuni genotype from Apulia (Solanum lycopersicum L.), kindly supplied by F. 

Sunseri and MR. Abenavoli from the Universit¨ Mediterranea di Reggio Calabria ï Italy, have been 

chosen for having a high N use efficiency respect to other genotypes, according to previous studies 

that characterize several genotypes (Abenavoli et al. 2016; Lupini et al. 2017). The choice was 

justified to be functional for the study between N metabolism and salt stress. Seeds were washed with 

5% (v/v) NaClO for 15 min, placed upon a 0.8% (w/v) agar medium and then incubated in a growth 

chamber with a 16/8 h day/night regime, at 26/22 ÁC, relative humidity of 60/55%, and PPFD of 350 

Õmol m-2 s-1. After 8 days, seedlings of uniform size were placed into plastic pots, with nine plants 

per unit supported by netting above 10 liters of aerated nutrient solution (2.5 mM K2SO4, 1 mM 

KH2PO4, 2 mM MgSO4, 20 ÕM Fe-EDTA, 9 ÕM MnCl2, 2.5 ÕM H3BO3, 0.76 ÕM ZnSO4, 0.04 ÕM 

CuSO4, 0.11 ÕM Na2MoO4) and growth at the same environmental condition previously used for the 

germination. Seedlings were supplemented with different NO3
- concentrations and NaCl over their 

growth period (Figure 1): 1 mM NO3
- and 0 mM NaCl for the first four days; 0 mM NO3- and 0 mM 

NaCl for the next three days to induce N assimilation; 0.5 mM or 5 mM NO3
- for all the remaining 

growth period splitting the seedlings into two groups; from day 10th to day 12th each pair of pots 

supplied with high and low NO3
- provision was treated with 0 mM or 40 mM NaCl. From day 11th to 

the day of sampling, the NaCl concentration doubled, reaching 0 mM and 80 mM. Nitrate was 

provided as Ca(NO3)2, and all the solutions were buffered to a pH of 5.8 with KOH 1 N. CaSO4 in a 

range of 0-2.5 mM concentration was added to the nutrient solution to adjust the Ca2+ concentration 

to the same value in all the treatments. Electric pumps maintained the continuous aeration of the 

solutions. Plants were sampled after 4 days and 7 days of incubation in the presence or absence of 

NaCl. All the sampling was performed after 5 h from the start of the light. Roots designed to evaluate 

nitrate content were rinsed twice in ice-cold 0.4 mM CaSO4 solution. Each biological sample was 

composed of roots or leaves collected from three plants. Samples were frozen in liquid N2, powdered 

in liquid nitrogen in a chilled mortar, and stored at -80 ÁC until use. Aliquots of each sample were 

used for the following analyses. 

 



23 

 

 

Figure 1. Experimental design. Seeds of tomato (Solanum lycopersicum L.) were germinated on agar medium. After 8 days, seedlings 

were transferred to the hydroponic system and growth for 10 days modifying the nitrogen availability in the growth medium to induce 

a low and high nitrogen input, respectively. After 10 days of growth in the hydroponic system, it was performed the salt treatment. 

After 4 days and 7 days of incubation in the presence or absence of NaCl, plants were sampled as described in the Material and Methods. 

 

II.II. Plant material and experimental design ï Chapter IV 

 

Seeds of Regina Ostuni genotype (Solanum lycopersicum L.) were treated and seedlings were grown 

as described in Chapter III. Seedlings were supplemented with different NO3
- concentrations and 

NaCl over their growth period (Figure 2): 1 mM NO3
- and 0 mM NaCl for the first four days; 0 mM 

NO3- and 0 mM NaCl for the next three days to induce N assimilation; 0.5 mM or 5 mM NO3
-  for 

all the remaining growth period splitting the seedlings into two groups; from day 10th to day 12th each 

pair of pots supplied with high and low NO3- provision was treated with 0 mM or 40 mM NaCl. From 

day 11th to the day of sampling, the NaCl concentration doubled, reaching 0 mM and 80 mM. Nitrate 

was provided as Ca(NO3)2, and all the solutions were buffered to a pH of 5.8 with KOH 1 N. CaSO4 

in a range of 0-2.5 mM concentration was added to the nutrient solution to adjust the Ca2+ 

concentration to the same value in all the treatments. The second branch of the experiment was done 

by changing NaCl with CaCl2, gradually reaching the final concentration of 40 mM as described 

above for the NaCl experiments. The other growth parameters remained the same. Electric pumps 

maintained the continuous aeration of the solutions. All the sampling was performed after 5 h from 

the start of the light. Roots designed to evaluate nitrate content were rinsed twice in ice-cold 0.4 mM 

CaSO4 solution. Each biological sample was composed of roots or leaves collected from three plants. 

Samples were frozen in liquid N2, powdered in liquid nitrogen in a chilled mortar, and stored at -80 

ÁC until use. Aliquots of each sample were used for the following analyses. 
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Figure 2. Experimental design. Seeds of tomato (Solanum lycopersicum L.) were germinated on agar medium. After 8 days, seedlings 

were transferred to the hydroponic system and growth for 10 days modifying the nitrogen availability in the growth medium to induce 

a low and high nitrogen input, respectively. After 10 days of growth in the hydroponic system, it was performed the salt treatment. 

After 7 days of incubation in the presence or absence of NaCl/CaCl2, plants were sampled as described in the Material and Methods. 

 

II.III. Plant material and experimental design ï Chapter V 

 

Seeds of Regina Ostuni genotype (Solanum lycopersicum L.) were treated and seedlings were grown 

as described in Chapter III. After the first six days, when plants were supplied with 1 mM NO3
-, 

seedlings were split in half and supplemented with different NO3
-/NH4

+ concentration ratios over their 

growth period (Figure 3): 5/0 and 4/1 mM NO3
-/NH4

+. Salt treatments started after 9 days: 0 mM and 

100 mM NaCl were supplied for control and treated plants, respectively. N was provided as Ca(NO3)2 

and NH4NO3, all the solutions were buffered to a pH of 5.8 with KOH 1 N. CaCl2 in a range of 0-1 

mM was added to the nutrient solution to adjust the Ca2+ concentration to the same value in all 

treatments. Electric pumps maintained continuous aeration of the solutions. Plants were sampled at 

the 17th day of growth (after 5 h from the start of the light period of the last day of growth). Roots 

were rinsed with water and blotted with paper towels. Roots and leaves were weighed and separately 

collected. Each biological sample was composed of roots or leaves collected from three plants. 

Samples were frozen in liquid N2 and stored at -80 ÁC. 
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Figure 3. Experimental design. Seeds of tomato (Solanum lycopersicum L.) were germinated on agar medium. After 8 days, seedlings 

were transferred to the hydroponic system and growth for 9 days modifying the nitrogen forms ratio availability in the growth medium. 

After 9 days of growth in the hydroponic system, it was performed the salt treatment. After 8 days of incubation in the presence or 

absence of NaCl/CaCl2, plants were sampled as described in the Material and Methods. 

 

II.IV. Determination of the contents of total nitrogen, free amino acids, reducing sugars, proline and 

ammonium  

 

For the determination of total nitrogen content, ca. 6 g of powder-frozen roots and shoots tissues were 

dried for 72 hours at 80ÁC. The percentages of N (%N) of dry mass were quantified by analysing 400 

mg of dried tissue by the Elementar CN analyser (Frost, Ebert, and Smith 2008). The contents of 

amino acids and reducing sugars were performed as described by Prinsi et al. (2009), with minor 

modifications. Briefly, aliquots of 400 mg of powder-frozen tissues were homogenized in 8 volumes 

of ice-cold 0.5 M perchloric acid (PCA). After centrifugation (20 min, 13000 xg, 4 ÁC), the pellet was 

discarded, and supernatants were collected. Supernatants were then brought to a pH 9 by adding KOH 

and centrifuged again to remove excess PCA. Total amino acids were measured using the ninhydrin 

method (Moore and Stein, 1954). Reducing sugars were measured according to  Nelson (1944). The 

content of proline was evaluated as previously described (Bates, Waldren, and Teare 1973). Briefly, 

500 mg of powder-frozen tissues were homogenized with 10 ml of 3% sulfosalicylic acid (w/v). After 

centrifugation (15 min, 12000 xg, 4ÁC), to the 2 ml of the collected supernatants were added 2 ml of 

ninhydrin-acid reagent (1.25 g of ninhydrin dissolved in 20 ml of phosphoric acid 6 M and finally 30 

ml of acetic acid) and incubated for 1 h at 100ÁC. At the end of the incubation, the reaction was 

stopped, moving the samples to cold ice. Samples were then added with 4 ml of toluene and shaken 

vigorously. After centrifugation (5 min, 5000 xg, 4ÁC), the up phase of the samples was collected, 

and the absorbances were read at 520 nm. Total NH4
+ content was evaluated using the o-
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phthalaldehyde (OPA) method (Coskun et al. 2012). Briefly, samples were powdered in liquid N2, 

homogenized in 5 volumes of ice-cold 10 mM formic acid (FA), and centrifuged at 14,000 g for 10 

min at 4 ǓC. The supernatants were filtered by Millipore Millex HC cartridges (0.45 ɛm). An aliquot 

of the extract was added to 3 mL of OPA reagent (100 mM KH2PO4, 100 mM K2HPO4, 3.75 mM 

OPA, 2 mM 2-mercaptoethanol (2-ME), pH = 7). After incubation for 30 min in the dark, the sample 

absorbance was determined at 410 nm. 

 

II.V. ICP-MS analysis of mineral cation concentrations - HPLC analysis of mineral anion 

concentrations 

 

The concentrations of mineral ions in roots and leaves were determined as described by Meggio et al. 

(2014). Briefly, at 100 mg of dried tissue, obtained drying aliquots of powder frozen tissues at 80ÁC 

for 72 h had been added 10 mL of 65% (v/v) HNO3 and digested by microwave digestor system 

(Anton Paar Multiwave 3000, Anton Paar, Graz, Austria). After cooling for 20 min and dilution in 

a 1:40 ratio with Milli-Q water (EMD Millipore Corporation, Billerica, MA, USA), the samples were 

analysed by mean of a Varian 820 ICP-MS (Varian, Inc., Palo Alto, CA, USA), using internal 

standards and calibration curves and removing interferences by the collision reaction interface. To 

determine the anion contents, 100 mg of powder-frozen tissue were processed and analysed according 

to Sorin et al. (2015), as previously described by Araniti et al. (2024).  

 

II.VI. Determination of ATP, ADP and AMP with RP-HPLC 

 

The concentrations of ATP, ADP and AMP in roots and leaves were determined as described by 

Menegollo et al., 2019. Briefly, aliquots of 250 mg of powder-frozen tissues were homogenized in 

950 Õl of extraction buffer containing 0.3 M PCA and 1 mM NaEDTA. After 10 min of incubation 

in cold ice, 170 Õl of KOH 2 M was added, to precipitate KClO4. Samples were then centrifugated 

(20 min, 13000 xg, 4 ÁC) and the pellet was discarded. The supernatants obtained were collected, 

filtered by GVS syringe filter (0.22 ɛm) and stored at -80 ÁC until further step. The measurement of 

ATP, ADP and ADP was performed by HPLC coupled to a UV detector (Agilent Technologies - 1260 

Infinity), injecting 20 Õl of the sample. The analyses were performed using a column Agilent Polaris 

180 ¡ C18-A, 4.6 x 250 mm, 5 Õm and a precolumn MetaGuard Polaris 5 C18-A 10 x 4.6 mm and 

an isocratic flux of 0.6 ml min-1 at 26 ÁC. Samples were read at 254 nm. Nucleotides concentrations 
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were assigned by using internal standards and reporting the peak areas to those obtained by 

construction of calibration curves. 

 

II.VII. Untargeted-metabolomic analysis  

 

Starting from 100 mg of powdered snap-frozen plant material, the extraction was done as described 

by Lisec et al. (2006), with some modifications. Briefly, 1400 Õl of methanol (at -20ÁC) and 60 Õl of 

ribitol (0.2 mg/ml), as internal standard, were added to the sample. The samples were vortexed for 30 

seconds and then transferred in a thermomixer at 70ÁC shaken for 10 minutes (950 rpm). Samples 

were then centrifuged for 10 minutes at 11000 xg, and the supernatants were transferred to glass vials, 

where 750 Õl of cold ChCl3 (-20ÁC) and 1500 Õl of ddH2O (4ÁC) were added. After centrifugation at 

2200 xg for 15 minutes, the upper polar phase (150 Õl) of samples was collected and then dried in a 

vacuum concentrator at room temperature. Samples were then stored at -80ÁC. Before derivatization, 

samples were dried for 30 minutes in the vacuum concentrator. Forty Õl of methoxyamine 

hydrochloride (20 mg/ml in pyridine) were added to the samples, which were then shaken for 2 h at 

37ÁC in a thermomixer (950 rpm). After adding 70 Õl of MSTFA, samples were shaken for 30 minutes 

at 37ÁC and then transferred into 120 ÕL glass vials suitable for GC/MS analysis. The injection of 1Õl 

of the sample was performed at 230ÁC in splitless mode with a flow set to 1 ml/min. Chromatography 

used a 30 m MEGA-5MS capillary column with a 10 m integrated guard column. The temperature 

was set for 5 min at 70 ÁC, followed by a 6ÁC/min ramp to 250ÁC, held for 5 min (the total ramp was 

40 min).  Cooling was performed as fast as instrument specifications allowed. The system was then 

equilibrated for 1 min at 70ÁC before injection of the next sample. The transfer line temperature was 

set to 280ÁC, and the quadrupole temperature was 150ÁC. The ion source was set to 230ÁC and the 

mass spectra were recorded in full scan at 2 scan/sec with a m/z at 40/600 scanning range and a 

solvent delay of 9 min. In addition to samples, pooled samples that served as quality controls (QCs), 

n-alkane standards (C8-C40 all even, Sigma Aldrich Italy), and blank samples were injected at 

scheduled intervals for instrumental performance, to remove features based on blank information, 

tentative identification, and monitoring of shifts in retention indices (RI). The raw chromatographic 

data were successively processed, including raw peak extraction, baseline filtering and calibration, 

peak alignment, deconvolution, peak identification, and peak height integration, using MS-DIAL 

version 4.9 (Tsugawa et al. 2015). During peak detection, an average peak width of 20 scans and a 

minimum peak height of 1000 amplitudes were applied, with a sigma window value of 0.5 and an EI 

spectra cut-off at 5000 amplitudes used for deconvolution. A retention index tolerance of 40 and an 
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m/z tolerance of 0.5 Da were employed for compound identification, with an EI similarity cut-off of 

60% and a minimum identification score of 80%. Compound annotation was carried out in MS-DIAL 

using an open-source library built in-house following the protocol proposed by Misra (2019). 

Metabolite annotation and EI-MS spectra assignment adhered to the metabolomics standards 

initiative (MSI) guidelines (Sansone et al. 2007), with Level 2 identification based on spectral 

database matches (match factor > 80%) and Level 3 identification applied when only compound 

groups, such as specific ions and RT regions, were known. 

 

II.VIII. Statistical analysis 

 

All results, apart from those of the untargeted-metabolomic analysis, were represented as arithmetic 

means with standard error of the means (SE). Statistical analyses were performed using the software 

XLSTAT for Windows (version: 2016.02.27444). Data were analyzed using one-way and two-way 

ANOVA, with Tukeyôs post-hoc test (P Ò 0.05). 

Metabolomic statistical analyses were carried out using the open-source software Metaboanalyst 5.0 

using the one-factor statistical tool. The integrity of metabolite concentrations was assessed, and in 

cases where missing values were detected, they were replaced by LoDs (1/5 of the minimum positive 

value of each variable) (Xia and Wishart 2011). Data were normalized on the basis of the QCs 

(LOWESS normalization) and internal standard (ribitol) using MS-DIAL. All data were transformed 

into Log10 and scaled through the "Pareto-Scaling" method. Successively, the multivariate 

unsupervised Principal component analysis (PCA) was conducted to observe and visualize the 

metabolic changes across the different experimental groups.ШThe Hotellingôs T2 region, represented 

as an ellipse in the model's score plots, defines the 95% confidence interval for the modelled variation. 

Sample groups were further clustered through a cluster analysis using the Euclidean distance and 

Wardôs algorithm to cluster the groups. The Variable Importance in Projection (VIP) scores each 

variable's overall contribution to the PLS-DA model, with variables having VIP scores greater than 

1.4 deemed significant for group differentiation. To prevent overfitting, the PLS-DA model was 

validated through cross-validation (using as cross validation method of the 5-fold CV and as 

performance measurement of the Q2) and permutation test (using a permutation number equal to 100), 

considering the model valid if the empirical P-value was Ò 0.05. 

Finally, the data were analyzed through univariate analysis of variance ANOVA using the Tukeyôs 

test as post-hoc. Moreover, the post-hoc P-values were validated through the False Discovery Rate 
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(P Ò 0.05). The results were further represented through box plots and a heatmap, which was built 

using the feature resulted significant after the ANOVA (Pang et al. 2022). Refer to the relative 

appendix for a vision of PCA loading plots, PLS DA, heatmap, VIP score, cross validation, and 

permutation test for every study.  
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CHAPTER 3 ï Relationship between salt exposure and 

nitrogen availability in Tomato (Solanum lycopersicum L.) 

with an insight on GABA metabolism 
 

 

Summary 

¶ Salt stress from NaCl is known to disrupt plantsô metabolism, ions balance, and nutrient 

uptake, but the relationships between salt stress and N availability are less understood. This 

study, focusing on different N availability, explores the differential effects of NaCl on N 

metabolism. Two different time-points were considered to highlight the evolution of salt stress 

effects over time. 

