UNIVERSITA DEGLI STUDI DI MILANO
FACOLTA DI SCIENZE AGRARIE E ALIMENTARI

Agriculture EnvironmentandBioenergyPhD course AAB

XXXVICycle

Department of Agricultural and Environmental Sciences

Production, landscape, Agenergy- DISAA

Salt exposure and nitrogen metabolism in tom@mlanum lycopersicuin):Improvement
of the resilience to abiotic stress

SSDAGR-06/B

PhD candidateGIANLUCA GALLI
Tutor: LUCA ESPEN

CoTutor: FABRIZIO ARANITI

PhD Course Coordinat@ALVATORE ROBERTO PILU

A.A.20232024






Table of Contents

CHAPTERAIntroduction 1
I.I. Soil salinity, tomato plants and nitrogen nutrition: state of the art 1
I.I.I. Tomato production in Europe: a brief overview 1
I.LLIl. Relationships between salt accumulation in soils and climate changes 2
I.L.III. The availability of inorganic and organic nitrogen in agricultural soils 3
I.Il. Physiological and biochemical aspects of salt stress in plants 5
I.IL.1. Salt stress effects on plants 5
L.ILII. Strategies implemented by plants to overcome salt stress conditions 8
I.IIl. Physiological and biochemical aspects of nitrogen nutrition in plants 13
LI, 1. Nitrate metabolism and physiological responses in plants 13
I.III. 1. Ammonium metabolism and physiological responses in plants 15
LI, The importance of Nitrogen Use Efficiency in plants 17
I.IV. Relationships between salt stress anddid availability 19
L.IV.1. Interactions between salt stress and N use in plants 19
CHAPTER@Materials and Methods 22
II. Materials and Methods 22
I1.1. Plant material and experimental desig&hapter Ill 22
ILIl. Plant material and experimental desig€hapter IV 23
ILIIl. Plant material and experimental desig@hapter V 24

I.1V. Determination of the contents of total nitrogen, free amino acids, reducing sugars, proline and amgtonium

I.V. ICRMS analysis of mineral cation concentratio$PLC analysis of mineral anion concentrations 26

I1.VI. Determination of ATP, ADP and AMP wittHREC 26
I1.VII. Untargetednetabolomic analysis 27
I.VIII. Statistical analysis 28

CHAPTERG@Relationship between salt exposure and nitrogen availability in Tomé&Smlanum lycopersicurh.)

with an insight on GABA metabolism 30
Summary 30
II.I. Aim of the work 31
II.1l. Results and discussion 32

lILLILI. Changes in biomass and nutritional status in response to different salt andeldtthents 32



lLILII. Changes in the leaves of total proteins, amino acids, and pintineed by salt stress and different NO

treatments 36
lLILIIL. Changes in the GABA content and an overview of GABA pathways 38
I, Conclusions 43

CHAPTERd®Evaluation of the relationships between different salt forms and N availability in tomato plants

(Solanum lycopersicurh.) 44
Summary 44
IV.1. Aim of the work 45
IV.Il. Results and discussion 46

IV.1L.1. Biomass, ion composition in response to salt stress and differeritdd@nents 46

IV.1L1l. Changes in the leaves of amino acids, proline, reducing sugars and ammonium contents induced by salt

stress and different NOtreatments 56
IV.ILIII. Metabolomic analysis driven by-RA8 58
IV.IIl. Conclusions 67

CHAPTERGSalt stress and Nitrogen metabolism in tomato plantSdlanum lycopersicurh.) grown under

different N forms 68
Summary 68
V.1. Aim of the study 69
V.II. Results and discussion 70

V.IL.I. Biomass, ion composition in response to salt stress and differeritdd@nents 70

V.IL1I. Changes in the leaves of amino acids, proline and reducing sugars induced by salt stress and different N

treatments 82

V.ILII. Metabolomic analysis driven by-86 86
V.1Il. Conclusions 98
CHAPTERG®@Final conclusions 100
BIBLIOGRAPHY 103
APPENDIX 118
Appendix¢ Chapter IV 118

Appendix¢ Chapter V 123






CHAPTER | T Introduction

l.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 &olanum lycopersiculn, is a member of the Solanaceae family and
holds the position of the second most significant crop, following potaBmanum tuberosuin.),

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 hepittmoting qualities, and this is the reason for
their importance and why it is cultivated so intensely across the \{/dddsaretto et al. 2018)
Annually, approximately 186.1 million tons of tomato fruits are produced across 4.91 million
hectares, according BBAOSTAT, 2022 Asia dominates global tomaf@roduction, 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 tha® 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 andaseimegions. In Europe, for
instance, these regions are mostly located in the Mediterranean(flicgas 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
devel opment of fleshy fruits and for studying
stress both in open fields and in growth chambersnlshto these studies, many landraces have been
studied and valorized in recent years to develop new var{@iEsnavoli 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)



l.I.Il. 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 actiwfysoil 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 actifd@singuezBeisiegel, Herrero, and Castafieda 2013;

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

The increasing expansion of irrigated agriculture in arid and-aethregions 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 oreigular precipitation, irrigated agriculture

can disrupt the natural ecology of dry areas, leading to adverse effects on soil and water quality
(Aragueés et al. 2011}t 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-high salinization, causing significant soil dadation(Tomaz et al.

2020) Italy has approximately 3.2 million hectares of areas at risk of soil salinifB#azi and Lo

Papa 2016; Canfora et al. 201These vulnerable regions are located in the cestuahern 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 l{&wnfora et al. 201qFig. 1).

Due to climate changes, the rise in ygayear precipitation variability contributes to fluctuations in
productivity and agricultural losses. This is further exacerbated by heightened precipitation intensity,
alterations in precipitation distribution, édran increase in dryland salinization, soil erosion, and
runoff (Rosenzweig et al. 2007; Anwar et al. 2Q1preover, the escalating intrusion of seawater

into estuaries and aquifers hampers drainage and compromises soil quality. This phenomenon leads
to heightened water salinization, damaging c(@esWit et al. 2011)In such a scenario, farmers are
compelled to use water characterized by modémkegh salinization for irrigating their fields. This
practice yields negative consequences, affecting the-s&rartproductivity of crops such as tomato

and posing longerm sustainability challenges for soil resour@&swar et al. 2013; Tomaz et al.

2020)
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I.I.IIl. 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 201The main inorganic forms assimilated by plants in

the soil are the ions ammonium (NHand nitrate (N®@). The former is less abundant 200 0 ¢ M)
while the latter is the predominant form in agricultural soi$ (hM) (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 nitrogercontaining molecules in the soil, there are hupratein complexeglones 2002)
occasionally comprising as much as 50% of the total nitrogen content in thBadier 1995)
Bacteria and fungi play a crucial role in the entire nitrogen cycle. Some of these microorganisms
actively convert organic matter into MHand NQ". 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, releasingANthonium in

the soil tends to have low mobility and accumulates. Ultimately;"Nddn undergo nitrification
(oxidation) facilitatedby bacteria like Nitrosomonas and Nitrobacter, leading to the production of
nitrites and nitrate@Mliller and Cramer 2005)The interplay between the described processes results

in NOs. NG5’ 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 gasssGNNO,
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NOz), reentering the atmosphere. Alternatively, due to its high mobility; bED be easily washed
away from the soil following substantial rainfall. The quantity of nitrogen in the soll, particularly the
NOs/NH4" ratio, is significantly influenced by environmental conditions such as pedoclimatic
factors, available oxygen, soil water content, organic matter levels, soil pH, and temdtdiere

and Cramer 2005A 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 201Qonsequently, following water deficiency,
nitrogen availability is a critical factor influencing crop productivithe overall nitrogen supply in

the soil is restricted and exhibits considerable variabiMiller and Cramer 2005)Roughly 100
million to 110 million metric tons (MMt) of nitrogenous fertilizers are annually introduced into soll
globally. Predictions indicate that this figure is expected to rise to 240 MMt by(&@k@l, Shrawat,

and Muench 2004; FAOSTAT, 2022)oreover, the nitrogen applied to agricultural soils that goes
unused by plants ends up being lost in the environmerT %0 of applied nitrogen), leading to
adverse consequences on both the environmental andesmeiomic front§Good et al. 2004,
Galloway et al. 2008)NOz", 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 nittwagd fertilizers to sustain extensive
crop production. Additionally, the limited N use efficiency (NUE) inpg@ontributes significantly

to this challengéLawlor, Lemaire, and Gastal 2001fror tomato it is reported that 100/250 kg/ha of

N is required to achieve the highest fruit yiéldarouelli et al. 2014; Aci et al. 202{fig.2).
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l.Il. Physiological and biochemical aspects of salt stress in plants
I.IL.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, developmeerd overall fitnesglsayenkov and Maathuis

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

plants at the first stage of growth than in older ofidanaa et al. 2011)

The way in which NaCl is applied to plaéteither gradually over time or in a sudden, single
applicatio® plays a crucial role in determining how the plants respond. When NaCl is introduced
gradually, plants typically experience what is known as salt stress case, salt alters not only the

water balance, decreasing the water uptake, but also changes the nutritional status, reducing the
translocation and assimilation of miemnd macronutrients (i.e., NQC&*, NHs" and K") (X. Liu

et al. 2006; Tammam, Alhamd, and Hemeda 2008; Abogadallah 2010; Murtaza et al. 2013; de la
TorreGonzalez et al. 2020pn 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 sheskleagslls 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 appl{S#mmukov 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 stagéheir 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 theupper 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 systerfhavrukov 2013)Second, there is ionic stress that appears
gradually after some days. Plants, to adjust osmotically, accumulate inorganic ions in their tissues
(i.e., Nd and CI) (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. lon uptake, indeed, can take place through both the symplastic and
apoplastic pathways with the help of specific and-gspecific transporters. Céntry to the root cells
through the plasma membrane mayniediated by C/H* co-transporter NRT (N@ transporter),

while the longdistance 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 wit K* and C&", is uptaken and translocated by different transporters such as PIP2,1
(aquaporin), AKT (K transporters), HKT2 (highffinity K* transporter), NSCC (neselective

cation channels), LCT1 (lowffinity cation transporter) and NHA (N&d* antiporter).(Negrao,
Schmadckel, and Tester 2017a; Isayenkov and Maathuis 2BP3.). 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 NaresencdCruz et al.1993)In tomato, ryegrass and barley, it has
been suggested a competition betweenasa NH", ammonium supply reduces Naccumulation

and translocation, competing for root uptake sfiesgi et al. 1998; Kant et al. 200Rjoreover,
Ghanem et al. 201teported in tomato that increasing NHertilization reduces the decrease ih 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 (R@&)gadallah 2010; Munns et al.
2020) These free oxygen radicals, which include oxygen molecules or hydroxyl groups with an extra
electron (@, H20. and OH), are highly reactive and can oxidize essential compounds (i.e.,
membrane lipids) unless neutralized by antioxidéRts/er, Descourvieres, and Kunert 1998}

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

cases, leaves may wilt, reducing yie{@ilfus 2018)

Furthermore, the excessive uptake of ldad 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(lsayenkov and Maathuis 2019)his 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 metaboli@anaa et al. 2011)When excess Cénters the shoot cells,

plants try to prevent it from disrupting enzyme functions by sequestering it in the vacuole.
Additionally, growing evidence suggests that excessivaccumulation 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 imbalancdenfefs within

cells and throughout the entire plant due td BleesgKronzucker et al. 2013Moreover, sodium
6



ions impact essential processes like photosynthesis, transpiration and the production of reactive
oxygen species and ultimately affecting growth and yield. 8lso causes osmotic changes that
temporarily disrupt the membrane integrity of the r@Gtsskun et al. 2013}t appears evident how

the alterations of plant metabolism are profound in both root and leaf t{Saxla and Cuin 2008)

NaCl resulted the most studied salt form. Other salt forms have been considered marginally. CacCl
effects, for instance, have been studied by combining it with NaCl with the aim of seeing how the
presence of Cacould ameliorate the deleterious effects of Biad Cl accumulation(Cramer et al.

1986; Kurth et al. 1986; Azaizeh et al. 1992; Silva et al. 20883hi et al. (2005) and Upadhyaya,

et al. (201} report the ability of C& to counteract cell membrane injuries, ROS production and the
solute leakage caused by NaCl exposure. Moreover, they prove the ability*db @ahance the
accumulation of proline and*Koncentration in tissues. However, as highlighte&blyayashi et al.
(2004, the majority of the studies have been conducted studying only NaCl effects in plants, without
considering other salt forms such as Mg@i CaC} and theipossible different effects. Studying
different salt forms, such as CaGtould help to investigate the possible effects ofNal

accumulation in plants separately.
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l.ILII. 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 restbeir 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 fifagsza et al. 2013When NaCl

is added for the first time in large quantity for instance, plants experience salt shock. Only after several
days (indicating longerm exposure), it is expected that the plants will partially recover from the
initial osmotic shock. At this stee, 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 eventnot prese
In this case, the osmotic responses are less predominant, and plants can focus during the first stages
of salt exposure only on their ion homeostéSisavrukov 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 leafghtion 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,
consguently, growth and plant developmédames et al. 2008; Shavrukov 2QIB)e 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 envir@amestet al. 2008)
Implementing all the strategies needed in time is crucial to avoid severe damages like plasmolysis
and apoptosiike cell death, especially in root cellss 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
caibon supply becomes the primary factor restricting leaf grgdames et al. 2008Maintaining
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, mitochondaad plastids as we{iZhu 2003) As the vacuole serves as a

central compartment for cell expansion, the accumulation of ions in this organelle supports osmotic

8



adjustment, fostering growth while minimizing adverse effects on cytosolic and organellar functions.
Several studies reported the importance of danpartmentation to the vacuole in tomatbang

and Blumwald 2001by overexpressing the tonoplast NHX1/IMa" exchanger, showed how this
improved performance in satressed transgenic tomato. Furtherm@antaCruz et al. 1999
highlighted how saltolerantLycopersicon peruvianuaccumulates a much higher concentration of

Na' than saksensitiveLycopersicon esculentum Besi des t he compart ment a
the vacuol e, the Iimitations on Na uptake ar
facilitated by the plasma membrane salt over]l
centra strategies to achieve salt toleran@habala and Cuin 20Q8However, plant's ability to
tolerate salinity is not solely dependent on
plant's ability to s us?. @hesetwe tadousaheleplantd te maintais o f
correct ion homeostasi¢Negrdo, Schmockel, and Tester 2017#) is reported that Ca
supplementation has beneficial effects on plant adaptation to salt stress, slowing down the fate of Na
absorption and translocatifbahaye and Epstein 197 gain, the ability to retain Kin the cytosol

is crucial for plants to adapt to saline conditions, protecting photosynthetic and metabolic activity
(Shabala and Cuin 2008)

Osmotic tolerance -
o |Gr0mng leaves |

Osmotic v .
Phase 1 - .
(hours) stress i (Water stress, 1Leaf E|0ngﬂt|0n rate h

(Rp—— |

(Reduced
» assimilate supply)
Soil ;
salinity .
1
| Stomatal conductance :
1
1
o " 1
» Salt T
Phase 2 L Salt-specific|_C2F, | | CO, assimilation = = =|- - J
(weeks) stress 4
Na* exclusion
Tissue tolerance
Fi gd4rAe model for plant growth in response to salinity descri/
stress (Phase 1), resulting from the high salt codcphasat({Bm:
2), where salts begin to accumul ate within the older | eaves



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
straightchain polyhydric alcohols, and cyclic polyhydric@hols(Parida and Das 2005; Manaa et

al. 2011; Shavrukov 2013ln 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 celall synthesigMunns 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 eleadtinternal 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 sttes€ he Ot hman . s al
mechanism aims to ease recovery from stress conditions. Again, some proteins synthesized during
salt stress are latembryogenesiabundant proteins (LEAS). These proteins have chapeligrin
properties and provide tolerance to dehydration omaiddovery upon subsequent rehydration. They

also have properties in stabilizing protein structures when osmotic stress(®anns 2005)

Several studies report that N can help plants to overcome stress conditions, such as salt stress, drought stres:
and others, by the synthesis of specific metabolites like proline or GikRB¥es et al. 2003; Murtaza et al.