¶ Tomato plants were grown under low (0.5 mM) and high (5 mM) nitrate availability and 

exposed gradually to 80 mM NaCl. Physiological, biochemical, and metabolomic analyses 

were conducted to assess plant responses, including total protein content, amino acids and 

proline levels, and ion content measurements. An untargeted GC-MS analysis was performed 

to profile stress-induced changes in the GABA synthesis metabolism. 

¶ NaCl reduced plantsô biomass and decreased ion uptake. Biochemical and GC-MS analysis 

revealed significant increases in N osmoprotectants like proline, polyamines and GABA under 

NaCl stress and alterations in the TCA cycle intermediates. 

¶ NaCl triggered distinct physiological and metabolic responses. NaCl primarily reduced 

growth by altering nutritional status and increasing energy demands for osmoprotectant 

synthesis. This study highlights how GABA and its metabolism play a pivotal role in salt 

stress adaptation. It also highlights the importance of improving plantsô NUE under salt stress: 

this can be achieved with correct N management. 
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III.I. Aim of the work 

 

Several studies reported that NaCl stress alters the N uptake by roots, its translocation and 

assimilation, suggesting a relationship between salt stress responses and N metabolism. In general, 

optimizing N input and reducing economic and environmental costs is an important trait that must be 

considered. The first step in investigating these aspects is to define an experimental design where it 

is possible to obtain plants that differ in N metabolism in both the control and the salt stress conditions.  

In this view, tomato seedlings were cultivated in an aerated hydroponic system with two distinct NO  

concentrations and exposed to gradually increasing salt levels to induce mild salt stress, avoiding 

osmotic shock. This approach highlights potential variations in plant responses to salt exposure based 

on nitrogen availability.  

Apart from the determination of biomass, this preliminary study was conducted considering two 

distinct time duration points of the treatments and focalizing the attention on leaf tissues.  Total N, 

NO3
-, K+ and Na+ contents were integrated with amino acids, protein and proline determination. 

Considering the central role of GABA in response to stress conditions as well as its strict relationship 

with nitrogen metabolism, through GC/MS analysis, the levels of this metabolite as well as those of 

spermidine, putrescine, glutamine, and some organic acids involved in the Krebs cycle were 

determined. Finally, the activity of some enzymes involved in GABA metabolism, such as glutamate 

decarboxylase (GAD), diamine oxidase (DAO) and amino-aldehyde dehydrogenase (AMADH), were 

measured. 

Overall, this experimental approach was employed to evaluate the nutritional status of stressed plants 

in comparison to controls, to define their adaptive strategies and distinguish the relationships between 

NaCl and N different availabilities. Lastly, the investigation into GABA metabolism has proven to be 

valuable in this study, providing new insights into this specific pathway.  
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III.II. Results and discussion 

III.II.I. Changes in biomass and nutritional status in response to different salt and NO3
- treatments 

 

The effects induced by nitrogen availability (0.5 versus 5 mM nitrate) and/or treatment with 80 mM 

NaCl were initially evaluated based on biomass increase (Figure 1). The results of the two-way 

ANOVA highlighted that after 4 days of treatment, plant growth was influenced only by the different 

N concentrations: the levels of biomass were higher when plants were supplied with 5 mM NO3
- 

respect to 0.5 mM NO3
-. On the other hand, after the 7th day, plantsô biomass was influenced by both 

N and salt treatments: high availability of NO3
- induced a better production of biomass; NaCl 

exposure instead, affected biomass and plantsô  physiological status. The choice to expose plants to a 

gradual and increasing concentration of NaCl proved necessary to avoid initial osmotic shock. The 

differences in terms of biomass produced caused by NaCl were more evident when 5 mM NO3
- was 

added to the nutrient solution.  

 
Figure 1. Effects of salt treatment on plant biomass grown at low (0.5 mM) or high (5 mM) nitrate availability. Data of each time, 

corresponding to the 4th and 7th days after adding 80 mM NaCl, were individually analysed by two-way ANOVA, using Turkeyôs test 

as post-hoc text (*, P Ò 0.05; **, P Ò 0.01). Data are expressed as means Ñ standard error (n=3). 
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In the attempt to explain these results, the evaluation of total nitrogen, nitrate, Na+ and K+, total 

proteins, amino acids and proline was carried out.  

The total N content (Figure 2A), after 4 days, was not affected by any treatments. Differently, after 7 

days of treatment, its levels changed under both nitrogen and salt treatments, also N x S interaction 

resulted significant. Overall, it was observed that 5 mM NO3
- increased the total N content in leaves, 

whereas NaCl decreased N levels when plants were supplied with high availability of NO3
- and 

increased at 0.5 mM NO3
-. Considering NO3

- levels, the interaction N x S resulted significant since 

the 4th day of treatments (Figure 2B): NaCl reduced the levels of the anion whereas high availability 

of NO3
- increased its levels.  

 

Figure 2. Total nitrogen (A) and nitrate (B) contents in leaves of Regina Ostuni genotype grown at low (0.5 mM) or high (5 mM) 

nitrate availability after 4 and 7 days of exposure at 0 or 80 mM NaCl. Data of each time were individually analysed by two-way 

ANOVA, using Turkeyôs test as post-hoc text (*, P Ò 0.05; **, P Ò 0.01). Since the interaction N x S was significant, data were also 

subjected to one-way ANOVA; different letters indicate statistical differences (upper- and lower-case letters for 4d and 7d, 

respectively). Data are expressed as means Ñ standard error (n=3). 
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Concerning cations (Figure 3), the two-way ANOVA analysis pointed out that, on the 4th day of 

treatments, Na+ accumulation changed in their levels in leaves: N x S interaction resulted significant 

(Figure 3A). Salt exposure increased Na+ accumulation, but its levels were lower when plants were 

supplied with 5 mM NO3
- than 0.5 mM. After 7 days of treatment instead, Na+ just depended on the 

salt effect and not on N availability. On the other hand, K+ levels (Figure 3B) were influenced by N 

x S interaction in both time points. Since the 4th day of treatment, salt presence reduced potassium 

accumulation. The analysis performed after 4 days highlighted also that the presence of high NO3
- 

availability seemed to improve the retention of K+ in control plants. From the 7th day this effect was 

more evident also in plants treated with NaCl: plants under salt stress treated with 5 mM of nitrate 

had higher levels of potassium than plants supplied with 0.5 mM. Lastly, the Na+/K+ ratio was 

calculated (Figure 3C), and it was affected by NaCl presence in both time points.  

Overall, the analyses pointed out that Na+ accumulated only after NaCl treatments. This effect was 

paired with a higher Na+/K+ ratio and a reduction of K+ (Figures 6A-C and 7A-C). In leaves, 5 mM 

NO3
- in the nutrient solution had an ameliorative effect on the reduction of Na+ after 4 days and on 

increasing K+ content in leaves after 7 days of treatment.  

Our data suggested that NaCl toxic effect, especially after the 7th day of salt treatment, is correlated 

with the reduction of plantsô biomass. This data is in accordance with previous studies conducted on 

tomato plants (Papadopoulos and Rendig 1983; Chen, Gollop, and Heuer 2009; RoἨca, Mihalache, 

and Stoleru 2023). When plants are exposed to NaCl it was observed an increase in the levels of Cl- 

and Na+ in plantsô organs. Our data suggested that the accumulation of these two ions limits growth 

by drastically reducing the levels of NO3
- in both organs and, consequently, the total N content.  

Focusing on nitrate, according to several studies, exposure to NaCl might indirectly lead to a 

downregulation of both NO3
- transporters and the enzymes responsible for its reduction, most notably 

nitrate reductase (Tischner 2000; R. Wang et al. 2003; OôBrien et al. 2016). In this regard, the close 

link between NO3
- availability and the regulation of its uptake and assimilation processes becomes 

particularly important. On the other hand, Na+ appears to compete with K+, impacting its balance and 

the ratio between Na+ and K+ (Maggio et al. 2007; Shabala and Cuin 2008; Raddatz et al. 2020). As 

reported in the literature, Na+ can be absorbed and transported by various transporters such as AKT 

(K+ transporters), HKT2 (high-affinity K+ transporter), NSCC (non-selective cation channels), LCT1 

(low-affinity cation transporter), and NHA (Na+/H+ antiporter) (Isayenkov and Maathuis 2019). The 

accumulation of Na+ enhance the Na+/K+ ratio, which is a typical deleterious consequence of NaCl 

exposure (Shabala and Cuin 2008). 
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Figure 3. Na+ (A), K+ (B) contents and Na+/K+ ratio (C) in the leaves of Regina Ostuni genotype grown at low (0.5 mM) or high (5 

mM) nitrate availability after 4 and 7 days of exposure at 0 or 80 mM NaCl. Data of each time were individually analysed by two-way 

ANOVA, using Turkeyôs test as post-hoc text (*, P Ò 0.05; **, P Ò 0.01). Since the interaction N x S was significant, data were also 

subjected to one-way ANOVA; different letters indicate statistical differences (upper- and lower-case letters for 4d and 7d, 

respectively). Data are expressed as means Ñ standard error (n=3). 
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In general, the use of two distinct time points, on the 4th and 7th day, for analysing the effects of the 

treatments proved to be effective in capturing the temporal dynamics and enhancing the differences 

caused by N and salt treatments (Ismail, Takeda, and Nick 2014). This is clearly reflected, for 

instance, by the data obtained for the biomass, the total N content and NO3
- and K+ content as well. 

From these preliminary results, it was also possible to distinguish the effects caused by NaCl exposure 

and by the two different NO3
- concentrations. The alterations in the nutritional status and the 

alterations observed in the N metabolism explain in part why NaCl reduces plantsô biomass. The data 

also highlighted that the high availability of NO3
- in the nutrient solution can reduce the deleterious 

effects of NaCl, promoting a better growth than plants supplied with 0.5 mM NO3
-. Indeed, when 

plants are supplied with higher availability of NO3
- accumulate more NO3

-, total N and K+ in their 

tissues than plants supplied with low nitrate concentration. These findings underscore the 

interdependent dynamics among these physiological parameters, which can fluctuate based on 

nutrient availability and salt stress conditions (Barbier-Brygoo et al. 2011; Seidel et al. 2013). The 

results obtained are in accordance with the literature and confirm the importance of correct N 

management to improve plant resilience (Aslam, Huffaker, and Rains 1984; Flores et al. 2001b; Kaya, 

Ak, and Higgs 2003).  After the first nutritional characterization, the study assessed key biochemical 

parameters such as total amino acids, total proteins and proline under control and NaCl treatments. 

 

III.II.II. Changes in the leaves of total proteins, amino acids, and proline, induced by salt stress and 

different NO3
- treatments 

 

Biochemical analyses (Table 1) were performed on leaves to gain insights into N metabolism and to 

understand which modifications occur after 7 days of NaCl exposure under different N availabilities 

in the nutrient solution. First, it was observed that the changes in the protein contents in leaves (Table 

1) were influenced only by N treatments and not by salt exposure: after 7 days of treatment plants 

supplied with 5 mM NO3
- had higher content of protein than the ones supplied with 0.5 mM. The 

protein content was higher in plants supplied with 5 mM NO3
- whereas no effects occurred due to salt 

exposure. On the other hand, the levels of amino acids were influenced by nitrate and salt single 

effects. Amino acid levels were higher in plants exposed to salt stress, especially in plants supplied 

with 5 mM of nitrate. High availability of NO3
- induced plants to synthesize extra amino acids also 

in control plants. Lastly, proline levels changed after 7 days of treatments: the N Ĭ S interaction 

resulted significant. From the biochemical analysis, the highest levels found occurred when plants 

were exposed to NaCl and supplied with 5 mM NO3
-. 
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Table 1. Proteins, amino acids and proline contents in the leaves of Regina Ostuni genotype grown at low (0.5 mM) or high (5 mM) 

nitrate availability after 7 days of exposure to 0 or 80 mM NaCl. Data, expressed as means Ñ standard error (n=3), were analysed by 

two-way ANOVA, using Turkeyôs test as post-hoc text (*, P Ò 0.05; **, P Ò 0.01).  

 

  Regina Ostuni 

 
Proteins Amino acids Proline 

  
(mg protein g FW-1) (µmol protein g FW-1) (µmol protein g FW-1) 

NO3
- 0.5 mM 

NaCl 0 mM 
12.15 ± 0.768 3.76 ± 0.213 0.17 ± 0.011 

NO3
- 5.0 mM 

NaCl 0 mM 
15.94 ± 0.223 6.98 ± 0.149 0.21 ± 0.015 

NO3
- 0.5 mM 

NaCl 80 mM 
12.64 ± 0.557 5.82 ± 0.519 0.68 ± 0.066 

NO3
- 5.0 mM 

NaCl 80 mM 
16.15 ± 0.812 8.46 ± 0.507 1.36 ± 0.074 

Nitrogen **  **  **  

Salt ns **  **  

NxS ns ns **  

 

According to the literature, salt stress affects the protein content of several plant species, such as 

tomato and mulberry (Doganlar et al. 2010; M. Zhang et al. 2013). However, in our experimental 

conditions, 80 mM NaCl did not induce changes in the total protein content in both leaves and roots 

(Table 1). For this reason, it was reasonable to think that no critical stress condition occurred, 

confirming that the NaCl concentration used corresponded to a mild salt stress condition. 

Interestingly, as shown by the increased synthesis of proline and other amino acids (Table 1), the 

impact of NaCl was more evident in plants supplied with 5 mM NO3
-. This response likely reflects 

that low nitrogen availability at 0.5 mM NO3, rather than salt stress itself, was the primary factor 

constraining growth (Badr and Talaab 2008). The salt-induced alterations in NO3- and total N 

suggested that salt stress affected N metabolism. This hypothesis was also confirmed by the fact that 

plants exposed to salt presented higher levels of amino acids and proline (Gupta and Huang 2014; 

RoἨca, Mihalache, and Stoleru 2023). Like other osmoprotectants, proline plays an important role in 

preserving turgor pressure and contributes to redox regulation by buffering the cellular redox potential 

when metabolic activity decreases during salt stress (Bolarín et al. 1995; Ali et al. 2011; Che-Othman, 
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Millar, and Taylor 2017; Arif et al. 2020). Additionally, higher nitrogen availability in the incubation 

medium further amplifies these responses. Numerous studies have highlighted the essential role of 

nitrogen metabolism in tomato plant responses to NaCl, supporting the osmotic response and 

contributing to the synthesis of protective compounds (De la Torre-González et al. 2018; Nazir et al. 

2023). The alterations observed in amino acid levels and proline levels confirm this mechanism also 

in tomato genotypes. The modifications of N metabolism explain why salt stress reduces plantsô 

biomass.  

 

III.II.III. Changes in the GABA content and an overview of GABA pathways 

 

GABA is known to function as an osmo-regulator, playing a role in regulating cytosolic pH, degrading 

reactive oxygen species (ROS), and managing carbon-nitrogen (C) metabolism. Understanding how 

its synthesis is modulated under salt treatments and distinct N availability could be useful to 

understand plantsô response mechanisms against salt stress (Bolarín et al. 1995; Renault et al. 2010; 

Akçay et al. 2012; Shelp et al. 2012; Wu et al. 2020). According to the literature, the primary route 

for GABA synthesis is through the conversion of glutamic acid derived from both the TCA cycle and 

glutamine (Ramos-Ruiz, Martinez, and Knauf-Beiter 2019; L. Li et al. 2021). Another important 

pathway discovered recently is when GABA is produced from polyamines (PAs) catabolism like 

spermidine or putrescine. Arginine is converted to putrescine through multi-step routes. Putrescine, 

subsequently, is converted to 4-aminobutyraldehyde by oxygen-dependent polyamine oxidase or 

transformed into spermidine, which also degrades to 4-aminobutyraldehyde. This intermediate is then 

oxidized to GABA by NAD+-dependent 4-aminobutyraldehyde dehydrogenase (L. Li et al. 2021). 

This second route is called the GABA shunt pathway, and it is reported to play an important role in 

sustaining GABA plantsô request when the primary route is inhibited by external factors (Piterková 

et al. 2012; Shelp et al. 2012; Borromeo et al. 2023). 

The changes in the levels of GABA, polyamines, glutamine and some organic acids involved in the 

Krebs cycle were measured through GC/MS analysis.   

The analysis highlighted that GABA levels were higher in plants exposed to NaCl. Moreover, its 

levels were higher when plants were supplied with 0.5 mM NO3
- than the ones supplied with 5 mM 

NO3
-. Instead, glutamic acid, the main GABA precursor, did not show any differences among the 

treatments (data not shown). On the other hand, glutamine was spotted to have higher levels at high 

availability of NO3
- (5 mM), whereas NaCl provoked no alterations in its levels in both N treatments. 
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The study also highlighted variations in the levels of some metabolites belonging to the Krebs cycle: 

citric acid, succinic, Ŭ-ketoglutaric acid and isocitrate decreased in their levels after NaCl exposure. 

However, citric acid, isocitrate and Ŭ-ketoglutaric acid were not influenced by N treatments, whereas 

succinic acid increased its levels when plants were supplied with 5 mM NO3
-. Lastly, the metabolomic 

analysis registered variations in the levels of putrescine and spermidine. Putrescine levels resulted 

higher when plants were exposed to NaCl. Moreover, putrescine levels resulted even higher when 

plants were supplied with 5 mM NO3
- respect to 0.5 mM NO3

-. Spermidine instead, had higher levels 

in plants treated with 0.5 mM NO3
- than plants supplied with 5 mM. NaCl presence induced an 

accumulation of spermidine levels only in plants under low nitrate availability. NaCl did not induce 

modifications in the levels of this metabolite in plants treated with 5 mM NO3
-. 

 

 
Figure 6. Relative abundances of metabolites related to the GABA synthesis pathway that resulted significantly different in leaves of 

Regina Ostuni genotype grown at low (0.5 mM) or high (5 mM) nitrate availability after 7 days of exposure to 0 or 80 mM NaCl. 

Normalised metabolomic data were analysed by ANOVA (LSD test with P Ò 0.05 and FDR Ò 0.05). (n=3). 

 

According to the literature, GABA indicates the level of stress for plants, and their presence 

ameliorates the negative effects of NaCl (Renault et al. 2010; Akçay et al. 2012; Wu et al. 2020). Our 
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data confirmed the information gathered from the literature: plants under salt stress and low NO3
- 

availability in the nutrient solution sense non-optimal conditions for their growth and synthesize more 

GABA. As described before, GABA helps plants to regulate and ameliorate the alterations provoked 

by NaCl. The combination of this information with the previously mentioned physiological data 

confirms that the detrimental impacts of salt stress are more severe under 0.5 mM than 5 mM NO3
- 

conditions.  

However, as observed from the analysis, the primary pathway for the synthesis of GABA was 

inhibited under salt stress (Xing et al. 2007): organic acids like citric acid, Ŭ-ketoglutaric acid, 

succinic acid and isocitrate were reduced by the presence of NaCl in the nutrient solution. According 

to the literature, Na+ and Cl- led to a different modulation of the TCA cycle: this usually occurs 

because NaCl is known to inhibit in several plant species some key enzymes of the Krebs cycle, like 

the 2-oxoglutarate dehydrogenase complex, explaining in part the reduction of C metabolites 

observed (Renault et al. 2010; Kumari and Parida 2018). Other studies suggested that these reductions 

could also result from higher demand for amino acid biosynthesis (Sanchez et al. 2008; Arif et al. 

2020). Plants enhance the catabolism of C compounds, providing carbon skeletons, ATP, and 

reductants for the synthesis of osmoprotectant compounds such as proline and free polyamines (e.g., 

putrescine) that help to counteract the detrimental effects of salt stress (Tiburcio et al. 2014; Singh, 

Singh, and Prasad 2019; Arif et al. 2020; Borromeo et al. 2023). In this scenario, mitochondrial 

respiration and the tricarboxylic acid (TCA) cycle play a key role. As the lower levels of C compounds 

found in the metabolomic analysis suggested, plants under stress increase their respiration rates by 

consuming C compounds to sustain the synthesis of these metabolites (Setién et al. 2014; Che-

Othman, Millar, and Taylor 2017).  

Glutamic acid levels, on the other hand, were not affected either by NaCl or N treatments. As Ramos-

Ruiz et al. (2019) reported, this probably occurred because glutamic acid is linked not only to the 

TCA intermediates but also to GS/GOGAT activities: higher content of NO3
- stimulates N 

assimilation processes, resulting in higher production of glutamine (Figure 6). In this context, 

fluctuations in glutamine levels are noteworthy, given its central role in regulating nitrogen 

assimilation and maintaining the carbon-nitrogen balance.  

From the data obtained it appears evident how NaCl presence hinders the plantsô request of GABA 

by inhibiting the TCA cycle. According to the literature, in general, this blockage is bypassed through 

the GABA shunt pathway, where GABA is produced from polyamines (PAs) catabolism, like 

putrescine and spermidine (Piterková et al. 2012; Borromeo et al. 2023). Consequently, the attention 
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shifted to the accumulation of putrescine and spermidine, which typically occurs when plants are 

stressed (M. Quinet et al. 2010). According to the literature, spermidine and putrescine participate in 

abiotic stress responses (Maiale et al. 2004; Tiburcio et al. 2014; Raziq et al. 2022). Putrescine, like 

proline, is considered an osmoprotectant that plays an active role in maintaining the turgor pressure 

the redox regulation and serving to buffer cellular redox potential when metabolic activities slow 

down during stress (Santa-Cruz et al. 1999; Dabravolski and Isayenkov 2023). Alternatively, 

according to the literature, exogenous application of spermidine improves plants performance under 

salt stress, leading to higher photosynthesis rates, increased biomass, better ionic and osmotic balance, 

and enhanced ROS scavenging capacity (Duan et al. 2008; Raziq et al. 2022). In this study, putrescine 

accumulation occurred even stronger when plants were supplied with a high availability of N in the 

nutrient solution under salt stress. With a higher availability of resources, like 5 mM NO3
- respect to 

0.5 mM, plants redirect more energy and resources to counteract more efficiently all the negative 

effects caused by salt (Gharsallah et al. 2016; Che-Othman, Millar, and Taylor 2017; Z. Zhang et al. 

2017a; Kumari and Parida 2018). On the other hand, spermidine, reflecting the same trend observed 

for GABA fluctuations, accumulated more with 0.5 mM NO3
- in both control and salt stress plants. 

Overall, these results underscore the characteristic increase in nitrogen metabolism resulting from salt 

stress exposure, which activates pathways involved in the synthesis of various amino acids (Sung et 

al. 2015; R. Wang et al. 2003). Data suggested that putrescine and spermidine accumulation sustain 

the synthesis of GABA when the TCA cycle is inhibited. Finally, the GABA produced under salt 

stress by the GABA shunt pathway offers an alternative carbon source for mitochondria and the TCA 

cycle, circumventing the salt-sensitive enzymes. As it has been reported in Arabidopsis mitochondria 

indeed, GABA is converted into succinic-semialdehyde (SSA) by GABA-transaminase and then into 

succinate (Van Cauwenberghe et al. 2002; Palanivelu et al. 2003; Michaeli and Fromm 2015).  

However, to understand how the whole GABA pathway was influenced by NO3
- and by NaCl, it was 

crucial to determine the activity of key enzymes such as glutamate decarboxylase (GAD), diamine 

oxidase (DAO) and amino-aldehyde dehydrogenase (AMADH). In the primary pathway, GAD is the 

enzyme responsible for converting glutamate into GABA. In contrast, AMADH, along with DAO 

and PAO, which convert spermidine and putrescine into GABA, respectively, are part of the 

polyamines pathway (Piterková et al. 2012; Shelp et al. 2012; Planas-Portell et al. 2013). The 

determination of the enzymeôs activities highlighted some differences (Table 2). According to our 

data, GAD activity significantly affected N x S interaction. In general, GAD activity was higher when 

plants were supplied with low NO3
- concentrations, whereas NaCl stimulates GAD activity only in 

plants supplied with 5 mM NO3
-. DAO activity, instead, was influenced only by N treatments: under 
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low nitrate provision, its levels resulted higher. Lastly, AMADH activity resulted constant in all the 

treatments. No significant differences were spotted.  

The higher levels of GAD and DAO activities observed under low provision of nitrate are in 

accordance with the higher levels of GABA obtained from the GC-MS analysis: both primary and 

secondary routes seem to be needed to sustain the GABA request under low N availability. GAD 

seems to be the only enzyme positively influenced by salt presence (only under 5 mM NO3
-). 

However, it must be considered that the different modulations among the treatments in the levels of 

glutamine, spermidine and putrescine, suggest that activation of both primary and secondary 

pathways under salt stress could be underway.  

 

Table 2. Activities of glutamate decarboxylase (GAD), diamine oxidase (DAO) and amino-aldehyde dehydrogenase (AMADH) in the 

leaves of Regina Ostuni grown at low (0.5 mM) or high (5 mM) nitrate availability after 7 days of exposure at 0 or 80 mM NaCl. Data, 

expressed as means Ñ standard error (n=3),Шwere analysed by two-way ANOVA, using Turkeyôs test as post-hoc text (*, P Ò 0.05; **, 

P Ò 0.01).  

 

 Regina Ostuni  

 GAD  DAO AMADH  

NO3
- 0.5 mM 

NaCl 0 mM 
7.73 Ñ 0.39 12.52 Ñ 2.41 23.77 Ñ 5.35  

NO3
- 5.0 mM 

NaCl 0 mM 
3.47 Ñ 0.20 6.27 Ñ 0.66 30.69 Ñ 3.75  

NO3
- 0.5 mM 

NaCl 80 mM 
7.45 Ñ 0.21 14.59 Ñ 1.37 26.09 Ñ 3.75  

NO3
- 5.0 mM 

NaCl 80 mM 
4.80 Ñ 0.13 5.47 Ñ 0.38 26.36 Ñ 2.65  

Nitrogen 

Salt 

NxS 

** 
ns 

* 

** 

ns 

ns 

ns 
ns 

ns 

 

 

GAD: Õmoli GABA mg protein
-1 h-1 

DAO: Õmol Pyrroline mg protein
-1 h-1 

AMADH: Õmol NADH mg protein
-1 h-1 
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III.III. Conclusions 

 

This study offers valuable insights into the physiological and metabolic responses of Solanum 

lycopersicum L. to high NaCl concentrations under different NO  levels. Overall, salt stress effects 

were more pronounced after 7 days of treatment than 4 days. Additionally, increased nitrogen 

availability, compared to 0.5 mM NO , strengthens the plants' capacity to mitigate the adverse 

impacts of 80 mM NaCl, promoting responses like the synthesis of osmotic and protective 

compounds. In general, NaCl toxic effect affects plantsô biomass. Moreover, NaCl accumulation 

alters the ions balance, reducing the levels of NO3
- and altering the Na+/K+ ratio leaves a. Biochemical 

analysis highlighted that salt induces changes not only in the nutritional status but also in the levels 

of amino acids and proline, so suggesting a modulation of N metabolism. The analysis offers a 

valuable exploration and description of the GABA pathway under salt stress and different N 

availability, confirming the importance of this specific pathway in plantsô salt stress adaptation. 

Lastly, to deepen the knowledge about this specific metabolic pathway, enzymatic activity assays 

were performed for the main enzymes that participate in the synthesis of GABA. The analysis 

highlighted that plants seem to sustain GABA synthesis through primary and secondary routes. Future 

studies exploring the intricate interactions between polyamine metabolism and salt stress under 

different experimental conditions could provide deeper insights into the GABA shunt pathway in 

tomato under NaCl. 
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CHAPTER 4 ï Evaluation of the relationships between 

different salt forms and N availability in tomato plants 

(Solanum lycopersicum L.) 
 

 

Summary 

¶ This study explores the effects of NaCl and CaCl2 on tomato plants, focusing on nitrogen (N) 

availability, a key factor in plant nutrition and stress adaptation. Using CaCl2 allows the 

separate assessment of chlorideôs impact, distinguishing it from sodium's effects. 

¶ Tomato plants were grown under low (0.5 mM) and high (5 mM) nitrate conditions and 

exposed to 80 mM NaCl or 40 mM CaCl2. Physiological, biochemical, and metabolomic 

analyses were conducted to assess plant responses, including amino acids, sugars, proline, and 

ion content measurements. An untargeted metabolomic approach was employed to profile 

stress-induced changes. 

¶ NaCl reduced plant biomass, whereas CaCl2 had no effect on this parameter. Metabolomic 

analysis revealed significant increases in osmoprotectants like proline and putrescine under 

NaCl stress, while the effects of CaCl2 on amino acid synthesis were less pronounced. 

¶ NaCl and CaCl2 triggered distinct physiological and metabolic responses. NaCl primarily 

reduced growth, likely due to disruptions in ion homeostasis (i.e., a decrease in K+ and an 

increase in Na+) and a concurrent shift in carbon and nitrogen metabolism to counteract stress 

conditions. In contrast, while CaCl2 was less harmful, it still affected nutrient uptake and 

metabolic balance. This study highlights the importance of nitrogen management and clarifies 

the distinct effects of Na+ and Cl- on tomato plants, offering insights for improving cultivation 

practices under saline conditions. 
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IV.I. Aim of the work 

 

Many studies on plant salt stress have focused on evaluating the effects of NaCl without considering 

other salt forms, such as MgCl2 or CaCl2. Investigating different salt forms, such as CaCl2, could help 

explore the possible role of Cl- in the toxic events that characterize salt stress induced by high NaCl 

concentrations. This study aimed to address this gap by assessing the distinct effects of CaCl2 and 

NaCl salinity, focusing on biochemical, physiological aspects and the metabolomic responses of 

tomato plants. The experiments were also conducted under two distinct concentrations of NO3
- to 

highlight potential differences in plant responses to salt exposure based on nitrogen availability. 

Biomass evaluation, along with measurements of amino acids, reducing sugars, and proline levels, 

was combined with the analysis of several ions (K+, Na+, Ca2+, Cl-, NO3
-, SO4

2-, and Pi) and 

metabolomic profiling. This integrated experimental approach was used to assess the nutritional status 

of stressed plants compared to controls, aiming to define their adaptive strategies and identify the 

distinct harmful effects of Na+ and Cl-. The results were also discussed considering the potential 

positive role of Ca2+ in mitigating the detrimental effects of salt stress. 
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IV.II. Results and discussion 

IV.II.I. Biomass, ion composition in response to salt stress and different NO3
- treatments 

 

Data on biomass production of tomato plants were collected to establish the levels of stress provoked 

by NaCl and CaCl2 when plants were supplied with low and high availability of NO3
-; the results of 

the two-way ANOVA highlighted that this parameter was affected by both nitrate and salt supply as 

well as their interactions (Figure 1). Nevertheless, the biomass was significantly reduced only under 

NaCl exposure compared to the control group. At the same time, CaCl2 treatment had no noticeable 

effect and, for every treatment, biomass was higher in plants supplied with 5 mM NO3
- than the ones 

supplied with 0.5 mM NO3
- (Figure 1).  

 

 

Figure 1. Effects of 7 days of different salt treatments (80 mM NaCl and 40 mM CaCl2) on plant biomass of Regina Ostuni genotype 

grown at low (0.5 mM) or high (5 mM) nitrate availability. Treatment data were individually analyzed by two-way ANOVA, using 

Tukeyôs test as post-hoc (*, P Ò 0.05; **, P Ò 0.01). Since the interaction N x S was significant, data were also subjected to one-way 

ANOVA; different letters indicate statistical differences.  Data are expressed as means Ñ standard error (n=3). 

 

In the attempt to obtain information on how to explain the different effects on biomass observed 

between two salt treatments (NaCl versus CaCl2), it was measured the contents of NO3
-, Cl-, SO4

2-, 

Pi, K+, Na+ and Ca2+. 

The analysis of NO  and Cl- content in leaves and roots, with or without the presence of NaCl or 

CaCl , revealed that nitrate availability, salt treatments, and, in many cases, their interaction 

significantly influenced these parameters (Figures 2 and 3). The trend in NO3
- content observed in 

the two organs was very similar. Specifically, no significant differences in the levels of this anion 
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were observed at lower nitrate concentrations (0.5 mM) compared to the control, while at higher 

nitrate concentration (5 mM), an increase in NO  content was noted, although still lower than the 

control levels, with no significant differences between plants treated with NaCl or CaCl  (Figures 2A 

and 3A).  

 

 

Figure 2. NO3- (A) and Cl- (B) contents in the leaves of Regina Ostuni genotype grown at low (0.5 mM) or high (5 mM) nitrate 

availability after 7 days of different salt treatments exposure at 80 mM NaCl or 40 mM CaCl2. Data of each time were individually 

analyzed by two-way ANOVA, using Tukeyôs test as post-hoc (*, P Ò 0.05; **, P Ò 0.01). Since the interaction N x S was significant, 

data were also subjected to one-way ANOVA; different letters indicate statistical differences. Data are expressed as means Ñ standard 

error (n=3). 
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Figure 3. NO3- (A) and Cl- (B) contents in the roots of Regina Ostuni genotype grown at low (0.5 mM) or high (5 mM) nitrate 

availability after 7 days of different salt treatments exposure at 80 mM NaCl or 40 mM CaCl2. Data of each time were individually 

analyzed by two-way ANOVA, using Tukeyôs test as post-hoc (*, P Ò 0.05; **, P Ò 0.01). Since the interaction N x S was significant, 

data were also subjected to one-way ANOVA; different letters indicate statistical differences. Data are expressed as means Ñ standard 

error (n=3). 

Chloride content in leaves (Figure 2B) and roots (Figure 3B) dramatically increased in plants treated 

with NaCl or CaCl . In the leaves, the levels of this anion were similar in plants treated with either 

NaCl or CaCl , and these levels remained unaffected by the availability of NO  in the growth 

medium. In contrast, in the roots, Cl  levels were lower in plants treated with CaCl , with further 

reductions observed at higher NO  availability in the growth medium (Figure 3B). 

As already revealed in our previous experiments (Chapter III), these results confirm a strict 

interrelation between the processes involved in the acquisition of NO  and Cl . In the experimental 

condition where Na+ was not present (i.e. CaCl2 condition), this response did not change, suggesting 

that the reduction of NO3
- content was not ascribable to a toxic action of Na+. In other works,  the 
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increase in Cl- concentration was accompanied by a decrease in NO3
- content in both organs (Carillo 

et al. 2005; Gao et al. 2022). At the same time, greater availability of NO3
- in the growth medium 

increased this nutrient in the tissues.  