2013; L. Liu et al. 2016; Ma et al. 2018; De la TeBenzalez et al. 2018; Lopéxelacalle et al. 2020; Wu et

al. 2020) Debouba et al. 201@ported 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 redudtastsomtext,
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 epmes essential for the functioning of the TCA cycle are subjected to
inhibition by salt (2oxoglutarate dehydrogenase compléxXCh e Ot hman . GABA all
represents a key metabolite for the ©plantso
osmoprotectant, regulating cytosolic pH, reactive oxygen species (ROS) degradation, and carbon
nitrogen (C) metabolism (Fig. $Renault et al. 2010; Akcay et al. 2012; Shelp et al. 201&ger

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

source of GABA. Recombinant GABA transaminase (GAB)Aconverts then GABA into succinic
10



semialdehyde, efficiently using pyruvate and glyoxylate to produce alanine and glycine, respectively
(Shelp et al. 2012)JUnder 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, like2Hogoglutarate
dehydrogenase <compl ex, ar e i nhi bited by sal/
surmounted through heightened GABA shunt activity: GABA can also be produced from the
catabolism of polyamines (PAs) (Piterkova et al. 2012). Amineagei@nzymes (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-emwirbbutanal (ABAL) or 4
(3-aminoprpylyaminobutyraldenyed ( APBAL) ( Ge b e |-Rortedl &t ala2013). A%ty 0 O ;
that, ABALDH enzymes convert ABAL or APBAL i1
produced under salt stress can provide an alternative C source for mitochondria that circumvents salt
sendive enzymes. For these reasons, the pathway from PAs to GABA could be significant in the
stress response of dicotyledonous plants. PAs patrticipate also in abiotic and biotic stress responses,
having antioxidant protective and signal rof€®urcio 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 actsa@snection 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 (ABAldack 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 flux¢soyer, Descourvieres, and Kunert 1994gy pathways of
destruction of ROS produced in excess after salt treatment involve enzymes like superoxide

dismutase, catalase, and the ascorbhtathione cycléFoyer, Descourvieres, and Kunert 1994)

In this context, studies highlighted the existence of an intricate crosstalk between nitrogen and
phytohormones. Indoi8-acetic acid (IAA), gibberellic acid (GA), cytokinins (CKs), ethylene, ABA

and salicylic acid (SA) regulate the mitigation responsésded 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)GA and CK, for

instance, increase the activity of GS, GOGAT and GDH, to reduce salt effects by increasing N fixing
11



efficiency in leaves and roots and the synthesis of useful prgteakrabarti 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 anfiuswassimilation, proline content, and antioxidant

defense systems, while simultaneously reducing the generation of oxidative stress (Nadaarst

al. 2011, Jahan et al. 2021; Majid et al. 2021)
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l.IIl. Physiological and biochemical aspects of nitrogen nutrition in plants
I.III. 1. Nitrate metabolism and physiological responses in plants

NOs has several impacts on plarindrews, 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 compoifAttsoresi 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 quantiMiller and Cramer 2005)Furthermore, besides serving as a nutrienz NO

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 brassinostékomisk et al.

2017; Vidal et al. 2020)

The absorption of N©by root structures constitutes a secondary active transport process, requiring
an energy source for the anion's movement across the membragieupgtie is meditated by
transporters belonging to the NRTs family and follows thé/2 NOs symport mechanisiMcClure

et al., 1990) This entire process relies on the activity of the plasma membraAd Pase which
consumes ATP and establishes an electrical and pH gré@iess, Shaff, and Kochian 1992elson

and Cox, 2018(Fig. 6). There are two distinct kinds of Nl@ansport systems: higgifinity transport
systems (HATS) operating at low N@oncentrations (< 0.5 mM) and leaffinity transport systems
(LATS) functioning at higher concentrations (> 0.5 mM) (Glass et al., 1992). The induction of these
NOz 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 glutamirfgidmar et al. 2000; Miller and Cramer 2005)
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In relation to plant nutritional status, N@s then transported back to the apoplastic fraction through
efflux mechanisms, stored in the vacuole through tonoplast Rase transporters (useful for cellular
homeostasis), directed for assimilation, or secreted into the xylem vessels for subssquéatias

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

al. 2016) The distribution and assimilation of N@mong various tissues are determined by its-long
distance transport. Anion channels and the NRT family are believed to mediate xylem loading and
unloading (MasclauxDaubresse et al. 2006The anion concentration in the xylem depends on
changes in transpiration rate, and growth conditions and undergoes daily vaii@tiaoki et al.

1985; Siebrecht et al. 2003; Prinsi and Espen 2MNifate can be reduced by plants into Nldnd

then assimilated into amino acids in the roots and le@\ag et al., 2016)The first step involves

the reduction of N@ to nitrite (NQ) 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 cy¢&ivasankar et al. 1997; Bowsher et al. 2007)

After that, NQ is rapidly reduced by Nitrite reductase (NiR) at plastidial le(@lszuki et al. 1985)

The NH;" formed is organically bound and converted into glutamine and then glutamate by glutamine

synthetase and glutamate synthase (GS/GOGAT), respectitiel and Lea 2001)At last, the

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

molecularweight nitrogen compoundkea 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 dednse(Lea and Miflin 2003) Through these nitrogen reduction and assimilation

mechanisms, plants can synthesize all 20 amino acids, including the essent{®im@iemnd 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
14



cycle with intermediates to ensure an adequate supply of energy and carbon skeletons. This
phenomenon has been observed in various plant species, including (Set#a et al. 20143nd
maize(Prinsi and Espen 2018%everal factors, including species, plant developmental stages, and
environmental conditions influence NCassimilation 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 activigegnhan
Nitrogen Use Efficiency (NUE) by reducing the efflux of the anion in the r&tkeurwater et al.

2002)

LI, 11. Ammonium metabolism and physiological responses in plants

Regarding NH', if present at low external concentrations, it is absorbed by an active process
mediated by AMT transporters with t@nsport of H. Similar to NQ’, the regulation of these
transport systems is influenced by the plant's nutritional s(itilier and Cramer 2005)At high
external concentrations, the ion can enter the cells ag NHNH;" through nonspecific ion
channels/transporters (e.g.;)kand aquaporins (PIPs), which are also responsible faf MEding

into the xylem and its accumulation in the vacuole (TIPs) respect®@ehjoerring et al. 2002; Miller

and Cramer 2005)fhe NH;* concentration in cytosol typically ranges betweetDImM, whereas
vacuolar concentrations range between 2 and 45(Mifer 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"Nidd reduce its translocation
(Sivasankar, Rothstein, and Oaks 199#)the xylem level, N&" represents only 10% of the total
nitrogen(Schjoerring et al. 2002 herefore, 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 Bl@eduction, photorespiration, amino acid breakdown, and
phenylpropanoid synthes{gndrews, Raven, and Lea 2013; Bittsanszky et al. 204&escribed
before, ammonium is incorporated into Gln by GS isoforms (cytosolic GS1 and plastidial GS2), that
catalyzed the ATRlependent amination of glutamate (Glu). The regulation of GS1 and GS2 activity
is finely tuned based on the available nitnodgerm, 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 Nk derived from N@ reduction and photorespiratidilirel and Lea

2001) However, studies on plants under high ammonium concentrations reported that GS1 could also
participate in NH" assimilation in root¢Prinsi and Espen 2015As described before, the enzyme
GOGAT carries out the final step of the GS/GOGAT assimilatory cycle, with the conversion of Gin
and 2oxoglutarate into two molecules of Glu. N is then redistributed to other amino acids and
metabolites through the actiohtransaminased.ea and Miflin 2003)

However, when NHf 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 éal@&ha 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, aswell as wilting and accumulation of amino acids within plant tis§Gesendas 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 issuegBritto and Kronzucker 2002; Miller and Cramer 2005; Esteban et al. 20hé)co
presence of N©@and NH" is considered the optimal nitrogen nutrition conditibtiller and Cramer

2005) Specifically, the presence of NOs known to mitigate the toxicity effects of NHby
translocating N@ to the leaves, where it is then reduced to;NEontributing to a better balance of

both osmotic equilibrium and reducing power in leaf org@erendas et al. 199Besides this key

aspect, it's important to emphasize that in many species, a synergistic effect in promoting growth has
also been observdg&chortemeyer, Stamp, and Feil 1997; Hachiya and Sakakibara 2@itiQus

studies have demonstrated that the simultaneous availability ¢fad@® NH" can increase plant
growth rate by up to 40960% compared to when the two minerals are provided individ(Biltto

and Kronzucker 2002)0ne of the most accredited hypotheses to explain this phenomenon suggests
that NG may also act as a signal in inducing a series of biochemical responses that enhdnce NH
root assimilatior(Redinbaugh and H. Campbell 1998he positive impacts on plant growth from N
co-provision have been linked to energy conservatiRewen and Smith 1976as NQ needs to be
converted to N through a process that demands energy (20 molecules of ATP). Conversgly, NH
assimilation necessitates only five ATP molecRsven and Smith 1976)his 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 intd&namem et al. 2011)
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L.IILII. 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 ®atF 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 pactices, 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 ecosysten{&ood 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 fgGa®dnShrawat,

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 iroith@NBItE) (Jackson,

Burger, and Cavagnaro 2008; Aci et al. 202MYE is usually measured as a ratio comparing the
outpu® such as the total nitrogen in the plant, grain nitrogen content, biomass yield, or grén yield

to the input, which includes the total nitrogen available, soil nitrogen, or the nitrogen fertipiedap

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 afiiliese 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. 20Z@g regulation of nitrogen
absorption and assimilation involves intricate feedback mechanisms spanning from transcription to
posttranslational processes. For instance, the nitrogen uptake rate is determined by the root
architecture, morphology, and tsporter 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 translocafdn, 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 glyc@tgsise,

Carrari, and Sweetlove 2004) 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)(NunesNesi, 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, sgdalinity(Murtaza et al. 2013Most crop

plants are glycophytes, adapted to grow in-kakinity environments. Consequently, they have
evolved mechanisms specifically designed for nutrient absorption isadore soils. Studies indicate
indeed that salinity stress can have inhibiteifects on plant nitrogen uptake, proving that nitrogen
accumulation in plants tends to decrease when grown in highlgfgadted soilsFor these reasons,
enhancing the NUE holds particular significance: developing crop varieties with enhancedogfficien

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

denitrification losses and improve salt stress resist@fceFan, and Miller 2012)
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l.IV. Relationships between salt stress and fdio availability
[.IV.1. 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 htex 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 cleavagenfsoil (L.-H. Liu et al. 2003;
Mérigout et al. 2008)Moreover, it has been reported that combiningsN@d NH* fertilization

could improve N utilizatior{fFlores et al. 2001a)

On different species it was reported a close relationship between salt stresszandeNgd 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 rratetions between NOand Ci (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 transporfsiRT1.1 and NRT1.2), decreasing Bl©@ontent

and NR, NiR, GS and GOGAT genes activity in tom@bouelsaad et al. 2016; Singh, Singh, and
Prasad 2019)0n the other hande la TorreGonzélez et al. 202@ported that cultivars with higher

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

NULE 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’/@lNand increasing

NUE (Kafkafi et al. 1992; Nazir et al. 2023 particular, when N&® was added, the rate of Cl

uptake was reducg@lartinez and Cerda 1989pn the other hand, as described before, supplying
plants with NH* can reduce the saliduced decrease in*Kconcentration. N@ uptake and
transportation rely on the operation of Khuttles, which synchronize both nitrate uptake and
utilization. K" acts as a counterion, facilitating the transport o N®the leaves through the xylem

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

and other assimilatdependent activitie§Ghanem et al. 2011Furthermore, 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 protéamgsalt damage, particularly in

the saltsensitive genotypeéNazir et al. 2023)

Some studies investigated the application of a combineg/NI;" regime. They observed a less
reduction of biomass caused by salinity in different plant species such as barley and $otha&o

et al. 2002; Kant et al. 20QAlores et al. (2003andKant et al. (2007also 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 shtetm a valuable strategy to improve salt stress
resistance by enhancing NUE in plants, for the Jondterm NUE improvements instead,
physiological and genetic studies have proposed different resesids.tThe 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 transpartctivity and the subsequent increase in nitrogen efflux by (Gtss,

Shaff, and Kochian 1992; Segonzac et al. 20@Tants have evolved a sophisticated system to
enhance nitrogen uptake through their roots. This system integrates afighLowAffinity

Transport Systems (HATS and LATS), which are part of multigene families that function across
various concentratioreVels, enabling plants to optimize nitrogen forms acquisitions,NN4" and

urea. For instanceracent study in tomato discovered divergent levels of DUR3 transcript abundances

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

urea, the most common N fertilizer used in agriculture worldWlidgini 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 pRaven and Smith 1976All 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. Arpethways encompass the synthesis of
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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 2003ylants, for instance, accumulate a range-gbfpounds, such as osmolytes

and other solute@Munns and Tester 2008aAmong 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
haveosmotic protection functiong~oyer 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 treveloping plant$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 phytohormoneshiasoplant responses in salt stress
conditions. Plants modulate phytohormone balance to coordinate root architecture and the activity of
transporters. For instance, Bi@duces the expression of IAA which mediates N signals from shoot

to root basipetallyand 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 uptakKXu, 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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CHAPTERM&t eri als and Met hods

I 1. Materials and Met hods
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of the extract was added tH @3 InLO bIrPND OKBA 7r5e ang
OPA, 2-menMcapt odMEhanpH E€27). After incubation
absorbance was determined at 410 nm.

1. V:MSI Gl al ysi s ofcomtc aept-aHhPtLi€ananoanl y si s of m
concentrations

The concentrations of mineral i1ions MeBggoOoOtsta
(2014) . Briefly, at 100 mg of dried tissue, o0
for 72 h had been addeandlOdingle sotfe d6 50% (nvi/cvr)o wH
(Anton Paar Multiwave 3000, Anton Paar, Gr az,
al: 40 rat rQ waitter MIEIMD Mi | | i pore Corporation,

anal ysed fbya mfeaan a6 §2ar i €R, | nc. , Pal o Alto,

standards and andal irkermeotviicnng dwnrtwees erences by t |
determine the ani on -fcroonzteenn ttsi,s slu0e0 wegr eo fp rpoocwedsest
t&orin(2l=:), as prerraocst(o&ligali bed by

1. VI . Determinati on fPLATP, ADP and AMP with

The concentrations of ATP, ADP and AMP in ro
Menegoll o.etBralef)] y20a09i qudtrozefn 235 sm@gsofvep @\
950 Ol of extraction buffer containing 0.3 M
in cold ice, 170 Ol of KOHs 2SHmMphsesawded, ther
(20 ming 143 00M®) xand the pellet was discarded.
filtered by GVESmyyandg8DOAEdeamt (0. 22rther ste
ATP, ADP and ADP was penf dVmeetlkeytldPL C Agdaigeine c

I nfinity20 @Injofcttilnegy sample. The analyses wer e
180 (-AC18.6 x 250 mm, 5 Om and a-Aprldc ol Amré Nm
an isocratic™tu260fAC0. Gampl mbnwere read at 2
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were assigned by wusing internal standards ar

construction of calibration curves.