Phosphate and sulfate concentrations in both tissues were significantly affected by nitrate and NaCl 

or CaCl2 supply (Figures 4A-B and 5A-B). The phosphate content was significantly reduced in both 

tissues of plants treated with 5 mM NO . Overall, exposure to NaCl or CaCl  led to a general decrease 

in phosphate levels in both organs (4A and 5A). Considering the control, a similar trend was also 

observed during sulfate monitoring, while in the salt-treated plants the changes in root contents of 

this anion were not statistically significant (4B and 5B).  

 

Figure 4. PO43- (A) and SO4
2- (B) contents in the leaves of Regina Ostuni genotype grown at low (0.5 mM) or high (5 mM) nitrate 

availability after 7 days of different salt treatments exposure at 80 mM NaCl or 40 mM CaCl2. Data of each time were individually 

analyzed by two-way ANOVA, using Tukeyôs test as post-hoc (*, P Ò 0.05; **, P Ò 0.01). Since the interaction N x S was significant, 

data were also subjected to one-way ANOVA; different letters indicate statistical differences. Data are expressed as means Ñ standard 

error (n=3). 
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Figure 5. PO43- (A) and SO4
2- (B) contents in the roots of Regina Ostuni genotype grown at low (0.5 mM) or high (5 mM) nitrate 

availability after 7 days of different salt treatments exposure at 80 mM NaCl or 40 mM CaCl2. Data of each time were individually 

analyzed by two-way ANOVA, using Tukeyôs test as post-hoc (*, P Ò 0.05; **, P Ò 0.01). Since the interaction N x S was significant, 

data were also subjected to one-way ANOVA; different letters indicate statistical differences. Data are expressed as means Ñ standard 

error (n=3). 

As expected, a large accumulation of Na+ occurred in both organs only after NaCl treatments (Figure 

6A and 7A). In the leaves, Na  levels were of a similar order of magnitude to those of Cl , while in 

the roots, Na  content was twice that of Cl  (Figures 6A and 6B compared to Figures 2B and 3B). 

Moreover, the increases of Na+ were not affected by NO3
- availability in the growth medium.  

Concerning K+, the two-way ANOVA analysis pointed out that the content of this cation was affected 

by nitrate supply in leaves and by nitrate and NaCl in roots (Figures 6B and 7B), whereas Na+/K+ was 

affected by salts and nitrate X salt interaction in both organs (Figures 6C and 7C). In the leaves, this 

ratio was higher in plants supplied with 0.5 mM NO , whereas in the roots, it showed a slight increase 

in plants grown with 5 mM NO . 
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Figure 6. Na+ (A), K+ (B) contents and Na+/K+ ratio (C) in the leaves of Regina Ostuni genotype grown at low (0.5 mM) or high (5 

mM) nitrate availability after 7 days of different salt treatments exposure at 80 mM NaCl or 40 mM CaCl2. Data of each time were 

individually analysed by two-way ANOVA, using Tukeyôs test as post-hoc (*, P Ò 0.05; **, P Ò 0.01). Since the interaction N x S was 

significant, data were also subjected to one-way ANOVA; different letters indicate statistical differences. Data are expressed as means 

Ñ standard error (n=3). 



52 

 

 

Figure 7. Na+ (A), K+ (B) contents and Na+/K+ ratio (C) in the roots of Regina Ostuni genotype grown at low (0.5 mM) or high (5 

mM) nitrate availability after 7 days of different salt treatments exposure at 80 mM NaCl or 40 mM CaCl2. Data of each time were 

individually analyzed by two-way ANOVA, using Tukeyôs test as post-hoc (*, P Ò 0.05; **, P Ò 0.01). Since the interaction N x S was 

significant, data were also subjected to one-way ANOVA; different letters indicate statistical differences. Data are expressed as means 

Ñ standard error (n=3). 
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In the plants treated with 40 mM CaCl2, the levels of Ca
2+ in both organs increased (Figure 8). In 

these plants, the NO3
- provision induced a mirror response by comparing the two organs. In the leaves, 

the greater increase of Ca2+ was observed in plants grown at low NO3
- availability (Figure 8A), while 

in the roots the greater contents of Ca2+ occurred in plant growth at 5 mM NO3
- (Figure 8B). 

 

 

Figure 8. Ca2+ contents in the leaves (A) and in the roots (B) of Regina Ostuni genotype grown at low (0.5 mM) or high (5 mM) nitrate 

availability after 7 days of different salt treatments exposure at 80 mM NaCl or 40 mM CaCl2. Data of each time were individually 

analyzed by two-way ANOVA, using Tukeyôs test as post-hoc (*, P Ò 0.05; **, P Ò 0.01). Since the interaction N x S was significant, 

data were also subjected to one-way ANOVA; different letters indicate statistical differences. Data are expressed as means Ñ standard 

error (n=3). 

 

Our experiments show that only NaCl treatment induced a significant reduction of the biomass, while 

the plants supplied with CaCl2 were not affected by this parameter, so suggesting that at the 

concentration used in the present work, the toxic effect would be due mainly to the Na+ (Figure 1). 
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This conclusion is also supported by previous studies conducted on tomato plants (Yokaĸ et al., 2008; 

Sivasankaramoorthy, 2014). As already suggested by the experiments shown in Chapter III, the 

reduction in NO3
- contents appears strictly depending on the increase of Cl- (Figures 2 and 3), so 

confirming a competition at the transport activities, such as root uptake and xylem translocation from 

root to shoot, between these two anions (Diatloff et al. 2004; Carillo et al. 2005; Munns 2005). At the 

same time, an effect of Cl- on the expression of nitrate transporters has also been proposed (OôBrien 

et al. 2016). In this context, the strict relationship between NO3
- availability and the modulation of 

activities involved in its uptake and assimilation must be therefore considered (Tischner 2000; R. 

Wang et al. 2003; Hachiya and Sakakibara 2017). In other words, the increasing levels of Cl- in the 

growth medium, determining a reduction of this N form in the cell tissues, would be indirectly 

responsible for a negative modulation of the expression of both the NO3
- transporters and the enzymes 

involved in its reduction, mainly the nitrate reductase. 

Our data highlight also that the increase in Cl- content affects the levels of other anions, such as 

phosphate and sulfate (Figures 4 and 5). These data sustain the idea that the ion imbalance occurring 

under salt stress is at least partially ascribable to the increase of Cl- contents, affecting the homeostasis 

of other anions (Cirillo et al. 2019; Carillo and Rouphael 2022). This aspect appears especially crucial 

for the species that are known to accumulate mainly Cl- when exposed to high concentrations of NaCl 

(Munns and Tester, 2008). In our search, in accordance with previous studies, the levels of Cl- 

achieved in both roots and leaves were of the same order of magnitude as those observed for Na+ 

(Figures 2B, 2C, 6A and 7A), so highlighting that in tomato plant also anion imbalance induced by 

Cl- could play a central role in the salt stress responses (Carillo et al., 2005; Munns and Tester, 2008; 

Carillo and Rouphael, 2022). Nevertheless, in our experimental conditions, considering the salt 

concentration used (80 mM NaCl) and the time of exposure (7 days), the Cl- accumulation in the plant 

tissues does not exceed the toxicity threshold, as also suggested by the trend of biomass parameter 

(Colmenero-Flores et al., 2019; Carillo and Rouphael, 2022 and references therein).  

Another aspect that should be considered is the content change of different anions observed during 

plant growth at higher NO3
- availability. In fact, in this experimental condition, the SO Į  and Pi levels 

significantly decreased under both control and salt conditions, with the sole exception of SO Į  levels 

in the roots of salt-treated plants (Figures 4 and 5). These data confirm the reciprocal influence among 

these anions, which can change under different mineral nutrient availability as well as in salt stress 

conditions (Barbier-Brygoo et al., 2011; Seidel et al., 2013; Gao et al., 2022; Yue Liu et al., 2024).  
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The trend of Na+ e K+ as well as the Na/K ratio observed in plants grown in the presence of 80 mM 

NaCl was the same as those found in the experiments reported in Chapter 3, so confirming that salt 

treatment induced in leaves and the roots a specular change of the levels of these two cations (Figures 

6A-B and 7A-B). These changes determined a consequent increase in the Na/K ratio, according to a 

typical detrimental effect of salt treatment (Munns and Tester, 2008; Shabala and Cuin, 2008). In the 

plants treated with CaCl2, where the level of Na remained, as expected, very low, the levels of K
+ 

decreased in roots (Figure 7B). This change, which could be attributed to a different cation balance 

in this experimental condition, does not appear to be of a magnitude sufficient to cause a K+ imbalance 

that would impact metabolism (Walker, Black, and Miller 1998; K. Li et al. 2024). The choice to use 

Ca2+ as the balancing cation for Cl- determined, as unavoidable effect, its increase in plant tissues 

(Figure 8). In this context, the absence of an inhibitory effect on plant growth observed in plants 

treated with 40 mM CaCl  may be attributed to the beneficial role of CaĮ , as this cation is known to 

mitigate the effects of NaCl stress (Caines and Shennan, 1999; Miller and Cramer, 2005; Munns and 

Tester, 2008; Sivasankaramoorthy, 2014). In this context, it must be considered that the ameliorating 

effect of Ca2+ addition was related to the maintenance of its ion activities in the growth medium, 

which was reduced by Na+ (Parker et al., 1995; Cramer, 2002a; Munns and Tester, 2008). Moreover, 

some studies revealed that exogenous Ca2+ can reduce the uptake of both Na+ and Cl- as well as 

increase those of K+ (Cramer 2002b; Pathak et al. 2020). Another important consequence of Ca2+ 

addition under salt stress is linked to its role in preserving the structural and functional integrity of 

plant membranes and in the maintenance of cell wall structures, so delaying the typical salt stress 

symptoms, such as alteration of ions and water transport, reduction of photosynthetic performance 

and appearance of oxidative stress (Cramer 2002b; Sivasankaramoorthy 2014; P. Marschner and 

Rengel 2023).  

The results obtained in the present study show that the level of Cl- in the leaves was not affected by 

Ca2+, while it was reduced in the roots, even if this decrease appeared more evident in the plants 

growth at higher NO3
- availability (Figures 2 and 3). Pi and SO4

2- trends also appeared to be dependent 

on nitrate availability as well as the level of K+ were not affected by Ca2+ availability (Figures 4-7). 

In conclusion, though it was not possible to separate some of the effects induced by the lack of Na+ 

from those due to the high Ca2+ availability, the results support the idea that experimental conditions 

adopted are useful to distinguish at least some of the effects induced by Na+ from those ascribable to 

Cl-. To further investigate potential treatment-induced effects on leaf metabolism, this study evaluated 

key biochemical parameters, including total amino acids, proline, and reducing sugars, in response to 

control, NaCl, and CaCl  treatments. 
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IV.II.II. Changes in the leaves of amino acids, proline, reducing sugars and ammonium contents 

induced by salt stress and different NO3
- treatments 

 

The leaf levels of amino acids increased during the plantsô growth in higher availability of NO3
-,  and 

a further increase was induced by 80 mM NaCl treatment (Figure 9A). Differently, the amino acid 

contents found in the leaves of plants growing in CaCl2 40 mM resulted in the same order of 

magnitude as those of the control condition. A similar trend was obtained for proline (Figure 9B). For 

this parameter, the two-way ANOVA analysis pointed out that the N x S interaction was significant. 

The subsequent one-way ANOVA analysis revealed that only the NaCl treatment induced an increase 

of this amino acid, while the levels found in plant growth in CaCl2 were slightly lower than those 

measured in the control condition. The content in reducing sugars decreased in the leaves of plants 

grown in the presence of both NaCl and CaCl2 (Figures 9C). The levels observed in plants treated 

with CaCl2 were slightly lower than those in plants treated with NaCl. The leaf levels of NH4
+ 

remained stable across all treatments, with one exception: a significant increase was observed only 

when plants were supplied with 5 mM NO3
- and exposed to NaCl (Figure 10). 

Taken together, the results suggest that nitrogen and carbon metabolism in the leaves are affected 

differently by NaCl and CaCl2 treatment, so highlight that in our experimental conditions, some 

responses are closely related to the presence of high levels of Na+. Moreover, the greater availability 

of nitrogen in the incubation medium further increased these responses. Many studies have shown 

the central role of nitrogen metabolism in the tomato plant responses to NaCl, contributing to the 

osmotic response as well as being involved in the synthesis of specific protective compounds, such 

as proline (Aziz, Martin-Tanguy, and Larher 1999; Claussen 2005; De la Torre-González et al. 2018; 

Gharsallah et al. 2016; Nazir et al. 2023). Considering the pivotal role of proline in counteracting the 

detrimental action of salt stress, the observed increase of this amino acid exclusively in response to 

NaCl treatment aligns with previous findings (see above) and reinforces the idea that the experimental 

condition adopted is useful to discriminate the effects of Na+ from those of Cl-. In this view, the fact 

that levels of NH4
+ resulted in an increase only in the leaves of plants treated with NaCl further 

sustains that in this experimental condition, a modification of nitrogen metabolism took place. The 

level of reducing sugars decreased in response to both NaCl and CaCl2 treatments, and this effect was 

more evident in the leaves of plants treated with CaCl2, highlighting that carbon metabolism was 

affected by both salt treatment and that some differences could be ascribable to a peculiar action of 

Cl-. In order to obtain further information to help understand these differences, we performed an 

untargeted metabolomic analysis on leaf tissues. 
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Figure 9. Amino acids (A), proline (B) and reducing sugars (C) contents in the leaves of Regina Ostuni genotype grown at low (0.5 

mM) or high (5 mM) nitrate availability after 7 days of different salt treatments exposure at 80 mM NaCl or 40 mM CaCl2. Data of 

each time were individually analyzed by two-way ANOVA, using Tukeyôs test as post-hoc (*, P Ò 0.05; **, P Ò 0.01). Since the 

interaction N x S was significant, data were also subjected to one-way ANOVA; different letters indicate statistical differences. Data 

are expressed as means Ñ standard error (n=3). 
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Figure 10. Ammonium contents in the leaves of Regina Ostuni genotype grown at low (0.5 mM) or high (5 mM) nitrate availability 

after 7 days of different salt treatments exposure at 80 mM NaCl or 40 mM CaCl2. Data of each time were individually analyzed by 

two-way ANOVA, using Tukeyôs test as post-hoc (*, P Ò 0.05; **, P Ò 0.01). Since the interaction N x S was significant, data were 

also subjected to one-way ANOVA; different letters indicate statistical differences. Data are expressed as means Ñ standard error (n=3). 

 

IV.II.III. Metabolomic analysis driven by GC-MS 

 

The untargeted metabolomic analysis on tomato leaf material allowed us to putatively annotate 110 

compounds. These metabolites belonged to different classes of chemicals, such as amino acids, 

organic acids, sugars and polyols among others (see supplementary data). The data underwent 

analysis using a multivariate unsupervised principal component analysis (PCA) technique, which 

explained 67.6% of the total variance (PC1 ï43.8% and PC2 ï 23.8%). As reported in Figure 11, the 

PCA score-plot highlighted a clear group separation among all treatments, whereas the loading plot 

revealed that PC1 was mainly influenced by putrescine, homoserine, asparagine, spermidine, and 

serine, whereas PC2 by fumaric acid, aspartic acid, maleic acid, glutamine, malic acid, succinic acid 

among others (see Appendix ï Chapter IV, Figure A1). Also, the cluster analysis revealed a clear 

separation among the six treatments. However, three macro groups were spotted: i) 0.5 mM NO3
- 

with 0 mM and 80 mM NaCl, ii) 5 mM NO3
- with 0 mM and 80 mM NaCl, and iii) the treatments 

with CaCl2 (Figure 12). In other words, these results highlight that the effects induced by nitrogen 

availability, as well as NaCl or CaCl2 treatment, were clearly differentiated. 

Successively, the data were further analyzed through univariate analysis (ANOVA), which 

highlighted that 100 metabolites were significantly different among treatments (see Appendix ï 

Chapter IV, Figure A2). 
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Figure 11. Unsupervised PCA score plot between the first two PCs of metabolomic data from leaves of Regina Ostuni grown at low 

(0.5 mM) or high (5 mM) nitrate availability after 7 days of different salt treatments exposure at 80 mM NaCl or 40 mM CaCl2. The 

explained variance is shown in brackets. (n = 6). 

 

Figure 12. Clustering result shown as a dendrogram (distance measure using Euclidean, and clustering algorithm using ward) of 

metabolomic data from leaves of Regina Ostuni grown at low (0.5 mM) or high (5 mM) nitrate availability after 7 days of different salt 

treatments exposure at 80 mM NaCl or 40 mM CaCl2.   (n = 6). 
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Figure 13. Relative abundances of amino acids, GABA, spermidine and putrescine that resulted significantly different in leaves of 

Regina Ostuni genotype grown at low (0.5 mM) or high (5 mM) nitrate availability after 7 days of different salt treatments exposure at 

80 mM NaCl or 40 mM CaCl2. Data were analyzed by ANOVA (LSD test with P Ò 0.05 and FDR Ò 0.05).  (n = 6). 

This analysis, in fact, highlights that the levels of many metabolites, such as amino acids (Figure 13), 

organic acids (Figure 14), sugars and polyols (Figure 15), and phenolic compounds (Figure 16) 

changed under different experimental conditions, such as nitrogen availability and the exposure to 80 
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mM NaCl or 40 mM CaCl2. Considering nitrogen availability (0.5 mM versus 5 mM of NO3
- in the 

incubation medium), many amino acids, such as serine, glycine, isoleucine, aspartic acid, asparagine, 

threonine, and glutamine, increased in the leaves of plants grown under higher nitrogen availability. 

In contrast, leucine, tryptophan, and glutamic acid decreased, while valine and lysine remained 

unchanged. Taken together, these results highlight the typical increase in nitrogen metabolism due to 

greater nitrogen availability, leading to the activation of the pathways involved in the synthesis of 

various amino acids (R. Wang et al. 2003; Sung et al. 2015). In this context, variations in glutamine 

levels can be considered, given the central role of this amino acid in modulating the nitrogen 

assimilation pathway and in balancing the carbon-nitrogen relationship (Lee et al 2023).  

In the leaves of plants treated with 80 mM NaCl, the increase in the abundance of some amino acids, 

such as serine, leucine, isoleucine, valine, asparagine, lysine, and threonine, was higher than in the 

low and high nitrogen controls. At the same time, other amino acids, such as glycine, aspartic acid, 

phenylalanine, and glutamine, decreased under this experimental condition. These results sustain that 

NaCl treatment induces specific responses, which were more pronounced in plants grown with higher 

nitrogen availability, as previously observed for proline (Figure 9B). In other words, the data support 

the idea, already highlighted in previous studies, of the pivotal role of nitrogen metabolism in 

sustaining the metabolic responses necessary to counteract salt stress (Abouelsaad, Weihrauch, and 

Renault 2016; Singh, Singh, and Prasad 2016; Z. Zhang et al. 2017a; Lopez-Delacalle et al. 2020; 

Nazir et al. 2023; Batelli et al. 2024). 

The trends of many amino acids in the leaves of plants treated with 40 mM CaCl2 were similar to 

those observed in plants treated with 80 mM NaCl. Nevertheless, for some amino acids, such as 

leucine, isoleucine, valine, and threonine, the magnitude of these changes was less pronounced. 

Moreover, the treatment with 40 mM CaCl2 induced a noticeable decrease in the leaf levels of 

phenylalanine, glutamic acid, and glutamine. Considering their roles in phenol (phenylalanine) and 

nitrogen (glutamic acid and glutamine) metabolism, these results suggest that some of the responses 

in nitrogen metabolism induced by high levels of Na+ and Cl- in plant cells are distinctive. In other 

words, considering the trend of these amino acids, this supports the idea that the demand for organic 

nitrogen compounds could be higher in plants treated with CaCl2 compared to those treated with 

NaCl. This conclusion is further supported by the greater biomass observed in plants grown in CaCl2 

(Figure 1). In this context, it is interesting to observe also that both NaCl and CaCl2 treatments 

induced an increase in GABA, spermidine, and putrescine and that these responses, excluding GABA 

in the condition 0.5 mM NO3
- - 40 mM CaCl2, were more pronounced in the leaves of plants treated 

with CaCl2. 
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Figure 14. Relative abundances of sugars and polyols that resulted significantly different in leaves of Regina Ostuni genotype grown 

at low (0.5 mM) or high (5 mM) nitrate availability after 7 days of different salt treatments exposure at 80 mM NaCl or 40 mM CaCl2. 

Data were analyzed by ANOVA (LSD test with P Ò 0.05 and FDR Ò 0.05). (n = 6). 
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The metabolomic analysis permitted the identification of many sugars (Figure 14). The increase in 

nitrogen availability induced a general decrease in this class of compounds, considering that only the 

levels of galactose did not change and those of glucose increased. The same trend was observed in 

the leaves of plants treated with 40 mM CaCl2, though the changes were more evident for many 

sugars. Differently, the treatment with 80 mM NaCl increased some sugars, such as ribose, maltose, 

trehalose and sucrose. It is interesting to observe that for all these compounds, the higher level 

occurred in the leaves of plants grown in low nitrogen availability. 

Taken together, these results align well with an increase in primary metabolism induced by greater 

nitrogen availability, consistent with the energy demands required to sustain higher growth (Figure 1; 

Munns and Gilliham, 2015; Munns et al., 2020). At the same time, Na accumulation (Figure 6) 

appears to induce the increase of some sugars, such as maltose and sucrose, which are known to be 

involved in typical osmotic adjustment (Munns and Tester, 2008; Zhang et al., 2017, 2020). Moreover, 

the increase in trehalose further supports the role of this metabolite in the response to salt stress (X. 

Zhang et al. 2020; Yang et al. 2022). In this context, it is interesting to note that this response was 

more pronounced under low nitrogen availability. Treatment with 80 mM NaCl induced an increase 

in some polyols, such as xylitol, inositol, and mannitol, highlighting a specific response related to 

Na+ accumulation (Figure 14), according to the osmotic adjustment requested by this stress condition 

(Bhattacharya and Kundu 2020). Increased nitrogen availability led to a rise in some organic acids, 

such as Ŭ-ketoglutaric acid, succinic acid, and fumaric acid, while others, such as citric acid, isocitric 

acid and malic acid, were not affected (Figure 15). Conversely, both salt treatments induced a 

noticeable and widespread decline in these Krebs cycle intermediates, which was more pronounced 

in the leaves of plants treated with CaCl2. Nevertheless, in the leaves of NaCl-treated plants, the levels 

of succinic acid, fumaric acid, and malic acid were positively influenced by increased nitrogen 

availability. A similar response was observed for succinic acid and fumaric acid in the leaves of CaCl2-

treated plants as well. In line with the central role of the tricarboxylic acid (TCA) cycle, as well as its 

close relationships with nitrogen metabolism and some processes involved in responses to salt stress, 

the levels of TCA cycle intermediates were found to vary under the different experimental conditions 

(Wagner et al., 2012; Che-Othman et al., 2017; Zhang et al., 2023). According to the high activation 

of metabolism in response to greater nitrogen availability, which supports amino acid biosynthesis 

(Figure 13) and plant growth (Figure 1), the levels of organic acids remained constant or increased in 

the leaves of plants treated with 5 mM NO3
-. In contrast, a general decrease in these organic anions 

was induced by NaCl treatment, suggesting that the accumulation of Na+ and Cl- led to a different 

modulation of the TCA cycle. As suggested in previous studies, these decreases could be a direct 
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consequence of a higher demand to sustain amino acid biosynthesis (Arif et al. 2020; Che Othman et 

al. 2020; Sanchez et al. 2008). It is interesting to underline that, even if the levels of amino acids 

increased in the leaves of plants grown in the presence of NaCl and greater nitrogen availability, those 

of organic acids did not change or slightly increase, so suggesting that central carbon metabolism was 

modified to satisfy carbon skeleton request (Ara¼jo et al., 2012; Che Othman et al., 2017; Zhang and 

Fernie 2023). At the same time, could be stressed that the activation state of TCA cycle resulted to 

be depending also by different factors, such as intensity of salt stress, time of exposure to NaCl and 

the organ considered (Kim et al. 2007; Sanchez et al. 2008; Widodo et al. 2009; Che Othman, Millar, 

and Taylor 2017). Among the metabolic changes in which the TCA cycle is evoked by salt stress, 

there is the GABA shunt pathway, which is mainly determined by glutamate decarboxylase (GAD) 

activity (Che-Othman et al., 2017). According to the results discussed in Chapter 3, the present 

metabolomic analyses further sustain the activation of this alternative route of the TCA cycle under 

NaCl conditions. At the same time, the trends of certain metabolites, such as the increase in proline, 

putrescine, and glutamine, alongside the decrease in GABA and spermidine, further highlight the 

close connection between metabolic responses to NaCl and nitrogen availability. 

 

Figure 15. Relative abundances of organic acids and other compounds that resulted significantly different in leaves of Regina Ostuni 

genotype grown at low (0.5 mM) or high (5 mM) nitrate availability after 7 days of different salt treatments exposure at 80 mM NaCl 

or 40 mM CaCl2. Normalized metabolomic data were analyzed by ANOVA (LSD test with p Ò 0.05 and FDR Ò 0.05). Data were 

analyzed by ANOVA (LSD test with P Ò 0.05 and FDR Ò 0.05). (n = 6).  
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The levels of organic acids detected in the leaves of CaCl2-treated plants were lower compared to 

those observed in NaCl-treated plants (Figure 15). At the same time, under these experimental 

conditions, some crucial differences were observed compared to NaCl-treated plants. Notably, the 

total levels of amino acids were of the same order of magnitude as those in the control, and no increase 

in proline occurred (Figure 9A and 9B). Additionally, the increase in GABA was less pronounced, 

while the levels of spermidine and putrescine were significantly higher (Figure 13). Taken together, 

these results, considering that plant growth was not affected, support the conclusion that 40 mM CaCl2 

treatment does not have toxic effects and does not trigger typical responses associated with exposure 

to high concentrations of Na+, although it induces modifications in both carbon and nitrogen 

metabolism. 

A crucial aspect of NaCl stress responses is the plant's ability to maintain an adequate ion balance, 

given the dramatic increase of Na+ and Cl- in plant cells (Munns, James, and Läuchli 2006). The 

comparison between NaCl and CaCl2 treatments is useful for distinguishing some of the effects 

attributable to these two ions. Although the significant increase of Cl- in plant tissues did not prove 

toxic under our experimental conditions, it appears to affect the leaf content of other inorganic anions, 

such as NO3
- and Pi, as well as organic ones (Figures 2, 4, and 15). In other words, the present results 

highlight the metabolic responses activated to counteract the disruption of anion balance caused by 

the increase in Cl- (Kirkby and Knight 1977; Sanchez et al. 2008; Chen, Gollop, and Heuer 2009). In 

this context, it is also noteworthy that the evident increase in polyamine levels observed in the leaves 

of CaCl-treated plants may be related to suboptimal availability of nitrogen or phosphorus. However, 

in our case, these nutrients have not yet become limiting factors (Sung et al. 2015). The result suggests 

a way through which elevated Cl- concentration could exert its toxicity. Further studies are requested 

to deepen this crucial aspect. 

Nitrogen availability and salt stress conditions affected the levels of shikimic acid and certain 

phenolic compounds (Figure 15). Shikimic acid, the final product of the shikimate pathway and the 

common precursor of three aromatic amino acids, increased in all experimental conditions with higher 

nitrogen availability. This result aligns with an increased demand for certain aromatic amino acids, 

such as tryptophan (Figure 13). 

Overall, the levels of the detected phenolic acids were negatively affected by nitrogen availability, 

and this trend was also observed in the leaves of plants grown under NaCl or CaCl2 treatments. Only 

4-hydroxybenzoic acid (i.e., p-salicylic acid) increased in both control and NaCl-treated plants. The 

reduction in phenolic acids is consistent with a shift from nitrogen- to carbon-based metabolites under 
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N deficiency (WaŜkiewicz, Muzolf-Panek, and GoliŒski 2013; Becker et al. 2015; Prinsi et al. 2020). 

The increase in 4-hydroxybenzoic acid could be attributed to the specific role of this compound, given 

its antioxidant properties (Lim et al. 2002). As highlighted in previous studies, although total phenol 

content decreases in response to higher nitrogen availability, certain phenolic compounds can exhibit 

opposite trends (Becker et al., 2015; WaŜkiewicz et al., 2013; Prinsi et al., 2020). 

 

 

Figure 16. Relative abundances of shikimic acid and phenolic compounds that resulted significantly different in leaves of Regina 

Ostuni genotype grown at low (0.5 mM) or high (5 mM) nitrate availability after 7 days of different salt treatments exposure at 80 mM 

NaCl or 40 mM CaCl2. Normalized metabolomic data were analyzed by ANOVA (LSD test with p Ò 0.05 and FDR Ò 0.05). Data were 

analyzed by ANOVA (LSD test with P Ò 0.05 and FDR Ò 0.05). (n = 6). 
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IV.I II . Conclusions 

 

The study provides valuable insights into the physiological and metabolic responses of Solanum 

lycopersicum L. to high concentrations of NaCl or CaCl2 under varying NO3
- conditions. In general, 

higher nitrogen availability reinforces the plantôs ability to counteract the negative effects induced by 

80 mM NaCl treatment, enhancing typical responses such as the synthesis of osmotic/protective 

compounds. The introduction of an experimental condition with 40 mM CaCl2 allowed us to 

distinguish specific actions attributable to Na+ or Cl- ions. An intriguing aspect emerging from this 

study is the effect induced by high levels of Cl-, which competes with other inorganic anions, 

primarily NO3
-. Furthermore, the data highlight that elevated Cl- concentrations not only reduce NO3

- 

acquisition but also alter carbon metabolism, particularly affecting the Krebs cycle. Even under 

experimental conditions where CaCl2 treatment was not toxic, its significant impact on organic anions 

strongly suggests that this is a key factor in the mechanism of Cl- action. 
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CHAPTER 5 ï Salt stress and Nitrogen metabolism in 

tomato plants (Solanum lycopersicum L.) grown under 

different N forms 
 

 

Summary 

¶ Different studies report a possible relationship between the N metabolism and salt 

stress, suggesting that N bioavailability and the combination of different N forms could 

influence plantsô salt stress adaptation. The main target of this research was to deepen 

the knowledge about how the combination of different N forms could improve plantsô 

physiological status and adaptation under NaCl exposure and how the whole 

metabolism is influenced. 

¶ Experiments were conducted under controlled conditions in a hydroponic system, 

where plants were exposed to 100 mM NaCl and supplied with different N form ratios: 

5:0 mM NO3
-:NH4

+ or 4:1 mM NO3
-:NH4

+. Physiological, biochemical, and 

metabolomic analyses assessed plant responses, including amino acids, sugars, proline, 

and ion content measurements. An untargeted metabolomic approach was employed to 

profile stress-induced changes. Finally, the energetic levels were assessed. 

¶ In general, salt treatment caused several deleterious effects, However, plants grown in 

the solution medium with both the N forms showed a better adaptation under salt stress 

in terms of total biomass than the ones supplied only with NO3
-. Moreover, they also 

showed a better nutritional status with higher levels of proline, amino acids, reducing 

sugars, and a lower Na+/K+ ratio. Metabolomic analyses revealed that N co-provision 

sustains higher levels of sugars and amino acids and causes an evident decrease of 

organic acids involved in the Krebs cycle.  

¶ These data suggest peculiar ameliorative mechanisms activated under NaCl exposure 

by the presence of NH4
+ with NO3

-. This study gives new insights into the possibility 

of using different N forms as a valuable strategy against salt stress.   
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V.I. Aim of the study 

 

This study aims to explore the benefits of a combined application of nitrate and ammonium 

under saline stress conditions, trying to complete the information gathered by the previous 

works about nitrogen metabolism and the mechanisms activated by plants to counteract salt 

stress effects. In this study, compared to the previous two, the salinity stress level was increased 

from 80 mM to 100 mM, and the exposure period to both salt stress and the different nitrogen 

treatments was extended by an additional day. These adjustments were made to highlight the 

differences better and to amplify the effects induced by each treatment. Focusing on 

biochemical and physiological aspects and the metabolomic behaviour of tomato plants, the 

experiments were conducted under two distinct nitrate/ammonium ratios, 5/0 mM and 4/1 mM, 

with the purpose of highlighting the different responses to salt exposure based on N forms 

availability in plants. Amino acids, reducing sugars, and proline level determination were 

combined with ionomic analysis. These analyses were coupled with metabolomics analysis. In 

this view, a specific focus was to clarify the pathways related to N metabolism and TCA cycle, 

evaluating the levels of key metabolites, such as amino acids, organic acids and sugars. 
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V.II. Results and discussion 

 

V.II.I. Biomass, ion composition in response to salt stress and different NO3
- treatments 

 

All the biochemical and physiological data processed underwent two-way ANOVA statistical 

analysis in an attempt to discriminate the effects induced by salt and N treatments distinctly 

and to highlight their statistical interaction as well. The first data collected was the data on the 

biomass produced by plants (Figure 1). The statistical analysis showed significant interaction 

between salt treatments and N ones. In general, biomass was reduced by the presence of salt in 

the nutrient solution. Data also suggest that the combined presence of NO3
- and NH4

+ induced 

better responses in terms of biomass produced both in the presence of salt and its absence than 

the sole presence of NO3
- in the nutrient solution.  The choice to increase NaCl concentration 

from 80 mM to 100 mM and to extend the exposure period to both stress and the different 

nitrogen treatments by an additional day led to a greater reduction in biomass. For instance, 

when comparing control plants grown with 5 mM nitrate to those treated with salt, it was 

observed a biomass reduction of 43.15% - substantially higher than in previous studies. In 

contrast, biomass reductions in the studies presented in Chapters 3 and 4 were around 18%. 

This sharper decline highlights the intensified impact of the increased salinity and extended 

exposure period on plant growth under varied nitrogen conditions. 