1. VI 1 . -nienttaabrogleaneidc anal ysi s

Starting from 106f rnogz enf pdoawde rnmead esrnaagd , t he e)
byi sec(2006),. with some modificat2@AC) &mded 0
ri bi@.od2 mg/ ml), as internal standard, were adc
seconds and then transferred in a thermomixer
were then centrifuged f or 1a0ntnsi nwetrees tarta nlslfOelrOr
where 750 Ol-20ACyohadChB680R4HC) owerde Hadded. Af
2200 xg for 15 minutes, the upper polar phase
vacuum coatcerndamttoemper atur e. -8DaACp| Bx fwearee dtelre
samples were dried for 30 minutes I n the vz
hydrochloride (20 mg/ ml in pyridine) w2rlk atdd
37AC in a thermomixer (950 rpm). After adding
at 37AC and then transferred into 120 OL gl as:
of the sample was pesrfnordreedviadth 23 GA@ wi s espltiot |
used a 3B M MB®A Il ary column with a 10 m int
was set for 5 min at 70 AC, followed by a 6AC

40 minh)png Waslperformed as fast as instrument
equilibrated for 1 min at 70AC before inject.i
set to 280AC, and the quadrupowas teenpetrat2a3deA
mass spectra were recorded in full scan at 2
solvent delay of 9 min. I n addition to sampl e
nal kane st-@adawvédds, e€8gma Al drich Italy), and
scheduled intervals for I nstrument al perfor ma

tentative identification, and Tmvoeirt aow i cpgriaoha ts

data were successively processed, i ncluding r
peak alignment, deconvolution, peak i édmmAtLi f i c
ver si (@sugadaebal 2015) During peak detection, an ave
mi ni mum peak height of 1000 amplitudes were a
spectafaf cauitt 5000 amplitudes used for ded oanrv ol
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m/ z tolerance of 0.5 Da were employed -6bft wa@bbm
60% and a minimum identification scoreDbAL8O0%
using swowuoeenl i biroaursye Dbfuoillltowiiom g ptrlogpopedt by N
Met abolite anvi®tapeonrandssEilgnment adhered t
initiative ((Qdsong et @ud0@re lwiiners Level 2 identific

dat abase matches (match factor > 80 %) and Le

groups, such as specific i ons and RT regions,
I'1.VvVIIlIIl. Statistical analysis
Al | results, apart -mheatoarb alhoomsiec oa n alhyes iusn,t aw egreet

means with standard error of the means (SE) .

XLSTAT for Windows (versiamal 2Oddb-wa i 1@ gndadyd gv o0

ANOVA, wit h -hTauck eRyBOsHt. (&9 t

Met abol omic statistical analoysee worfe waarr iMed
usi ng -ftad&het mmest ati sti cal tool. The integrity

cases where missing vabuesedweby deDsc(éadp DOhe
val ue of e@Xiha vand aWil eDatra wWeOrld ) nor mali zed or
(LOWESS normalization) and -DhAkr nAl |tgdaantsaf cow eme
i nt oiodmdy scal ed t hrSccagh nghe méPhodt o Successi

unsupervised Principal component analysis (P
met abolic changes acr oss Mthhee Hditfefl dri engtd se XTRe rrie
as an ellipse in the model's score plots, defi

Sample groups were further clustered through
War déoshmalgor ct ustTehre tMaea i qarbd epsl.mportance in P
vari able's overal-DAcomodel buwi bh varialkel &4 Shav
1.4 deemed significant for group -DAf fmordendt ivnaal
vahtdd throalghdeatrioers (using as crfooslsd v&M i arad
performance megs wmmamertr muft attheonQ t est (using a
considering the moRwdl walwas i® a.h®&5.empirical

Finally, the data were analyzed through wuni va

test -lmaec.poMdar e o-hefyv altihees pwesrte vali dated t hr ouc¢
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(PO 0.05). The results were further represent e
using the feature resul (Pendetsali2922Réf ennt oatther
appendi x for a vision of PCA | oading plots,

per mutation test for every study.
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CHAPTERREIlI ati onship between sal

ni
W i

trogen avail(@adlidanuam Il nc.dperas |
th an i nsight on GABA metabo

Summar y
T Sal't stress from NacCcCl i's known to disrupt

uptake, but the relationships between salt
study, focusing on different flNeavailodbiNaiCt
met abolism. Twoidtéfweereatconmedered to higt

effects over ti me.

Tomato plants were grown wunder l ow (0.5 m
exposed gradually to 80 mM NacCl . Physi ol oc
were conducted to assess plant r es pso nasreds ,

proline |l evels, and ion coMSemanhamgassr aemsn
t o protiinldeu csetdr ecshsanges i n the GABA synthesi
NaCl reduced plantsd biomass and-MB8eanahyged
revealed significant increases in N osmopr
NaCl stress and alterations in the TCA cyc
NaCl triggered distinct physi ol ogical and
growth by altering nutritional status and

synt hesi s. This study highlights howaGABA
stress adaptation. |t also highlights the

this can be achieved with correct N manage
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| . Aim of t he work

Sever al studies reported that NaCl stress al
ssimilation, suggesting a relationship betwe
ptimizing N input and r educsi ngs eacno n ompioc taannd
onsidered. The first step in investigating t

possible to obtain plants that differ in N
ni ¢ htioem,t o seedlings were cultivated in an a.
oncentrations and exposed to gradually 1incre

smotic shock. This approach heghbngbhsstposah

nitrogen availability.

rt from the dettérimi npateilommi ;mfarlyi esmagdsy, was
tinct time duratamda fpwae altisziorfg tthlkee tatetad mtein
“"BEnd*dNeeant ents were integrated with amino ¢
sidering the central role of GABA in respo
h nitrogen metabolism, throbohi GE/ S aedaly
rmi direesci pe, gl ut ami ne, and some organic
ermined. Finally, the activity of some enz
arboxyl ase ( GAD), di aanhidneeh yodxei ddaeshey d()DoAgCR) e aasne

sur ed.

rlaild ,experi mental approach was employed to

comparison to controls, to define their ad:

NaCl and N different awaiolnabinltiot IGAB.A Imad talby, i

uable in this study, providing new insight
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1 Y (O (A Resoaussi and

11 .11 .1. Changes in biomass and nuwtmietaitaneal s

The effects induced ‘er SnustM ongietnr aatvea)i laanbdi/loirt yt r
NaCl were initially eval(uRitgeur eb als)e.d Tohnevay eosmial
ANOVA highlighted that after 4 days of treatm
N concentrations: the | evels of biomassswere
respect teg 0Qns tnhiv NG héHMahanpd| anfsérbitbmads wa
N and salt treatmengtsndhcgtt avaéieltbebmpewp,doalla
exposure instead, aphgst et ollihcembshsoti acted st pol aenxtpso
gradual and increasing concentration ofThNaCl
di fferences in terms of biomass producswlascaus
added to the nutrient solution.

—— NO05-NaCl0 A
—O— N50-NaCl0
20 - —»— N0.5-NaCl 80
—— N 5.0 - NaCl 80
- 15l 4"d 7"d
[ Nitrogen * *¥
E Salt ns *
;— NxS ns ns
e 10
o
7"d
5
0 . 1
0 2 4 6 8 10
Time (days)
FigurmEd f estad toft reaaménbi omass grown at | ow (0.5 mM) or high
correspontdamditdys tafet dr adding 80 mM NaCwaywANOVAndusidgalTuy
as tHhost tRXtO.(OFQ 0**0,1). Data are expressed as means N standar
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Il n the attempt t o eevxapluaaitn otnh eosfe troe sau ld%nd it atobgee

proteins, amino acids and proline was <carried
The total N content (Figure 2A), after 4 days
days of treatment, its | evels changed under b

resul ted significant. 50N ri\iOl e a S ¢ d wtalse otbstea lv el

whereas NacCcCl decreased N |l evels when padmat s
increased at @onssimMeN@bhs NOt he i nteraction N
t helw of treatments (Figure 2B): NaCl reduced
of sN@creased its | evels.
As 4d 7d
o4d m7d Nitrogen ns **
7t Salt ns **
NxS ns **
. A
B
5 +
T
D
3
2
1
1]
B450 4d 7d
O4d m7d Nitrogen :: ::
a0 | At LT
A
350
,-4300-
2
un250
© a
gzm I

=
w
o

8

u
=]

B
c - i
| — e []

0 mM Nacl 0 mM NaCl 80 mM Nacl 80 mM NaCl

o

0.5 mM Nit 5 mM Nit 0.5 mM Nit 5 mM Nit

Figurmetal nitrogen (A) and Riegtirnaa eOs(tBgn bcvwogneteeonttysp & n( 0 .e5a vieM) o

nitrate availability after 4 and 7 days of exposure-waty 0 or
ANOVA, wusing TushbeydRQteomso-.ppls)t. Since the interaction N
subjectewayt ANOVA; di fferent l etters -amdi ¢camBeer slteatttiesrtsi cfadr d-
respectively). Data are expBrlessed as means N standard error
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Concerning cati omsay( FAINOWAe adh) yshe poibayedf o
t r eat meanctcsuumuNaati on changed in their | evels ir
(Figure 3A). Sal tacecpmsiuati omcrleasedt Nal evel s
supplied witthhar6b OmMs NOM. After 7 ‘daps dependatdl
salt effect and not on Nl awalid apFilgurye DB) thwe
X S interaction in "Dtay dfi mer gati marst., Ss alcte ¢ rh
accumul ati om.erflog memalayfdies 4 days highl gght ec
availability seemed "tion icropnrtavod tphtea iyt edt.heinktri@oinf t
more evident also in plants treated with NacCl
had higher |l evels of potassium t ha/nKrmpmltd mt swas

calcul ated (Figure 3C), and it was affected b

Overall, the anal'amsesmpbtianted oolty thaer N&NaCl
paired witthKraathiioghaenrd Nea( Fedui€e aoa@ATAIK | eaves
NQin the nutrient solution had dafteel 4odays\
increacsaomtgerKt in | eaves after 7 days of treat

Our data suggested that Na®layt oXi csadftf déate,ateams
with the reduction of plantsdéd biomass. This d
tomat o( pdmaadespoul os and Rendig 1983; Chen, Go
and Stoleru 2023) When plants are exposed to NacCl it w
and'iNa pl antso6 organs. Our data suggested that
by drastically r esdiuncilbhgt ht hceer glaenvse | asn do,f cNoh s e qu
Focusing on nitrate, according to several st
downregul at gtomamg p drotdir NOand the enzymes respc
nitrate( T Tiesakknase2000; R. Wang .etl nalt.hiZz0Q3;gal
l ink befanea@inl &NWOIi | ity and the regulation of it
particularly i mpor tampearOsn ttdc €¢c compheetr e thiamglh i KNsa
t he rati oahb d{Méggie et al.NL@07; Shabala and Cuin 2008; Raddatz et al..2028) s
reported in ‘the betababubed Had transported b
(Ktransporter-af)f i HMiKthh sfploirglesske ] eN$C@e( mra@ani on c
(lawfinity cation t7 &arstpiop(dagniev,anddMaadhuiN21®) T Na
accumul ata mma nnde/ Malme i da which is a typical de
e X p o Shabata and Cuin 2008)
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1800

A 4d 7d
Nitrogen * ns
1600 | O4d @7d Salt w
NxS **  ng
1400 |
1200 |
= 1000 a
=)
L")
3 5
£ 800
3
b
600 |
400
200 |
c C
[
1800
B 4d 7d
Nitrogen ns **
1600 | O4d B7d sat N .
NXS * *k
1400 |
A
a
1200 | _I_
2 b
1000
2 ——
B0
E c
800
5 B B
Cc
600 |
C
400
200 |
[
3
c 4d 7d
o4d m7d Nitrogen ns ns
Salt *k k&
25r NxS ns ns
2
+
k4
15 +
-}
=2
1
0.5 |
0
0 mM NacCl 0 mM NaCl 80 mM Nacl 80 mM Nacl
0.5 mM Nit 5 mM Nit 0.5 mM Nit 5 mM Nit

FiguNa&(B8)"(BK cont ék'trataond(Ka Regiha IOCesbagedswgeadtype (0.5 mM

mM) nitrate availability after 4 and 7 days of expowowang at O
ANOVA, using Tushbey d®At e g 6mG sO*.popls)t. Since the interaction N
subjectewayt ANOVA; di fferent l etters -amdi ¢camBeer slteatttiesrtsi cfadr d-
respectively). Data are ex@Brlessed as means N standard error

35



I n genesal pfthewo distinwndddayne fpori narsal yooni nde

treatments proved to be effective in capturin
caused by N an(dmais dadkeada, and Bliekt2éid)n T i s i1 s cl earl vy
instance, by the data obtainedsdmdcHrhtee rbti oansa s
From these preliminary results, it was al so p¢
and by the taoondciefnfterraetnitondO The alterations
alterations observed in the N met &bolimiasith ee dmlt

al so highlighted thati nthdehinghraeail sbi luitti yno
effects of NaClgr opwtoamo tp Ingntas bedupgplri ¢ awwem h O
plants are supplied watbumulghes woaal BN tamay rl
ssues t han pl ant s supplied wi t h l ow ni tr e
interdependent dynamics among these physiolo
nutrient avail abi | i(BabieBrygbo et a.l12011; Sdidel etsals 20 3p hlde t i
results obtained are in accordance with the
management t o i mpAslamn lduffgkdr,am Rains E984; Hioreeehat. 2001b; Kaya,
Ak, and Higgs 2003) After the first nutritional <charac

par ameter s s uachi dass, ttoatadl apmiontoei ns and pr ol i ne

11 .11.11. Changes in the | eaves of total pro
di ffegtemeatN@ent s

Bi ochemical anal yses (Table 1) were performed
understand which modi fications occur after 7
in the nutrient sol ut icohna.ngFeisr sitn, tihte warso toebisne rc
1) were influenced only by N treatments and r
supplied wighad5himyMheNrO content of protein than

proteitnh wasnthkingher in pl awthersewapplinioead fwietch s5 on
exposur e. On the other hand, the |l evels of a
effects. Amino acid | evels were higher in pla

with 5 imMadfe.n Hi ghsamwdutetdi pl apteftdOsynt hesi

in control pl ant s. Lastl vy, proline | evels c¢h:
resulted ®imgnihfei damtc.heli c al anal ysi s, t he hi
were exposed to NaCl zand supplied with 5 mM N
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Tabl Rr dt.ei ns,

amin

o acids

a nRle gpirnoa i Qhset gcnobrnwtgeenatbst i pne t(hle. 51 enaM)e so

nitrate availability after 7 days of exposure to 0serd &y mM
t woay ANOVA, using -FockeRG@s0.(0%50t 0*a*9,1post
Regina Ostuni
Proteins Amino acids Proline
(mg protein g FW)  (umol protein g FWH) (umol protein g FW)
NOsz 0.5 mM
NaCl 0 mM 12.15+ 0.768 3.76+£ 0.213 0.17£0.011
NOs 5.0 mM
NaCl 0 mM 15.94+ 0.223 6.98+ 0.149 0.21+ 0.015
NO3z 0.5 mM
NaCl 80 mM 12.64+ 0.557 5.82+ 0.519 0.68+ 0.066
NO3z 5.0 mM
NaCl 80 mM 16.15+ 0.812 8.46+ 0.507 1.36%£ 0.074
Nitrogen * o *
Salt ns * **
NXS ns ns **
According to the I|literature, salt stress affe
t omat o a n(@ogamlaid ebat. 201G, M. Zhang et al. 2013) Howe v er , i n our
conditions, 80 mM NaCcCl did not induce cbanhges
(Tabl e 1). For this reason, it was Treasonabl
confirming t hat t he NaCl concentration used
I nterestingly, as shown bgndhethecramserd agnet
i mpact of NaCl was more evidenfThi s pkapbassup
t hat | ow nitrogen gvaridtalbarl itthyamts al.t5 sntM eNsGs
constr ai n(BadgandgTalaay2d08) The ndakted alteantdi owms alr
suggested that salt stress affected N metabol
pl ants exposed to salt present (&dptalandd¢iraegr201l4;e v e |
Ro Hc a, Mi hal ache,Liahed &thérrasm@m@®@RBot ect ant s,
preserving turgor pressure and contributes to
when metabolic act i vi (Boarirdeeat 1985aAdi et al. 20 1; Ciigthntan, s a | t
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Millar, and Taylor 2017; Arifetal. 20200d di t i onal Il 'y, hi gher nitroge
medium further amplifies these responses. Nun
nitrogen metabolism in tomato pl ant response
corturtii ng to the synt heBeilasToreGonzalezettale2018;j Nazr et@alo mp o
2023) The alterations observed in amino acid | e
in tomato genotypes. The modifications of N

bi omass.