 

Figure 1. Effects of 8 days of salt treatment on plant biomass of the Regina Ostuni genotype grown with different NO3
-/NH4+ 

ratio: 5/0 mM and 4/1 mM. Treatment data were individually analysed by two-way ANOVA, using Turkeyôs test as post-hoc 

text (*, P Ò 0.05; **, P Ò  0.01). Different letters in the table indicate statistical differences among salt treatments. Data are 

expressed as means Ñ standard error (n=3). 
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The determination of the total N content in both leaves and roots (Figure 2A and 2B, 

respectively) highlighted a reduction in its levels in both organs caused by salt treatment: with 

100 mM NaCl, plants showed lower levels of total N in both roots and leaves respect to control 

plants (4.0-4.2% against 5.1-4.9% in roots and 5.8-5.6% against 6.4-6.5% in leaves). N 

treatments did not influence the total N content. On the other hand, the levels of NO3
- in roots 

and leaves (Figures 3A and 3B) depended, without statistical interaction, on the different N 

treatments and NaCl exposure. NO3
- levels were lower in plants supplied with 4/1 mM NO3

-

/NH4
+ and/or exposed to NaCl. Instead, NH4

+ contents in leaves (Figure 4A) were significantly 

increased only by the effect of NaCl. In roots (Figure 4B), alternatively, NH4
+ levels were 

influenced by both treatments, and statistical interaction resulted significant. Briefly, NaCl 

increased its content and the co-presence of the two N forms caused a minor accumulation. The 

experimental conditions used in this study highlighted a positive effect of NO3
-/NH4

+ co-

presence treatment in plants cultivated under salt stress. For instance, the data observed for the 

biomass is in accordance with the literature: as several studies reported, also in tomato, salt 

presence induces a reduction in biomass causing osmotic and oxidative stress (Abogadallah 

2010; Sivasankaramoorthy 2014; de la Torre-González et al. 2019; Isayenkov and Maathuis 

2019). However, the combination of these two N forms appears to have a synergistic effect in 

control conditions and results also to improve the negative effects of NaCl presence promoting 

plantsô growth and salt adaptation. From this preliminary information it was also possible to 

observe that the low concentration of NH4
+ provided did not lead to toxicity (Schortemeyer, 

Stamp, and Feil 1997; Flores et al. 2001b; Britto and Kronzucker 2002; Hachiya and 

Sakakibara 2017).  

The data highlighted a decrease in total N content in plants exposed to NaCl in both N 

treatments. Furthermore, the analyses also pointed out that the reduction of total N due to salt 

stress was paired with a reduction of NO3
- content in leaves and roots. According to the 

literature and as discussed in the previous Chapters, these effects could occur because salt stress 

can interfere with NO3
- transporters and with the activity of enzymes crucial for N assimilation, 

such as nitrate reductase (OôBrien et al. 2016; Geilfus 2018). The presence of Cl- in the growth 

medium typically creates competition between these two anions for their uptake, thereby 

limiting nitrogen assimilation. (Papadopoulos and Rendig 1983; Aslam, Huffaker, and Rains 

1984; Diatloff et al. 2004; OôBrien et al. 2016; B. Li, Tester, and Gilliham 2017; Negr«o, 

Schmöckel, and Tester 2017b; Geilfus 2018). At 4/1 mM NO3
-/NH4

+, plants presented lower 

levels of NO3
- in their organs due to a reduced presence of nitrate in the nutrient solution 
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compared to those supplied with 5/0 mM NO3
-/NH4

+. However, this lower concentration of 

NO3
- was compensated by adding NH4

+, thus maintaining the same total N levels of plants 

treated with only nitrate (Figure 2). In other words, a different nitrogen assimilation pathway 

is suggested. In this view, the possible involvement of other ways, such as the asparagine 

synthase pathway, could be considered (Coruzzi, 2003; Mart²nez-And¼jar et al., 2013). When 

comparing the two N treatments under salt stress, the lower levels of NO3
- did not correspond 

with a reduction in biomass which was higher in plants supplied with NH4
+. Additionally, the 

total N content decreased only after exposure to salt stress, and it was not affected in the plants 

grown in the presence of both N forms. This is likely because both treatments provided the 

same total amount of nitrogen (5 mM N). Additionally, the assimilation of inorganic nitrogen 

in higher plants, which is essential for supporting plant growth, tends to be more effectively 

promoted by combining NO3
-/NH4

+ nutrition thanks to a synergistic effect compared to the sole 

NO3
- nutrition. (Ikeda, Mizoguchi, and Yamakawa 1992; Flores et al. 2001b). This last aspect 

was confirmed by observing the levels of NH4
+ in leaves, which increased after salt exposure 

in both N nutrition treatments. When plants are supplied with a non-toxic concentration of 

NH4
+, it is usually assimilated directly by the roots; on the other hand, the increase in leaf levels 

is likely linked to a stress condition: the presence of NaCl in the nutrient solution induces an 

accumulation of this N form in their tissues.  

Nitrate is typically absorbed by roots and then transported to leaves, where its assimilation 

mainly occurs. According to the literature, indeed, in several plant species, only a fraction of 

the NO3
- is converted into ammonia in the roots. At the same time, the larger portion is moved 

to the shoots for assimilation and locally assimilated into amino acids, via the GS-GOGAT 

cycle. (Oji and Izawa 1972; Flores et al. 2001b; Lea and Miflin 2003; Ghanem et al. 2011; 

Prinsi and Espen 2015). In tomato it is reported that around 88-90% of NO3
- absorbed is 

assimilated in the shoot (Lorenz 1976; Andrews 1986). The process requires energy, as NO3
- 

is first reduced to nitrite by the enzyme nitrate reductase and then to NH4
+ by nitrite reductase 

in chloroplasts (Suzuki et al., 1985; Taiz et al. 2016). This reduction is energy-intensive and 

heavily dependent on light, making leaves, rich in chloroplasts, a key site for nitrate 

assimilation. Ammonium, in contrast, is often more rapidly incorporated into organic 

compounds because it can be toxic at high concentrations. Ammonium is typically assimilated 

near the uptake site, mainly in roots, where itôs incorporated into amino acids through the GS-

GOGAT cycle. Ammonium assimilation is less dependent on light than nitrate assimilation, 

allowing roots to be the primary site of NH  incorporation (Hirel and Lea 2001; Coruzzi 2003; 
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Lea and Miflin 2003). Moreover, it has been reported that NO3
- acts as a signal to enhance 

NH4
+ root assimilation reducing its content and avoiding toxic concentrations (Redinbaugh and 

Campbell, 1998). As explained above, under salt stress conditions, NH  accumulation in 

leaves generally tends to increase. This happened in both N treatments because, without 

reaching toxic levels, plants increased the assimilation and the storage of ammonium as an 

alternative nitrogen source for synthesising extra amino acids, such as proline. The increase of 

NH4
+ in leaves under salt stress could also highlight a stress condition for tomato plants. The 

increased NH4
+ concentration in leaves can be attributed to an increase in N re-assimilation and 

photorespiratory processes that contributes to a better salt stress protection (Martínez-Andújar 

et al. 2013). On the other hand, concerning roots, the data reported that NH4
+ levels were, in 

general, lower than leaves. Moreover, the same accumulation caused by NaCl observed in 

leaves occurred only in plants supplied with 5/0 mM NO3
-/NH4

+. In contrast, plants supplied 

with 4/1 mM NO3
-/NH4

+ maintained similar levels to those not exposed to NaCl. Finally, when 

NH4
+ was present in the nutrient solution, its content in roots was lower than in plants supplied 

with only NO3
-. As reported before, the exogenous NH4

+ provided is directly assimilated in 

roots, explaining the lower levels than leaves. Furthermore, the higher levels of NH4
+ found in 

roots plants supplied only with NO3
- suggested an initial, albeit limited, condition of stress due 

to salt presence. With N co-provision, though, the NH4
+ root levels were lower, suggesting that 

plants could respond better to salt stress probably with a higher NH4
+ assimilation and a higher 

production of N osmoprotectants.  

In leaves, anions determination analysis highlighted that the higher Cl- levels were caused by 

NaCl exposure and by the co-provision of the two N forms; no statistical interaction between 

the two treatments was registered (Figure 5A). Plants exposed to salt stress presented higher 

levels of Cl-. Moreover, with N co-provision, plants had a higher content of Cl- in both the 

presence and absence of NaCl. PO4
3- and SO4

2- levels (Figure 5B and 5C), on the other hand, 

were respectively influenced by the distinct action of both salt and N treatments and for SO4
2- 

also the combined interaction of them resulted significant. Overall, PO4
3- and SO4

2- had lower 

levels when the salt treatment was applied and increased after N co-provision. Briefly, in roots, 

Cl- levels had the same trend as the one in the leaves (Figure 6A): its levels were higher after 

salt exposure and with N co-provision. For PO4
3- levels (Figure 6B), on the other hand, the 

statistical interaction of the two treatments resulted significant. 
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Figure 2. Total Nitrogen content in the leaves (A) and in the roots (B) of the Regina Ostuni genotype grown with different 

NO3-/NH4+ ratios (5/0 mM and 4/1 mM) after 8 days of salt exposure at 100 mM NaCl. Data of each time were individually 

analysed by two-way ANOVA, using Turkeyôs test as post-hoc text (*, P Ò 0.05; **, P Ò 0.01). Data are expressed as means 

Ñ standard error (n=3). 
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Figure 3. Nitrate content in the leaves (A) and in the roots (B) of the Regina Ostuni genotype grown with different NO3
-/NH4+ 

ratios (5/0 mM and 4/1 mM) after 8 days of salt exposure at 100 mM NaCl. Data of each time were individually analysed by 

two-way ANOVA, using Turkeyôs test as post-hoc text (*, P Ò 0.05; **, P Ò 0.01). Data are expressed as means Ñ standard 

error (n=3). 

 



76 

 

 

Figure 4. Ammonium content in the leaves (A) and in the roots (B) of the Regina Ostuni genotype grown with different NO3
-

/NH4+ ratios (5/0 mM and 4/1 mM) after 8 days of salt exposure at 100 mM NaCl. Data of each time were individually analysed 

by two-way ANOVA, using Turkeyôs test as post-hoc text (*, P Ò 0.05; **, P Ò 0.01). Data are expressed as means Ñ standard 

error (n=3). 

 

Roots levels, however, had the same behaviour as the ones in the leaves: salt exposure reduced 

the anion content, whereas N co-provision ameliorated this reduction. SO4
2- lastly, its levels 

remained constant in every treatment, no differences were spotted. The reduction of biomass is 

caused by the combined action of both Cl- and Na+, which accumulate in plant organs, reaching 

harmful levels (Cuartero and Fern§ndez-Mu¶oz, 1998; Cuartero et al., 2006). As reported in 

Chapter IV, Cl- is known to compete with other anions for their uptake and translocation in 

plants. The consequence is a reduction of the contents of NO3
- and other anions such as PO4

3- 

and SO4
2- in both leaves and roots, limiting the regular nutrient uptake and altering the internal 

ion balance (Cirillo et al. 2019).  At 4/1 mM NO3
-/NH4

+, the lower presence of NO3
-, due to a 
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lower concentration used in the nutrient solution, brings to a higher accumulation of Cl-, PO4
3- 

and SO4
2- in both organs. Despite the higher content of Cl-, plants supplied with N co-provision 

presented a better nutritional state. The presence of NH4
+ in the nutrient solution guarantees 

not only the same levels of total N (Figure 2) but also higher retention of PO4
3- and SO4

2-.ШAll 

these ameliorative effects could partly explain the better physiological status of plants supplied 

with a combination of the two N forms. At the same time, these results highlight that the level 

of Cl- did not induce toxic effects, as suggested by biomass data. 

Cation analysis (Figures 7 and 8) revealed that Na+ contents analysis in both leaves and roots 

(Figures 7A and 8A) was statistically significant for the interaction between salt and N 

treatments. In general, NaCl exposure induced an accumulation of Na+ and alternatively, the N 

co-provision reduced its levels. The interaction between the two treatments was significant. 

The levels of K+ in the leaves and roots (Figure 7B and 8B) were influenced by the distinct 

action of both salt and N treatments with no interaction between the two treatments. Potassium 

retention was higher under N co-provision but was reduced by the NaCl effect. Finally, 

calculating the Na+/K+ ratio for both organs (Figure 7C and 7B) revealed that its variation 

depends on the interaction between treatments. Similar to the trends observed for Na+ levels, 

NaCl exposure increased the Na+/K+ ratio, while the co-provision of nitrogen mitigated this 

effect by reducing the ratio. Sodium competes with different cations such as K+ since it is 

absorbed and transported by different transporters such as AKT (K+ transporters), HKT2 (high-

affinity K+ transporter), NSCC (non-selective cation channels), LCT1 (low-affinity cation 

transporter), and NHA (Na+/H+ antiporter) (Maggio et al. 2007; Isayenkov and Maathuis 2019; 

Raddatz et al. 2020; Shabala and Cuin 2008). Under salt stress, the higher levels of Na+ and 

the lower levels of K+ increased the Na+/K+ ratio, reflecting the characteristic harmful effects 

of salt treatment (Shabala and Cuin 2008). The presence of NH4
+ in the nutrient solution 

guarantees lower levels of Na+, higher retention of K+, and a lower Na+/K+ ratio. Lowering the 

levels of Na+ reduces its toxic effects. All these ameliorative effects observed are paired with 

higher biomass production and a better physiological status. 
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Figure 5. Cl- (A), PO4
3- (B) and SO4

2- (C) content in the leaves of the Regina Ostuni genotype grown with different NO3
-/NH4+ 

ratios (5/0 mM and 4/1 mM) after 8 days of salt exposure at 100 mM NaCl. Data of each time were individually analysed by 

two-way ANOVA, using Turkeyôs test as post-hoc text (*, P Ò 0.05; **, P Ò 0.01). Data are expressed as means Ñ standard 

error (n=3). 
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Figure 6. Cl- (A), PO4
3- (B) and SO4

2- (C) content in the roots of the Regina Ostuni genotype grown with different NO3
-/NH4+ 

ratios (5/0 mM and 4/1 mM) after 8 days of salt exposure at 100 mM NaCl. Data of each time were individually analysed by 

two-way ANOVA, using Turkeyôs test as post-hoc text (*, P Ò 0.05; **, P Ò 0.01). Data are expressed as means Ñ standard 

error (n=3). 
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Figure 7. Na+ (A), K+ (B) contents and Na+/K+ ratios (C) in the leaves of Regina Ostuni genotype grown with different NO3

-

/NH4+ ratios (5/0 mM and 4/1 mM) after 8 days of salt exposure at 100 mM NaCl. Data of each time were individually analysed 

by two-way ANOVA, using Turkeyôs test as post-hoc text (*, P Ò 0.05; **, P Ò 0.01). Where the interaction N x S was 

significant, data were also subjected to one-way ANOVA; different letters indicate statistical differences. Data are expressed 

as means Ñ standard error (n=3). 
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Figure 8. Na+ (A), K+ (B) contents and Na+/K+ ratio (C) in the roots of the Regina Ostuni genotype grown with different NO3
-

/NH4+ ratios (5/0 mM and 4/1 mM) after 8 days of salt exposure at 100 mM NaCl. Data of each time were individually analysed 

by two-way ANOVA, using Turkeyôs test as post-hoc text (*, P Ò 0.05; **, P Ò 0.01). Where the interaction N x S was 

significant, data were also subjected to one-way ANOVA; different letters indicate statistical differences. Data are expressed 

as means Ñ standard error (n=3). 
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V.II.II. Changes in the leaves of amino acids, proline and reducing sugars induced by salt 

stress and different N treatments 

 

The response of plants to salt stress is a complex physiological process characterised by the 

changes in concentration of various metabolites, particularly sugars and amino acids, in both 

shoot and root tissues. This metabolism adaptation generally serves multiple functions, 

including osmotic regulation, protection against oxidative stress, and provision of nitrogen and 

carbon reservoirs necessary for growth and recovery. In this optic, this study evaluated some 

of the key biochemical parameters, including total amino acids, proline, and reducing sugars, 

in response to control and NaCl treatments to further investigate the potential effects induced 

by N co-provision under salt stress on leaves and roots metabolism. 

Biochemical assays revealed different variations caused by the treatments in the levels of amino 

acids, proline and reducing sugars. All these three parameters in both organs (Figures 8 and 9) 

showed significant variations. Statistical interaction between salt and N treatments resulted 

significant. In leaves, only in reducing sugar levels, the variations were caused not by the 

interaction but only by the distinct action of both treatments. Briefly, amino acid levels in leaves 

and roots (Figure 8A and 9A) were higher after NaCl exposure and under N co-provision. The 

same trend was observed for the proline levels in both organs (Figure 8B and 9B). On the 

contrary, reducing sugars in leaves (Figure 8C) decreased in the presence of NaCl and, 

alternatively, increased when NO3
- and NH4

+ were supplied together. In roots (Figure 9C) their 

levels remained constant in all the treatments except for plants treated with both N forms and 

NaCl. In the latter case, the levels were significantly higher.  

The biochemical data suggested that the competition among ions was not the sole reason why 

Na+ and Cl- limited growth and plant development. To respond to salt's toxic effects, plants 

increase in both organs their levels of amino acids. The overproduction of amino acids is likely 

linked to the synthesis of N compounds with specific osmo-protective roles like proline 

(Bolarín et al. 1995; Ali et al. 2011; Golldack et al. 2014; Gupta and Huang 2014; Arif et al. 