11 .11 .111. Changes in the GABA content and a

GABA i s known to-rfegmudtaitom,aplaryiongma role in r

reactive oxygen speciesi {tROEen @Gd manalgoinigs m

its synthesis is modul at edN uvarvdaerl adalt t yr edwun
understand pl ant sdé r es po(Belainaenad d99% Renaulnet al. 2QL& i n s
Akcay et al. 2012; Shelp et al. 2012; Wuetal. 2080 cor di ng to the | itera
for GABA synthesis is through the conversion

g | ut aRamaeskRuiz, Martinez, and KnaeBeiter 2019; L. Li et al. 2021) Anot her i mp
pat hway discovered recently is when GABA i s

spermidine or putrescine. Arginsthep i Boictoes/ceirnt

subsequently, -aimi nobovgr aededadepwkaetdent opwd g@mami n
transformed into sper mami mebuwhi ahdahygyodedeThi:
oxidized to 6ABAnkHymMABDUt yr al deh{Ldeeta @023)dr o g ¢
This second route is called the GABA shunt pa
sustaining GABA plantsé request when(Pitetkevh pr i m
et al. 2012; Shelp et al. 2012; Borromeo et al. 2023)

The changes in the |l evels of GABA, pol yami nes

Krebs cycle were measured through GC/ MS analy

The analysis highlighted that GABA |l evels wer

| eveedrse higher when plant sstwleare tshugpones svupmhl

NQ. |l nstead, glutamic aci d, the main GABA pr ¢

treatments (data not shown). On the other han

avail abis{ bt nMdf NWNBDereas NaCl provoked no alte
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The study also highlighted variations in the

citric adkeétoglaoadaimdi csaci ttirate decreased in t
However, citridkatod|/ uisocictanatid wede mwhterienafs
succinic acid increased its | eyellsaswhen plhan tnt
analysis registered variations in the | evels

hi gher when plants were exposed to NaGdihenMor e
pl ants wer e5 smMspN&sedc cwi tthp. 0SpsermrmM dNOhe i nstead,
in plants treatetdawi phat$é smMpMNO ed with 5 m

accumul ation of spermidine | evels only ien pl a
modi fications in the |l evels of 4£.his metabol it
Citricacid Isocitric acid Succinic acid a-Ketoglutaric acid

1.0 0.8

= =
- “#

0.0

0.0
0.0 E;,a
0.0
Y ==
0.4 05 il e
s oaf ° —
05 . :
ga . = o]
Glutamine GABA Putrescine Spermidine

. . gt S | 10 .
+ H u
1.0 0.3 * 0.54
.
.

05

I A L
| "

i

0.0

. . .
0.3 * 05
.
. e 05 -
e =] 10
. . 0.6 . .

o o e 9 G o Sx 9 St G g‘iré' o o e 9
2 82 22 22 322 3z 22 2z  3Z 3z =2Z 2¢ 2 8z 22 22
= = = = =
ST 55 TE s SE S5 TE 2= SESs TE 2= ST 55 TE s
Eww EE gw o E En EE own g E Ewy EE gow o E Eww EE gw o E
OO0 Own WO wwm OO0 OoOw WO oW OO0 Ow WO oouw; OO0 Own WO ww
Fi guRel @ative abundances of metabolites related to theofGABA s

Regina Ostgnbwgeantbttypew (0.5 mM) or high (5 mM) nitrate avai
Normalised metabol omic data weRQOe Oar0&l yasnedd BFYR AONOVAO5)LSD test

According to the |iterature, GABA indicates
amel i orates t he rfRegaalttetalv2910eAkchyeetal. 20120Wu et\ah ZD2OYO U r
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data confirmed the information gatheredasfrom

availability in thephtutmailecbobnsloltutoinen foensademn
GABA. As described before, GABA helps plants
by NacCl . The combinatioprevi aihslisy i md mtriman e @ n
confirms that the detri ment al i mpacts ofs sal't

conditions.

However, as oObserved from the analysis, t he
inhibited u(Xhegetal.s2807)t osrtgraensisc ac i bl etl d gleutcartirci
succinic acid and isocitrate were reduced by
to the | iTaredba@®ldre o Madifferent modul ation of
because NaCcCl i's known to inhibit in several p
t heoxdgl utarate dehydrogenase compl ex, idaxepl ai
0 b s e (Renautt et al. 2010; Kumari and Parida 2018)Ot her st udi es suggest
could also result from hi gh éanchdzeetred B008; Aribat al.a mi r
2020) Pl ants enhance the catabolism of C comp
reductants for the synthesis of osmoprotectan
putrescine) that help to coaes(Biuciaa al. 2014 Singd,e t r i
Singh, and Prasad 2019; Arif et al. 2020; Borromeo et al. 2028) t hi s scenari o,
respiration and the tricarboxylic acid (TCA)
found in the metabol omic analysis suggested,
consuming € tomposhain the sy (Sttibreet al.s2014; fChet he s
Othman, Millar, and Taylor 2017)

Glutamic acid |l evels, on the other hamRRamower e
Ruiz et) altepqrrt0dd®, this probably occurred bec
TCA intermediates but also to GS4#6G6OGATI attes
assimilation processes, resulting in higher
fluctuati ons I n gl utamine |l evel s ar e not ewor

assimilation and-nmdairmtgaaincieng t he car bon

From the data obtained it appears evident how
by inhibiting the TCA cycle. According to the
t he GABA shunt pat hway, wh eami n@AsB A( FAss ) p rcoad wac
putresci ne (Ritertovasepat 20dd; Borrameoetal. 20283 nsequent |l y, th
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shifted to the accumul ation of putrescine anit
str eM.Qerketetal. 20100 According to the | iterature, sy
abiotic st(Maaestalk 203pThurgoeetsal. 2014; Razigetal. 20R2) t r es ci ne,
proline, i's considered an osmoprotectant that
the redox regulation and serving to buffer ¢
down dur i(SagtaCrazt at als1999; Dabravolski and Isayenkov 2023)Al t er nat i
acording to the | iter astperani dexxege mpu 0 vasp lpill aa
salt stress, |l eading to higher photosynthesis
and enhanced ROS (manatwale2008;iRazg etala2p2R)n i t i s st udy,
accumul ation occurred even stronger when pl an
nutrient sol utWiotnh uandklirgtser tawdairleaslsi.driesyp eocft rt
0.5 mM, plants redirect more energy and resol
effects c@hbassalah ettaly 2056a0t@hman, Millar, and Taylor 2017; Z. Zhang et al.

2017a; Kumari and Parida2018) On t he ot her hand, spermidine,

for GABA fluctuations, acsd nmuwloathe c omdrre | wiatnhd
Overall, these results underscore the charact
stress exposure, which activates pat h@Buwge i nv

al. 2015; R. Wangetal. 200)at a suggested that putrescine a
the synthesis of GABA whRinnatlhley, T GA ec yGABA ipsr o
stress by the GABA shunt pathway offers an al:
cycle, circumersitt ingetdrzyvméd. As it has been

indeed, GABA @ icommi abdeihyide -{ S&SA3amyn &&8 Aanc
s u ¢ ¢ {(VanaCauwvenberghe et al. 2002; Palanivelu et al. 2003; Michaeli and Fromm 2015)

However, to umwherds®t GABAhpuwtthiwvway saas byf INa€hce
crucial to determine the activity of key enzy
oxidase (DA®O)dehydemdebydrogenase (AMADH). 1In
enzyme responsi bl e f o@ABcAanNn vlienr tc onngt rgal sutt,a nmfaM AeD H
and PAO, which convert spermidine and putres
pol yami ne @itengord dt al.a2p12; Shelp et al. 2012; Plapesell et al. 2013) Th e

determination of the enzymeds activities high
data, GAD activity significantly affected N x
pl ants were suppdncecdantwiathi dmswy, Nher eas NaCcCl S

plants supplizedDADt BcbHi mMt NO instead, was inf
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l ow nitrate provision, its Il evels resulted hi

treat ment s. No significant differences were s

The higher l evel s of GAD and DAO activities
accordance with the higher IIMSvalnalgfsi GABAA od ht
secondary routes seem to be needldavtad | salbgtlaitt
seems to be the only enzyme positively3)influ
However, it must be considered that the diffe
gl ut ami ne, spermidi he taatd potiesatioa, o0$udgdasd
pat hways under salt stress could be under way.

TablAct2i vities of glutamate decarboxy-bhdehy@GADJYyehgdamgreaeri (
|l eaves of Regina Ostuni grown at low (0.5 mM) or highD@%bamM)
exprdesasse means N sitendaadakbwagd ADBNPYBWousi ng Mock eR@s0 (@5t *a’s,
PO 0.01).

Regina Ostu
GAD DAO AMADH

NQO.5 r N .
NacCl 0 7.R30. 12.62.23.75.
NQ5. 0 r .
NacCl 0 3. 870. 6. B70. 30.R6®B.
NQO.5 r 5 .
Nacl 807.&1(13.2 14.694.26.00%.
NQ5. 0 r .
NacCl 804.&00.5.&170.26.1\3&.
Nitroge™** xox ns
Salt ns ns ns
Nx S i ns ns
GAD Omol i GAABA mg

DAO Omol Pyroitbhi ne mg
AMADH Omol NAOH'YwmMg
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1 O [ I B Conclusi ons

This study offers valuable insights 9donlteaon utm e
|l ycopelb.sitcawnmhi gh NaCcCl concentrations under di f

were more pronounced after 7 days of treat me

availability, compared to 0.5 mMMMNO®iIi gatetntdarmr
i mpacts of 80 mM NacCl, promoting responses
compounds. I n genterafl f,edtasC| plItaomxtixd edifemass. \

alters the ions bal amonda, al ¢ @WKdrinagtgitdhleleeNdaeer e | &. «
analysis highlighted that salt induces change
of amino acids and proline, S 0 Tshueg geersa li yngi sa «
valuabl e exploration and description of t he
availability, conf i rsnpiencgi fti lce piampowatya nicne polfa ntt
Lastl vy, to deepen the knowledge about this s}
were performed for the main enzymes that par
hi ghlighpkdntbeaseem to sustain GABA synthesis
studies exploring the intricate interactions
di fferent experimental conditi oBfA sbuhd pradWni

tomato under Na Cl
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CHAPTERI HEval uati on of t he r el
di fferent salt f or ms and N a
(Sol anum | ylc.oper si cum

Summar y
T This study expl ores Jtome t @efimfae ot pl amt Sa Clf ox

availability, a key factor i n plxantd owst rtih
separate assessment of chlorideds i mpact,

f Tomato plants weg¢@. Y roMn amdehi gbow(5 mM)
exposed to 80 mM Na®hysrn o4@gmMalCaCbi ochem
anal yses were conducted to assess plant re:
ion content measurements. An untargeted me
st riensdcsuced changes.

T NacCl reduced plantohmido mas se,f fwelcdr eoans tGa Gl p
analysis revealed significant increases 1in
NaCl stress, whpdmre arience fdeicd ssyrft ICaLils wer

T NacCl antriCa¢eéred distinct physi ol ogical ar

reduced growt h, |l i kely due to disraptdi ams
increa%$eand Baconcurrent shift in carbon a
conditions. I n owasttass, hahmfFael CacCt still

met abolic balance. This study highlights t|
the di st i n‘atn deof@fl e cotnss t,oof ogNfaemti ng i nsi ghts f o

practices under saline conditions.
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I V. | . Aim of the work

Many studies on plant salt stress have focuse
ot her salt foeomscaGlmwlesas gMdCIng di f f,erceonutl ds ahle

explore the piorsstihhd et awilee eoferCtls t hat charact

concentrations. This study aimed to adsarnedss t
NaCl salinity, focusing on biochemical, phys.]
tomato plants. The experiments were al sboconc
hi ghlight potenti al di fferences in plant res,|
Bi omass evaluation, alionnog awii tdhs , mer aesdwrce nmegn tssu ga
was combined with the*anwid?@asiCd NOfS,G eaedr ahh d i
met abolomic profiling. This integrated experi |
of stressed plants compared to control s, ai mi

di stinct har maomd. EfFfhecteswowlft Nawere al so di sc.l

positivefimolm tdafgaGa ng t he sdetersisment al effects
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I V. I | . Results and discussi on

VAR I R I Bi omass, ion compositizbneanbhmeasponse

Data on biomass produwotlilcerc tefd ttometsd amll a ,sths tvh
by NaCl wehdnCpChnts were supplied i tthhel ave sar
t he -wtawo ANOVA highlighted that this parameter
well as their interactions (Figure 1). Nevert
NaCl exposur e conmpoaupe.d Ato tthheet sceermat meihmeg,h a@a Glo
effect and, for every tr eatpmpdnte,d bwytthha g85s trmva sNoC
supplied wist(lFi@.udg emM)NO

30

Nitrogen  **
Salt **
25 NXS %
A
.
20 A
L B
=
o 15 |
g c
e C
10 c
5
0 1
OmM NaCl 0 mM Nacl 80mM NaCl 80mM NaCl 40 mM CaCl2 40 mM CaCl2
0.5 mM Nit 5 mM Nit 0.5 mM Nit 5 mM Nit 0.5 mM Nit 5mM Nit

FiguEéfegdaysfof different salt trelatmbeans pPBOmadls NafCl Ragidnd

grown at |l ow (0.5 mM) or high (5 mM) nitrate -waywi ANOVA, tysi n
Tukeyods thostPQdd.®BQt0*.*0,1). Since the interaction N xw&ywas s
ANOVA; di fferent |l etters indicate statistical di fferences.
Il n the attempt to obtain information on how

bet ween two salvterBa@ht metntwas( NmeCGls urse d,Chth@® c o
Pi, "K ™M@ d?’Ca

The analysiscohtB®t iande&WVes and roots, witdl
CacCl : reveal ed that nitrate availability, S
significantly influenced these paobamenher ®8b§ET
the two organs was very similar. Specifically
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were observed at | ower nitrate concentrati ons:s

nitrate concentration (5 mM), an increase in
control |l evels, with no signedteanwi dh fNa@aCl na
and 3A).
A 400
350 | A Nittogen ~ **
Salt d
+ NXS £
300
250
s
[=]
o 200
=
£
=
150 B B
100
50
C C C
0 — e | —
B
1400
Nitrogen  *
Salt *x
1200 NxS ns
1000 | + +
z
?ﬂ 800
=
g_ 600 [
400 |
200 -
o L[] .
0mM NaCl 0mM Nacl 80 mM NaCl 80 mM NaCl 40 mM CaCl2 40 mM CaCl2
0.5 mM Nit 5mM Nit 0.5 mM Nit 5 mM Nit 0.5 mM Nit 5 mM Nit

Fi gumMe (2A) a@B) Ctontents in the | eaves of Regi na
availability after 7 days of

Ostuni genc
di fferentz s®lat at oéatmemt ¢ i emep avs
analyzedapPyAN@YA, using -MukRrRYy*0E. 059s 0*.*8,4 ) poSt nce t he
data were al swapuhAN@YAedditfof ement | etters indicate
error (n=3).

interact

statistic
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600

Nitrogen = **
Salt **
500 | A NxS *
400 +
=
=)
o 300
°
£
3
200
B
B
100 |
C C c
0 — —
B 100
Nitrogen  **
1000 | Salt *x
NXS *k
800 | A
- =
S B B
e B
W s00 |
°
£
ES
400 |
200
D
D
1L =
OmM NaCl 0 mM Nacl 80 mM NaCl 80mM NaCl 40 mM CaCl2 40 mM CacCl2
05mMNit  5mM Nit 05mMNit 5mMNit 05mMNit 5mM Nit

Fi gurNe (3A) a@B) Ctontents in the roots of Regina Ostuni geno

availability after 7 days of different. s ®lat at oéatmemt § i envep avs
analyzedapPyAN@YA, using -MukRY*oE. 0FBYs 0*.*8,4§ ) poSt nce the interact
data were al swapubhN@YAeddi fof ement | etters indicate statistic

error (n=3).

Chloride content in |l eaves (Figure 2B) and ro
with NacCcl or CacCl . I n the |l eaves, the | evels
NaCl or CacCl , and thebg tbhbeelavarkmbhi hettyuna
medi um. Il n contrast, i n the root s, Cl l evel s
reductions observed at higher NO availabili
As already revealed in our previous experi m
interrelation between the processes involved
conditi ohwawsh enroet i Nlegkased endi (i on), this response

t hat the redactemin wds NmOot ascr i.balbnl eotthoe ra woo
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increasencentCiation was accaempaneprptd byfCadlomtdbkco

et al. 2005; Gao et al. 2022) At t he same ti me,siqr &ateergrawsdihl

increased this nutrient in the tissues.

Phosphate and sulfate concentrations in both
or ealpply (-Bi gndBg S5 AdAhe phosphate content was
ti ssues of plants treated with 5 mM NO . Over
in phosphate | evels in bot hcoonrtgraonls, (a4 As iamidl abr/

observed during sul f atter emeotned opli anmgt, s wthh d ec h an

this eneomow statistically significant (4B an
A 300
Nitrogen  #*
Salt i
250 | A NS P
200 | +
S B
20150 Ea
£
100 c C
CcD
50 |
D
. o
B 450
300 | A Nitrogen = **

Salt **
NxS **
350

pmoli g DW
N w
] 8

g

=
w
Q

100 B B

so | B B
0 mM Nacl 0 mM Nacl 80mM NaCl 80mMNaCl 40mMCaCl2 40mM CaCl2
0.5 mM Nit 5 mM Nit 0.5 mM Nit 5 mM Nit 0.5 mM Nit 5 mM Nit

Fi guPr& (4A) asidB)SOcontents in the | eaves of Regina Ostuni gen

availability after 7 days of differentz s ®lat at oéatmemt & i enep avs
analyzedapPyAN@YA, using -MukRy*0k. 0FBYs 0*.*4,4§ ) poSt nce the interact
data were al swapubhN@GYAeddi fof ement | etters indicate statistic

error (n=3).
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A 30
Nitrogen ==
Salt **
250 | NxS *%
200 A
—E
7
E
o
w150 |
©
£
3
100 |
B B
C
50 |
y D D
0 L1 ] . ] L
B %
Nitrogen — **
A s g *H
100 | alt
NxS **
80 |
2
o B
W g0 |
2 BC 1
£
ES
a0 | BCD
CcD
D
20 |
0
OmM Nacl 0mM Nacl 80 mM NaCl 80 mM NaCl 40 mM CaCl2 40 mM CaCl2
0.5 mM Nit 5 mM Nit 0.5 mM Nit 5 mM Nit 0.5 mM Nit 5 mM Nit

Fi gurPe&®* 5A) asi@d@B)SOcontents in the roots of Regina Ostuni geno

availability after 7 days of different. s ®lat at oéatmemt § i envep avs
analyzedapPyAN@YA, using -MukRY*oE. s 0*.*8,4§ ) poSt nce the interact
data were al swapuhAN@¢Aeddi fof ement | etters indicat eN ssttaanidsaridc

error (n=3).

As expected, a | dogeumced muh abhotom o@fgdNms only
6A and 7A). I n the | eaves, Na |l evel s were of
the root s, N a content was twice that of ClI

Moreover, thewemerrats esfdodaitNeadb iblyi tNYO i n t he gr

Concerni npe&y wANOVA analysis pointed oaftf etchtaetd

by nitrate supply in |Ileaves and by niVKaae an
affected by salts and nitrate X salt interact
ratio was higher in plants supplied with 0.5

in plants grown with 5 mM NO
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OmM NaCl O0mM Nacl 80mM NaCl 80 mM NaCl 40 mM CaCl2 40 mM CaCl2
0.5mM Nit 5 mM Nit 0.5mMNit 5mMNit 05mMNit 5mM Nit

FigumNa(B8)"(BK conténkratanwd (KBx in the |l eaves of Regina Ostuni

mM) nitrate availability after 7 days of diff Oraemt ofaletacthr d ¢
individuall ywanaAMNO¥A, bysi wg -lTawkR@*60s. 00 s 0*.*@,$) poSince the int
significant, dat a-waeyr eANadVsAo, sduibfjfeecrteendt tloe totneer s i nsdsi ecda taes snheaat ni

N standard error (n=3).
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OmM NaCl O0mM NacCl 80 mM NaCl 80mM NaCl 40 mM CaCl2 40 mM CaCl2
0.5mM Nit  5mM Nit 05mMNit S5mMNit 05mMNit 5mM Nit

FiguMNa(A)" (B conténkratamd (Ka in the roots of Regina Ostuni

mM) nitrate availability after 7 days of diff ®&raemat odaletacthr d ¢
individual |l ywapaAMOV¥A, byst wg -HTawkRYy*60s. 0F58,s 0*. *a,5) poSitnce the int
significant, dat a-waeyr eANadVsAo;, sduibfjfeecrteendt tloe totneer s i ndi cate stati

N standard error (n=3).
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I n the plants treatde WwWevel BOOMMEBgE&hs incre:
these pl apnoeyi $ihen NOnduced a mirror response b
the greatefwascobaseveld Ca phwaatbabirbiwhya(Flig
in the roots thé'ogceated tconpkagtéFgHo@ah8B) . 5

A 2500
Nitrogen ns
Salt *x
NxS **
2000 | A
% 1500 B
[a]
(=)}
S
£
31000
C
C
s C C I
0
B 6000
Nitrogen — **
5000 | ﬁi‘g :I
A

4000

3000

pmoli g DWE

2000

1000

0mMNaCl 0 mM NaCl 80 mM NaCl 80 mM NaCl 40 mM CaCl2 40 mM CaCl2

0.5 mM Nit 5 mM Nit 0.5 mM Nit 5 mM Nit 0.5 mM Nit 5 mM Nit

FigucCcd'c®ntents in the |l eaves (A) and in the roots (B) of Reg

availability after 7 days of differentz s ®lat at oéatmemt ¢ i enep avs
analyzedapPyAN@YA, using -MukRy*0k. 0FBYs 0*.*4,4§ ) poSt nce the interact
data were al swaypyuhAN@GYAeddifof ement | etters i ndicate staatdi stic

error (n=3).

Our experiments show that only NaCl treatment
the plants suwelrieedowi taf fEa€led by this para

concentration used in the present wo(rkKi,gurhe 1
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This conclusion is also support ed( Yoyk apkr eevti oauls.
Sivasankar amo Arst hayl,r e2aldly4d )suggested by the exp
reductizomontnenN@ appears strictl(yFidewpreensdi 2 ga ot
confirming a competition at the transport act
root to shoot, b ©Otatwitetal. 2004 Easille et 6l V2005; Monns2B08) At t h e
same time, @am théeexpoésLLion of nitrat@obéBrriaears
etal.2016) I n this context, t hzeavsatirliacbti |rielya tainodn sthf
activities involved in its upt ak €Tiscanerd2008;Rs i mi |
Wang et al. 2003; Hachiya and Sakakibara 2017) n ot her words, "t het haec
growth medi um, determining a reduction of th
responsi ble for a negative meduamaspomnt ef staed:

involved in its reduction, mainly the nitrate

OQur data highlight "xlond enhataftfleetsnd headevien
phosphate and sulfate (Figures 4 and 5). Thes
under salt stress is at | eacsantpeanttd , aldfyf ecstcirnd
of ot h €Qiilloetal 2019;sCarillo and Rouphael 2022) Thi s aspect appear :
for the species that amwéekin@wrp otse dad ou rmu lgat & ot
(Munns and .Telsteour 2986080 ch, in accordance wi:"
achieved in both roots and |l eaves were 06f t he
(Figures 2B, 2C, 6 A and 7A), so highlighting
Cilcoul d play a central (r@drei lilno tehte aslal,t XG0 5%;s s
Carill o and .RoN@whartohue l2e@szsple riimment al conditio
concentration used (80 mM NacCl )acamdnutl haet itoinme nc
ti ssues does not exceed the toxicity threshol
(Col me#heres et al ., 2019an@GarefkboeandsRobhphae

Anot her aspect that should be considered is t
pl ant growtslavat | mibghnert ZWNGI| e xfpaacti meint al condi t
significantly decreased under both control an
i n the Frtoroetast eodf pslaantt Bh € ¢ gdiates cdommidr M)t he r e
these anions, which can change under ditfekesesen

condi(tBiao-Bbsiyegoo et al ., 2011, Sei del et al ., 2
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The trepdHef wdadl as the Na/ K ratio observed i
NaCl was the same as those found in the exper
treatment induced in | eaves andstheéeé wooachsi ®dans|
6 AB and)7AThese changes determined a conseque
typical detriment @&Muehteandoffesthét, t 2 @a 8 mme &hhae

pl ants treat evhewiet it haClevel of Na remai fhed, i
decreased in roots (Figure 7B). This change,
in this experimental condition, does™i mMmbtal aampres:

t hat woul d i njWakertBlackeanhdavidler 1998 KnLietal. 2020 he choi ce t
Céd*as the bal ancdentge rcnaitnieodn, faosr ulavoi dabl e ef f
(Figure 8). I n this context, the absence of
treated with 40 mM CacCl may be att riisb uktneodwnt ot
mitigate the ef€Caichss odndNaShesnamrssl1999,; Mi ||
Tester, 2008; Si v.aslann ktahriasmocoornttheyx,t ,2 0ilt4 )must be
effecttaodi tCaon was related to the maintenance
which was reéBackdr bgt Nal . , 1995; Cr ameMo r edviezr
some studies revedtend tdhdtcexbigemnpstad@lawelfl ba
i ncr eas e " (Cranoes 2002ly Path&k et al. 2020) Anot her i mport a’nt cc
addition under salt stress is |linked to its r
pl ant membranes and in the maintenance of cel
sympt oms, such as al aepespbibn oéduotnisomndf wah e
and appear ance (©Gdmer280Rh Sivasankaamsaorthy 231l4; P. Marschner and
Rengel 2023)

The results obtained in theipreBenteavesywasdo
C4! while it was reduced in the roots, even |
growth atamaghebi NODty i¢Frd4gB80Oesd8 ahdo3appPar ec
on nitrate avail abi'wWwietg ast wa?Fafveaaisleatbhiblyilt)ema e(l F i

Il n conclusion, though it was not possibl to

from those dumvaiol ahiel hi gh tClhe results suppor

adopted are useful to distinguifsrhonatt hl oesaes ta sscor
ClTo further i nvest-iimgdhaudawre @ odfefneadtad dmr elag arfe nnet
key biochemical parameters, including tottoal a
control, NacCl, and CacCl treat ment s.
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VAR I I I Changes in the | eaves of amino aci
induced by salt sdtrremssmeaants di f ferent NO

The | eaf |l evels of amino acids increassed adaandi
a further increase was inducebi bfyeB8&n tmMy NatChe
contents found in the | »40vemM orf espulatnetds ignr otwh

magni tude as t hoseA osfi mihlearc otnrtermod wasn do ktiainn e d
this par aneatye rANQWAe athvad ysi s pointed out that
The subseqayemANO¥V¥Aeanal ysis revealed that only

ot his amino acid, while thexweegwelsd ifghumays @l o w
measured in the control condition. The conten
grown in the presenddigiureest ®CNaClThand eCaClk
withaCé sl ightly | ower than Thheo slee afn Lpel vaenlts
remai ned stable across all treatments, with o

when plants were sampg¢pl eeposwed ht & MMCINO( Fi gur e

Taken together, the results suggest that nitr
di fferently byr datChermtnd LaChi ghlight that I n
responses are closely relatedMotreotviee ,prtdeemyoce
of nitrogen in the incubation medium further
the central role of nitrogen metabolism in 1t
osmotic resmorbsed nags iwmeloll ved in the synthesis

as p (Aziz, Martie-Tanguy, and Larher 1999; Claussen 2005; De la Témezélez et al. 2018;
Gharsallah et al. 2016; Naziretal. 20283 nsi der i ng t he pivot al rol e

detri ment al action of salt stress, the obseryv
NaCl treatment aligns with previous fiendimegs$ al
condition adopted is wuseffurlom ot hda sskecnratnmiiGda tvel etv
t hat | evielesubfedHi n an incmpeand sonlryeaitedt wet
sustains that i ni ttihoins, eax preordiinfieinctaatli ocnonodf he@i t r
| evel of reducing sugars decidtagasaddneinnt sr,e apan ¢
more evident i n the | eavehsi ghfl i @mlhdantng ttrheadat ecda
affected by both salt treatment and that some
Cl.LlIn order to obtain further i nformation to |
unt argeted metabol omic analysis on | eaf tissu
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Figureni @0 acids (A), proline (B) and reducing gugansai( C)owof¢(
mM) or high (5 mM) nitrate availability after 7 daysDatfa dadff f

each time were indiwayduAMNOWA,anwmdiyree ¢i byeOond . 0BOt GAa61posBince
interaction N x S was signiwaycamMNQV Ad;atdai fweerree natl sloe tstuebrjse citneddi
are expressed as means N standard error (n=3).
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35 giaﬂl’togen :
A xS =
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o
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1.5 |
1
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OmM Nacl 0 mM Nacl 80 mM NaCl 80 mM NaCl 40 mM CacCl2 40 mM CacCl2
0.5 mM Nit 5 mM Nit 0.5 mM Nit 5 mM Nit 0.5 mM Nit 5 mM Nit
Figurfemmdoni um contents in the | eaves of Regina Ostuni genoty

after 7 days of different salt treraDme¢rmt ©9fexrpaechunre mat wed emMr
t weay ANOVA, using Ho&kP@H@. OFCs t0*.%0sl )posSti nce the interaction |
al so subjveacyt eAINQWA;onki f ferent |l etters indicate statriogti(mal3)di