2020; RoἨca, Mihalache, and Stoleru 2023). Our data indicated that salt exposure also leads to 

a reduction in the levels of reducing sugars in the leaves. The activation of response 

mechanisms probably induces a different metabolic activation, such as sugar catabolism, for 

the synthesis of N compounds (Almodares, Hadi, and Dosti 2008; Nunes-Nesi, Fernie, and Stitt 

2010).  
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Plants supplied with 4/1 mM NO3
-/NH4

+ presented a higher increase in amino acids and proline 

when exposed to salt stress than the ones supplied only with 5/0 mM NO3
-/NH4

+. With respect 

to the sole NO3
- form, the combined presence of NH4

+ and NO3
- in the nutrient solution 

ameliorated the deleterious effects of salt. The higher content of amino acids likely reflects a 

higher accumulation of N osmoprotectants able to counteract the deleterious effects of NaCl 

accumulation. This was confirmed by assessing the content of proline, whose levels increase 

under N co-provision treatment in both roots and leaves. The data are in accordance with the 

levels found assessing the content of NH4
+ in roots: with N co-provision, under salt stress, 

plants increase their assimilation processes producing more amino acids and synthetizing more 

N osmoprotectants such as proline. Moreover, the combined use of NO3
- and NH4

+ reduces the 

loss of reducing sugars in leaves. On the other hand, the N co-provision promotes synthesis 

and the accumulation of reducing sugars in roots. According to the literature, sugars play a 

pivotal role during salt stress because they are accumulated for their ability to assist plants in 

the osmotic adjustments (Bolarín et al. 1995; Carvajal et al. 1998; Balibrea et al. 2000; Parida 

and Das 2005). Thanks to these metabolites plants are more able to maintain turgor pressure 

and redox balance when metabolism is affected by salt presence in tissues (Balibrea et al. 2000; 

Che-Othman, Millar, and Taylor 2017). In conclusion, it appears evident how under salt stress, 

the presence of NH4
+ induces changes in N and C metabolism. Plants producing more amino 

acids, proline and reducing sugars can counteract better the negative effects caused by the 

presence of NaCl. Moreover, higher levels of amino acids, proline, and reducing sugars suggest 

an improved nutritional status under salt stress in plants cultured with both N forms compared 

to the ones supplied only with NO3
-. Plants have more resources to sustain the higher biomass 

production, even under salt stress. 
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Figure 9. Amino acids (A), proline (B) and reducing sugars (C) contents in the leaves of the Regina Ostuni genotype grown 

with different NO3
-/NH4+ ratios (5/0 mM and 4/1 mM) after 8 days of salt exposure at 100 mM NaCl. Data of each time were 

individually analysed by two-way ANOVA, using Turkeyôs test as post-hoc text (*, P Ò 0.05; **, P Ò 0.01). Where the 

interaction N x S was significant, data were also subjected to one-way ANOVA; different letters indicate statistical differences. 

Data are expressed as means Ñ standard error (n=3). 
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Figure 10. Amino acids (A), proline (B) and reducing sugars (C) contents in the roots of the Regina Ostuni genotype grown 

with different NO3
-/NH4+ ratios (5/0 mM and 4/1 mM) after 8 days of salt exposure at 100 mM NaCl. Data of each time were 

individually analysed by two-way ANOVA, using Turkeyôs test as post-hoc text (*, P Ò 0.05; **, P Ò 0.01). Where the 

interaction N x S was significant, data were also subjected to one-way ANOVA; different letters indicate statistical differences. 

Data are expressed as means Ñ standard error (n=3). 
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V.II.II. Metabolomic analysis driven by GC-MS  

 

The untargeted metabolomic analysis on tomato leaves identified 52 total compounds for 

leaves and 63 for roots. The annotated metabolites belonged to different classes of chemicals, 

such as organic acids, amino acids, fatty acids and sugars. The data underwent analysis using 

a multivariate unsupervised principal component analysis (PCA) technique, which explained 

72.2% and 74.4% of the total variance for leaves and roots respectively. As reported in Figure 

11, the PCA score-plot highlighted a clear group separation among all treatments, and the 

loading plot (Figure A1) revealed that PC1 for leaves was mainly influenced by putrescine, 

alanine and leucine, whereas PC2 by citric acid, aspartic acid, and malic acid among others. 

For roots, PC1 was influenced by alanine, serine, putrescine and glutamine, whereas PC2 was 

by shikimic acid and citric acid. Also, the cluster analysis revealed a clear separation among 

the four treatments: i) 5/0 mM NO3
-/NH4

+ with 0 mM NaCl, ii) 4/1 mM NO3
-/NH4

+ with 0 mM 

and 0 mM NaCl, iii) 5/0 mM NO3
-/NH4

+ with 100 mM NaCl, and iv) 4/1 mM with 100 mM 

NaCl (Figure 12). In other words, these results highlight that the effects induced by nitrogen 

availability, as well as NaCl treatment, were clearly differentiated. Performing univariate 

analysis (ANOVA), 44 and 53 metabolites were found to be significantly different for leaves 

and roots, respectively (Figure A2 and A3). 

Treated plants pointed out a general variation of several metabolites belonging to different 

classes. The analysis highlighted in both leaves and roots that several amino acids (Figures 13 

and 14), sugars and polyols (Figures 15 and 16), and organic acids (Figures 17 and 18) changed 

under different experimental conditions, such as N availability and the exposure to 100 mM 

NaCl. Moreover, it has been possible to observe variations between the roots and leaves of 

plants cultivated under the same treatments.  
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Figure 11. PCA score plot between the first two PCs of metabolomic data from leaves (A) and roots (B) of the Regina Ostuni 

grown with different NO3
-/NH4+ ratios (5/0 mM and  4/1 mM) after 8 days of salt exposure at 100 mM NaCl. The explained 

variances are shown in brackets. (n=6) 
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Figure 12. Clustering result shown as a dendrogram (distance measure using Euclidean, and clustering algorithm using ward) 

of metabolomic data from leaves (A) and roots (B) of the Regina Ostuni grown with different NO3
-/NH4+ ratio (5/0 mM - ñ5Nò 

and  4/1 mM - ñ4Nò) after 8 days of salt exposure at 100 mM NaCl - ñ100Sò. (n=6). 
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Considering salt stress (0 mM versus 100 mM NaCl in the growth medium), many amino acids 

and other N-metabolites changed their levels. In leaves (Figure 13), it was found that after salt 

stress alanine, GABA, putrescine, and proline increased in both N treatments. Others, like 

homoserine, glutamic acid and aspartic acid decreased after NaCl exposure. In general, the 

variations for all the amino acids previously listed were even more exacerbated in plants with 

4/1 mM NO3
-/NH4

+ than 5/0 mM NO3
-/NH4

+. Moreover, the presence of NH4
+ in the nutrient 

solution induced also increases in the levels of leucine, isoleucine, 3-aminoisobutyric acid, and 

tyrosine that were not visible in plants treated only with NO3
-. On the contrary, in roots (Figure 

14), NaCl exposure increased the levels of most of the N compounds spotted, such as proline, 

phenylalanine, serine, glutamic acid, valine, isoleucine, threonine, leucine, ornithine, GABA, 

and alanine. As with the leaves, with 4/1 mM NO3
-/NH4

+ the levels of amino acids in roots 

exposed to NaCl were higher than those supplied with 5/0 mM NO3
-/NH4

+. Moreover, only 

with N co-provision aspartic acid, glutamine, putrescine, and asparagine increased after salt 

exposure. The levels of these metabolites in plants supplied only with NO3
- decreased after salt 

exposure. 

The accumulation of N compounds observed in roots and leaves is in accordance with the 

results of amino acids and proline content previously described (Figures 9 and 10).  

Generally, such an increase in these metabolites occurs in higher plants when exposed to abiotic 

stress, especially salt exposure (Debouba et al. 2010; Gharsallah et al. 2016; Arif et al. 2020). 

These solutes, like putrescine, serine or GABA, have roles in maintaining the turgor pressure, 

and they are involved in redox regulation, serving to buffer cellular redox potential when 

metabolic activities slow down during stress (Renault et al. 2010; Akçay et al. 2012; Z. Zhang 

et al. 2017b; Kumari and Parida 2018; Wu et al. 2020). In leaves, the increase in the abundance 

of some amino acids was paired with a decrease in the levels of others. These results indicate 

that in leaves, NaCl treatment triggers specific responses to mitigate the adverse effects of salt 

exposure. In other words, the data confirms the essential role of nitrogen metabolism in 

supporting metabolic adjustments under salt stress conditions. (Abouelsaad, Weihrauch, and 

Renault 2016; Singh, Singh, and Prasad 2016; Z. Zhang et al. 2017a; Lopez-Delacalle et al. 

2020; Nazir et al. 2023; Batelli et al. 2024). As with the leaves, roots analysis highlighted a 

general increase in the levels of most amino acids under salt stress. However, the increment of 

these metabolites was less visible than in leaves in plants supplied with only nitrate and this, 

as suggested before, NO3
- could be assimilated in the leaves (Suzuki et al., 1985; Taiz et al., 

2016). On the other hand, the higher synthesis of amino acids in roots when plants are supplied 
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with N co-provision occurs because, unlike nitrate, NH4
+ is rapidly incorporated into organic 

compounds due to its potential toxicity at high concentrations (Hachiya and Sakakibara, 2017). 

Ammonium is generally assimilated close to its uptake site, primarily in the roots, where it is 

converted into amino acids through the GS-GOGAT pathway (Hirel and Lea, 2001; Lea and 

Miflin, 2003; Hachiya and Sakakibara, 2017). However, it was observed that combining NO3
- 

and NH4
+ gives plants the possibility to implement better response mechanisms useful to 

overcome salt stress, such as the synthesis of more N compounds not only in roots but also in 

leaves. Probably in leaves, the higher levels of amino acids during N co-provision than plants 

supplied only with NO3
- occur because NH4

+ stimulates under salt stress the synthesis of more 

N compounds in roots which are accumulated in leaves as well. In other words, N co-provision 

would induce a greater activation of the N assimilation pathway. The positive impacts on plant 

growth from N co-provision have been linked to energy conservation (Raven and Smith 1976): 

before N assimilation, NO3
- needs to be converted to NH4

+ through a process that demands 

energy (20 molecules of ATP). Conversely, NH4
+ assimilation necessitates only five ATP 

molecules (Raven and Smith 1976). This energy saving potentially frees up more resources to 

be allocated towards the synthesis of more N osmoprotectants, which are energy-expensive, in 

response to abiotic stresses such as salt. (Flores et al. 2001b; Ghanem et al. 2011). 

 

 

Figure 13. Relative abundances of amino acids, putrescine, GABA and N compounds that resulted significantly different in 

leaves of Regina Ostuni grown with different NO3
-/NH4+ ratios (5/0 mM  and  4/1 mM) after 8 days of salt exposure at 100 

mM NaCl. Data were analyzed by ANOVA (LSD test with P Ò 0.05 and FDR Ò 0.05). (n = 6). 
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Figure 14. Relative abundances of amino acids, putrescine, GABA and N compounds that resulted significantly different in 

roots of Regina Ostuni grown with different NO3
-/NH4+ ratios (5/0 mM and  4/1 mM) after 8 days of salt exposure at 100 mM 

NaCl. Data were analyzed by ANOVA (LSD test with P Ò 0.05 and FDR Ò 0.05). (n = 6). 

 

The metabolomic analysis permitted the identification of many sugars. In leaves (Figure 15), 

there was a reduction in the levels of some sugars after salt exposure such as fructose, galactose, 

arabinose and glucose. On the other hand, sucrose, trehalose, glycerol and inositol accumulated 

in response to salt stress. The presence of NH4
+ in the nutrient solution reduced the loss of 

sugars that were decreased by the presence of NaCl and increased the levels of the ones that 

were accumulated by salt stress. Ammonium presence also induced a higher accumulation in 

control plants of ribose and glucose 6-phosphate than the ones supplied only with NO3
- whose 

levels did not change between the salt treatments. In roots instead (Figure 16), contrary to the 

leaves, the presence of NaCl in the nutrient solution did not induce reductions in any sugar 

levels. In roots indeed (Figure 16), salt stress induced an accumulation of the levels of most of 

the sugars and polyols spotted by metabolomic analysis, such as inositol, xylonic acid, glucose, 

fructose, mannose, galactose, sucrose, glycerol, and ribose as well. Mannitol, arabinose, and 
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glucose 6-phosphate increased in their levels after salt stress only in plants supplied with both 

N forms, whereas they remained constant in plants supplied only with NO3
-. Moreover, as 

observed in the leaves, except for inositol and xylonic acid, plants treated with the co-presence 

of NO3
- and NH4

+, after salt exposure, presented a sharper accumulation in the roots of sugars 

and polyols. According to the literature, consuming sugars under abiotic stress is functional to 

plantsô needs. Sugars are converted into ATP and C skeletons useful for synthesising 

osmoprotectans (Tiburcio et al. 2014; Singh, Singh, and Prasad 2019). Alternatively, sugars 

and polyols can also be accumulated in roots because they can be implicated in water-status 

balance maintenance, osmotic homeostasis and/or in the production, within the phloem, of 

eutectic solvents involved in protecting membranes and enzymes from breaking (Bolarín et al. 

1995; Balibrea et al. 2000; Munns 2002; Parida and Das 2005). These results complete the 

information obtained in Chapters III and IV. They could indicate a different turnover between 

the two organs: plants under salt presence accumulate more sugars in the roots than in the 

leaves to improve the osmotic balance. Focusing on N co-provision, it was confirmed that the 

presence of NH4
+ in the nutrient solution induced an ameliorative effect against salt stress with 

a lower reduction of reducing sugars in leaves and a higher accumulation in the roots during 

salt stress. For instance, sugars like sucrose, mannose, glucose, fructose and others were 

synthesized more in plants supplied with NH4
+ than the ones supplied with only NO3

-. As 

described before, N co-provision, saving ATPs, guarantees more resources to be directed 

toward the synthesis of nitrogen-based osmoprotectants or sugars (Flores et al. 2001b; Ghanem 

et al. 2011). Overall, the metabolomic data obtained is in accordance with biochemical assays 

previously described and confirms the beneficial effects of NH4
+/NO3

- co-provision in salt 

stress conditions. 
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Figure 15. Relative abundances of sugars and polyols that resulted significantly different in leaves of Regina Ostuni grown 

with different NO3
-/NH4+ ratios (5/0 mM and  4/1 mM) after 8 days of salt exposure at 100 mM NaCl. Data were analyzed by 

ANOVA (LSD test with P Ò 0.05 and FDR Ò 0.05). (n = 6). 

 

 

Figure 16. Relative abundances of sugars and polyols that resulted significantly different in roots of Regina Ostuni grown 

with different NO3
-/NH4+ ratios (5/0 mM and  4/1 mM) after 8 days of salt exposure at 100 mM NaCl. Data were analyzed by 

ANOVA (LSD test with P Ò 0.05 and FDR Ò 0.05). (n = 6). 
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In leaves (Figure 17), NaCl induced a noticeable and widespread decline in organic acids and, 

more specifically, in Krebs cycle intermediates in both N treatments: malic acid, threonic acid, 

citric acid, glucarate, palmitic acid, stearic acid, oleic acid, palmitoleic acid, myristic acid, 

succinic acid, fumaric acid, maleic acid, and glycolic acid among others decreased after salt 

stress. In general, plants treated with N co-provision presented lower levels of these metabolites 

than plants supplied only with NO3
- in both control and salt-treated plants, sharpening the 

effects provoked by NaCl. Conversely, 4-hydroxybutyric acid and glucuronate increased after 

salt stress, and this effect was higher, supplying plants also with NH4
+. In roots (Figure 18), the 

same trend observed in the leaves was confirmed also for most of the compounds identified, 

such as fumaric acid, maleic acid, malic acid, succinic acid, and myristic acid. 

Ammonium/nitrate co-provision is induced in roots at lower levels of this class of metabolites 

than NO3
- provision in both control and salt-treated plants. Citric acid decreased after salt 

exposure only in plants supplied with NH4
+, whereas 4-hydroxybutyric acid increased in both 

N treatments after salt stress.  

The observed reduction of metabolites belonging to the central carbon metabolism (TCA cycle) 

in both roots and leaves appears to be well related to the necessity of plants to sustain the 

activation of salt response pathways with C skeletons, ATP and precursors for the synthesis of 

osmoprotectants like N compounds (i.e. GABA, proline and free polyamines) and sugars with 

specific defensive roles (Renault et al. 2010; Kumari and Parida 2018). In this context, 

mitochondrial respiration and the tricarboxylic acid (TCA) cycle are pivotal during salt stress. 

Plants increase their respiration rate to sustain the synthesis of these metabolites (Che-Othman 

et al. 2017). However, the consumption of these compounds is not sustained by the central 

metabolism because, due to salt stress presence, crucial metabolic enzymes essential for the 

functioning of the TCA cycle, 2-oxoglutarate dehydrogenase complex, for instance, are 

subjected to inhibition (Renault et al. 2010; Borromeo et al. 2023). This could explain the 

reduction of several TCA cycle intermediates observed. Moreover, it was observed that the 

reduction of organic acids was higher in plants supplied with N co-provision than in plants 

supplied only with nitrate. To explain this effect, it must be considered that the observed 

increase of N assimilatory activity for the synthesis of N compounds when plants are supplied 

with both NO3
- and NH4

+ (Figures 13 and 14) is associated with an increase in the glycolytic 

pathway at the expanse of metabolites that support Krebs cycle through the anaplerotic 

reactions, as the one catalyzed by PEP-carboxylase (Fernie, Carrari, and Sweetlove 2004; 

Nunes-Nesi, Fernie, and Stitt 2010; Che-Othman, Millar, and Taylor 2017).  



95 

 

 

 

Figure 17. Relative abundances of organic acids that resulted significantly different in leaves of Regina Ostuni grown with 

different NO3
-/NH4+ ratios (5/0 mM  and  4/1 mM) after 8 days of salt exposure at 100 mM NaCl. Data were analyzed by 

ANOVA (LSD test with P Ò 0.05 and FDR Ò 0.05). (n = 6). 