IV.1L11l. Metabolomic analysisiriven by GEMS

The untargeted metabol omi c anatloy sgut aotni vteolnya taol
compounds. These metabolites belonged to dif
organic acids, sugars and pogl ydoaltsa)a molnhge odtahte
analysis using a multivariate unsupervised pr
explained 67.6% ofia4B8h8 %t altReBl. BEHr.i Asc e ePPC1 ed

PCA sploate hi ghlgrgoupe ds eap acrl aetairon among all trea
reveal ed that PC1 was mainly influenced by p
serine, whereas PC2 by fumaric aci d, asapcardti c

among othersiClapt Arpplevidi Ki gure Al). Al so, t h
separation among the six treataeatt)sed . :Ho weM eNQ
with O mM and)i89 mMviNGCIO, mM and 8PpPi mMe NaCe at

withCRICdure 12). I n other words, these resul
availability, as wel | as NacCcCl or CacCl2 treatm
Successively, the data were further analyze

highlighted that 100 metabolites were siignif
Chapter 1V, Figure A2).
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explained variance is shown in brackets. (n = 6)

B 10,05 mM-Nacio mm
[ nO, 5 mM - Nacl 0 mm
B 10, 0.5 mM- NaCi 80 mm

[] noy'5 mM- Naci8o mm

B no,-0.5 mm- cacl, 40 mm

[[] no, 5 mM- cacl, 40 mM

ONB0S-5
ONB0S-1
ON80S-6
ONB0S-3
ONB0S-4

ONB0S-2
ONOS-6
ONOS-5
ONOS-3
ONOS-1
ONOS-4
ONOS-2

o -

40 30 20 10
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Figure RE3ative abundances of amino acids, GABA, spermidine
Regina Ostuni genotype grown at | oawWw t(eOr. 5 nidM)y sorofhidgh f(e5 emM) s
80 mM NaCl o1z datmMwea€l anal yzedP®y0o ANDVaAnd LEDRt@sQ@. W5 )t .h (n
This analysis, in fact, highlights that the I
organic acids (Figure 14), sugars and polyol

changed under differentnekpegemeatval l abntdityiyo

60



mM NaCl or 40CoMsiCd€ting nitrogeSumMacfl aMOhe t
i ncubation medium), many amino acids, aspah agd
threonine, and glutamine, increased in the |e
Il n contrast, | euci ne, tryptophan, and gl utam
unchanged. Taken tlolgiedthtert he hteysei ¢ &Isuilhscr dha ge
greater nitrogen availability, |l eading to the
vari ous dRnWangetal.2008;Sungetal.2015)I n t his context, va
|l evel s can be considered, given the central

assimilation pathway-nandoigenbalkaatiogshhe ¢ae

I n the | eaves of plants treated with 80 mM Na
such as serine, | euci ne, i sol euci ne, val i ne,

| ow and high nitrogen ecronamionlos .acAitd st,h es uscahmea st

phenyl al anine, and glutamine, decreased under
NaCl treatment induces specific responses, wh
nitraovgaeinl ability, as previously observed for g
the idea, already highlighted in previous st

sustaining the metabol i c rsetsrpsbsusdsaas, WMeibrauehsasd r y
Renault 2016; Singh, Singh, and Prasad 2016; Z. Zhang et al. 2017a;elpealle et al. 2020;
Nazir et al. 2023; Batelli et al. 2024)

The trends of many amino acids i nawehree |seianvielsa
those observed in plants treated with 80 mM
l euci e, i sol eucine, valine, and threonine,

Moreover, the treatimeducend tdh MOt incM a®d @l decr e

=]

phenyl al ani ne, glutamic acid, and gl utamine.
nitrogen (glutame¢ metdbahdsoglutamse resul ts
in nitrogen metabolismandd@ted amy kiegh sl avel o
words, considering the trend of these amino a

nitrogen compounds could becbmpaeedi nopthaoss

NaCl. This conclusion is further supported by
(Figure 1). I n thitso comderxwe dlts o sthtante aldf aish t
induced an increase in GABA, spermidine, and |

in the condist4@nmM,GawdeM eNOnor e pronounced i n t

withaCacCl
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FigureR&4ative abundances of sugars and polyols that resulte
at low (0.5 mM) or higfhtdns mMmMJawns tofatcei fafvearn édmtbidaltty t r.eat ment
Data were analyzed bPYO ANOWA anhldS[F DtRe Ot OwiOtsh . (n = 6) .
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The metabol omic anal ysi snamgr miutgtae d t(HFe giud &n tli
nitrogen availability induced a general decre
|l evel s of gal actose di di nncorte acsheadn.g eT haen ds atnheo ster
the | eaves of plants theagédtwiet thddgetM wWacCe
sugar s. Differently, the treatment with 80 mM

trehal ose. ahd sscraseresting to observe that

occurred in the | eaves of plants grown in | ow
Taken together, these results align well wi t h
nitrogen availability, consistent with the en:
Munns and Gilliham, )20 1A5; tMuen nssaneet talme,, 2N0a2 O:
appears to induce the increase of some sugars

involved in typi(cMdnrms nond cT easdtjeurs,t n2e0n0t8to r Zhbavreg

the increase in trehalose further suppo@ts th
Zhang et al. 2020; Yang etal. 2022) I n t hi s context, it 1Is i1inter
more pronounced undeffrleawmentr awgéh &0aimMa NialCil
in some polyol s, such as xylitol, inositol, é
Ndaccumul ation (Figure 14), according to the ¢
(Bhattacharya and Kundu 2020)ncr eased nitrogen availability
suclkasoglutaric acid, succinic acid, and fum
acid and malic acid, weornev emste | §f f dott éad s@KF it g u
noticeable and widespread decline in these Kr
in the |l eaves ofapINewtes tthred @tsasd-t wanathdh@afleavtes,
of succinic acimdagl ifcumaciidc weria, paqidt i vely i n-
availability. A similar response was obsgrved
treated plantisnaswwehl|the centr al role of the
close relationships with nitrogen metabolism
the |l evels of TCA cycle intefme@éinat expwel enefnad
(Wagner etCha®lt.hhmanh@®BA;7 al ZhangAcecoradi.ng 2t0c2 3t)he h
of metabolism in response to greater nitrogen

(Figure 13) and plant growth (Figure 1), the

the | eaveseategdg!| wint bl ® aondMntNrOast , a gener al de
was induced by NaCcCl treatment Jasdirg@ldstiong th &
modul ation of the TCA cycle. As essuggewsltddbe na
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consequence of a higher demdmdittoesusatai 202M0j
al. 2020; Sanchez etal. 2008)t i s i nteresting to underline t
increased in the | eaves of plants grown in th:¢
of organic acids did not changecarbshi gobt apoli |
modi fied to sati sf(yArcad/sjboorets kadl.et &0 1r2e q WCehset Ot

Fernie 2A023)he same time, could be stressed tl}
be depending also by different factors, such
t he organ( kcionmseitd earled 2007; Sanchez et al. 2008

and Taylor 2017)JAmong t he metabolic changes in which
there is the GABA shunt pathwaydewlirbloxy$ ameai
acti vi-@tyh nfathh ee t al ., 2017). According to the

met abol omic analyses further sustain the acti

NaCl conditions.t Aentdheobamertaime, méechabol ites

putrescine, and gl utamine, al ongside the decrt

close connection between metabolic responses
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FigureR&bative abundances of organic acids and other compoun
genotype grown at |l ow (0.5 nmaM)t eorr "hidgahy s( 50 fmM)i fnfietrreantte saavlati |tal
or 40 mM NarChal i zed metabolomic data were analyzed by ANOVA
analyzed by ANOYPA (0LGHD aedtF@BRt® 0.05). (n = 6).
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The |l evels of organic acitdeptiaedeésct avebrien| ower |
those obsetvedtea MPNa&hts (Figure 15). At t he
conditions, some <cruci al di ffereaced wlkaet £bs
total | evels otfhams ame acrn dlesr wefr emadni tude as t
in proline occurred (Figure 9A and 9B). Addit
while the |l evels of spermidine and puttorgeestchienre,
these results, considering that plant grewth \
treatment does not have toxic effects and doe
to high conce&ntarlatthiooungsh oift Nanduces modi ficat |
met abol i sm.

A cruci al aspect of NacCl stress responses i s
given the dr amaandci @GlnpgIr a&kummresclanlfes, shd Lauchli 2006) T h e
comparison bet wetme aNtar®d ntasn di sCawCd e f ul for di st
attributable to these two i1 ona. pAlatnto ughs stulees
toxic under our experimental conditions, it a
such zmasndN®i, as well as organic ones (Figures
hi ghlight the metabolic responses activhyed t
t he i nc r(kirkbyg and Knight T7; Sanchez et al. 2008; Chen, Gollop, and Heuer.200B)n
this context, it is also noteworthy that the
of GCtarCéated plants may be related to subopti ms
i n our case, theseomatlriiminNBusgneiahR0&) tniohtes yreets ubl et
a way through owvhn cenn terl eetviadmedc oCdl d exert i ts toc
to deepen this cruci al aspect.

Nitrogen availability and sal't stress condi't
phenolic compounds (Figure 15). Shikimic acid
common precursor of threeabhroeapeéerci menmhhal acode
nitrogen availability. This result aligns wit
such as tryptophan (Figure 13).

Overall, the | evels of the detected phenolic
and this trend was al so observed ptnr eteahteme netasv.e
4-hydr oxybenzesiecl iaccyildi ¢( aci d) i ncraasad eidn pbh @atnh
reduction in phenolic acidstosco@hwed smhemdb ol it 4
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N defi(cWaeSrkdye wi-PaneMpyzaht Goli EGski 2013:; .Becke
The inchgdsexiymehohzoic acid could be attribute
i'ts anti oxilLdneenal. 20p2) oper hi gkl i ghted in previous

content decreases in response to higher nitro
opposite trends (Becker et al., 2015; WaSkiew
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Figure Re6ative abundances of shikimic acid and phenolic com
Ostuni genotype grown at | ow (®f8 emM)? darayti olf (d5 friM) emitt rsatl &
NaCl or 40 MWMr @alCl zed metabol omic data were analyzed by ANOV
analyzed by ANOYPA (0LGHD aedtF@BRt® 0.05). (n = 6).
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IV.l11l. Conclusions

The study provides valuable insights into the physiological and metabolic resporSelsmim
lycopersicunL. to high concentrations of NaCl or Ca@hder varying N@ conditions. In general,
higher nitrogen availability reinforces the p
80 mM NaCl treatment, enhancing typical responses such as the synthesis of osmotic/protective
compoundsThe i ntroduction of an experamepnpwald aer
di stingui sh tstpreich Udti'oolrlaeCohiso.ndAna i ntri guing asp:
study is the effect “indwbced bympetgds | wivieh s o(
primarsi |l FuNODher more, the datmacénghdiigbnhss hat
acquisition but al so alter carbon metabol i sm
experi mental cohdettoesatwwasenGaCloxic, i1ts s
strongly suggest sint htahte tnheicsh@ingi cam. koefy Cdlact or
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y
ferent asatpdsesbrepoet ationship betwee

ess, suggesting that N bioavailability
l uence plantsd salt stress adaptation.

knowlhavw et meb oaudmbi nati on of different

si ol ogandl adaupntdaesri o Na C| exposur e and
abolism is influenced.
eri ments wer e conducted under control

re plants were exposed to 100 mM NaCcCl
mM: NYHOo r 4:1 smM#H N@®hysiological, bio
abol omic analyses assessed plant respo

I 0o fMecacsrutreenmtent s. An untargeted metabol
f i Fendsutcreeds sc hanges. Finally, the ener g:¢
general, salt treatment caused sever al

solution medium withaoaptuantdiean ¥ aflar ms

terms of total bi omass 3.t hMor @& divee ro,n etsh e
wed a better nutritional status with
ars, arn/dkratliowerMeNabol omi ¢ @gmralvy ssé so nr
tains higher | evels of sugars amd ami
anic acids involved in the Krebs cycl e
se data suggest peculiar ameliorative

the presvenbte NOhi NHstudy gives new i nsi

using different N forms as a valuabl e
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V.l . Aim of the study

This study aims to explore the benefits of

under saline stress conditions, trying to c
wor ks about nitrogen metaboli smcaomudhttehhreacme
stress effects. In this study, compared to t
from 80 mM to 100 mM, and the exposure perio

treatments was extefldese bygdjanms tadaelntts oweald e dag
di fferences better and to amplify the &effe
bi ochemical and physiological aspects and tl
experiments werediconhidonct edi umate/ ammoni um r a
with the purpose of highlighting the differ
availability in plants. Amino acids, reduci
combined wibhalgsomi These analyses were cou
this view, a specific focus was to clarify t

evaluating the |l evels of key metabolites, su
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V. I | . Results and discussi on

V.II.1. Biomass, i on compositi otnraat mermrtponse
Al | the biochemical and physiwalodNO¥A sdhati §
analysis in an attempt to discriminate the

and to highlight their st atolslteicctaeld iwatse rtahcet i

bi omass produced by plants (Figure 1). The s
bet ween salt treatments and N ones. | n gener
the nutrient soelsutt itohna.t [DOahtea caol gshan diseUNgAgd u e 8 d N C
better responses in terms of biomass produce
t he sol e psiensetnhcee nouft  N@nt sol uti on. The <c¢h
from 80 mM to 100 hemMeapdstuoeepeendd to both
nitrogenbyr aat manltied othoala damryeat er reducti on
when comparing control plants grown with 5

observed a bi omasss ubesdtuacrttiioanl loyf h4i3g.h1e5r% t h an
contrast, bi omass reductions in the studies
This sharper decline highlights the intensi/

exposur e gretr i ogrdowtnh pdnder varied nitrogen co

40

35 | A Nitrogen  **
+ Sa"_ *k
30 | NxS *
B
25
T
§ 20
= C
©o
15 D
£
10
5
0
0 mM Nacl 0 mM Nacl 100 mM NacCl 100 mM Nacl
5/0 mM N/A 4/1 mM N/A 5/0 mM N/A 4/1 mM N/A

FigueéefesB8daysfof saptantebdbi memssonf the Regina O@sN#ani geno:
ratio: 5/ 0 mMWeandeh/tl dmaMa wer e Pwadyi VAINDAOWVaAI, | yu sa magl yhsoecdk ebyyd st wi
textO(®, OB *0.,01). Different |l etters in the t abdtea iardé cat
expressed as means N standard error (n=3).
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The determinati on of t he tot al N content [

respectively) highlighted a reduction in its
100 mM NacCl, plants showed | owes 1evpepésct off ot
pl ant-4. 2% . &gai. ®9 | . Ir bat6s% aamgdbi. HIB i . 4 eaves
treatments did not influence the tpitmalr oNotcson

and | eaves (Figures 3Aadanct3IRlal demdrdadc,t i win
treatments andasNaCkl exwpwesar eowdlO i n pdants ¢
/| NHand/ or exposed 4 momMtaeCdt.s linms tleemady, e NH( Fi gur

€
increased only by the effect of sN&@lel sl wer e

influenced by both treat ment s, and statisti
increased itsprcondrend @afndt tdhet waw N f oTrhmes cau:
e X pneernit al conditions wused in thiss/ NHody hig
prestmeat ment in plants cultivated under sal
bi omass i s win hacchoer daintceer at ur e: as several S
presence induces a reduction i n (Abogadalabhs <c au.

2010; Sivasankaramoorthy 2014; de la Td@B@nzalez et al. 2019; Isayenkov and Maathuis

2019) However, the combination of these two N
control conditions and results also to impro
pl antsé6 galbwt adamwdami ohi s preliminary inforn
observe that the 4 mmwowiodhaed ndir dt nSchorteméyard Ht o  t
Stamp, and Feil 1997; Flores et al. 2001b; Britto and Kronzucker 2002; Hachiya and
Sakakibara 2017)

The data highlighted a decrease in total N
treatkhemtiser more, the analyses also pointed

stress was pairedzwohhemt rien utAcoarsdo énngdN Q roo c

|l iterature and as discussed in the previous
can i nt ersfterraen swpiotrht eNG and with the activity
such as ni (©OaBei erdatt ak el h2e0 1p6r; e sCeeni cl €f huesf g20blwst
medium typically creates competition betwee
i mi ti ng nit r(Pagadapoulassasd Rendiy 4983; Asiam, Huffaker, and Rains
1984, Di atl off et al . 2004; O6Brien et al

Schmockel, and Tester 2017b; Geilfus 20M8) 4/ 1 smMMHANG | ant s present

|l evel siof tH@ir organs due to a reduced pres
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compared to those s3tppll irawewietrh, 5/h0i smM oNv@ r
NQwas compensated bhkusdohangt dHni ng t he same
treated with only nitrate (Figure 2). I n ot
i's suggested. Il n this view, the possible in
synt hase pathdape consider Ahd¥ amruziVih@an2 Q0 2;
comparing the two N treatmeel sdofidaOtsabtres
with a reduction in biomass whi.crAdwag i inghén
total N content decreased only after exposur
grown in the presence of both N for ms. Thi s
same tot al amount off omiatdl ggen hebamBli M) | aAdaor
in higher plants, which is essential for su|
protmeod by coshiNiHmiuthigi NiOon t hanks to a synergi s
NQ nut r {Ikeda,aMizoguchi, and Yamakawa 1992; Flores et al. 2001bY hi s | ast a
was confirmed by ob'ser Miemg etshe whe wweénl s nacfr eMdIs «

in both N nutrition treatment®xi Whemwmnpkaht a

NH, it is usually assimilated directly by th
is likely Ilinked to a stress condition: the
accumul ation of this N form in their tissues

Nitrate is typically absorbed by roots and
mai nly Accoudsng to the | iteratwmd)y iandeead,t ii
t hesiNO converted into ammonia in the roots.

to the shoots for assimilation andGO0G®GATal |y
c y c(Ojeand Izawa 1972; Flores et al. 2001b; Lea and Miflin 2003; Ghanem et al. 2011;

Prinsi and Espen 20150 n t omat o it i's -BOponny &G rhbaad airsg
assimil at e@orenmnl976;Mrdrewshl®86)t The process r£gquires

is first reduced to nitrite bybyhei enzyeer ad
in chloroplasts (Suzuki et al ., -l®@Bé&nsiTaezar
heavily dependent on ' ight, maki ng | eaves,
assimilation. Ammoni um, rami ddontirracsdr, poirsat et
compounds because it can be toxic at high co
near teéesiutpea,akmai nly in roots, where i-tds in
GOGAT cycle. Ammonium assimilation iIis | ess

all owing roots to be t he(Helrandiea2001; €aruzze2003;f NH
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Lea and Miflin 2003) Mor eover, i t hassachtese na sr eap osritgerda It |
NH'r oot assimilation reducing i t(sRedinmttkaughhna

Campbel IAs 1e9x9p8l)ai ned above, under sal'¢t Sstre:
|l eaves generally tends to increase. Thi s he
reaching toxic | evel s, pl ants increased the

al tagrirve nitrogen source for synthesising ext
NH'in | eaves under salt stress coul d Tahleso hi
i ncr eaxedqcethtration in |l eaves casasbmi hatri bhbhu
photorespiratory processes t ha{MatimepAhdljarbut es

etal. 2013)On t he ot her hand, concer nilreg erl so twse,r et, |
gener al , | ower than | eaves. Mor eover, the s
| eaves occurred only i ng3/pNgalnnt sc osnutprpalsite,d pwiatnt
with 4VQ/ Naflbai nt ai ned similar |l evd&lsnataodyt howhe
NH*'was present in the nutrient solution, its
with oml AsNOeported befiprea,eidt he ex agenduwys al
roots, explaining the | ower | evel g'ftouaard lieav
roots plants sgppdgedt @ech| gn wiiniht INDI , al beit

to salt prepepwvesi Wnt hstribooetg H ,e vieHes Nier e | ower
plants could respond betterjsdaosismilltatitor san ¢
production of N osmoprotectants.

I n | eaves, anions determinatiloemwvalnsalweries dduw
NaCl exposur-pramdsbygnt bt tbe two N for ms; n ¢
the two treatments was registered (Figure 5/
l evels ®Mbr €bverpr owiitsh odM,c@l ants "had bathi gdhe
presence and albsedé@é&6ufel NaCIFi gR®e 5B and 5C)
were respectively aatfilaure nacfedb dtyh tshael tddasrnd nkt
also the combined interacti on®aonfd . A8h&dn Ircevseurl t

|l evel s when the salt treatmpnbvwasoappBredfa

Cill evel s had the same trend as the one in th
salt exposur-gr @awnids iwd¥tl.re vAdolre oP(CFi gur e 6B) , on
statistical i nteraction of the two treat ment
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error (n=3).

Rooltesvel s, however, had the same behaviour a:
the anion contpermtv,i swher earse | N oagdlt @t Ityh,i si trse dl
remai ned constant in every treatment, no dif
caused by the comandeNaacchoacocumbodétah eCli n pl
har mf ulCulaegveelrso (a-Md &y ng&BAA88z CyarAserroe pear tael
Chapteri sl WnoOWwn to compete with other anions
plants. The consequence izsana rddwat iaowi omfs tsh
ands28® both |l eaves and roots, |limiting the r
i on b irle atale2019) At 44/INFAMt N®© | ower 3, prdeusee nce a
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|l ower concentration used in the nutti®Ot sol
ands#80 both organs. Despipkbanhe bBupphbivedowhe
presented a better nutrgiitni otnhad mnsutartieen tT hseo |pu
not only the same levels of totdandls@Bilgure
these ameliorative ef f epchtyss icoolud glif cpalr & sl tya tesxspp
with a combination of the two N forms. At th

of -dCild not i nduwuce stumgxgiecs t eefdf edcyt sh,i omass dat a.

Cation analysis (Figdcest @ntandamBal yeivealmmdbao

(Figures 7A and 8A) was statistically signi

treatments. I n general, NaCl "aenxdp casl uree niantd uwced
cg@rovision reduced its |l evel s. The interact
The | evehstbht Keaves and roots (Figure 7B a

action of both saltramcdiMnt bedtweemt $ hwi tthwon a
retention was -migwhiesi amdleut Nwaso r eRiurcaldl yby
cal cul at™ Krgattihoe fNoar both organs (Figure 7C ¢
depends on the interaction between lteeal snent
NaCl exposure ikmat ¢ ®s e dvihii thei HNieen coof nitroger
effect by r eSladiiinng ddmep eataetsi owi t h “&ii fnfceer eintt i«
absoame@dtransported by diff'eramtptordares-sgrt HiK
affintftgnKportersel ed3G& e( caant i on-athanneyskxat
transport er’ Ha mtnidp(dédiibetr@Na07; Isayenkov and Maathuis 2019;
Raddatz et al. 2020; Shabala and Cuin2008) der salt stress‘antdhe hi
the | ower'ihevels'™&fatdieo Narefl ecting the char
of sal t (ShabataaahdnCeiin 2008) he pr e s e’nicne tohfe NHit r i ent
guarantees | 9 wéir gheewmetl’jso aonfd fNadK Kroawteiro .NaL ower i n
| evel 5reodfucNeas its toxic effects. All these a
hi gher Dbi omasabegplegsiicdli ogpi @a@aamld st at us
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V.IChahges in the | eaves of amino acids, pro
stress and different N treatments

The response of plants to salt stress is a
changes in concentration of various metabold]i
oot and root ti ssues. Thi s mmdttabpdlei sfru nacd

h

including osmotic regulation, protection aga
arbon reservoirs necelsmsatrtyi § oo ptgiro,wtthhias ds tr
f

o O

the key biochemitcoalalp aarma nmeot earcsi,d si, n cplruod iinng

response to control and NaCl treatments t

n
y MNorcoovi sion under salt stress on | eaves an

ochemical assays revealed different vari at
ids, proline and reducing sugars. All thes

=y

owed significant variatbahst. aBttatNi dtrie@dIme]

w v 9 W o
o

gni ficant. I n | eaves, only in reducing su

nteraction but only by the distinct action
nd roots (FigerdaiAeandafIAh)y wWe Cdr cewipsoisaumr.e Te
ame trend was observed for the proline | ev
0

ntrary, reducing sugars in | eaves (Figure

vu O u 9

| t er nataisveed ywhaeimddiMEr e supplied together. In
|l evel s remained constant in all the treat men

NacCl . I n the | atter case, the | evel s were si

The biochemical data suggested that the comp
Nadand |l Clmited growth and plant devel opment.
increase in both organs their | evels of amin
l inked to the synthesis opr &Nt ecootmpveal mpd ol evsn el
(Bolarin et al. 1995; Ali et al. 2011; Golldack et al. 2014; Gupta and Huang 2014; Arif et al.
2020; RoHca, Mihal@Qehedatadi ®Sdiot @red 20R87) s a
a reduction in the | evel sTlhd acetdiucatnigons ugfa
mechani sms probably induces a different me t @
the synt hesi $AlnmdaredyHadipamijDosti 20085 Nuréssi, Fernie, and Stitt

2010)
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Pl ants suppl i ¢dNApirtets ed/tle dmM MO gher increase
when exposed to salt stress thlaMHt Wetbnesgsype
to thesbolm, NDhe combisfaddpN@s @rhcee naift r Nid nt
ameliorated the deleterious effects of salt.
hi gher accumul ation of N osmoprotectants abl
accumul ation. Thi ssiwiagso nchoennftci ronie dp rboyl ianses, e swh o
under-pmMNoxiosi on treatment in both roots and |
| evel s found assegismngoothepcomit BndnobdumMder

pl ants increase their assimilation processes

N osmoprotectants such as praglhnde NdMdarcesyv ¢ h,e

|l oss of reducing sugars | nAprloevavseso.n nr otmod e
and atcltermul ati on of reducing sugars 1in roots
pivot al role during salt stress because they
t he osmot i (Bolaiulgtal 499 Earvijal et al. 1998; Balibrea et al. 2000; Parida

and Das 2005T hanks to these metabolites plants ar

and redox balance when met abol(Babbeaeta. 2000;f ect e
CheOthman, Millar, and Taylor2017) I n concl usi on, it appears ¢

the presfdincmeéuomds NHHhanges in N and C metabol.

aci ds, proline and reducing sugars can coun
presence of NaCl. Moreover, higher | evels of
an i mproved nutritional status wunder salt st

to the ones sufpplPilachtesnlhyavwei tMmreOeesbubmasst

production, even under salt stress.
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| Met &abol omic anaMysis driven by GC

e untargeted metabol omic analysis on toma

aves and 63 for roots. The annotated metab
ch as organic acids, amino awenmndts,analtytsyi sac
mul tivariate unsupervised principal compor

2% and 74.4% of the total variance for | e
, t he -PICAt sitioglel i ghtpeadr aa | ®Ine armogimgo wad | s r e
ading plot (Figure A1) reveal ed that PC1

anine and | eucine, whereas PC2 by <citric
rrroot s, PClalwarsi ne,f | sueernicreed, bpput resci ne an
shi kimic acid and citric acid. Also, the

e fouri)t rod Dt gmMEINEOt h 0 MW NaLlsmMMHANIOt h 0 mM
d 0 mM) NaCO ,smMMHAWIOt h 100 mMyNaLCL , menai th 10
Cl (Figure 12). I n other words, these res.!
ailability, as wel |l as NacCl treat ment , W €
alysis (ANOVA), 44 addtb3bmesabolfieanwkye
d roots, respectively (Figure A2 and A3).

eated plants pointed out a gener al vari at
asses. The analysis highlighted in both | e
d 14), sugars and pol yol s( HiFg ugruerse sl 71 5a nadn dl &
der different experimental conditions, suc
Cl . Mor eover, It has been possible to obs

ants cultivated under the same treat ments.
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Considering versug&t mPsNaCO mM t he growth med
and ombéeabblites changed their | evels. Il n | e
stress alanine, GABA, putrescine, and prolii
homoseutaejcghci d and aspartic acid decreas

variations for all the amino acids previousl
4/ 1 mM NDHDhan 5/ & NafM M®r,e otvheer pr a's emndereofn uNH i
solution induced al so i ncr e asreasnoiins otbhuet ylreivce |

tyrosine that were not v4.siOnl & hien cplnamtas yt, r d
14)
phenyl al anine, serine, glutamic acid, wvaline
and al anine. Avs t Wi t4H %h ke hiM€alveevsel s of amino
exposed tdiNao@Ir wédraem t hose s/uNpl Medewveh, 5b

wi t h-pN owo si on aspartic acid, gl ut ami ne, put

, NacCl exposure increased the |l evels of n

expoJuneel evel s of these metabaogdetesasedphéante

exposur e.

The accumul ation of N compounds observed in
results of amino acids and proline content p
Generally, such an increase in these metabol
stress, espe c(Dehdubbat als 2010t Gharsallaloes al. 204.6; Arif et al. 2020)

These solutes, |li ke putrescine, serine or GA
and they are involved in redox regulation,

met abolic activiti Renadtketalwild;Akcay etdal2012nZgZhanty r e s s
etal. 2017b; Kumari and Parida 2018; Wuetal.2020) n | eaves, the incre:
of some amino acids was pairefhese hr @s wletcg eis
that in | eaves, NaCl treatment triggers spec
exposur e. Il n other words, the data confir ms
supporting metabol itcr easdsj ucs@bodelsaadsdveisautke and s a |l t
Renault 2016; Singh, Singh, and Prasad 2016; Z. Zhang et al. 2017a:elpealle et al.