 

Figure 18. Relative abundances of organic acids that resulted significantly different in roots of Regina Ostuni grown with 

different NO3
-/NH4+ ratios (5/0 mM  and  4/1 mM) after 8 days of salt exposure at 100 mM NaCl. Data were analyzed by 

ANOVA (LSD test with P Ò 0.05 and FDR Ò 0.05). (n = 6). 
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Lastly, to verify these hypotheses, the determination ATP, ADP and AMP content, in both 

leaves and roots, was assessed (Tables 1 and 2). These parameters are useful to define the levels 

of stress of treated plants with respect to control ones. Briefly, ATP content remained constant 

in both roots and leaves among the treatments. However, the co-provision of the two N forms 

increased the ATP levels in both organs. N treatments and salt presence distinctly influenced 

ADP levels in leaves with no statistical interaction. In roots, instead of ADP levels, the 

interaction between N and salt treatments resulted significantly. Briefly, in both roots and 

leaves, ADP levels were higher after salt exposure. Furthermore, the N co-provision induced 

higher ADP levels in roots during salt presence. AMP levels in leaves remained constant among 

all the treatments. In contrast, in roots, the interaction between N and salt treatments resulted 

significant: salt stress induced an increase in ADP, especially in plants supplied with both N 

forms. Considering EC levels, in roots, no significant differences were spotted, whereas in 

leaves, statistical interactions between N and salt treatments were found. All plants treated have 

the same EC levels. However, the co-provision of the two N forms the ATP content and the 

EC levels of plants under salt stress. (Gout et al. 2014)The absence of substantial changes in 

ATP and EC levels among the treatments suggested that in our experimental condition, we 

didnôt experience any criticisms due to salt exposure(Santarius and Heber 1965; Y. Zhang et 

al. 2020). However, only with N co-provisions plants had higher levels of ATP and EC. Plants 

in these conditions have a higher ability to sustain the whole metabolism when facing abiotic 

stress(Gout et al. 2014; Kramer and Evans 2011). This explanation is in accordance with the 

levels of amino acids, sugars and organic acids found in the metabolomic analysis. As 

explained before, the energy saving during N assimilation when the 4/1 mM NO3
-/NH4

+ ratio 

was used might allow more resources to be allocated to energy-requiring salt stress tolerance 

mechanisms (Flores et al. 2001b; Kant et al. 2007).  
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Table 1. ATP, ADP, AMP and Energy Charge content in the leaves of Regina Ostuni genotype grown with different NO3
-/NH4+ 

ratios (5/0 mM and 4/1 mM) after 8 days of salt exposure at 100 mM NaCl. Data of each time were individually analysed by 

two-way ANOVA, using Turkeyôs test as post-hoc text (**, P Ò 0.01). Data are expressed as means Ñ standard error (n=3). 

  Regina Ostuni  

 ATP ADP AMP Energy Charge 

  (nmol g FW-1) (nmol g FW-1) (nmol g FW-1) EC 

5/0 mM N/A 

NaCl 0 mM 
33.58 ± 2.892 66.82 ± 2.199 109.57 ± 4.117 0.32 ± 0.011 

4/1 mM N/A 

NaCl 0 mM 
30.71 ± 3.660 85.45 ± 9.838 96.75 ± 10.003 0.34 ± 0.006 

5/0 mM N/A 

NaCl 100 mM 
29.28 ± 3.276 98.28 ± 2.158 98.70 ± 7.971 0.35 ± 0.006 

4/1 mM N/A 

NaCl 100 mM 
59.45 ± 3.324 98.26 ± 3.489 81.66 ± 5.790 0.45 ± 0.013 

Nitrogen **  **  ns **  

Salt **  **  ns **  

NxS **  ns ns **  
 

 

Table 2. ATP, ADP, AMP and Energy Charge content in the roots of Regina Ostuni genotype grown with different NO3
-/NH4+ 

ratio (5/0 mM and 4/1 mM) after 8 days of salt exposure at 100 mM NaCl. Data of each time were individually analysed by 

two-way ANOVA, using Turkeyôs test as post-hoc text (**, P Ò 0.01). Data are expressed as means Ñ standard error (n=3). 

  Regina Ostuni 

 ATP ADP AMP Energy Charge 

  (nmol g FW-1) (nmol g FW-1) (nmol g FW-1) EC 

5/0 mM N/A 

NaCl 0 mM 
34.58 ± 1.798 30.89 ± 1.886 12.64 ± 1.143 0.64 ± 0.012 

4/1 mM N/A 

NaCl 0 mM 
38.96 ± 1.074 30.60 ± 1.386 12.57 ± 1.210 0.66 ± 0.008 

5/0 mM N/A 

NaCl 100 mM 
37.40 ± 1.567 34.51 ± 0.410 16.08 ± 0.137 0.62 ± 0.006 

4/1 mM N/A 

NaCl 100 mM 
63.74 ± 1.499 43.63 ± 2.125 22.08 ± 1.286 0.66 ± 0.013 

Nitrogen **  **  **  ns 

Salt **  *  *  *  

NxS **  *  *  ns 
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V.III. Conclusions 

 

The study provides valuable insights into the physiological, metabolic, and biochemical 

responses of Solanum lycopersicum L. to salt stress under varying N forms. As displayed in 

Figure 19, the detrimental effects of salinity on plant growth can be mitigated by partially 

substituting NO  with NH  in the nutrient solution. The omics approach allows us to observe 

how several negative conditions caused by salt stress resulted in improvements in the presence 

of NH4
+ in the nutrient solution, as also supported by biomass data. For instance, with ionomic 

analysis it has been observed how the toxic levels of Na+ were reduced. Biochemical and 

physiological analysis highlighted instead an increase in amino acids, proline and reducing 

sugar levels in both roots and leaves. The ameliorative effects of ammonium were confirmed 

by analyzing a range of metabolites detected with a metabolomic approach. NH4
+ presence 

promotes the synthesis of N compounds and reducing sugars under salt stress. These 

adjustments help plants to alleviate the stress caused by high salinity, promoting better growth 

and nutritional status in plants under such conditions. This research offers a deeper 

understanding of the complex interactions between N forms availability and stress responses 

in tomatoes, highlighting the different mechanisms that are distinctly activated in leaves and 

roots. Previous studies only partially studied these peculiar aspects in a short number of species 

and genotypes. For these reasons, further research considering different crops or performing 

another kind of analyses is needed.  
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Figure 19. Schematic representation of the results obtained in the study. On the left, the main effects caused by NaCl exposure 

in plants supplied with 5/0 mM NO3
-/NH4+. On the right are the main variations caused by NaCl exposure in plants supplied 

with 4/1 mM NO3
-/NH4+. Results on leaves (up) and roots (down) have been displayed. 
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CHAPTER 6 ï Final conclusions  

 

In today's evolving conditions, the impact of salt stress on plant growth and global food 

production has become a significant worry. It is crucial to comprehend the mechanisms by 

which plants operate in saline surroundings to take essential steps in alleviating the adverse 

effects of salt stress. The regulation of N-metabolism is crucial for enhancing salt tolerance in 

plants. The interplay between N and salt stress forms a complex network that significantly 

impacts plant functionality.  

The first activity of this PhD was to pursue a study that investigated the relationships between 

salt stress exposure and different NO3
- supplies. This study was designed to identify traits and 

unknown physiological mechanisms activated in response to NaCl presence. In Chapter III , 

the study was described: several physiological traits that govern N metabolism under salt stress 

and different availability of NO3
- in the nutrient solution were pointed out. The determination 

of amino acids, or the quantification of proline, was combined with the determination of Na+ 

and K+ content. The nutritional status of stress plants with respect to control ones was 

determined, and the adaptive strategies implemented were observed. The accumulation of NaCl 

dramatically reduced the levels ofNO3
- and altered the Na+/K+ ratio in both leaves and roots. 

Biochemical analyses revealed that salinity affects the plant's nutritional status and the 

concentrations of amino acids and proline, indicating a modulation of N metabolism. The GC-

MS analysis provided new insights into GABA pathways under salt stress, such as the increase 

of polyamine synthesis, like putrescine and spermidine, or a general inhibition of the 

intermediates belonging to the TCA cycle. To have a global understanding of how GABA, salt 

stress and N metabolism interact with each other, the activity of specific key enzymes such as 

DAO, AMADH and GAD was also determined. The analysis highlighted that plants seem to 

sustain GABA synthesis through primary and secondary routes. Lastly, the choice to use two 

different NO3
- concentrations was functional in highlighting the positive effect of a higher N 

availability for plants under salt stress. For instance, higher content of proline, amino acids and 

proteins was found among other ameliorative effects. Overall, the study offers a new approach 

to evaluate which parameters should be considered for developing salt-resistant cultivars. 

Future research investigating the complex interactions between polyamine metabolism and salt 

stress under various experimental conditions could offer a more comprehensive understanding 

of the GABA shunt pathway in tomatoes exposed to NaCl. 
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To deepen the knowledge about salt stress and its deleterious effects on plants, the second 

activity of this PhD aimed to examine the effects of different salt forms: NaCl and CaCl2. In 

Chapter IV  it was provided valuable insights into the distinct mechanisms and impacts 

triggered by Na+ and Cl- ions. The introduction of an experimental condition with 40 mM CaCl2 

allowed us to distinguish specific actions attributable to Na+ or Cl- ions. Specifically, Na+ 

toxicity leads to the accumulation of additional amino acids and osmoprotectants such as 

proline, trehalose, and GABA. In contrast, Cl- contributes to the reduction of anions like NO3
-

, SO4
2-, and PO4

3-, as well as carbon compounds like reducing sugars, among others. Moreover, 

the effects of Na+ in NaCl treatments result in a more significant reduction in biomass 

compared to control and CaCl2 treatments. The metabolomic analysis revealed how the 

different classes of metabolites changed under different salt forms exposure and which 

metabolites with osmoprotectant activity are synthetized the most. The data highlight that 

elevated Cl- concentrations reduce NO3- acquisition and alter carbon metabolism, particularly 

affecting the Krebs cycle. These results confirm that N and C metabolism is in relationship 

with salt stress responses and highlight the importance of considering different salts, such as 

Na2SO4, MgCl2, KCl, Na2CO3, MgSO4, to distinguish peculiar effects of a single ion. 

As explained before, another agronomic approach to improve salt stress resistance in crops is 

the application of nitrogen as fertilizer or supplementing soil with nitrogen-containing 

compounds in agricultural systems. This could be a valuable strategy for mitigating the adverse 

effects induced by salt and regulating nitrogen under salt stress. For instance, in hydroponic 

systems, the application of a combined NO3
-/NH4

+ regime has been shown to enhance the rate 

of nitrogen assimilation, increase levels of iron and chlorophyll in tomato plants, effectively 

alleviating salt injury. Conserving energy during nitrogen assimilation may enable allocating 

additional resources to energy-demanding mechanisms that enhance tolerance to salt stress. In 

Chapter V, the third and last activity of this PhD was described. This study provides valuable 

insights into the physiological, metabolic, and biochemical responses of Solanum lycopersicum 

L. to salt stress under different nitrogen forms. It demonstrates that the harmful effects of 

salinity on plant growth can be mitigated by partially replacing NO  with NH  in the nutrient 

solution. This adjustment helps to alleviate the stress caused by high salinity, leading to 

improved plant growth and development under these conditions. The use of omics approaches 

revealed that several adverse effects of salt stress were alleviated in the presence of NH . Ions 

analysis showed a better nutritional status, while biochemical and physiological analyses 

indicated an increase in amino acids, proline, and a less pronounced reduction in reducing sugar 
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levels. The beneficial effects of ammonium were further supported by metabolomic analysis, 

which highlighted enhanced synthesis of nitrogen compounds, less downregulation of sugars, 

and a greater reduction in organic acids under salt stress. This research provides valuable 

insights into the complex interactions between nitrogen forms availability and tomato stress 

responses, emphasizing the distinct mechanisms activated in leaves and roots. For instance, in 

response to salt stress, the activation of the N metabolism with the assimilation of extra amino 

acids was more evident in roots than leaves. This aspect was also confirmed by the levels of 

NH4
+ that were lower in roots than in leaves. Furthermore, energy levels and C metabolism 

were differently activated between these two organs: roots accumulated more sugars and 

reducing sugars under salt stress than leaves. In this view, roots produced more ATP, whereas 

leaves accumulated more ADP instead. Previous studies have only partially explored these 

aspects in a limited number of species and genotypes. Therefore, further investigations 

involving diverse crops or employing alternative analytical approaches are necessary.  

Due to experimental constraints in all the three studies discussed, the effect of the different 

growing conditions on yield (e.g. number and size of fruits) were not considered. To deepen 

and complete the knowledge of these topics, future research should focus on the effects in 

plantsô fruits of different N applications under salt stress conditions since yield represents the 

ultimate goal under field conditions. Another future research should be conducted investigating 

the hormones crosstalk during the exposure to different salt forms and under different N 

availabilities. As explained in Chapter I , related to N metabolism and salt stress, 

phytohormones play a pivotal role in plant salt stress adaptation. In this context, previous 

studies highlighted the existence of an intricate crosstalk between nitrogen and phytohormones 

under salt stress. Indole-3-acetic acid (IAA), gibberellic acid (GA), cytokinins (CKs), ethylene, 

ABA and salicylic acid (SA) regulate the mitigation responses induced by salt stress in plants, 

thanks to a greater ability to maintain homeostasis, photosynthesis and to lower oxidative 

damages caused by ROS. However, these aspects have been only partially investigated without 

considering different salt forms and different N availabilities. Therefore, further investigations 

could be useful to fulfill the gap of knowledge in this topic.  
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APPENDIX 
 

 

Appendix ï Chapter IV  

 

 

 

Figure A1. PCA loading plots between the first two components of metabolomic data from leaves of Regina Ostuni grown at 

low (0.5 mM) or high (5 mM) nitrate availability after 7 days of different salt treatments exposure at 80 mM NaCl or 40 mM 

CaCl2.  
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Figure A2. Heatmap of the significative metabolites from leaves of Regina Ostuni grown at low (0.5 mM, 0N) or high (5 mM, 

5N) nitrate availability after 7 days of different salt treatments exposure at 80 mM NaCl (80S) or 40 mM CaCl2 (40S).  
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Figure A3. PLS DA score plot between the first two components of metabolomic data from leaves of Regina Ostuni grown at 

low (0.5 mM) or high (5 mM) nitrate availability after 7 days of different salt treatments exposure at 80 mM NaCl or 40 mM 

CaCl2. The explained variances are shown in brackets. 
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Figure A4. VIP score from leaves of Regina Ostuni grown at low (0.5 mM, 0N) or high (5 mM, 5N) nitrate availability after 

7 days of different salt treatments exposure at 80 mM NaCl (80S) or 40 mM CaCl2 (40S).  

 

Figure A5. PLS-DA classification using different number of components. The red star indicates the best classifier. Cross 

validation using as cross validation method the 5-fold CV and as performance measurement the Q2 of the data between 

metabolic analysis of Regina Ostuni grown at low (0.5 mM) or high (5 mM) nitrate availability after 7 days of different salt 

treatments exposure at 80 mM NaCl or 40 mM CaCl2. It has been considered the model valid if the empirical P-values was Ò 

0.05. 
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Figure A6. Permutation test using a permutation number equal to 100 of the data between metabolic analysis of leaves (A) 

and roots (B) of Regina Ostuni grown at low (0.5 mM) or high (5 mM) nitrate availability after 7 days of different salt 

treatments exposure at 80 mM NaCl or 40 mM CaCl2. It has been considered the model valid if the empirical P-values was Ò 

0.05. 
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Appendix ï Chapter V 

 

 

Figure A1. PCA loading plots between the first two components of metabolomic data from leaves (A) and roots (B) of Regina 

Ostuni grown with different NO3
-/NH4+ ratio (5/0 mM - 4/1 mM) after 8 days of salt exposure at 100 mM NaCl. 
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Figure A2. Heatmap of the significative metabolites from leaves of Regina Ostuni grown with different NO3
-/NH4+ ratio (5/0 

mM - ñ5Nòand  4/1 mM - ñ4Nò) after 8 days of salt exposure at 100 mM NaCl - ñ100Sò. 
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Figure A3. Heatmap of the significative metabolites from roots of Regina Ostuni grown with different NO3
-/NH4+ ratio (5/0 

mM - ñ5Nòand  4/1 mM - ñ4Nò) after 8 days of salt exposure at 100 mM NaCl - ñ100Sò. 
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Ш 

Figure A4. PLSDA score plot between the first two components of metabolomic data from leaves (A) and roots (B) of Regina 

Ostuni grown with different NO3
-/NH4+ ratio (5/0 mM - ñ5Nòand  4/1 mM - ñ4Nò) after 8 days of salt exposure at 100 mM 

NaCl - ñ100Sò. The explained variances are shown in brackets. 
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Figure A5. VIP score from leaves (A) and roots (B) of Regina Ostuni grown with different NO3
-/NH4+ ratio (5/0 mM - ñ5Nòand  

4/1 mM - ñ4Nò) after 8 days of salt exposure at 100 mM NaCl - ñ100Sò. 
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Figure A6. PLS-DA classification using different number of components. The red star indicates the best classifier. Cross 

validation using as cross validation method the 5-fold CV and as performance measurement the Q2 of the data between 

metabolic analysis of leaves (A) and roots (B) of Regina Ostuni grown with different NO3
-/NH4+ ratio (5/0 mM - 4/1 mM) 

after 8 days of salt exposure at 100 mM NaCl. It has been considered the model valid if the empirical P-values was Ò 0.05. 
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Figure A7. Permutation test using a permutation number equal to 100 of the data between metabolic analysis of leaves (A) 

and roots (B) of Regina Ostuni Ostuni grown with different NO3
-/NH4+ ratio (5/0 mM - 4/1 mM) after 8 days of salt exposure 

at 100 mM NaCl. It has been considered the model valid if the empirical P-values was Ò 0.05. 

 

 

 