2020; Nazir et al. 2023; Batelli et al. 2024)s wi t h t he | eaves, roots
general increase in the | evels of most amino
these metabolites was | ess visible than in |
as suggfetedo®WOd be assimi{bareki iat thle. | eh?9 @

2016)On t he hoet hhearg hheand,yntt hesi s of amino aci d.
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wi t h-pM owo si on owrcluirkse brgictarustaeg,i dMY i ncor por af
compounds due to its potential toxicity at h
Ammonium is generally assimilated close to i
converted i ntho oamih@G@GAT iGubsgtHi waeyl and Lea, 20
Mi f 1 i nHac2i0y3aa and Sabawkvbarajt2was8 obsserved

and sNdH ves plants the possibility to i mpl eme
overcome salt stress, such as the synthesis
| eaves. Probably in | eaves, tpeokhkigmanpl anels
supplied @eoatyuwi ba'c8il®Osnaul M es under salt stre
N compounds in roots which are acc-pmolvasedni
woul d induce a greater actiThat iposidfi viehe mp aa

gr owt h #fprroonviNsicoon have been [(RavekandSnttol9Nner gy
before N asssneneidsattionhe Nomrveugh da tmr dNcdHe s st
energy (20 mol ecul ess adsiAiiPl)at i ®onn viee seed syi, t aN
mo | e (RaVver &nd Smith1976) Thi s energy saving potenti al
be allocated towards the synt hestesx poefn smovree N
response to abi o{Fomesesd. 2081b;Chamemsetiat 2011las sal t .

s class
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0
GABA
3-4-deydro-DL-prol 05
Alanine -1

Tyrosine

3-aminoisobutyric
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FigureRBative abundances of amino aci ds, put rdea §diemre,nt GABA
|l eaves of Regina Ostg/nN#Hratowns WiS5YI® ddiMf f emeint 4NQ mM) after
mM NaCl. Data were anal yRG do.boy5 AdNOWAFDR S® @ e®3) witm = 6) .
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I T————Emclass
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[ No,-: NH,* 4:1 - NaCl 0 mM

Leucine | [l NO, : NH," 5:0 - NaCl 100 mM

Alanine | [L] NOs: NH,*4:1 - NaCl 100 mM

Figure R4 ative abundances of amino acids, putrescine, GABA
roots of Regina Ost uhN#Hrgartoiwons wi5t/h0 dmM faenrde nt4 /NIO mM) after 8
NaCl. Data were analyzR@ my0SANOVA FDBDOt@s®O5withn = 6).

The metabol omic analysis permitted the ident
there was a reduction in the |l evels of some
arabinose and glucose. Onlybterothandhiandsi sa

in response to saltsisnrtebes. ndthrei entesenlcet iod
sugars that were decreased by the presence ¢

were accumul at edonbiyuns aplrte ssetnrcees sa.l sfomm nduced

control plants efhorsipthmse armhdngltlbheo ywmke&Gs s uppl
|l evels did not change between the salt treat
|l eaves, the presence of NaCl in the nutrien
l evel s. I n roots indeedaddcumguwulrat ilén , ofsatl he sl
the sugars and polyols spotted bycmatiabdpl ogmu
fructose, mannose, gal actose, sucrose, gl yce
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glucpopdesphate increased in their | evels afte
N for ms, whereas they remained scoMetraowvern
observed in the | eaves, except for-pirrerceintcel
of s dsNHafter salt exposur e, presented a st
and polyols. According to the I|literature, <co
pl antsdé needs. Sugars are convertedsiingt o A
os mo pr oTilruciv et al.s2014; Singh, Singh, and Prasad 2019)Al t er nat i vel vy
and polyols can also be accumul atedstatu®ot :

bal ance maintenance, osmotic homeostasis an
eutectic solvents invahdeadniymes (Bolermetalmge anle i
1995; Balibrea et al. 2000; Munns 2002; Parida and Das 200b)e s e resul t s com
i nformation obtained in Chapters |11 and | V.
the two organs: pl ants wunder salt presence
|l eaves to Iimprove tmhg ogpPmdtvice i bal,ande . .walko cws
presenagenoft heHnutrient solution induced an a
a | ower reduction of reducing sugars in | ea\
salt orrdass.t alkhc e, sugars | i ke sucrose, man-t

synthesized more i nstphlaan ttsh es uopnpel si esdy.pwpiAtshe dN H
descri bed -ppbredwirei,onN, csoaving ATPs, dumneantaee:
toward the sybabesi 8 smbpnioti(Roegedan 2081b;&Ghanesnugar s
etal. 2011)Overall , the metabol omic data obtained
previously described and c#&/nN:QOcrpmso vtiled olme n enf

stress conditions.
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Il n |l eavesN4@E€IlIl gume@dud&dd ,a noti ce aobrlgea naincd awciiddess

more specifically, in Krebs cycle intermedia
citric acid, glucarat e, pal mi ti cmyarciisdt,i cs taecai
succinic acid, fumaric acid, mal ei c aci d, al
stress. In generapropi andts presecededi tbwdlrcb

than plants supphi @bt dnlicyonive dthe dOp!| asmtl &, s h
effects provoked -tbyd mN@axXCy butComiveraseild ,amd gl u
salt stress, and this effect. wlas hogther( Fisauyp
same tr enidn otblhseerlveeadves was confirmed also fo
such as fumari c aci d, mal ei c aci d, mal i c
Ammoni um/ pirtovatse omoi s induced in roots at | c
thanspN@vision in bbtbhatedtpbhntasd Glaltic ac
exposure only in 4|1 awnhtesh gsdusppdlyibaud ywii tch ahi d i

N treatments after sal t stress.

The observed reduction of metabolites bel ong
in both roots and | eaves appears to be well
activation of salt response patrmlwdys wihteh s@n
osmoprotectantsi IGABA, Npcompaoena@and( free pol ye
speci fic de¢Rermutset al. 2010; &Umars and Parida 2018) I n t hi s con

mitochondri al respiration and the tricarboxy
Pl ants increase their respiration FrQatthematno su
et al . 2017) . Howelwvese ¢chmpacwomdzumpsi nat osus
met abolism because, due to salt stress pres:

functioning of-oxtegl urtCéAr adyeclkehylr ogenase co
subj ect ed (Reoauliendl i2dl®; Borronmeo et al. 2023) Thi s coul d exp
reduction of several TCA cycle intermediat e
reduction of organic aci ds warsovhiisg hoenr tihna npli
supplied only with nti,t riat emudto kRPaeptansi dénes
increase of N assimilatory activity for the
wi t h bzoatnhd sN\GHi gures 13 and 14) is associated
pat hway at tmed abopanes ohat support Krebs
reactions, as t he ao e XRerhig £€&marz and SwestloveP 2D,
NunesNesi, Fernie, and Stitt 2010; Giaghman, Millar, and Taylor 2017)
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Lastl vy, to verify these hypotheses, t he det
|l eaves and roots, was assessed (Tables 1 and

of stress of treated plantscwintfentespgeamat nteda

in both roots and | eaves amooygi $hentofat ment
increased the ATP |l evels in both organs. N t
ADP |l evels in | eavteesr awittifonno | st atoiod tsi, c ailn sit

i nteracti on bet ween N and sal't treat ment s r
| eaves, ADP |l evels were higher-pafotvesi oal t neli

hi gher ADRtlsewealrd nign sradt presence. AMP | evel

all the treatments. Il n contrast, in roots, t
significant: salt stress induced anbatnhcrMNase
for ms. Considering EC |l evel s, i n roots, n o
|l eaves, statistical interactions between N a

the same EC | evelrovi doweN offg rtriindeetttoned ATP cont
EC Il evels of pl @ouea.20Mdibe sbksenseresssubst al
ATP and EC | evels among the treatments sugg
di dndét experience any (Samtaridsiand Hesbend96% ¥.&hanget s al t
al.2020)0 However, -pnbyi swi ohsNpkants had higher |
in these conditions have a higher ability toc
s t nGost st al. 2014; Kramer and Evans 2011) Thi s expl anati on i s in
l evel s of amino acids, sugars and oAganic

explained before, the energy savishddHdatriiang N
was used might all ow mor e -rreguwiurricregs < al tb es tarl
me ¢ h a rfFloesres al. 2001b; Kant et al. 2007)
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TablAkTP, ADP, AMP and Energy Charge content in thMNH eaves of
ratios (5/0 mM and 4/1 mM) after 8 days of salt exposure a
t woeay ANOVA, using -Mockewydd. 02t Batpoate expressed as mear
Regina Ostuni
ATP ADP AMP Energy Charge

(nmol g FW?) (nmol g FWH) (nmol g FW4) EC
5/0 mM N/A 33.58+ 2.892 66.82+ 2.199 109.57+4.117 0.32+x0.011
NaCl 0 mM
ALMMNA - 307113660 85.45:9.838  96.75+10.003  0.34+ 0.006
NaCl 0 mM
5/0 mM N/A
NaCl 100 mM 29.28% 3.276 08.28+ 2.158 98.70x 7.971 0.35+ 0.006
4/1 mM N/A
NaCl 100 mM 59.45+ 3.324 08.26+ 3.489 81.66+ 5.790 0.45%+ 0.013
Nitrogen o o ns o
Salt *% *% ns **
NXS *x ns ns *x
TablkeTFPR ADP, AMP and Energy Charge content in thMBHroots of
ratio (5/0 mM and 4/1 mM) after 8 days of salt exposure at
t weay ANOVA, using -Mockeyw®e. 0%t Batpoate expressed as mear

ReginaOstuni
ATP ADP AMP Energy Charge

(nmol g FWY) (nmol g FWH) (nmol g FW4) EC
5/0 mM N/A 34.58+ 1.798 30.89+ 1.886 12.64+1.143 0.64+ 0.012
NaCl 0 mM
MLMMNA - 38 96+1.074  30.60+1.386  12.57+1.210  0.66+ 0.008
NaCl 0 mM
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 b b * ns
Salt *% * * *
NXS *x * * ns
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V. L1 . Concl usi ons

The study provides valuable insights into
respornSsodsanafm | yLc opteor ssiaclutm stress under varyi
Figure 19, the detri ment al effects of sal in
substituting NO wi th NH i n the nutrient

how seegralve conditions caused by salt stre
of sNHh the nutrient sy ultiioomas sasdatlas.0 FBarp piomrs
anal ysis it has been obswevedrbdwceéethe Bioach
physiological analysis highlighted instead
sugar Il evels in both roots and | eaves. The &
by analyzing a rarge woft hmat ared laibtadpsr mdseet nezqgetp r
promotes the synthesis of N compounds and

adjustmente adkl epvpavbetshe stress caused by h

and nutritional status i n pl ants under S U C
understanding of the complex interactions be
i n atoore s, highlighting the different mechani
roots. Previous studies only partially studi
and genotypes. For these reasanns,crfoyprst hoear pres
another kind of analyses is needed.
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FigureSt@ematic representation of the results obtained in t

in plants supplsf BB vint t hG/hCeimwiM@vari ati ons caused by NacCl

with 4/ 3% NHM ROsults on | eaves (up) and roots (down) have b
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CHAPTER 61 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 iatiatethe adverse
effects of salt stress. The regulation ehétabolism 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 investightrelationships between

salt stress exposure and differentN§upplies.This study was designetb identify traitsand
unknown physiological mechanisrastivated in response to NaCl preserineChapter 11l ,

the study was describeskeveraphysiological traits that goveid metabolism under salt stress

and different availabilit of NOs™ in the nutrient solution were pointed out. The determination

of amino acidsor the quantification of prolineyascombined withthe determination of Na

and K content. The nutritional status of stress plamsth respect to control ones was
determinedand the adaptive strategies implemented were obsé@rrecdccumulation of NaCl
dramatically reduced the levelsN®ds” andalteredthe N&d/K™ ratio in both leaves and roots.
Biochemical analyses revealed that salinity affects the plant's nutritional staduhe
concentrations of amino acids and proline, indicating a modulatilmudtabolismThe GG

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 cycl®. have a global understandinghmw GABA, salt

stress and N metabolism interagth each other, the activity of specific key enzymes such as
DAO, AMADH and GAD was also determinet@ihe aralysis highlighted that plants seem to
sustain GABA synthesis through primary and secondary routes. Lastly, the choice to use two
different NQ" concentrations was functional in highlightitige positive effect of a higher N
availability for plantaunder salt stress. For instance, higher content of proline, amino acids and
proteins was found among other ameliorative effét®rall, the study offers a new approach

to evaluate which parameters should be consideredeweelopingsaltresistant 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 effgitsts,the second
activity of this PhD aimedo examine the effects of different salt forms: NaCl and gdgl
Chapter IV it was provided valuable insights into the distinct mechanisms and impacts
triggered by Naand Clions.The introduction of an experimental condition with 40 mM GacCl
allowed us to distinguish specific actions attributable t6 &faCl ions. Specifically, Na
toxicity leads to the accumulation of additional amiacids and osmoprotectants such as
proline, trehalose, and GABA. In contrast; €@intributes to the reduction of anions like NO

, SQ%, and PG*, as well as carbon compourii® reducing sugars, among othevioreover,

the effects of Nain NaCl treatments result in a more significant reduction in biomass
compared to control and CaCireatments.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 ribst.data highlight that
elevated Clconcentrationseduce NO3acquisition andlter carbon metabolism, particularly
affecting the Krebs cyclelhese resultsonfirm thatN and C metabolisns in relationship

with salt stress responsasd highlight the importance of considering different salts, such as
NaSQs, MgCh, KCI, N&CQOs, MgSQy, to distinguish peculiar effects of a single ion.

As explained before,nmther agronomic approach to improve salt stress resistance in crops is
the application of nitrogen as fertilizer @upplementingsoil with nitrogencontaining
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
systemsthe application of a combined NONH4* regime has been shown to enhance the rate

of nitrogen assimilation, increase levels anirand chlorophyll in tomato plants, effectively
alleviating salt injury. Conserving energy during nitrogen assimilation may ealédtating
additional resources to enerdgmanding 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 responSedasfum lycopersicum

L. to salt stress under different nitrogen forriisdemonstrates that the harmful exfts of
salinity on plant growth can be mitigated by
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 gresenf lors H
analysis showeda betternutritional 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 sifass research provides valuable
insights into the complex interactions between nitrogen sa@wailability andtomato stress
responsemphasizing the distinct mechanisms activated in leaves andRFopbisstance, in
response to salt stress, the activation of thediabolism 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 mpvehAieas

leaves accumulated more ADP instead. Previous studies have only partially explored these
aspects in dimited number of species and genotyp@serefore, further investigations

involving diverse crops or employing alternative analytical approaches are necessary.

Due to experimental constraints in all the three studiesussedihe effect of the different
growing conditions on yi€l (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
p | a fruitssobdifferent N applications under salt stress conditions since yield represents the
ultimate goal under field condition&nother future research should be conducted investigating
the hormones crosstalk during the espp@ to different salt forms and under different N
availabilities. As explained inChapter |, related to N metabolismand salt stress,
phytohormones play a pivotal role in plasdlt stress adaptatiorin this context,previous
studies highlighted the existence of an intricate crosstalk between nitrogen and phytohormones
under salt streséndole 3-acetic acid (IAA), gibberellic acid (GA), cytokinins (CKs), ethylene,
ABA and salicylic acid (SA) regulate the mitigation responses induced by salt stresgsn pla
thanks to a greater ability to maintain homeostasis, photosynthesis and to lower oxidative
damages caused by RO®wever, hese aspects abeen only partially investigatedthout
considering different salt forms and different N availabilitiBserefore, further investigations

could be usefulo fulfill the gap of knowledge in this topic.
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Figure VAP
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